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Abstract

We study open heavy flavor meson production in proton-nucleus (pA) collisions at
RHIC and LHC energies within the Color Glass Condensate framework. We use
the unintegrated gluon distribution at small Bjorken’s x in the proton obtained by
solving the Balitsky-Kovchegov equation with running coupling correction and con-
strained by global fitting of HERA data. We change the initial saturation scale of
the gluon distribution for the heavy nucleus. The gluon distribution with McLerran-
Venugopalan model initial condition is also used for comparison. We present trans-
verse momentum spectra of single D and B productions in pA collisions, and the
so-called nuclear modification factor. The azimuthal angle correlation of open heavy
flavor meson pair is also computed to study the modification due to the gluon sat-
uration in the heavy nucleus at the LHC.

1 Introduction

Heavy quark production in high-energy proton-nucleus (pA) collisions at RHIC and the
LHC provides us with a unique opportunity to investigate the so-called parton saturation
phenomenon|1, 2] at small Bjorken’s z in the incoming nucleus. The large charm quark
mass allows perturbative calculation of the quark production from the gluons, while high
center-of-mass collision energy /s makes the relevant z of the gluons still small. These
low-x gluons are abundantly generated from the larger-x partons in view of the x evolution.
Then the saturation momentum scale Q?(x) emerges dynamically as a semi-hard scale
below which virtuality (Q* < Q*(z)) coherence and nonlinearity of the x evolution become
important. This dynamics of small-x degrees of freedom in hadrons is described with the
Color Glass Condensate (CGC) effective theory [3].

The saturation scale @Q%,(x) in a heavy nucleus of the atomic mass number A is
enhanced by the larger valence color charges seen at moderate value of x = xy. Indeed,
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the empirical formula [4, 5] Q2,(x) = Q% AY3(xo/2)* with Q%, = 0.2GeV?, o = 0.01
and A = 0.3 suggests that the saturation scale is already comparable to the charm quark
mass m. ~ 1.5 GeV with A = 200 at RHIC energy /s = 200 GeV. Therefore quantitative
analysis of particle production in pA collisions will be very crucial[6].

In the previous paper [7] we studied J/¢» and Y (1.5) productions in pA collisions within
the CGC framework[8, 9], in order to quantify the effects of gluon saturation in a heavy
nucleus on the heavy quark pair production. We extend here our study to the production
of open heavy flavor mesons in pA collisions and will evaluate D and B production cross-
sections differential in transverse momentum at mid and forward rapidities, and azimuthal
correlations of the DD pair (BB pair as well). In the CGC framework, multiple scatterings
and gluon merging dynamics are encoded in the effective unintegrated gluon distribution
(uGD) function of a heavy nucleus. These effects will cause relative depletion of quark
production yields and azimuthal momentum imbalance between the produced quark and
antiquark. They will be more prominent in the momentum region lower than Q?(x).

This study is significant also in the context of nucleus-nucleus (AA) collisions as a
benchmark for discriminating the initial nuclear effects from the subsequent hot-medium
effects on heavy meson production, presuming that no hot medium is formed in pA col-
lisions. Heavy flavor production in AA collisions measured at RHIC [10, 11] and the
LHC [12, 13] shows a strong suppression (compared to that in pp collisions with appro-
priate normalization), similar in magnitude to that of light hadrons, which is interpreted
as a large energy loss of the heavy quark in a hot medium [14, 15, 16, 17, 18]. Initial
nuclear effects should be accounted properly here for precise evaluation of the medium
effects.

Although azimuthal angle correlation measurement for charmed meson pair is inac-
cessible at RHIC so far due to limited statistics, LHCb collaboration recently measured
the angle correlation at forward rapidity in pp collisions [19, 20]. We expect that it will
become also available in AA collisions at the LHC. In AA collisions, the interactions of
the heavy quarks with the hot medium will distort the angle correlation of the pair and
may generate a new correlation by collective flow[21]. For a precise evaluation, again, we
need to take account of the initial state effects.

We use the quark pair production formula obtained in Ref. [8, 9] at LO in the strong
coupling constant «y and the color charge density p, in the proton, but including all
orders in the color charge density p4 in the nucleus. In the large N limit, we only need
the three point function ¢%%9 of the gluons in the nuclear target. We assume that ¢979
can be obtained from the dipole amplitude .S, which seems also valid in the large N.

