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1 Introduction

Several nuclear effects influence the production of hadrons in high-energy proton-nucleus
(pA) collisions, as compared to proton-proton (pp) collisions. For instance, nuclear parton
distribution functions (nPDFs) are known to differ from PDFs in a proton at all values of
Bjorken-x (see ref. [1] for a review). In particular, the effect of gluon shadowing, namely, the
depletion at x . 10−2 of the gluon nuclear PDF with respect to that in a proton, leads to a
corresponding suppression of hadron production in pA with respect to pp collisions, either
at RHIC (at forward rapidity) or at LHC [2, 3]. As in the proton case, nPDFs are obtained
from global fits based on DGLAP evolution [4–7], assuming collinear factorization [8] to
also hold in nuclear collisions. But nPDFs suffer from rather large theoretical uncertainties,
especially at small x, due to the relative scarcity of data included in those analyses. Thus,
the actual quantitative role of gluon shadowing is still being discussed.

The formalism that defines gluon saturation (see [9] for a review) incorporates addi-
tional effects when compared to gluon shadowing, in particular through the use of nuclear
k⊥-dependent gluon distributions [10]. Original calculations overpredicted the nuclear sup-
pression of light hadron [11] and quarkonium [12] production at the LHC, but later revisions
(see [10, 13–15] for light hadron and [16] for quarkonium production) proved to be consis-
tent, within theoretical and experimental uncertainties, with LHC pPb data. Other nuclear
effects such as p⊥-broadening [17] or initial-state parton energy loss [18, 19], have also been
considered in studies of hadron production in pA collisions at RHIC and LHC.
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Another important nuclear effect, fully coherent energy loss (FCEL) in cold nuclear
matter, is expected in hadron and jet production in pA collisions, for which the underlying
partonic process consists in forward scattering (when viewed in the target nucleus rest
frame) of an incoming high-energy parton to an outgoing colour charge [20, 21] or colourful
system of partons [22]. The average energy loss, in these situations, is proportional to the
energy E of the incoming parton, ∆EFCEL ∝ E [20], thus overwhelming parton energy loss
in the Landau-Pomeranchuk-Migdal regime which has milder E-dependence [23–26].

FCEL has been computed from first principles in various formalisms [20–22, 27–30],
and has proven to be crucial in understanding J/ψ (and Υ) nuclear suppression, from
fixed-target energies (where FCEL alone can describe the world data on J/ψ suppression)
to collider energies [31–33].1 More recently, the effect of FCEL on light hadron production
in pPb collisions at the LHC has been studied [36, 37], and found to be quantitatively as
important as gluon shadowing [2] or saturation [10, 13–15]. Thus, the proposal to use light
hadron production data in pA collisions to better constrain nPDFs [2, 3] and saturation
effects [10] should be followed cautiously, and by not discounting other known physical
effects like FCEL.

Our first goal in this article is to recall that FCEL influences the production of any
hadron in pA collisions [20]. Following on from what has been done for quarkonium and
light hadron production, we will present baseline predictions for the nuclear suppression of
D and B mesons expected from the sole FCEL effect. Isolating the role played by FCEL is
motivated by its modest theoretical uncertainty, a virtue of being fully determined within
perturbative QCD (pQCD). Because future nPDF global fit analyses could benefit from
incorporating FCEL, it is natural to study FCEL separately and before combining it with
other effects that are hampered by larger uncertainties.

A second aim is to demonstrate that the FCEL effect on open heavy-flavour production
is quantitatively sizable (as is the case for quarkonium [31–33] and light hadron produc-
tion [36, 37]), and turns out to explain about half of the heavy-flavour nuclear suppression
observed at the LHC at forward rapidities (2 < y < 4) and for p⊥ . 5GeV. We also
emphasise that with increasing p⊥ , the magnitude of the FCEL effect decreases faster than
that of nPDF effects, although the contribution of FCEL to nuclear suppression remains
significant even for p⊥ ∼ 10GeV.

Lastly, since FCEL arises from first principles and is comparable in magnitude with
nPDF effects, we argue that it should be taken into account in nPDF global fit analyses
using the pA data on D/B meson production (as well as on quarkonium and light hadron
production). Hadron production in pA collisions at collider energies is frequently addressed
assuming that nPDF effects are the only nuclear effect at work — an assumption made for

1Let us stress that nPDF/saturation effects alone would not allow for such a global description of the
J/ψ suppression data. Indeed, those effects typically scale in x2 (they tend to be sizable at collider energies,
but absent or minor at fixed-target energies), but such a scaling is strongly violated in the J/ψ suppression
data [34] (see also figure 5 of [35]). In contrast, FCEL has an approximate scaling in x1 , and the resulting
extrapolation of the FCEL effect from fixed-target to collider energies allowed to successfully predict J/ψ
suppression at RHIC and LHC [32]. There is certainly some room left for nPDF/saturation effects at those
energies, but the possibility for these effects to be the only ones at work at LHC seems very unlikely.
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the sake of simplicity and only justified a posteriori, based on the goodness of global fits
to world data. In particular, recent studies [38–40] proposed to consider, within the latter
paradigm, the data on D and B meson production in pA collisions as a reliable probe of
nPDFs. Our results suggest that such analyses are not exempt from FCEL.

