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Experimental results 



Uncertainties are smaller than model 
spread 

EPOS+LHC_tuning underestimate the p-
production 

… but then the visible inelastic cross 
section is compatible with EPOS-LHC: 

      —> discrepancy: p yield/event  

!13

Natural pHe extensions: 

- inclusive p from hyperon decays  

-charged π,K,p spectra  

-√sNN=87 GeV data 
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Figure 3: Antiproton production cross-section per He nucleus as a function of momentum,
integrated over various pT regions. The data points are compared with predictions from
theoretical models. The uncertainties on the data points are uncorrelated only, while the shaded
area indicates the correlated uncertainty.
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e↵ect of migration between kinematic bins due to resolution e↵ects is found to be negligible.
A major di↵erence between the fixed-target configuration and the standard pp-collision
data taking in LHCb is the extension of the luminous region. As a consequence, the result
is checked to be independent of zPV within the quoted uncertainty in all kinematic bins.
Furthermore, the results do not show any significant dependence on the time of data
taking.

The p production cross-section is determined in each kinematic bin from a sample of
33.7 million reconstructed pHe collisions, yielding 1.5 million antiprotons as determined
from the PID analysis. In Fig. 3, the results, integrated in di↵erent kinematic regions, are
compared with the prediction of several models: EPOS-LHC [19], the pre-LHC EPOS
version 1.99 [26], HIJING 1.38 [27], the QGSJET model II-04 [28] and its low-energy
extension QGSJETII-04m, motivated by p production in cosmic rays [29]. The results are
also compared with the PYTHIA6.4 [30] prediction for 2⇥ [�(pp ! pX) + �(pn ! pX)],
not including nuclear e↵ects. The shapes are well reproduced except at low rapidity, and
the absolute p yields deviate by up to a factor of two. Numerical values for the double-
di↵erential cross-section d2

�/dp dpT in each kinematic bin are available in Appendix A.
The total yield of pHe inelastic collisions which are visible in LHCb is determined

from the yield of reconstructed primary vertices and is found to be compatible with
EPOS-LHC: �LHCb

vis /�

EPOS�LHC
vis = 1.08± 0.07± 0.03, where the first uncertainty is due to

the luminosity and the second to the PV reconstruction e�ciency. The result indicates
that the significant excess of p production over the EPOS-LHC prediction, visible in
Fig. 3, is mostly due to the p multiplicity.

In summary, using a pHe collision data sample, corresponding to an integrated
luminosity of 0.5 nb�1, the LHCb collaboration has performed the first measurement of
antiproton production in pHe collisions. The precision is limited by systematic e↵ects
and is better than a relative 10% for most kinematic bins, well below the spread among
models describing p production in nuclear collisions. The energy scale,

p
sNN = 110GeV,

and the measured range of the antiproton kinematic spectrum are crucial for interpreting
the precise p cosmic ray measurements from the PAMELA and AMS-02 experiments by
improving the precision of the secondary p cosmic ray flux prediction [11, 31].
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Fundamental contribution able to 
shrink the background uncertainties in 

dark matter searches in space 

Phys. Rev. Lett. 121 (2018), 222001 (arXiv:1808.06127)
Valentina Zaccolo – MPI@LHC 2018 

HI and fixed target with LHCb 
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LHCb has unique forward kinematics as heavy-ion 
collider and in fixed target mode ! System for 
Measuring Overlap with Gas (SMOG) served as a 
“pseudo-target” 
 First direct determination of the antiproton production 
cross-section in pHe collisions  

Pasquale Di Nezza 
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Good agreement of phenomenological predictions with y*-shape, poor in pT (not 
shown here) … gluon dominance? 