It is now standard to use non-linear Balitsky-Kovchegov (BK) equation [22, 23] for
describing the = dependence of the uGD in a hadron. It is argued that the inclusion of
running coupling corrections to the BK equation (now called r¢cBK equation) is essential
to phenomenology[24, 25, 26]. Indeed, the r¢cBK equation with an appropriate initial
condition can fit the HERA DIS data quite well [27, 28] and are successful in repro-
ducing/predicting the data at hadron colliders quantitatively [29, 30, 31, 32]. We use
the numerical solution of the rcBK equation to describe the x dependence of the gluon
distribution in the nuclear target in the present work in the same way as in our previous



paper|[7].

This paper is organized as follows. In Sec. 2 we briefly introduce the expression for
production cross-section of open heavy flavor mesons in pA collisions within the CGC
framework, and the unintegrated gluon distribution obtained by solving the r¢cBK equa-
tion. Next in Sec. 3 we present numerical results for single open heavy flavor production
at RHIC and LHC energies, and also azimuthal angle correlation between the pair of
heavy mesons. Summary is given in Sec. 4.

2 Heavy flavor meson production from CGC

Heavy quark pair production cross-section of a quark with transverse momentum q and
rapidity y, and an anti-quark with p and y, is given to the leading order in a;; and p, but
full orders in py as [8, 9]
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represents the relevant hard matrix element squared, and transverse momentum conserva-
tion k1, +koy = p, +q, the parton level should be understood. Here index 1 (2) refers to
the quantity on the proton (nucleus) side. We have used the notation |, K, = [ Pk, /(2m)?
for transverse momentum integration. The 7T, term corresponds to the process where the
gluon from the proton splits into the quark-pair which then interacts with the gluons in
the target nucleus, while the 7j term corresponds to the one where the gluon from the
proton interacts with the gluons in the nucleus and then splits into the quark pair. The
explicit expressions for Tj; and T}, can be found in [8, 9].

The quark pair production cross-section (1) involves the gluon 2-, 3- and 4-point
functions of the heavy nucleus in general[8], but in the large-N limit we can express the
cross-section with a single function QSZ%QQ (ki , k) in the form of Eq. (1). Furthermore, we
have assumed the translational invariance in the transverse plane of the large nucleus, i.e.,
impact parameter dependence is simply ignored. Within this approximation, the 3-point
function ?4%92 (ko , k) describes the gluon distribution in the nucleus and is expressed
as[8, 9]
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where S, (k) is the Fourier-transformed dipole amplitude in the fundamental represen-
tation. The uGD of the nucleus is obtained by integrating over k, [8]:

$99 (1) = /k ST, kL) (4)

The uGD ¢, ,(k11) of the proton is obtained by replacing the transverse area mR?% and
the amplitude Sy with those for the proton.

Single quark production cross-section is obtained by integrating the pair production
cross-section (1) over the anti-quark phase space:

dog, dp™ 2p dogg
d2q | dy, pt T hd?p dq, dy,dy,
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Dividing the cross-section (1) or (5) with the total inelastic cross-section o?2, | which
we estimate as aﬁfdr = m(Ra + R,)* ~ mR%, we can obtain the average multiplicity
per event!. If we compute the multiplicity per event, the total inelastic cross-section is
effectively cancelled out with the transverse size of nucleus 7R% in ¢%%9 (kyy, k1) and
therefore the proton size only remains explicitly in the expression of multiplicity. We set
the proton size as R, = 0.9 fm throughout this paper.

Energy dependence of the cross-section is implicit in the gluon correlator gb‘ﬁf (1, k1),

through the rapidity Y = In(1/z) evolution of the dipole amplitude

1~ -
S, (x)) = Ntr<U(a:L)UT(O)>Y , (6)
where U (x ) is the eikonal phase along the light-cone in the fundamental representation,
and (-),. indicates the average over the charge density distribution in the target at the
scale Y. Physically, Sy (x) is the eikonal scattering matrix, probed by a quark-antiquark
pair moving along the light-cone direction in the background gauge field in the target
nucleus. The amplitude S, () obeys the BK equation[22, 23]:

d

Syt = [ [S,00) - 8, r0S, 0] ()

where 7, =71, + 79, and K(r, 71, ) is the evolution kernel. The BK equation is closed