The outline of the paper is as follows. In section 2 we present the physical picture used
to implement FCEL in heavy-flavour production. Baseline calculations of FCEL effects on
D and B nuclear suppression are discussed and compared to experimental data in section 3.
We conclude with a critical discussion in section 4.

2 Heavy-flavour production: physical picture

In this section we present the model used to single out the FCEL effect in heavy-flavour
production in pA collisions. The physical picture is the same as that used for quarkonium
production (in pA [31–33] and heavy-ion [41] collisions), and for light hadron produc-
tion [36, 37]. The essential aspect common to these studies is the scaling of the FCEL
quenching weight (defined below) in the fractional energy loss x ≡ ε/E, independently of
the partonic process where FCEL occurs.

2.1 Subprocess and kinematics

Denoting the produced heavy meson transverse momentum by p⊥ and its rapidity by y (in
the c.m. frame of an elementary proton-nucleon collision of energy

√
s), we focus on the

kinematical domain of moderate p⊥ ∼ O (m) (with m the heavy quark mass), and mid to
large rapidities |y| ≤ 5.

In a leading-order (LO) pQCD picture, heavy-flavour production in pp and pA colli-
sions at the LHC proceeds dominantly via the gg → QQ̄ partonic reaction. The qq̄ → QQ̄

process is indeed quite insignificant, due to the smallness of the antiquark PDF compared
with that of the gluon. As for the Qg → Qg process, where the initial heavy quark Q

arises from (perturbative) gluon splitting g → QQ̄, we choose to interpret it in the fixed
flavour number scheme as a next-to-leading-order (NLO) ‘flavour-excitation’ process [42],
rather than an LO process involving an input heavy quark PDF (as in the variable flavour
number scheme [43]). Although at moderate p⊥ both interpretations should be equally
valid for sufficiently inclusive cross sections [42], interpreting Qg → Qg as part of the NLO
process gg → QQ̄g allows to keep track of the produced heavy antiquark, and thus of the
global colour state of the final parton system, which is more appropriate for our purpose
(see section 2.2). With this choice, the only important process to consider at LO is thus
gg → QQ̄.2 When viewed in the target rest frame, this process looks like g → QQ̄ forward
scattering, as illustrated in figure 1.

The final heavy quarks Q and Q̄ have energy fractions ξ and 1 − ξ with respect to
the incoming gluon energy E (in the target rest frame), and transverse momenta K1 and

2Let us remark that in the case Q = c (Q = b), the Qg → Qg process might contribute via some
non-perturbative intrinsic charm (bottom) component in the projectile proton. However, independently of
its magnitude (expected to be quite small already for intrinsic charm), such a contribution should only play
a role at very large rapidities, close to the proton beam rapidity ybeam ' 8.5 (for

√
s = 5 TeV).
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H
p⊥ = zK⊥

E

ξ, K1

1− ξ, K2

Figure 1. Contribution to the production of a heavy meson H in pA collisions from the LO
process gg → QQ̄ (viewed as g → QQ̄ forward scattering in the target nucleus rest frame), followed
by quark fragmentation Q→ H (represented here), or Q̄→ H. (In addition to the incoming target
gluon, the nucleus provides rescattering gluons that contribute to the nuclear p⊥-broadening `⊥A .)

K2, respectively. We will assume the transverse momentum imbalance K1 + K2 of the
QQ̄ pair to be small, |K1 +K2| � |K1| ≡ K⊥ ' |K2|. The g → QQ̄ forward process is
followed by quasi-collinear fragmentation of the heavy quark (or antiquark) into the tagged
heavy meson H, which thus inherits the transverse momentum p⊥ = zK⊥ , where z is the
fragmentation variable.