HELAC-ONIA, designed and tuned for collider data, underestimate the J/ψ (D0) 
pHe-cross section by a factor 1.78 (1.44)

Submitted to PRL (arXiv:1810.07907)

Valentina Zaccolo – MPI@LHC 2018 

HI and fixed target with LHCb 

No strong differences are observed 
between pHe data and the theoretical 
predictions that do not include any intrinsic 
charm contribution  
! No evidence for a substantial intrinsic 
charm content of the nucleon is found  

LHCb has unique forward kinematics as heavy-ion 
collider and in fixed target mode ! System for 
Measuring Overlap with Gas (SMOG) served as a 
“pseudo-target” 
 

Pasquale Di Nezza 2/12 
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MPI in ALICE multiplicity measurements  
Multiplicity fluctuations at fixed number of ancestors/MPI influence pA and AA 
distributions as a function of centrality: uptick effect dNch/dh in Xe–Xe at

p
sNN = 5.44 TeV ALICE Collaboration
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Fig. 3: The 2
hNparti hdNch/dhi (top) and 2

hNpartiNtot
ch (bottom) for Xe–Xe collisions at

p
sNN =5.44 TeV as a function

of hNparti. The error bars indicate the point-to-point centrality-dependent uncertainties whereas the shaded band
shows the correlated contributions. Also shown in the figure is the result from inelastic pp at

p
s = 5.02 TeV as

well as non-single diffractive p–Pb collisions [11] and Pb–Pb collisions at
p

sNN = 5.02 TeV [8, 9]. Note that
Pb–Pb data at

p
sNN = 5.02 TeV (top) were re-analysed for finer centrality binning. Data from lower energies at

p
sNN = 2.76 TeV [4, 5], and 200 GeV [3] are shown for comparison.

particles over participants. The rise is quantitatively reproduced by the NBD-Glauber fit. The total213

number of charged particles scaled by the number of participant pairs shows a slight increase as a function214

of the number of participants in Fig. 3 (bottom) , similar to that of the midrapidity results, albeit with215

larger experimental uncertainties. In Fig. 4, the average number of participants has been scaled by a216

function of the atomic mass number (A), (hNparti � 2)/(2A), and the Xe–Xe and Pb–Pb distributions217

mostly overlap. This fact indicates that the 2
hNparti hdNch/dhi depends on the geometry of the collision218

rather than on the size of the collision system.219

The study of the centrality dependence of particle multiplicity for different collision systems provides a220

variable number of nucleon-nucleon collisions at equal number of participating nucleons and therefore221

may provide further information to clarify the measured deviation from Npart scaling. The scaling of the222
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dNch/dh in Xe–Xe at
p

sNN = 5.44 TeV ALICE Collaboration

〉part N〈
0 100 200 300 400

〉
η

/d
ch

 
Nd〈 〉

pa
rt

N〈
2

4

6

8

10

12
| < 0.5η|

ALICE
 = 5.44 TeVNNsXe-Xe, 

 1.02)× = 5.02 TeV (NNsPb-Pb, 
 1.02)× = 5.02 TeV (NNsp-Pb, 

 1.02)× = 5.02 TeV (NNspp, 
 1.23)× = 2.76 TeV (NNsPb-Pb, 

 1.15)× = 2.76 TeV (NNspp, 

RHIC (PHOBOS)
 2.73)× = 0.2 TeV (NNsAu-Au, 
 2.73)× = 0.2 TeV (NNsCu-Cu, 

〉part N〈
0 100 200 300 400

ch
 

 to
t

N 〉
pa

rt 
N〈

2
40

60

80

100

120

 3.77)× = 0.2 TeV (NNsAu-Au, 
 3.77)× = 0.2 TeV (NNsCu-Cu, 

RHIC (PHOBOS)

ALICE
 = 5.44 TeVNNsXe-Xe, 

 1.03)× = 5.02 TeV (NNsPb-Pb, 
 1.29)× = 2.76 TeV (NNsPb-Pb, 

Fig. 3: The 2
hNparti hdNch/dhi (top) and 2

hNpartiNtot
ch (bottom) for Xe–Xe collisions at

p
sNN =5.44 TeV as a function

of hNparti. The error bars indicate the point-to-point centrality-dependent uncertainties whereas the shaded band
shows the correlated contributions. Also shown in the figure is the result from inelastic pp at
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well as non-single diffractive p–Pb collisions [11] and Pb–Pb collisions at
p

sNN = 5.02 TeV [8, 9]. Note that
Pb–Pb data at

p
sNN = 5.02 TeV (top) were re-analysed for finer centrality binning. Data from lower energies at

p
sNN = 2.76 TeV [4, 5], and 200 GeV [3] are shown for comparison.
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HF measurements with ALICE 
Heavy-flavor quarks (charm and beauty) mainly produced in hard scattering ! can 
probe the entire evolution of the QGP 

p-Pb initial cold nuclear matter state effects on D 
jets are small  
! charm jet quenching in lead-lead collisions 
should not be influenced by such effects 