in the 2-point function S, (), and therefore is numerically much easier to be handled.
It has been demonstrated [25, 26] that the BK equation with the running coupling

corrections in Balitsky’s prescription[24] but without the subtraction term (rcBK equa-

tion):
) (EE-)] e

IThe expression (1) is for single quark-pair production. Ref. [19] reports that double charm production
amounts to 10 % of single charm production in forward region in pp collisions at /s = 7 TeV.
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set 2,./GeV: v ap C

s0,p
g1118 0.1597 1.118 1.0 2.47
MV 0.2 1 0.5 1

Table 1: Parameter values of the dipole amplitude. A = 0.241 GeV is fixed.

includes the important part of the NLO corrections. The behavior of the resultant satu-
ration scale is compatible with HERA data: Q*(Y) oc exp(AY') with A &~ 0.3 [4, 5, 26].

Global fit analysis of the compiled HERA e+p data at x < x¢y = 0.01 was performed
in [27, 28] using the rcBK equation with the initial condition at = = x

S, (1) = exp {—W In (Air + e)] | (9)

Here, in the evolution, we modify the infrared regularization of the running coupling in
the coordinate space to the smooth one[31]:

as(r?) = [bo In (% + a)] B (10)

with by = 9/(4m). The constant a is introduced so as to freeze the coupling constant
smoothly at a,(r — 00) = a,. The parameter values are listed in Table 1. We also list
a parameter set with the McLerran-Venugopalan (MV) model initial condition v = 1, for
comparison.

For a heavy nucleus A, the saturation scale at moderate values of x will be enhanced
by a factor of the nuclear thickness T4(b). As we limit our analysis to mean bias events
in this paper, we assume a simpler relation

@2 a(wo) = A2 Q2 (20) . (11)

We shall allow the saturation scale of the nucleus with A = 200 in the range Q7 , = (4 ~
6)><Qip at initial point o = 0.01. The 3-point function in the nucleus at x < zy can be
obtained from the numerical solution of the reBK equation via Eq. (3). For zp <z <1,
on the other hand, we apply the following phenomenological Ansatz [9]:

_ _ 1 — 2 \* /20\015
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where Yy = In(1/x0).
In the present paper we compute the heavy meson production in pA collsions. Heavy
flavor meson pair production cross-section can be written as

1
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Here g, (g;,) and y, (y;) are respectively transverse momentum and rapidity of the
produced meson h (h). The longitudinal momentum fraction z, (z;) of the heavy meson
fragmented from the heavy quark (anti-quark) is defined as ¢,1 = 21q1 (g5, = 29p.1). The
lower limit z,;, is set by the momentum fraction of the meson fragmented from the heavy
quark with the maximum ¢, allowed kinematically. Here we assume that the meson and
the quark have the same rapidity, y, = yn (v, = y3)-

For the fragmentation function D(z), we use the Kartvelishvili fragmentation function[33],

Dl z) = (a+1)(a+2)2"(1—2). (14)

The value of « is set to 3.5 (13.5) for D (B) [34, 35]. The factor f,_, represents the
transition rate of the heavy quark ¢ fragmenting into the heavy meson h. Empirical
values, f.,po = 0.565, fo,p~+ = 0.224, and f,_,50 = 0.401 are taken from [36, 37]. For
the charge conjugate states, we assume Df;(z) = Dg(z) and f; .7, = fon-

Similarly single heavy meson production cross-section is expressed in convolution form
of quark production cross-section (5) and the fragmentation function DJ(z),

do Dhz)  do
72 h e fq_>h / dZ q2 2 d .
d*qy,, dy 2% d*qdy

Zmin

(15)

Again we set g, = zq, and y, = yn, = ¥.