We will use the above setup, where the heavy quarks are produced approximately
back-to-back in the transverse plane, in both pp and pA collisions. We thus assume the
gluon nuclear p⊥-broadening `⊥A (or gluon saturation scale Qs), defined below in (2.7),
to be smaller than the ‘hard scale’ K⊥ of the subprocess, `⊥A � K⊥ . This setup allows
one to single out the quantitative effect of FCEL, independently of other existing nuclear
mechanisms such as modified PDFs or the Cronin effect.3

To prepare for what comes next, let us quote the expressions of the heavy quark
transverse mass m⊥ , the QQ̄ pair rapidity difference ∆y ≡ yQ − yQ̄ and invariant mass Mξ

in the above setup,

m2
⊥
≡ K2

⊥
+m2 ; ∆y = ln

(
ξ

1− ξ

)
; M2

ξ =
m2
⊥

ξ(1− ξ) . (2.1)

2.2 Implementing FCEL

Similarly to the study of light hadron production [36, 37], we will implement FCEL in the
simplifying approximation where the QQ̄ pair behaves as a pointlike object with regard to
the medium-induced radiation. This ‘pointlike dijet approximation’ (PDA) holds when the
induced radiation, of energy ω and transverse momentum k⊥ , does not probe the size of
the parton pair (at the time tf ∼ ω/k2

⊥
of the induced radiation), nor the individual colour

charges of the pair constituents. Similarly to the massless case [37], one finds that those
conditions are satisfied within the logarithmic accuracy

ln
(
E2`2

⊥A

ω2m2
⊥

)
� 1 , (2.2)

3The role of p⊥-broadening in our study is simply to specify the input quantity `⊥A entering the FCEL
quenching weight P̂R , see section 2.2.
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which thus defines the PDA. The argument of the logarithm depends on the ratio between
the rescattering angle of the radiated gluon ∼ `⊥A/ω and the opening angle of the dijet
∼ m⊥/E .

In the PDA the induced spectrum ω dIR/dω for a parton pair (or ‘dijet’) in colour state
R is directly obtained from the spectrum associated to a pointlike colour charge (derived
in [20, 21, 30, 32]) by replacing the particle’s mass by the dijet mass given in eq. (2.1),
namely,

ω
dIR

dω = (C1 + CR − C2) αs
π

{
ln
(

1 +
E2`2

⊥A

ω2M2
ξ

)
− ln

(
1 +

E2`2
⊥p

ω2M2
ξ

)}
, (2.3)

where C1 and C2 are the (Casimir) colour charges of the incoming partons from the proton
and target nucleus, respectively.4 For the present purpose, we focus on gg → QQ̄ (see
section 2.1), so that C1 = C2 = Nc, and CR = Nc or CR = 0 (in which case the FCEL
spectrum (2.3) vanishes) for the two possible colour states, respectively octet and singlet,
of the QQ̄ pair. The coupling constant αs in (2.3) should be evaluated at the semi-hard
scale `⊥A ∼ O (1 GeV), where it will be assumed to be frozen, αs = 0.5 .

Note that the spectrum (2.3) involves a logarithm that comes from the range

xMξ � k⊥ � `⊥ , (2.4)

where x ≡ ω/E is the fractional energy loss. These inequalities have a simple physical
explanation in terms of which displacements (of colour charge) can be probed (or not) by
the gluon radiation [22]. The upper bound ensures that the wavelength of that radiation
can resolve the medium-induced displacement of the QQ̄ pair proper gluon field:

1
k⊥
� ∆rind.

⊥
∼ `⊥

ω
tf .

The lower limit ensures that the radiation cannot probe the longitudinal separation of
the dijet:

1
ω
� ∆r‖ ∼

M2
ξ

E2 tf .

(It turns out that the similar requirement in the transverse direction, k−1
⊥
� ∆r⊥ , is then

automatically satisfied.)
The quenching weight associated with FCEL is defined as a function of the medium-

induced energy loss ε by [32]

PR(ε, E) = dIR

dε exp
{
−
∫ ∞
ε

dωdIR

dω

}
= ∂

∂ε
exp

{
−
∫ ∞
ε

dωdIR

dω

}
≡ 1
E
P̂R

(
ε

E

)
. (2.5)

4The colour prefactor illustrates that FCEL arises, in a suitably chosen light-cone gauge [21], from the
interference between initial state and final state radiation,

2T aR1T
a
R = (T aR1 )2 + (T aR)2 − (T aR − T aR1 )2 = C1 + CR − C2 ,

where the T a are Hermitian generators of SU(3).
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Since the spectrum (2.3) depends on the induced radiation and incoming parton energies
(ω and E, respectively, in the target rest frame) only through the ratio ω/E, the function
P̂R in (2.5) is a scaling function of the fractional energy loss, hereafter x = ε/E. Using (2.3)
this function can be expressed as

P̂R (x, `⊥A ,Mξ) = ∂

∂x
exp

{
CR

αs
2π

[
Li2

(
−`2
⊥A

x2M2
ξ

)
− Li2

(
−`2
⊥p

x2M2
ξ

)]}
, (2.6)

where Li2(u) = −
∫ u

0
dv
v ln(1− v) is the Spence function, and the dependence of P̂R on `⊥A

and Mξ is made explicit. Note that for a singlet QQ̄ pair, P̂R → δ(x), corresponding to
the absence of FCEL in this case.

