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Status of Heavy Ions:

 2

! HI programme : QCD at extreme conditions of T & " .
! Current status: matter created at RHIC and the LHC, with energy
densities > those expected in lattice QCD for deconÞnement/#SBR,

1) Shows collective features
in the soft sector that are 
well described by relativistic 
hydrodynamics if applied very 
early (!  1 fm/c) after the 
collision, suggesting $  
equilibration.

2) Is very opaque to
energetic partons/particles 
traversing it: strong 
modiÞcation of the yield of 
hard probes like high-pT 
particles, jets, quarkonia.
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Bulk	Observables:	p~<pt>,T	
~	99%	of	detected	par6cles	
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Hard	Probes:	p	>>	<pt>,T	
~	1%	of	detected	par6cles	
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given.
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!  Large uncertainties for x<0.01 and for large x glue (parametrisation 
biases); small impact of LHC data (large-x glue).
!  Few data for any single A e.g. Pb (15 DIS+30 pPb+" A): A-dependence of 
I.C. mandatory; ßavour decomposition weakly constrained (~ isoscalarity).
!  Impact parameter dependence modelled.
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Figure 5.8. Comparison between the nNNPDF1.0, EPPS16 and nCTEQ15 Þts at NLO forQ2 = 10
GeV2. The quark combination ! + 1

4 T8 (left panels) and gluon (right panels) are normalized to the
central value of the correspondingA = 1 distribution, and are shown for 12C (top panels), 64Cu (middle
panels), and208Pb (bottom panels) nuclei. The uncertainties (shaded bands) correspond to the 90% CL
ranges computed with the corresponding prescription for each Þt.

physical consequences. For instance, it would appear that there is rather strong evidence for
quark shadowing down tox ! 10! 4 for the nCTEQ15 result, while for nNNPDF1.0, the nuclear
modiÞcations are consistent with zero within uncertainties forx "< 10! 2.

Concerning the nuclear modiÞcations of the gluon PDF, here we can percieve large di"erences
at the level of PDF errors, with nCTEQ15 exhibiting the smallest uncertainties and nNNPDF1.0
the largest. While nCTEQ15 indicates some evidence of small-x gluon shadowing, this evidence
is absent from both nNNPDF1.0 and EPPS16. Moreover, the three sets Þnd some preference
for a mild enhancement of the gluon at largex, but the PDF uncertainties prevent making any
deÞnite statement. Overall, the various analyses agree well within the large uncertainties for
x "> 0.3.

While it is beyond the scope of this paper to pin down the origin of the di"erences between
the three nPDF analyses, one known reason is the choice of nPDF parameterization together
with the method of imposing the A # 1 boundary condition. Recall that in nNNPDF1.0 we
adopt a model-independent parameterization based on neural networks, Eq. (3.2), with the
boundary condition imposed at the optimization level in Eq. (3.9). In the EPPS16 analysis, the
bound nucleus PDFs are instead deÞned relative to a free nucleon baseline (CT14) as

f (N/A )
i (x, Q2, A) = RA

i (x, Q2) f (N )
i (x, Q2) , (5.5)
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Figure 2.1. Kinematical coverage in the (x, Q2) plane of the DIS neutral-current nuclear structure
function data included in nNNPDF1.0, as summarized in Table2.1. The horizontal dashed and curved
dashed lines correspond toQ2 = 3 .5 GeV2 and W 2 = 12.5 GeV2, respectively, which are the kinematic
cuts imposed in this analysis.

nNNPDF1.0 nCTEQ15 EPPS16

W 2
min 12.5 GeV2 12.25 GeV2 n/a

Q2
min 3.5 GeV2 4 GeV2 1.69 GeV2

Table 2.2. The kinematics cuts in W 2 and Q2 imposed in the nNNPDF1.0 analysis compared to those
used in the nCTEQ15 and EPPS16 Þts.

