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We present leading hadron suppression predictions in %1 + %1 and ? + %1 collisions from a
convolved radiative and collisional energy loss model in which partons propagate through a
realistic background, and in which the radiative energy loss receives a short pathlength correction.
We find that the short pathlength correction is small for � meson '��(?) ) in both %1 + %1 and
? + %1 collisions. However the short pathlength correction leads to a surprisingly large reduction
in suppression for c mesons in ? + %1 and even %1 + %1 collisions, providing a qualitative
explanation for the rapid rise in c meson '��(?) ) at the LHC. We find that the size of the short
pathlength correction to '��(?) ) is acutely sensitive to the chosen distribution of scattering
centers in the plasma. Furthermore we find that conventional elastic energy loss models, which
apply the central limit theorem to the number of scatterings, dramatically overpredict suppression
in p + A collisions, calling for short pathlength corrections to elastic energy loss.
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1. Introduction

The modification of high-?) particle spectra provides crucial insights into the many-body
dynamics of QCD in high-energy collisions. Significant suppression of high-?) particles in � + �
collisions has been observed at RHIC and LHC experiments [1–4], attributed to energy loss of
partons in the QGP, and well-described by pQCD-based models [5–8]. Recent findings in ? + �
and ? + ? collisions, such as strangeness enhancement [9, 10], quarkonium suppression [11], and
collective behavior [12, 13], indicateQGP formation. Non-trivialmodifications of high-?) particles
have also been observed in small collision systems [14–16], demanding theoretical explanations.

Applying models that have had successful �+ � predictions to ?+ � and �+ � collisions is not
straightforward, due to a variety of large system size assumptions within these models. For example,
energy loss approaches based on BDMPS-Z [17] utilize the central limit theorem, which requires a
large number of scatterings—a fragile assumption in �+�, let alone ?+�. In this work we consider
the removal [18] of such an assumption—the large pathlength assumption ! � `−1, where ! is
the QGP brick length, and `−1 the Debye screening length—made in the DGLV radiative energy
loss model [19, 20]. The correction consists of O(4−`!) terms, which were previously assumed
to be small, and results in the following novel effects: reduction of energy loss, linear growth
with partonic energy, and disproportionate size for incident gluons (cf. usual ��/�� color factor
scaling). This reduction in energy loss could explain the rapid rise of the charged hadron nuclear
modification factor with ?) [21] and the enhancement above unity in p + A collisions [22, 23].

In this work we will provide nuclear modification factor '�� and '?� predictions for � + �
and ? + � collisions, with a focus on the impact of the short pathlength correction to DGLV
radiative energy loss on said predictions. We will in particular attempt to, in as reasonable way
as possible, make an apples-to-apples comparison of the Wicks-Horowitz-Djordjevic-Gyulassy
(WHDG) convolved radiative and collisional energy loss model [8], which has been successful
in describing a breadth of leading hadron suppression data, with an energy loss model with the
same elastic and geometrical considerations but with a radiative energy loss that includes the short
pathlength correction (henceforth the correction) as derived in [18].

2. Energy Loss Framework and Results

The radiative energy loss is calculated according to DGLV [20] with short path length correc-
tions as derived in [18]. The number of radiated gluons #6 differential in the momentum fraction
radiated away G is given to first order in opacity !/_ by
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+ k · (k − q1)(
k2 + <2

6 + G2"2) (
(k − q1)2 + <2

6 + G2"2
) {cos [(l0 + l̃<) ΔI] − cos [(l0 − l1) ΔI]}

ª®®¬
 ,

where the first two lines of the above equation are the original DGLV result [20] and the last two
lines are the correction [18]. l ≡ G�+/2, l0 ≡ k2/2l, l8 ≡ (k − q8)2/2l, `8 ≡

√
`2 + q2

8
, and

l̃< ≡ (<2
6 + "2G2)/2l following [18, 20]. Additionally d(ΔI) is the distribution of scattering

centers; q8 is the transverse momentum of the 8th gluon exchanged with the medium; k is the
transverse momentum of the radiated gluon; ΔI is the distance between production of the hard
parton, and scattering; �' (��) is the Casimir of the hard parton (adjoint) representation; UB is the
strong coupling, <6 = `/

√
2 is the thermal gluon mass; and " is the mass of the hard parton.