The transverse momentum broadening `⊥A is related to the average path length LA in
the target nucleus as

`2
⊥A = q̂LA , (2.7)

where q̂ is the transport coefficient in cold nuclear matter parametrised by [37]

q̂ ≡ q̂0

(
10−2

min(x0 , x2)

)0.3

; x0 = 1
2mpLA

; x2 ∼
2m⊥√
s
e−y . (2.8)

Here mp is the proton mass, and the normalisation parameter q̂0 will be taken as q̂0 =
0.07 ± 0.02GeV2/fm, as previously estimated from various phenomenological studies [37].
The average path length will be set to LPb = 10.11 fm for a lead nucleus, and Lp = 1.5 fm
for a proton target [32].

As a result of the scaling of P̂ in x, the induced energy loss appearing when going from
pp to pA collisions is naturally accounted for by an energy rescaling, or equivalently by a
rapidity shift

δ = ln (1 + x) . (2.9)

Within the PDA, FCEL leaves the dijet internal structure unchanged and thus does not
alter the QQ̄ pair’s colour state, rapidity difference ∆y or invariant massMξ (in particular,
ξ and K⊥ are conserved, cf. eq. (2.1)). Hence, the same rapidity shift δ applies to the
pointlike QQ̄ pair, its constituents, and in turn to the tagged heavy meson H.

As a consequence, FCEL can be accounted for by relating the heavy meson differential
production cross sections in pp and pA collisions as follows (with H = D or B) [37],

1
A

dσHpA(y, p⊥ ,
√
s)

dy dp⊥
=
∑
R
ρR(ξ̄)

∫ xmax

0

dx
1 + x

P̂R(x, `⊥A ,Mξ̄)
dσHpp(y + δ, p⊥ ,

√
s)

dy dp⊥
. (2.10)

Since P̂R depends on the colour state R, the rapidity shift δ = ln (1 + x) in (2.10) is made
separately for each R. This requires introducing the probability ρR for the dijet to be
in colour state R, which is determined from the gg → QQ̄ scattering amplitude and is a
function of ξ only, ρR = ρR(ξ), see appendix A. The parameter ξ̄ in eq. (2.10) can be viewed
as the typical ξ in the pp cross section dσHpp/dy dp⊥ . Following ref. [37], the uncertainty
associated to the value of ξ̄ will be estimated by varying ξ̄ in the interval [0.25, 0.75]. Note
that δ, x, ξ (and thus also ξ̄ ) are invariant under longitudinal boosts, and (2.10) can thus

– 6 –
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be equally used in the target rest frame or center-of-mass frame, with y the heavy meson
rapidity in the chosen frame. Finally, in (2.10) we set K⊥ = p⊥/z in the expression of Mξ̄

(see eq. (2.1)) to account for the rescaling of momenta in Q → H fragmentation (the
fragmentation variable z will be treated as a parameter, see section 3), and xmax = 1 for
consistency with the soft radiation approximation.5

We stress that the pp and pA cross sections appearing in eq. (2.10) are evaluated
at the same p⊥ , for two reasons. First, our goal is to single out the FCEL effect, and
in (2.10) we thus neglect the shift in p⊥ due to nuclear broadening in pA vs pp. (In our
approach, the role of p⊥-broadening is simply to specify the quantity `⊥A to be used in the
FCEL quenching weight P̂R .) Second, as already mentioned, in the PDA the relative dijet
transverse momentum K⊥ (and thus p⊥ = zK⊥) cannot be modified by medium-induced
radiation.

Starting from a given heavy meson production cross section in pp collisions, the ex-
pression (2.10) singles out the effect of FCEL on the corresponding pA cross section, within
the pointlike dijet approximation. The pp cross section will be parametrised by eq. (B.1),
where the overall normalisation factor N (p⊥) is irrelevant for evaluating the ratio (3.1).

3 FCEL baseline predictions

Here we provide our main results, based on (2.10), for heavy meson nuclear suppression
expected from FCEL, and compare them with available LHC pPb collision data. Let
us stress that the above implementation of FCEL can be justified, since the typical x
contributing to (2.10) turns out to be consistent with the PDA (2.2). Defining the typical
x as the median x in the integral (2.10), we have indeed checked that ln (`2

⊥A/x
2m2
⊥

) ∼ 3–4.5
(depending on the values of y and p⊥) for all observables considered in what follows.