Finally it would be instructive to show the kinematical coverage of x variable in the
heavy meson production at RHIC and LHC energies. We plot in Fig. 1 the x; 5 distribution
of single heavy meson production at a particular transverse momentum and rapidity. We
find in Fig. 1 (a) that both z; and x5 contributing to single charmed meson production
at pp = 2 GeV/c and y = 0 at /s = 200 GeV are larger than xy = 0.01, while at
forward rapidity y = 2 the production gets sensitivity to small x5 < x(. In other words,
the mid-rapidity production of single heavy mesons is sensitive to the initial ¢‘zﬁ’f0 and
z-evolution effect shows up only at forward meson production at RHICh energy. However,
it is seen in Fig. 1 (b) and (c) that at /s = 5.02 TeV small z gluons around 10~% dominate
the production even at mid rapidity. In the forward-rapidity production, the x5 value of
the gluons from the nucleus can become lower than 10~*, where one would expect good
sensitivity of heavy meson production to z-evolution and parton saturation. Even for
bottomed meson production the situation is similar, as seen in Fig. 1 (d). Thus heavy
quark productions, which may be evaluated with perturbation method, can be used to
probe the small-x dynamics by studying the heavy meson production at lower p; and
forward rapidity at the LHC.



(a) Vs = 200 GeV, m; = 1.5 GeV, p; = 2 GeV/c (b) Vs =5.02 TeV, m. = 1.5 GeV, p;=2 GeVic
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Figure 1: z; (black) and x5 (red) coverages of D° production at mid and forward rapidities,
for fixed p; = 2 GeV at /s = 200 GeV (a), and for fixed p; = 2 (b) and 10 GeV (c)
at /s = 5.02 TeV. x1 5 coverages of B® production are shown in (d) for fixed p; = 2 at
V5 = 5.02 TeV.



(a) Vs =200 GeV, |y|<1.0 (b) Vs =7TeV, |y|<0.5
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Figure 2: (a) Differential cross-section of D (rescaled as D°/f._.po and D*V/f._,p«+) vs
transverse momentum p, for rapidity range |y| < 1.0 in pp collisions at /s = 200 GeV,
computed with Eq. (15) with uGD sets MV (gray band) and g1118 (double-hatched). The
upper (lower) curve of the band corresponds to the result with m, = 1.2 (1.5) GeV. The
data is taken from Ref. [40]. (b) Differential cross-section of D° vs transverse momentum
p1 at |y| < 0.5 in pp collisions at /s = 5.02 TeV. The ALICE data is taken from Ref. [38].

3 Numerical Results

In numerical calculations, we mainly use the uGD set g1118 in Table 1, and compare the
results to those with set MV and available experimental data.

3.1 Transverse momentum spectrum
3.1.1 pp collisions

We study D meson production cross-section at mid rapidity in pp collisions at /s = 200
GeV and 5.02 TeV. Although the expression (15) is derived for a dilute-dense system
such as pA, we apply it here by substituting the numerical solution for the proton into
gb(ff (l1,k,). By comparing the result with available data, we can examine the appli-
cability of our formula. Furthermore we actually need the cross-sections in pp collisions
as the normalization when we study the nuclear modification of the cross-sections in pA
collisions.

We compute transverse momentum (p ) spectrum of D meson production cross-section
with uGD sets g1118 and MV in Table 1, and show the results in Fig. 2 together with
the available data at |y| < 1 and at /s = 200 GeV[40] and at |y| < 0.5 and at /s = 5.02
TeV([38]. The upper (lower) curve of each band indicates the result with charm quark mass
me = 1.2 (1.5) GeV. We find that p, dependence of D production is better described with
uGD set gl1118, although it gives still harder spectrum at high p, .

Next we show forward B production cross-section in 2 < y < 4.5 in pp collisions at
Vs = 5.02 TeV as a function of p, in Fig. 3 (a) and the p,-integrated cross-section as a
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Figure 3: (a) Differential cross-section of B vs transverse momentum p,; for rapidity
range 2 < y < 4.5 in pp collisions at /s = 5.02 TeV, computed with Eq. (15) with uGD
sets MV (gray band) and g1118 (double-hatched). The upper (lower) curve of the band
corresponds to the result with m, = 4.5 (4.8) GeV. (b) Differential cross-section of B° vs
y in the range 0 < p; < 40 GeV in pp collisions at /s = 5.02 TeV. The notation of the
curve is the same as in (a). The LHCb data is taken from Ref. [42].

function of y in Fig. 3 (b). The upper (lower) curve of each band indicates the result with
the bottom quark mass m;, = 4.5 (4.8) GeV. The result with uGD set g1118 describes
py and y dependences of the data [42] better than that with set MV. But the magnitude
of cross-section is larger than the data by about a factor of 2 — 3.We comment here
that large-r; gluons in the proton become relevant in B production at forward rapidity
and/or at high p,. Therefore the numerical result is sensitive to the extrapolation Ansatz
Eq. (12) of the uGD for large .