After imposing the kinematical cuts in Eq. (2.8), we end up with Ndat = 451 data points.
As indicated in Table 2.1, around half of these points correspond to ratios of heavy nuclei with
respect to to deuterium, namely RF2 (A1, A2 = 2) in the notation of Eq. ( 2.5). For the rest of
the data points, the values ofA1 and A2 both correspond to heavier nuclei, with A2 ! 6. It is
worth noting that the measurements from the NMC collaboration contain a signiÞcant amount
of points for which the carbon structure function is in the denominator, RF2 (A1, A2 = 12). In
particular, we have Ndat = 119 data points for the Q2 dependence of the tin to carbon ratio,
RF2 (119, 12). These measurements provide valuable constraints on theA dependence of the
nuclear PDFs, since nuclear e!ects enter both the numerator and denominator of Eq. (2.5).

Concerning the treatment of the experimental uncertainties, we account for all correlations
among data points whenever this information is provided by the corresponding experiments.
This information is then encoded into the experimental covariance matrix, constructed using
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Figure 6.1. Same as Fig.2.1, but now including also the kinematic coverage of the EIC pseudo-data
used in this study and listed in Table 6.1. We indicate the coverage of the Òhigh-energyÓ and Òlow-energyÓ
EIC scenarios, corresponding to electron energiesEe = 20 GeV and 5 GeV, respectively.

In this section, we quantify the constraints that future EIC measurements of inclusive nuclear
structure functions would impose on the nNNPDF1.0 nuclear PDFs. To achieve this, we generate
EIC pseudo-data following Ref. [13], where it was subsequently interpreted in the framework
of the EPPS16 analysis of nPDFs. The projections used here are constructed instead with the
central value of the nNNPDF1.0 NLO set for di!erent scenarios of the lepton and nucleon beam
energies, which are then added to the input data of this analysis listed in Table2.1 .

The simulated EIC pseudo-data from Ref. [13] is available for both carbon (A = 12 and
Z = 6) and gold (A = 197 and Z = 79) nuclei. We assume that the latter would be corrected
for non-isoscalarity e!ects, and therefore treat gold as an isoscalar nucleus withA = 197 (see
also Sect.2). The nuclear structure functions for carbon and gold nuclei are then normalized
by the deuteron structure functions following Eq. (2.5).

The di!erent scenarios for the lepton and nucleon beam energies of the EIC pseudo-data
that are considered here are listed in Table6.1. As in Ref. [13], we denote the Òlow energyÓ
EIC scenario the one that consists of measurements taken with electron beams with energy
Ee = 5 GeV, whereas the Òhigh energyÓ EIC scenario corresponds to measurements taken with
Ee = 20 GeV electrons. We also indicate in Table6.1 the atomic mass numberA, the nucleus
(per nucleon) EA /A energy, the maximum and minimum values ofQ2 and x of the pseudo-data,
respectively, and the number of pseudo-data pointsNdat . Here we restrict ourselves again to the
inclusive structure functions and do not include EIC pseudo-data on charm structure functions.

In Fig. 6.1, we display the kinematic coverage of the EIC pseudo-data compared to the exist-
ing lepton-nucleus scattering measurements. Here we can see that the EIC would signiÞcantly
extend the sensitivity to nPDFs both in the small-x and in the large-Q2 regions. This is partic-
ularly marked for the higher energy scenario withEe = 20 GeV and EA /A = 100 GeV, where
the kinematic coverage at smallx in the perturbative region Q !> 1 GeV would be increased by
a factor 20.

In this exercise, we assume that the ÒtrueÓ central value of the EIC pseudo-data is the central
value of the nNNPDF1.0 NLO Þt, which is then ßuctuated according to the corresponding
experimental uncertainties. Given that we also use NLO QCD theory for the Þts including EIC
data, by construction the resulting Þts are expected to have! 2

EIC /N dat " 1. Concerning the
projected experimental uncertainties for the EIC pseudo-data, we assume the same total relative
uncertainty as in Ref. [114], which is taken to be uncorrelated among di!erent bins. Moreover,
each of the scenarios listed in Table6.1 are assumed to have a"L = 1 .98% normalization
uncertainty, not included in the total uncertainty mentioned above. This normalization error is
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and the di↵erence !R u! d,

!R u! d ! Ru " Rd, (11)

as

uA = Ru+ d

!
Z
A

uproton +
A " Z

A
d

proton
"
+

!R u! d

!
2Z
A

" 1

"
uproton

1 + uproton / d
proton .