3.1 Observable and parameters

The heavy meson pA cross section (2.10) will be evaluated using the pp cross section
(parametrised like in previous studies to fit the available pp data, see appendix B) as
input, and the theoretical prediction for the quenching weight P̂ arising from FCEL. In
other words, we will predict the heavy meson nuclear modification factor (in minimum bias
pA collisions compared with pp collisions),

RHpA
(
y, p⊥ ,

√
s
)

= 1
A

dσHpA
dy dp⊥

/ dσHpp
dy dp⊥

, (3.1)

expected solely from the FCEL effect.
The values of the fragmentation variable z (based on the fragmentation functions of

ref. [44]), exponent parameter n (see eq. (B.1)), and mass m are as indicated in table 1 for
both charm and bottom. As already mentioned, the parameters q̂0 and ξ̄ will be taken as
q̂0 = 0.07± 0.02GeV2/fm and ξ̄ = 0.50± 0.25 (for both D and B production).

5In general, one should also impose energy conservation, x ≤ (Ep−E)/E (with Ep the projectile proton
energy). However, this constraint starts to play a role only at very large y, and affects negligibly the
integral (2.10) in the rapidity range considered in the present study.

– 7 –
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meson z n m

D 0.8± 0.2 4± 1 1.3± 0.2GeV
B 0.9± 0.1 2.0± 0.5 4.6± 0.5GeV

Table 1. Parameters z, n, m and their variations for D and B production. (Note that m is the
on-shell mass of the heavy quark that eventually fragments, not the meson’s mass. For the b-quark
mass, we adopt the value from the so-called ‘1S scheme’ [45].)

Theoretical uncertainties will be estimated as in our previous FCEL studies of light
hadron [36, 37] and quarkonium [41] production, assuming the parameters to be un-
correlated and determining the uncertainty band of our predictions using the Hessian
method [46]. The quark was massless in the light hadron studies, here its mass joins
the full set of parameters {q̂0 , ξ̄, z, n,m} in characterising a given prediction.

3.2 Results for D and B mesons

The pA cross section (2.10) is differential w.r.t. y and p⊥ , both kinematic variables being
necessary to specify the FCEL quenching weight. Measurements of the ensuing ‘doubly
differential’ heavy meson suppression (3.1) were taken by the LHCb experiment at forward
and backward rapidities in the (combined) range 2 < |y| < 4.5 . The ALICE experiment
has measured the p⊥-distribution at midrapidity.

For D0 production at
√
s = 5.02TeV, we display in figure 2 data from refs. [47, 48]

alongside the FCEL results as a function of y, for two p⊥-bins.6 As in previous studies
of quarkonium [31–33] and light hadron production [36, 37], the increase of the suppres-
sion with increasing y is a direct consequence of the scaling of FCEL with the incoming
parton energy. We observe a good agreement between this overall trend and the data,
which also holds for other p⊥-bins. The chosen p⊥-bins also demonstrate another important
feature of FCEL, namely, it becomes weaker at larger p⊥ (as illustrated by the parametric
dependence (4.1) of the average FCEL).

Our main message is already clear from figure 2: the FCEL effect by itself explains
about half of the nuclear suppression of D0 mesons at forward rapidities (for those p⊥-bins).
Note that as a purely perturbative effect, FCEL is not predicted to distinguish between
neutral and charged mesons.

In figure 3 (left) we show the same data as a function of p⊥ , for 2 < y < 2.5, together
with our FCEL baseline prediction evaluated at y = 2.25 .7 Note that while the pp and pA
cross sections are evaluated at the same p⊥ , it is interesting to consider the p⊥-dependence of
RpA following from (2.10), which dependence arises through the dijet mass Mξ appearing
in the quenching weight P̂R . The fact that the FCEL effect (i.e., the deviation of RHpA
w.r.t. unity) decreases with increasing p⊥ is more visible on this plot. The importance of
the FCEL effect is also evident on figure 3 (left): for the chosen y-interval, it explains half
of the D0 nuclear suppression up to p⊥ ∼ 5GeV. Since LHCb has also measured B-meson

6A complete comparison, with plots for all p⊥-bins (with p⊥ < 10GeV), is included as an ancillary file
in the arXiv record.

7Plots for all y-bins can be found in the ancillary files of the arXiv record.
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Figure 2. The rapidity dependence of RpPb for D0 production at
√
s = 5.02TeV is shown for two

p⊥-bins. The baseline calculation is for the gg → QQ̄ channel in the center of each bin, compared
with ALICE and LHCb data [47, 48]. (The curves labelled ‘gluon frag.’ correspond to the channel
gg → gG→ gQQ̄ discussed in section 3.3.)
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Figure 3. Comparison between LHCb data [48, 49] and FCEL baseline predictions of the p⊥-
dependence of RpPb, for D0 production at

√
s = 5.02TeV in the rapidity interval 2 < y < 2.5 (left),

and for B± production at
√
s = 8.16TeV in the interval 2.5 < y < 3.5 (right).

suppression in pPb collisions at
√
s = 8.16TeV [49], a similar plot for B± production

is provided in figure 3 (right), over a larger rapidity window (2.5 < y < 3.5) and for
p⊥ ≤ 20GeV.