3.1.2 pA collisions

We plot in Fig. 4 (a) the transverse momentum spectrum of D° multiplicity in the rapidity
range |y| < 1.0 in pA collisions at y/s = 200 GeV. We choose the initial saturation scale of
the uGD in the heavy nucleus as Q% 4(x = ) = 6Q% . The upper (lower) curve of the
bands indicate the result with m, = 1.2 (1.5) GeV. We find that the results obtained with
sets g1118 and MV fairly describe the available data at low p; < 2 GeV [41] although high-
p. behaviors are different. We show in Fig. 4 (b) D° production spectrum in —1 <y < 0
at /s = 5.02 TeV 2. The uGD sets MV and g1118 give different p, dependences of the

D meson spectrum: Set MV yields harder p; spectrum.
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Figure 4: Transverse momentum spectrum of D° multiplicity per event in pA collisions,
computed with Eq. (15) with uGD sets MV (gray) and gl1118 (double-hatch), in rapidity
range |y| < 1.0 at /s = 200 GeV (a) and in —1.0 < y < 0.0 at /s = 5.02 GeV (b). The
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Figure 5: (a) Nuclear modification factor R,s of D production vs p; computed with
Eq. (16) with uGD set g1118 with m. = 1.5 GeV in the rapidity range |y| < 1.0 at
Vs =200 GeV. (b) Rya(py) of B production with m;, = 4.8 GeV.
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(a) D: Vs =5.02 TeV (b) B: Vs =5.02 TeV
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Figure 6: Nuclear modification factor R,a(p.) of (a) D and (b) B productions for —1 <
y < 0 (solid line) and 2 < y < 3.5 (dotted line) at /s = 5.02 TeV.

3.2 Transverse momentum dependence of Rja
Now let us discuss the nuclear modification factor for pA collisions defined as

th/d2pJ_dy‘pA

Roa = :
A7 Neon dNy/d*p1dyl,,

(16)

Here we set the number of binary nucleon-nucleon collisions to N, = A/ 3[32, 7]. Model
uncertainties in our calculation will largely cancel out in the ratio of multiplicity per event
in pA collisions to that in pp collisions.

In Fig. 5 we plot R,s of (a) D and (b) B productions as a function of p; at mid
rapidity (Jy| < 1.0) at /s = 200 GeV. We use the uGD set g1118 in this subsection. We
have checked that R, is insensitive to the variation of the heavy quark mass within the
range considered here, and we show the results with m, = 1.5 GeV for D production and
my = 4.8 GeV for B production.

The nuclear modification factor R,s of D production is suppressed at lower p; < 2

~

GeV while enhanced at higher p; = 2 GeV. As seen in Fig. 1 (a), heavy mesons are
produced from the gluons with moderate values of x, whose distribution is determined
by the initial condition for ¢4. Thus the suppression and enhancement of R,n can be
interpreted as the effects of the multiple scatterings in the nucleus encoded in ¢4. On
the other hand, R, of B production in Fig. 5 (b) shows little structure as a function p, .
This is because the larger bottom mass suppresses the effects of multiple scatterings, i.e.,
ijo /m? < 1. That is, B production scales with N, at RHIC energy.

Next, we study the nuclear modification R,x of D and B productions at /s = 5.02
TeV. R,a of D production shown in Fig. 6 (a) indicates that there is a strong suppression

at lower p, and that no Cronin-like peak structure is seen at mid rapidity (—1 < y < 0) by

2Rapidity in the center-of-mass frame in pA collisions at /s = 5.02 TeV is shifted by Ay = 0.465
from that in the laboratory frame.
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(a) Vs = 200 GeV (b) Vs =5.02 TeV
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Figure 7: Nuclear modification factor R,5 for D (gray) and B (double-hatched) vs rapidity
y in pA collisions at (a) /s = 200 GeV and (b) /s = 5.02 TeV. The uGD set g1118 is
used. The bands indicate uncertainties from the variations m, = 1.2 — 1.5 GeV for D,
and m; = 4.5 — 4.8 GeV for B and also Q% 4, = (4 — 6)Q?

s0,p*

the quantum z-evolution effects on the small x5 gluons. We see the stronger suppression
of R,a in the wider range of p, at forward rapidity (2 < y < 3.5), compared to that at
mid rapidity. At /s = 5.02 TeV, B production at low p; shows a suppression similar to
but weaker than the D production as shown in Fig. 6 (b).