Auro Prasad Mohanty 4/12 
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HF measurements with ALICE 
Heavy-flavor quarks (charm and beauty) mainly produced in hard scattering ! can 
probe the entire evolution of the QGP 

Flow-like effects in the HF sector studied 
in high-multiplicity p-Pb collisions 
! Collective effects? Initial or final state 
cold nuclear matter effects? Color 
reconnections? 

Davide Caffarri 4/12 
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HF and quarkonia with PHENIX and STAR 

Rachid Nouicer 13

• v2(c o e) is positive and smaller than charged hadron v2

• First v2(b o e) measurement at RHIC

• Consistent with zero within large uncertainty

• Likely smaller than v2(coe)

v2
c(coe) v2

b(boe)Charm Bottom

Increases smoothly with pT Is consistent with zero within stat and sys 

Rachid Nouicer 5/12 
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HF and quarkonia with PHENIX and STAR 

Rachid Nouicer 28

¾ More suppression in 0-30% central collisions than 30-60%

¾ More suppression compared to ϒ(1S) in 0-10% centrality

Æ consistent with “sequential melting” expectation

Au+Au and p+Au at 200 GeV

ϒ (1S)

ϒ (2S+3S)

More suppression of Υ(1S) in central 
collisions 
More suppression of Υ(2S+3S) 
compared to Υ(1S)  
 
! consistent with “sequential melting” 
expectation 

Rachid Nouicer 6/12 



Small Systems, Integrated Low pT Photon Yield

Balázs Ujvári (University of Debrecen) Low pT direct photon production at PHENIX in small-on-large collisionsDecember 11. 2018. 13 / 14

Valentina Zaccolo – MPI@LHC 2018 

Direct photon production at PHENIX 

The γ yields differ by a factor 10 at low 
pT from pp to AA  
 
! gap partially filled by p-Au 
! pp high multiplicity points can help 

Balazs Ujvari 7/12 



Theory models 
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Soft QCD from ee to AA with PYTHIA 
Developments: 
 
•  String-string interactions ! vortex lines       

(can reproduce pp ridge structure and strangeness 
enhancement) 

•  Angantyr extension for pA and AA: currently no QGP 
effects (ropes, shoving) in AA but can reproduce 
global features 

dNch/dh in Xe–Xe at
p

sNN = 5.44 TeV ALICE Collaboration
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Fig. 6: The 2
hNparti hdNch/dhi for Xe–Xe collisions at

p
sNN = 5.44 TeV as a function of hNparti compared to model

predictions [46, 47, 49–65]. The bottom panel shows the ratio of the models to the data. The shaded band around
the points reflects the correlated systematic uncertainties.

a large gluon shadowing parameter of 0.28 to limit the multiplicity per participant. With this choice,254

the same as in Pb–Pb collisions at
p

sNN = 5.02 TeV, the multiplicities at mid-rapidity and the centrality255

dependence in the most central collisions are reproduced. AMPT [50, 51] is a model which imple-256

ments hydrodynamical evolution of an initial state produced by HIJING. It includes spatial coalescence257

of quarks to hadrons, followed by hadronic scattering. AMPT describes both the shape and the over-258

all magnitude of the mid-rapidity data. PYTHIA/Angantyr [52] extends the nucleon–nucleon model259

of PYTHIA 8.230 [53] to the case of heavy-ion collisions, essentially performing individual nucleon–260

nucleon collisions at the parton level, while the resulting Lund-strings are hadronised as an ensemble. It261

is interesting to note that this model agrees reasonably well with the data even though it was developed as262

an extension of a generator for nucleon–nucleon collisions. EPOS LHC [49] is a parton model based on263

the Gribov-Regge theory, designed for minimum bias hadronic interactions, which incorporates collec-264

tive effects treated via a flow parameterisation and a separation of the initial state into core–corona parts.265