3.3 Influence of NLO processes — a rough estimate

The results presented in the previous sections assumed the LO picture described in sec-
tion 2.1. In particular, FCEL has been implemented assuming that the pp cross section is
dominated by the LO process gg → QQ̄ (which is indeed dominant over other LO processes
for QQ̄ production at LHC energies).

On the other hand, we have taken the pp cross section to fit the pp data, which
are likely to receive an important contribution from higher-order processes. Clearly, a
full NLO calculation implementing FCEL is beyond the scope of our study. In order to
estimate the uncertainty associated with the LO picture used in our model, we investigate
FCEL effects in a generic channel contributing to the pp cross section at NLO (in the fixed
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flavour number scheme adopted here, see section 2.1), namely, gg → gG (where G denotes
a ‘massive gluon’ of mass 2m) followed by collinear gluon fragmentation G→ QQ̄ (Q and
Q̄ sharing equally the momentum of gluon G).

In the approximation where the induced radiation does not resolve the final parton
system (denoted as PDA in section 2.2), FCEL depends on the partonic subprocess only
through the invariant mass and colour probabilities ρR of that system. In order to estimate
FCEL effects assuming the above gg → gG → gQQ̄ process, we can thus use (2.10), up
to the following modifications: (i) the mass Mξ of the gluon pair produced in gg → gG is
now given by M2

ξ = K2
⊥
/(ξ(1− ξ)) + 4m2/ξ (with ξ the energy fraction carried by gluon

G, and K⊥ = 2p⊥/z); (ii) the sum over R runs over three colour states, R = 1,8,27, with
associated probabilities given in (A.6).

Repeating the FCEL calculation of section 3.2 for heavy meson nuclear suppression
with the above modifications, we expect two competing effects. The larger ‘dijet mass’
should entail a milder suppression, whereas the richer colour structure (in particular, the
presence of the larger Casimir C27 = 8) should on the contrary strengthen the suppression.
For D0 suppression as a function of y, we obtained the yellow curves in figure 2. The
gg → gG process appears to coincide with the gg → QQ̄ LO baseline, confirming the
expected partial compensation between the two competing effects.

Although this estimate of the possible effect of NLO processes on our predictions is
rudimentary, it makes us confident that the results obtained within the LO picture are
quantitatively meaningful. We expect the main feature, namely, an increase of both the
dijet mass and average Casimir, to prevail when going from LO to NLO processes.

4 Discussion

As noted in ref. [20], where the fully coherent medium-induced gluon radiation spectrum
has first been derived, FCEL is expected to affect all hadron species in proton-nucleus
collisions. In the present study, we apply it to the case of open heavy-flavour hadron
production. The results show that FCEL is a sizable effect, accounting for about half of
the D-meson nuclear suppression observed at forward rapidity, in a wide p⊥-range. After
studies on quarkonium and light hadron production, this confirms that hadron production
in pA collisions cannot be described within the collinear factorization approach using only
nPDFs, calling for a change of paradigm.

Nevertheless, it has been recently suggested to use the data on heavy-flavour hadron
production in pA collisions as a reliable probe of gluon distributions in nuclei, assuming
nPDFs to be the only nuclear effect at work [38–40]. The latter claim is based on the
relatively good agreement of pQCD calculations with heavy-flavour measurements in pPb
collisions at the LHC, after a proper reweighting of nPDFs using precisely these data sets.
Although such an agreement between data and theory (after reweighting) is necessary to
justify the use of collinear factorization in pA collisions, it should not be seen as a sufficient
condition, let alone a proof of the absence of parton dynamics beyond collinear factoriza-
tion. The results shown here indeed demonstrate that a significant part of the suppression
observed in data is due to FCEL, an effect which breaks explicitly factorization. Our claim
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is supported by the precision of the FCEL calculation, with the moderate relative theoret-
ical uncertainty on RHpA (typically below 10%) ensuing from FCEL being fully determined
within pQCD.