3.3 Rapidity dependence of R,a

The nuclear modification factor (Rya(y)) of the heavy meson multiplicities dN/dy in pA
collisions as a function of y provides important information about how the saturation
effect evolves as moving to forward rapidity region. In Fig. 7 shown are the R,n of D
(gray band) and B (double hatched band) mesons as a function of rapidity at /s = 200
GeV (a) and 5.02 TeV (b).

We have allowed the variation of the initial saturation scale at © = z( in the heavy
nucleus as Q% ,(z = x0) = (4 — 6)Q%, with A3 =4 — 6 here. The upper (lower) curve
of the band of D production in Fig. 7 now corresponds to the result with m,. = 1.5 (1.2)
GeV and AY3 = 4 (6). For B production, the upper (lower) curve corresponds to the
result obtained with m;, = 4.8(4.5) GeV and AY3 = 4(6). The width of the band here
comes mainly from the change of A% =4 — 6.

We find in Fig. 7 (a) that R, of the D production at mid rapidity at /s = 200 GeV
is suppressed, which reflects the multiple scattering effect as we have discussed in Fig. 5.
Stronger suppression of D production is seen with increasing the rapidity, in accord with
the quantum evolution of the gluon distribution ¢ 4. On the other hand, for B production,
R, shows no appreciable change with the increasing rapidity at RHIC energy, besides a
subtle suppression at very forward rapidities.

At /s = 5.02 TeV, R,a of both D and B productions show large depletions even
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Figure 8: Nuclear modification factor R,n for D and J/v¢ vs y in pA collisions at (a)
Vs =200 GeV and (b) /s = 5.02 TeV. The bands indicate the uncertainties from the
variations m, = 1.2 — 1.5 GeV and Q% 4, = (4 — 6)Q?

s0,p*

at mid rapidity as seen in Fig. 7 (b). Since the large colliding energy of the LHC gives
rise to much smaller zo < x, of participating gluons (Fig. 1 (b)—(d)), small-z effects have
already become relevant at mid rapidity, and even B production shows a suppression with
increasing rapidity.

Finally we compare R,4 for D and J/v¢ productions as a function of rapidity at (a)
Vs =200 GeV and (b) v/s = 5.02 TeV in Fig. 7. We compute the J/¢ production using
color evaporation model, where the heavy quark pair produced below the DD threshold
is assumed to bound into the quarkonium state with a fixed probability irrespective of
the pair’s color states. (See Ref. [7] for details). We notice that J/¢ production is
more suppressed than D meson. This is because, in addition to the saturation effects
of the initial gluons, the produced quark pair experiences the multiple scatterings with
the gluons in the target. This effect increases the invariant mass of the pair on average.
In the color evaporation model, if the quark pair is kicked beyond the invariant mass
threshold, it cannot bound into the quarkonium, which results in a stronger suppression
of the quarkonium than the D meson production. We have also found that Y(15) is more
suppressed than B in our calculation, although it is not shown here.

3.4 Azimuthal angle correlation

Pair production of open heavy flavor covers wider kinematic region of the participating
partons than quarkonium production. In this subsection we examine nuclear modification
of the azimuthal angle correlation of the heavy meson pair il in pA collisions [29, 39].

We define the azimuthal angle correlation between h and h as the pair-production
multiplicity per event integrated over certain momentum and rapidity ranges with fixed
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Figure 9: Azimuthal angle correlation (a) and invariant mass M,p spectrum of D°D°
pair production (b) in the rapidity and transverse momentum coverages, 2 < yp,yp < 4
and 3 < ppi,pp1 < 12GeV in pp collions at /s = 7 TeV, normalized by the total
cross-section in the same fiducial region. For binning, A® /7 = 0.05 in (a) and AM = 0.5
GeV/c? in (b). Solid line denotes numerical result of Eq. (13) with uGD set g1118, the
data points with error bars are taken from [19].
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where Ny is the pair multiplicity per event integrated over the same kinematic region
and further integrated over the angle between the pair. The pair production cross-section
of the heavy mesons is given in Eq. (13).