(12)

For an isoscalar nucleus (like 12C), the last term in
Eq. (12) is zero and thus the cross sections are not sen-
sitive to the flavour separation. For non-isoscalar nuclei

(like 197Au) the last term in Eq. (12) is non-zero, but
merely a correction to the leading term proportional to

Ru+ d. Indeed, at small x, uproton # d
proton

, and the
term proportional to !R u! d is suppressed by a factor
of (Z/A " 1/ 2) # " 0.1 for 197Au in comparison to the
Ru+ d term. As a consequence, the sensitivity to flavor
decomposition is always reduced in inclusive cross sec-
tions. A similar reasoning applies also in the case of
valence quarks and explains the poor flavor decomposi-
tion at large x despite the addition of high-precision EIC
pseudodata. To gain a better sensitivity to the flavor
decomposition, wisely chosen di↵erences of cross sections
or structure functions in neutral- and charged-current re-
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Figure 6.2. Comparison between the nNNPDF1.0 NLO Þt (solid red line and shaded band) and the
Þts where Òlow energyÓ (solid blue line and shaded band) and Òhigh energyÓ (solid green line and shaded
band) EIC pseudo-data have been added. The the quark combination ! + 1

4T8 (left panels) and gluon
(right panels) ratios with respect to the correspondingA = 1 distribution are shown at Q

2 = 10 GeV2

for 12C (top panels) and 197Au (bottom panels) nuclei.

7 Summary and outlook

In this work, we have presented a Þrst determination of the parton distribution functions of
nucleons bound within nuclei using the NNPDF methodology. Using as experimental input all
available measurements on neutral-current deep-inelastic nuclear structure functions, we have
determined the nuclear gluon g, the quark singlet !, and the quark octet T8 for a range of
atomic mass numbers fromA = 2 to A = 208. We Þnd an excellent overall agreement with the
Þtted experimental data, with stable results with respect to the order of the perturbative QCD
calculations. While the quark distributions are reasonably well constrained forx !> 10! 2, the
nuclear gluon PDFs are a"ected by large uncertainties, in particular for heavy nuclei.

From the methodological point of view, the main improvement with respect to previous
NNPDF Þts has been the implementation ofTensorFlow to perform stochastic gradient descent
with reverse-mode automatic di"erentiation. The application of SGD for the �

2 minimization
has lead to a marked performance improvement as compared to the evolutionary-type algorithms
used so far in NNPDF. Two other related developments in this study have been the use of a
single neutral network to parameterize the nPDFs rather than multiple networks, and the Þtting
of the preprocessing exponents rather than their determination from an iterative procedure.

As opposed to other nPDF analyses, the nNNPDF1.0 set is determined with the boundary
condition imposed at the minimization level so that the baseline proton PDFs (NNPDF3.1)
are reproduced both in terms of their central values and, more importantly, their uncertainties.
Moreover, we have applied this constraint in a fully consistent way, since the proton PDF baseline
has been determined using the same Þtting methodology and theoretical settings. We have shown
that this A = 1 constraint results in a signiÞcant reduction of the nPDF uncertainties, especially
for low-A nuclei, and therefore represents a vital ingredient for any nPDF analysis.

By using nNNPDF1.0 as a baseline, we have also quantiÞed the impact of future e+A
measurements from an Electron-Ion Collider by exploiting the projections generated in Ref. [13].
We have demonstrated that the EIC measurements of inclusive nuclear structure functions would

42
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ing process a!ects the nPDFs in the following way:
Ñ In the case of EPS09 (Fig. 4), the reweighting suppresses minimally the

central value of the valence at lowx (left panel), slightly increasing the shadow-
ing in that region while the uncertainty is shifted up just a little bit. For the sea
distribution (central panel) the central value increases and the shadowing sup-
pression gets smaller, with the uncertainties shrinking dramatically. Finally the
gluon density (right panel) ßattens and the strong shadowing/anti-shadowing
that characterizes this Þt smoothes so much that leaves a curve almost compat-
ible with unity.