FCEL does not affect the rate of hard processes in nuclear collisions in the same
way as nPDFs do – for instance as a function of

√
s, M , p⊥ , or y – due to the different

scaling properties of these two nuclear effects. To illustrate this, the effects of FCEL scale
approximately as the momentum fraction x1 carried by the parton in the hadron projectile8

while nPDF effects are expected to depend on x2, the momentum fraction carried by the
nuclear target parton. Moreover, the parametric dependence on the hard scale should be
different for both effects. In particular, the average FCEL associated to the spectrum (2.3)
is suppressed by one power of the transverse mass [20, 21],

∆EFCEL ∝ αs
`⊥A − `⊥p

m⊥
E . (4.1)

Consequently, using the measurements of open heavy-flavour meson production (as
well as light hadron and quarkonium production) in a global fit analysis that ignores the
reality of FCEL would lead to an incorrect determination of nuclear parton distributions,
independently of the apparent agreement reached between data and theory. For instance,
it is shown in ref. [39] that including LHCb D-meson data has a spectacular impact on
the determination of (reweighted) EPPS16 nPDF sets [6]. Not only does it lead to a
stronger gluon shadowing of the central set at small values of x,9 but the uncertainty of
the reweighted EPPS16 shrinks dramatically, especially at small resolution scales. This
does not come as a surprise because the central set of (default) EPPS16 tends to overshoot
LHCb data at forward rapidity, and because the precision of LHCb measurements exceeds
by far that of EPPS16. However, we believe that these reweighted nPDF sets should not
be trusted because of the wrong physical hypothesis, namely assuming that D-meson sup-
pression is only driven by nPDFs. The fact that FCEL accounts for half of the suppression
at forward rapidity is likely to lead to the opposite conclusion of lesser gluon shadowing at
small x than in the default nPDF sets. The inclusion of forward prompt and non-prompt
J/ψ measurements in the determination of new nPDF sets, as advocated in [40], would
lead to similar biases.

Ideally, the nPDF global fit analyses should include data which are insensitive to
FCEL, such as DIS measurements or weak boson production in pA collisions, or barely
affected by FCEL, e.g., jet production at very large p2

⊥
� q̂L. However, the constraints

will be much looser especially in the gluon sector and at small x. Another way would be to
use the reweighting method [53, 54], which up to now has been used to iteratively include
newly available data into existing nPDF sets (without having to redo the full analysis).
We propose to reweight nPDF sets with a fitting procedure that takes into account new
(theoretical) information: namely, the inclusion of FCEL for hadron production in pA

8This scaling is slightly violated because of the energy evolution of the transport coefficient, see ref. [32].
9This is reminiscent of the use of forward light-hadron measurements by BRAHMS in dAu collisions at

RHIC [50] in the EPS08 analysis [51], which led to strong nuclear shadowing. These data were subsequently
left out in the global fit analysis of EPS09 [52], resulting in a milder gluon shadowing.
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collisions. Because the FCEL uncertainties are relatively narrow, treating both nuclear
effects together should help assess the current tensions and improve the overall precision
of nPDFs. This programme is left for future work.
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A Colour state probabilities ρR(ξ)

In this appendix we present a simple derivation of the probabilities ρR(ξ) for the QQ̄ pair
produced in gg → QQ̄ to be in colour state R. These probabilities turn out to depend
only on the light-cone momentum fraction ξ ≡ K+/p+ (with K+ and p+ the light-cone
momenta of the heavy quark and incoming projectile gluon, respectively), which can be
viewed as an energy fraction in the target rest frame. In particular, the colour probabilities
are independent of the heavy quark mass m.

Let the target gluon carry momentum q and Lorentz index µ. The gg → QQ̄ scattering
amplitude Mµ

hard can be conveniently calculated from the g → QQ̄ forward scattering
amplitude off an external gluon field. Indeed, in the high-energy limit (p+ → ∞), the
latter selects the µ = + component ofMµ

hard, which can be easily derived using light-cone
perturbation theory [55] in light-cone A+ = 0 gauge. The other (dominantly transverse)
components ofMµ

hard are simply obtained using gauge invariance, qµMµ
hard = 0, andMµ

hard
thus directly follows from the knowledge ofM+

hard only. We find

M+
hard = 2gs

{
ψ(ξ,K) + ψ(ξ,K − q) − ψ(ξ,K − ξq)

}
, (A.1)

where the graphs stand for the colour factors associated to each Feynman diagram, q and
K are the transverse momenta of the target gluon and heavy quark, respectively, ψ(ξ,K)
is the g → QQ̄ light-cone wavefunction,10 and gs =

√
4παs.