3.4.1 pp collisions

We compute the azimuthal angle correlation in D°D° pair production at the forward
rapidity in pp collisions at /s = 7 TeV, using the uGD sets g1118 and MV. We use
m. = 1.5 GeV. In order to compare the result with LHCDb data [19], we set the kinematical
range as 2 < yp,yp < 4 and 3 < pp.,pp; < 12GeV, as plotted in Fig. 9 (a). In [19] the
bin size of the azimuthal angle is chosen as A® /7 = 0.05.

We immediately notice the near-side (JA®| ~ 0) and away-side (|JA®| ~ 7) enhance-
ments in the numerical result. The away-side peak is naturally expected from the back-
to-back kinematics of the LO quark-pair production from two gluons in the collinear
factorization framework, but no near-side peak can be explained unless the higher-order
processes are considered. In the CGC framework, on the other hand, gluon bremsstrahlung
and multiple scatterings, which are encoded in gﬁgq’g, provide intrinsic transverse momen-
tum k; ~ Qg of incident gluons. This k, smears the away-side peak and generates the
near-side peak in the angle correlation. In the LHCb data, indeed, we see the near-side
peak but an only subtle away-side enhancement. The numerical result with set MV fairly
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reproduces this LHCDb angle correlation, whereas in the result with set gl1118 the away-
side peak still remains. This is presumably reflecting the fact that the uGD set MV has
harder k£, spectrum than set gl1118. But one should recall that the uGD set MV is al-
ready disfavored in the global fit [27, 28] and in hadron production analysis at collider
energies [30, 32|.

The invariant mass spectrum of DD pair production in pp collisions at /s = 7 TeV
is also measured in [19]. We compare in Fig. 9 (b) our numerical results with the data.
The bin size for M is 0.5 GeV. The dip structure seen at low M is understood as the
effect of the lower momentum cut at 3 GeV/c. Apparently the numerical result yields
much harder invariant mass spectrum than the observed data.

Several remarks are here in order: First, large M pair production probes the gluons
at large 1, where as explained in Sec. 2 we extrapolate the uGD with a simple Ansatz
(12), which is likely to overestimate the uGD in large x region and needs more refinement.
Furthermore the back-to-back kinematics corresponds to the pair with the large M and
small transverse momentum, where soft gluon emissions will be important and should be
resummed [43]. Regarding small M pair on the near-side, full NLO extension of the pair
production formula may be important although gluon splitting processes are partially
included in the LO CGC formula (1).

3.4.2 pA collisions

Here we discuss modification of the azimuthal angle correlation between open heavy flavor
meson (h) and open anti-flavor meson (h) in pA collisions at /s = 5.02 TeV. We set the
momentum coverage to 1 < pp1,pp. <5 GeV.

In Fig. 10 (a) we plot the numerical result obtained with uGD set g1118 for the D°D°
production at mid rapidity (—1 < y < 0). The away-side peak seen at |A®| ~ 7 in pp
collisions (initial scale Q2) is gradually suppressed in pA collisions with increasing the
(initial) saturation scale in the nucleus as (4 — 6)QZ, while the near-side peak is slightly
enhanced. This is due to the stronger multiple scatterings and saturation effects in the
heavy nucleus. Then nuclear effects make D°D° correlation at low momentum closer to
isotropic distribution. For comparison, we show the same plot but with the uGD set MV
in Fig. 10 (b). Stronger enhancement of the correlation on the near side than on the away
side is seen with increasing the saturation scale of the uGD in the nucleus. Different uGD
sets result in quantitatively different correlation, but the qualitative features remain the
same.

The nuclear modification of the angle correlation becomes more prominent in the for-
ward rapidity region as seen in Fig. 10 (¢). We have also computed the angle correlation
in higher momentum region, 5 < p 5, < 10 GeV. We saw a strong away-side peak sup-
pressed in pA collisions than in pp, while the near-side structure is unaffected. Note that
the transverse momentum on the near side is provided solely by the intrinsic k£, of the
gluons in (15). The gluon saturation at k; < Qs does not affect the particle production
in such a high momentum region.