The shape of the centrality dependence is reproduced fairly well at intermediate centralities, however,266

the model underestimates the absolute values of the multiplicity, as was the case in Pb–Pb collisions at267

11

Christian Bierlich 8/12 



Jet Contribution to PID Mean-pt

19
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TCM of hadron production 
Empirical model derived from particle data: 
 
•  no radial flow in p-Pb 
•  no jet modification in p-Pb 
•  no color reconnection 

! can reproduce particles spectra 
 

Thomas Trainor 9/12 
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Flow harmonic coefficients  
Experimental data cannot bring to a conclusion on whether it is an initial state or a 
final state effect 
Proton structure definition is crucial 

Role of proton geometry in p+A

7
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Initial state dynamics + QGP effects

Highly precise LHC/RHIC data calls for a fine detailed 
description of the proton structure. How can it be 
constrained?

Fluctuating internal d.o.f

[Mäntysaari et al. Phys.Lett. B772 (2017) 681-686 ]

Alba Soto Ontoso 10/12 



Future projects 



 26

Bacchetta et al.,  
JHEP 1706 (17) 081

Transverse size in momentum space
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Saturation  at  high nuclear density

Iancu, Leonidov, McLerran,  
P.L. B510 (01) 133

rise of gluon  
density 

saturation scale  
Qs(x,A) ≫ ΛQCD

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:

• BFKL (linear QCD): splitting functions ⇒ gluon density grows

• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL:

BK adds:

αs << 1

αs ∼ 1
Λ

QCD
know how to 

do physics here

? m
ax

. d
en

sit
y

Qs

kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• At Qs:    gluon emission balanced by recombination
Unintegrated gluon distribution

depends on kT and x:

the majority of gluons have 

transverse momentum kT ~ QS

(common definition)
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Fig. 41. The theoretical expectations for the saturation scale
at medium impact parameter from Model-I as a function of
Bjorken x and the nuclear mass number A.

Measurements extracting the x, b and A dependence
of the saturation scale provide very useful information on
the momentum distribution and space-time structure of
strong color fields in QCD at high energies. The saturation
scale defines the transverse momentum of the majority of
gluons in the small-x wave-function, as shown in fig. 38,
thus being instrumental to our understanding of the mo-
mentum distributions of gluons. The impact parameter
dependence of the saturation scale tells us how the gluons
are distributed in the transverse coordinate plane, clari-
fying the spatial distribution of the small-x gluons in the
proton or nucleus.

Nuclear structure functions

The plots in figs. 39, 40 and 41 suggest a straight-
forward way of finding saturation/CGC physics: if we
perform the DIS experiment on a proton, or, better yet,
on a nucleus, and measure the DIS scattering cross-section
as a function of x and Q2, then, at sufficiently low x and
Q2, one may be able to see the effects of saturation. As
explained in Sidebar II, the total DIS cross-section is re-
lated to the structure functions F2(x,Q2) and FL(x,Q2)
by a linear relation. One finds that the structure function
F2 is more sensitive to the quark distribution xq(x,Q2)
of the proton or nucleus, while the structure function FL

measures the gluon distribution xG(x,Q2) [12, 175]. Sat-
uration effects can thus be seen in both F2 and FL at low
x and Q2, although, since saturation is gluon-driven, one
would expect FL to manifest them stronger.

The nuclear effects on the structure functions can be
quantified by the ratios

R2(x,Q2) ≡ FA
2 (x,Q2)

AF p
2 (x,Q2)

,

RL(x,Q2) ≡ FA
L (x,Q2)

AF p
L(x,Q2)

, (23)
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Fig. 42. Theoretical predictions for RG(x, Q2) plotted at
Q2 = 1.69 GeV2 for a Pb nucleus: the models corresponding
to different curves are explained in the plot legend. The mod-
els are: EPS09 [176], EKS 98 [177] (based on the leading-order
(LO) global DGLAP analysis), HKN 07 [178], nDS [179] (next-
to-leading-order (NLO) DGLAP analysis), and rcBK [165],
plotted for Q2 = 1.85 GeV2 (based on BK non-linear evolu-
tion with the running-coupling corrections (rcBK) [180–183],
referred to as Model-II in sect. 3.2.1). The light-gray shaded
area depicts the uncertainty band of EPS09, while the blue
shaded area indicates the uncertainty band of the rcBK ap-
proach.