In the limit q⊥ � K⊥ considered in the present study (recall that K⊥ � `⊥A =
√
q̂LA ,

cf. section 2.1, and typically q⊥ ∼ ΛQCD) the Taylor expansion of (A.1) yields

M+
hard = −2gs (q ·∇

K
ψ(ξ,K))

{
− ξ

}
, (A.2)

where we used colour conservation:

+ − = 0 . (A.3)

10It is given by ψ(ξ,K) = gs p
+
√
ξ(1− ξ) V̂ ln (K2 +m2), where V̂ = δ−σ

′
σ (ξ−δ−λσ ) ελ·∇K− 1√

2δ
σ′
σ δ

λ
σ
∂
∂m

,
with σ and σ′ denoting the quark and antiquark helicities, respectively, and ελ = − 1√

2 (λ, i) the transverse
polarization (λ = ±) of the energetic gluon of light-cone momentum p+. The precise form of ψ(ξ,K) is
however irrelevant to the present discussion.
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Figure 4. Probabilities ρR(ξ) for the produced dijet to be in colour state R, as a function of the
internal energy fraction ξ, in the gg → QQ̄ channel for R = 1, 8 (left) and in the gg → gG channel
for R = 1, 8 ≡ 8a ⊕ 8s, 27 (right).

The dependence of M+
hard on the heavy quark mass m (contained in the first factor

of eq. (A.2)) and its colour structure (second factor of eq. (A.2)) fully factorise. As a
consequence, the mass dependence cancels out in the colour probabilities ρR for the QQ̄
pair to be in colour state R (with R = 1, 8) defined by

ρR = |Mhard · PR |2

|Mhard|2
, (A.4)

where PR is the hermitian projector on the colour state R. Those probabilities thus coincide
with those obtained in ref. [37] for gg → qq̄ with massless quarks, namely,

ρ1(ξ) = 1
9(ξ2 + (1− ξ)2)− 1 ; ρ8(ξ) = 1− ρ1(ξ) . (A.5)

The above discussion applies similarly to the gg → gG channel (see section 3.3) and
its associated colour states (8⊗ 8 = 1⊕ 8a ⊕ 8s ⊕ 10⊕ 10⊕ 27), resulting in the same
colour probabilities as for gg → gg [37]

ρgg27(ξ) = 3/4
1 + ξ2 + (1− ξ)2 ; ρgg1 (ξ) = 1

3ρ
gg
27(ξ) ; ρgg8 (ξ) = 1− 4

3ρ
gg
27(ξ) ; ρgg10 = 0 , (A.6)

where the colour representations with the same dimension and Casimir have been combined.
The probabilities from eqs. (A.5) and (A.6) are shown in figure 4.

B Parametrisation of heavy meson cross section in pp collisions

To make predictions for RpA based on the model of FCEL in eq. (2.10), a main input is
the doubly differential heavy meson production cross section in pp collisions. The latter is
calculable within pQCD but subject to proton PDFs and fragmentation functions [44, 56].
For our purpose of predicting the ratio (3.1) rather than absolute pp and pA cross sections,
we instead use a parametrisation of the pp cross section allowing to fit best the pp data.
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Figure 5. Differential pp cross section for D0 production as a function of rapidity, at the collision
energies

√
s = {5, 7, 13}TeV. The panels depict (B.1) evaluated at the central values of three

experimental p⊥-bins, namely, p⊥ = 1.5GeV (left), 2.5GeV (central) and 3.5GeV (right). (For the
13TeV data, two bins were combined.) The bands correspond to the variation of the parameter
n = 4 ± 1 in (B.1). The curves (and data points) at different

√
s were multiplied by 4−k (with

k = 0, 1, 2 for decreasing
√
s).

In order to trust the pp cross section for the kinematic regimes where our predictions
for RpA are made, we adopt the parametrisation

dσHpp
dy dp⊥

= N (p⊥)
[(

1− χ
)(

1−√χ
)]n

, χ ≡ 4
(
p2
⊥

+ µ2
H

s

)1
2

cosh y . (B.1)

If we let the overall normalisation in eq. (B.1) be treated as a free parameter for each p⊥-bin,
this parametrisation is capable of describing LHCb pp data at

√
s = {5, 7, 13}TeV [57–60],

for both charm and bottom production, with parameters µD = 1.8GeV and n = 4 ± 1 ,
and µB = 5.3GeV and n = 2.0 ± 0.5 , respectively.11 For simplicity we choose to fix the
value of µH close to the meson mass, because the variation in the exponent n is more than
sufficient to encompass the data.

In figure 5, neutral D-meson production from available pp data at forward rapidities
is compared with the parametrisation for 1GeV < p⊥ < 4GeV. Evidently, (B.1) should
be applicable at the intermediate

√
s = 8.16TeV — despite no corresponding data. The

available pp data for charged heavy mesons (D±, B±) are similarly well encompassed by
our choices for the exponent n, for all values of p⊥ used in this study.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

11The fact that totally different values of the ‘exponent parameter’ n were used for light hadron production
(namely, n = 15 ± 5) [37] should not lead to confusion, the parametric form (B.1) chosen here to fit the
heavy meson pp cross section being different from that used in ref. [37] to fit the light hadron cross section.
The precise form of the parametrization used to fit the pp cross section is irrelevant in our approach.
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