Finally, let us study B°B° correlations in the same kinematic region as DD, to see
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Figure 10: Nuclear modification of azimuthal angle correlation of heavy meson pair pro-
duction in pA collision at y/s = 5.02 TeV. Results with the initial saturation scale Q3, 4Q3
and 6Q3 are plotted in solid, dashed and dotted lines, respectively. (a) D°D° correlation
with set g1118 for —1 < y;, 5, <0, (b) the same as (a) but with set MV, (c) the same as (b)
but for 2 < y;, ;5 < 3.5, and (d) B°B° correlation with set g1118 for —1 < y;, 7 < 0. The
momentum coverage is 1 < p,;,; < 5 GeV, and m, = 1.5 GeV for D°D° and my, = 4.8




the quark mass dependence of the correlation. As seen in Fig. 10 (d), despite that the
momentum region is as low as in Fig. 10 (a), we do not confirm any correlation on the
near side since intrinsic momentum of gluon is still insufficient to produce the pair there.
The away-side peak exists and is suppressed with increasing Qio(!ﬁo)-

4 Summary

In this paper we have elaborated open heavy flavor meson production in high energy pA
collisions at RHIC and LHC energies in the Color Glass Condensate framework. We have
described the small-z gluon distribution in the heavy nucleus using the numerical solution
of the rcBK equation which is constrained with the HERA DIS data.

At RHIC energy, D meson production proceeds from the moderate-z gluons, and there
is not much room for z-evolution dynamics although its forward-rapidity production has
marginal sensitivity to x < zp = 0.01. The nuclear modification factor R,s of D shows a
suppression at low p, and a Cronin-like enhancement at larger p, reflecting the multiple
scattering effects implemented in the initial gluon distribution at x = xy. In contrast,
Rya(py) of B is almost flat in p, .

At LHC energy, D° production with constrained gluon distribution g1118 reasonably
reproduces the p,-dependence of the mid-rapidity data in pp collisions. The R,p of
D shows stronger suppression at low p; and no enhancement in computed p, region.
The R,a for p,-integrated multiplicity shows a systematic suppression in the forward
rapidity region, which is due to the quantum z-evolution effect of the gluons in the heavy
nucleus. We have also compared the R,a(y) of D with that of J/1¢ computed in the color
evaporation model, and found that J/¢) production is more suppressed. This is because
the multiple scatterings additionally hinder the binding of the quark pair.

The BY production at the LHC is apparently overestimated by a factor than the data
at forward rapidity. We notice that the production involves the large-z gluon distribution
in the proton, which we parametrize with a simple Ansatz. Energy loss of the gluon in
the nucleus may become also relevant there. The R,s of B still shows a suppression with
increasing rapidity y, but weaker than that of D.

As an unique candidate to study the gluon saturation in the nucleus, we have computed
the azimuthal angle correlation for DD and BB pair in pp collision at LHC energy.
Because of the finite ky 25 of the incident gluons, in addition to the away-side peak, the
near-side peak emerges in DD correlation, which is also seen in LHCb data[19]. But we
cannot quantitatively reproduce the angle correlation and the invariant mass spectrum of
the data at the same time.

In order to see the saturation effect on the angle correlation qualitatively, we have
calculated the D°D° correlation in pA collisions. We have found that the away-side peak
is more smeared and the near-side peak is slightly enhanced for the larger saturation scale,
i.e., with the heavier nucleus and/or at more forward rapidity. For BB correlation, we
do not see the near-side peak because the saturation scale is not large enough to produce
the BB in the same azimuthal direction.

17



Acknowledgments

The authors are very grateful to J. Albacete, A. Dumitru, F. Gelis, K. Itakura, Y. Nara,
R. Venugopalan for useful discussions and collaborations on related topics. They also
thank members of Komaba Nuclear Theory Group for their interests in this work. This
work was partially supported by Grant-in-Aids for Scientific Research ((C) 24540255) of
MEXT.

Appendix : Cutoff z,
The lower limit of the z integration in Eq. (15) is given explicitly as

B qny coshy (18)

Zmin —
5 — m?2 cosh?
1 Yy

This can be readily derived by noting that the maximum energy of the produced quark
and anti-quark in the center-of-mass frame is F'** = E7'** = ? For the on-mass-shell
quark, we have

B =\ /m? + (q1™)? coshy , (19)

where y is the quark rapidity, which we set the same as the rapidity of the produced
meson h. Then zpyin = qn. /¢ gives the desired expression.
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