Multi-gluon emission is taken into account by assuming gluon emission is independent, leading
to a Poisson convolution with Eq. 1 as the single-emission kernel, following [24]. Elastic energy
loss is calculated according to [25] in conjunction with the assumption of applicability of the central
limit theorem (large number of elastic scatters), following [8, 21]. The total probability for energy
loss is found as the convolution of the radiative energy loss probability with the elastic energy loss
probability, in the same fashion as [8].

We account for path length fluctuations based on the collision geometry by defining an effective
path length which depends on the density of the plasma, following WHDG [8],

!eff (x8 , i) ≡
1
deff

∫ ∞

0
dgdpart (x8 + >̂g) and deff ≡

∫
d2G d2

part(g0, x)
/ ∫

d2G dpart(g0, x) , (2)

where dpart is the density of participating nucleons (calculated using profiles from [26]), x8 is the hard
parton production point, and >̂ is the direction of propagation. Expansion of the plasma is taken into
account via the Bjorken expansion formula 〈) (g)〉 ≈ 〈) (g0)〉 [g0/g]1/3 ≈ 〈) (g0)〉 [g0/(!/2)]1/3,
where 〈) (g0)〉 ∝ d1/3

eff and ` and _ are determined dynamically from the temperature (details in
[27]). We will compare two distributions of scattering centers d(ΔI): the exponential distribution
dexp.(ΔI) ≡ 2

!
exp[−2ΔI/!], and the truncated step distribution dstep(ΔI) ≡ (! − g0)−1Θ(ΔI −

g0)Θ(! − ΔI), where g0 ∼ 0.4 fm is the hydrodynamics turn-on time. The exponential distribution
is the canonical choice used in WHDG [8, 21]. These two choices can be thought of as bounds:
the exponential overemphasizes the correction, while the truncated step drastically reduces it by
turning off early-time energy loss.

As a first exploration of the effect of the short pathlength correction, we make predictions for
both %1 + %1 and ? + %1 collisions with

√
B = 5.02 TeV.

Fig. 1 shows the predicted '��(?) ) in central collisions for �0 mesons (left) and for c mesons
(right), as a function of final transverse momentum ?) . For the �0 mesons (left) we find that—for
an exponential distribution of scattering centers—the correction is . O(10%), and grows with ?) .
The exponential vs truncated step distribution is an O(10–20%) effect at high ?) , and the truncated
step distribution practically removes the correction. We conclude that for heavy flavour mesons in
� + � collisions, the correction is negligible.

For the c mesons (right), the predicted '��(?) ) values differ by O(10–20)% between: the
exponential distribution without correction, the truncated step distribution with correction, and
the truncated step without correction. For the exponential distribution, the correction becomes
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Figure 1: (Left) Plot of the '�� for � mesons as a function of final transverse momentum ?) in
√
B = 5.02

TeV %1 + %1 central 0–10% (top) and semi-central 30–50% (bottom) collisions. Data are from ALICE [23]
and CMS [28]. (Right) Plot of the '�� for c mesons produced in 0–5% most central %1 + %1 collisions at√
B = 5.02 TeV, as a function of the final transverse momentum ?) . Data from ATLAS [29], CMS [30], and

ALICE [31]. (Left and Right) Predictions with (solid) and without (dashed) the short path length correction
to the radiative energy loss are shown using the exponential (red) and truncated step (blue) distributions for
the scattering centers. The experimental global normalization uncertainty on the number of binary collisions
is indicated by the solid boxes in the center left of the plot (left to right: CMS, ALICE; CMS, ALICE). In
the ATLAS data the normalization uncertainty is included in the systematic uncertainty.