Ñ In the case of DSSZ (Fig. 5), the reweighting returns a valence distri-
bution with stronger shadowing and anti-shadowing regions, a sea distribution
with an enhancement of the central value in the shadowing area and a deeper
EMC-e!ect. The reweighted gluon distribution behaves the same way as the
reweighted sea, but the shadowing region for the gluon goes over unity, becom-
ing, in fact, anti-shadowing. All these distributions get narrower uncertainties
after the reweighting.

The curious behavior at low x produced by the pseudodata originates from
the ansatz in the initial parameterizations. In EPS09, the limit of R for x ! 0 is
a parameter, while for DSSZ there is no such constrain. Once obtained a Þt, any
prediction outside the kinematical range probed comes from an extrapolation,
thus allowing for the puzzling and unrealistic curves at small x of Fig. 5 to
occur.

5. Summary

On the search for gluon saturation we have analysed the impact of future
nuclear structure function low-x data at the EIC. Our aim was to assess whether
or not the collinear factorization approach with nuclear PDFs will be able to
Þt the data, if saturation sets in according to current expectations. As it is
customary for nuclear PDFs, in this study we used the structure function F2.

Figure 4: u valence quark (left), øu sea quark (center) and gluon (right) distributions for the
EPS09 PDF set before and after the reweighting.

12

Figure 5: u valence quark (left), øu sea quark (center) and gluon (right) distributions for the
DSSZ PDF set before and after the reweighting.

In addition, we have also considered the longitudinal structure function FL, as
it is much more sensitive to the gluon density and thus potentially capable of
providing interesting information, although with hindsight we found it not to
be the case due to the large projected errors.

We generated saturated pseudodata for F

Au

2

and F

Au

L , with central values
obtained from the rcBK predictions and error bars estimated taking into ac-
count the design parameters the future detectors, and compared them with the
corresponding collinear factorization predictions. The latter, that rely on ex-
trapolations as most of the points lie outside the kinematical range explored in
the original fits, lead to smaller structure functions than what the saturation
model predicts at small x. This is particularly true for FL, as the extrapolation
for the nuclear gluon distributions at low x are very unreliable. The quantitative
impact of the pseudodata on the nPDFs was obtained by means of a Bayesian
reweighting technique. The results look quite di↵erent from the original distri-
butions, especially for sea quarks and gluons. This strong tension is confirmed
by the numbers in Table 1. The e↵ect is bigger in the case of DSSZ for which
the gluon parameterization lacks flexibility, but numerical estimators confirm
the existence of a non trifling tension also in the case of EPS09.

Our results suggest that, should the EIC provide data compatible with the
expected theoretical description from the saturation model studied (or a similar
one), a successful refitting of the nPDFs may not be achievable, which would
unambiguously signal the presence of non-linear e↵ects. However, in order to be
fully conclusive and determine whether or not genuine saturation e↵ects can be
unveiled from nuclear structure function measurements, performing a new global
nPDF fit will be necessary. At the moment we can not exclude the possibility of
a successful refitting of the nuclear PDFs because the nuclear gluon distribution
is currently essentially unconstrained at small-x. In that case, one would have
to resort to di↵ractive observables in order to pin down saturation e↵ects at the
EIC (see e.g. [38, 39, 40]).
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Bulk	Observables:	p~<pt>,T	
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Hard	Probes:	p	>>	<pt>,T	
~	1%	of	detected	par6cles	
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partonic evolution and hadronization in matter
! benchmark for jet quenching studies in AA 

!

! low energy :: hadronization in-matter :: 
(pre-)hadronic absorption :: formation times 

!

! high energy :: modification of partonic evolution

Fixed-target LHeC

jets plentiful in eA ::  
much needed benchmarking for AA 
and pA
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Boer,	Lansberg,	Pisano	
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Gluon	GPDs	
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/"#$%2/(-<./(
Joosten	and	Meziani	
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Z'25"#C2/()%#0&/.-) (&/5(<2$&'.f&C2/6(
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<2$&'.f%5(iH† (<02,2<'25"#C2/(#&/(E%(
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	 	 	 	 	Butenschoen	Kniehl	
	
(40&')2/.") (cB(./(5.+'&#C9%(W3Q(
8.,0./ (,0%(5.<2$%(>2')&$.-) (
Cheng	et	al.		
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