excessively large, reaching O(100%) at 100 GeV. For ?) . 100 GeV the correction agrees
tantalizingly well with data, and possibly could account for the sharp increase in 'c

��
(?) ) at the

LHC; however the asymptotic behaviour of the correction is inconsistent with data. In [27] we
perform a thorough analysis of the various assumptions—including collinearity, softness, and large
formation time—that are made by both DGLV [20] and the correction to DGLV [18], where we
find that the large formation time assumption is breaking down at O(30–50) GeV. The breakdown
is particularly fast for gluons (which fragment into c mesons), indicating that this breakdown could
be tied to the excessive correction. This calls for a rederivation of GLV, DGLV, and the correction
with the large formation time assumption relaxed.

Fig. 2 shows the nuclear modification factor '?� in central ? + %1 collisions for �0 mesons
(left) and c mesons (right). The left pane of Fig. 2 shows corrected (solid) and uncorrected (dashed)
'?� for �0 mesons. The '?� was calculated with both convolved elastic and radiative energy loss
(red), and radiative energy loss only (blue). Comparing the full elastic and radiative energy loss
prediction and the radiative only prediction, it is evident that the elastic energy loss is dominant.
This is an artifact of the conventional application of the central limit theorem (CLT) to the number
of scatters in the medium. In p +A collisions, there are ∼1 collision, and so CLT breakdown is not
surprising. This calls for future short pathlength corrections to elastic energy loss.

The right pane of Fig. 2 shows corrected (solid) and uncorrected (dashed) '?� for c mesons
with both exponential (red) and truncated step (blue) distributions of scattering centers. The
corrected '?�with an exponential distribution shows qualitative agreementwith data up to 100 GeV,
indicating the possibility thatmeasured '?� > 1 could be—at least in part—due to final state effects.
The correction is dramatically reduced when the truncated step distribution is used, indicative of
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Figure 2: (left) The nuclear modification factor '?� for �0 mesons as a function of final transverse
momentum ?) in 0–10% central ? + %1 collisions at

√
B = 5.02 TeV. Data are from ALICE [32]. The '?�

is calculated both with elastic and radiative energy loss (el. + rad.) and radiative energy loss only (rad.
only). (right) The nuclear modification factor '?� for c mesons as a function of final transverse momentum
?) in 0–10% ? + %1 collisions at

√
B = 5.02 TeV. Only radiative energy loss is included; predictions with

(solid) and without (dashed) the correction are shown using the exponential (red) and truncated step (blue)
distributions for the scattering centers. Data for charged hadrons are from ATLAS [22]. (left and right) The
experimental global normalization uncertainty on the number of binary collisions is indicated by the solid
box in the top left corner of the plot.

the sensitivity of the correction to d(ΔI).

3. Conclusions

We considered the effect of the short pathlength correction to DGLV radiative energy loss, as a
component of a sophisticated phenomenological energy lossmodel based off theWHDGmodel. We
found that the central limit theorem assumption used in the elastic energy loss results in a dramatic
over prediction in suppression in ?+� collisions, necessitating short pathlength corrections to elastic
energy loss. Furthermore the short pathlength correction to radiative energy loss is excessively large
for 'c

��
and 'c

?�
, which may be caused by the breakdown of the large formation time assumption,

calling for a short formation time correction. The short pathlength correction is extremely sensitive
to the distribution of scattering centers at small distances, requiring more consideration for the
most physically reasonable distribution of scattering centers. Our results qualitatively support the
possibility of final state effects contributing to the observed '?� > 1 in experimental data, but
quantitative predictions require further theoretical development.

Additional future work in small systems may seek to place energy loss calculations on a more
rigorous footing [33] or consider the small system size corrections to thermodynamics [34], the
equation of state [35], and the effective coupling [36].
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