for the two structure functions, where the superscripts p
and A label the structure functions for the protons and
nuclei correspondingly. Ratios like those in eq. (23) can
be constructed for the quark and gluon nuclear PDFs too.
The ratio for the gluon distribution compares the number
of gluons per nucleon in the nucleus to the number of
gluons in a single free proton. Since the structure function
FL measures the gluon distribution xG(x,Q2) [12, 175],
the ratio RL(x,Q2) is close to the ratio RG(x,Q2) of the
gluon PDFs in the nucleus and the proton normalized the
same way,

RG(x,Q2) ≡ xGA(x,Q2)
AxGp(x,Q2)

. (24)

A sample of theoretical predictions for the ratio
RG(x,Q2) for the gluon PDFs is plotted in fig. 42,
comprising several DGLAP-based models along with the
saturation-based prediction. Note that the DGLAP equa-
tion, describing evolution in Q2, cannot predict the x-
dependence of distribution functions at low x without the
data at comparable values of x and at lower Q2: hence the
DGLAP-based “predictions” in fig. 42 strongly suffer from
the uncertainty in various ad hoc parameterizations of the
initial conditions for DGLAP evolution. Conversely, the
saturation prediction is based on the BK equation (19),
which is an evolution equation in x, generating a very
specific x-dependence of the distribution functions that
follows from QCD: this leads to a narrow error band for
the saturation prediction.

All existing approaches predict that the ratio RG

would be below one at small x: this is the nuclear shad-
owing phenomenon [184], indicating that the number of
small-x gluons per nucleon in a nucleus is lower than that
in a free proton. In the DGLAP-based description of nu-
clear PDFs, shadowing is included in the parameteriza-

implications for  
astrophysics 

of neutron stars

>

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:

• BFKL (linear QCD): splitting functions ⇒ gluon density grows

• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL:

BK adds:

αs << 1

αs ∼ 1
Λ

QCD
know how to 

do physics here

? m
ax

. d
en

sit
y

Qs

kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• At Qs:    gluon emission balanced by recombination
Unintegrated gluon distribution

depends on kT and x:

the majority of gluons have 

transverse momentum kT ~ QS

(common definition)

QS: M
atter of Definition and Frame (II)

7

Infinite Momentum Frame:

•BFKL (lin
ear QCD): splittin

g functions ⇒ gluon density grows

•BK (non-linear): r
ecombination of gluons ⇒ gluon density tamed

BFKL:

BK adds:

αs <<
 1

αs ∼ 1
ΛQCD

know how to 

do physics here

?

m
ax
. d
en
sit
y

Qs

kT

~ 1/kT

kT
 φ
(x
, k
T 2
)

•At Qs: 
  gluon emission balanced by recombination

Unintegrated gluon distribution

depends on kT and x:

the majority of gluons have 

transverse momentum kT ~ QS

(common definition)

saturation
Bernd Surrow

QCD dynamics  / Parton distributions in nuclei

Spinning Glue: QCD and Spin
!16

XXVI International Workshop on DIS and Related Subjects - DIS2018 
Kobe, Japan, April 16-20, 2018

Backup - The EIC Physics Pillars 

EPPS16

x

EPPS16

x

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

R
gPb

(x
,Q

2 )
 

R
gPb

(x
,Q

2 )
 

Q2 = 10 GeV2Q2 = 1.69 GeV2

10-3 10-2 10-1 110-4 10-3 10-2 10-1 110-4

(,
&
�ʚ
V 
��
�*
H9

���
���
�ʚ
V 
��
�*
H9

�ʚ
V 
��
�*
H9

ʚV
 �
��
*
H9

LHC-AA LHC-AARHIC-AA RHIC-AA

Figure 25: EPPS16 ratio of gluon PDF in a Pb nucleus relative to that of the proton (RPb

g

), and its uncertainty
band at Q2 = 1.69 and 10 GeV2 [57]. The plot for Q2 = 1.69 GeV2 is indicative for processes that produce more
than 90% of all final state particles in a heavy-ion collision at mid-rapidity. The bands on the top of each panel
reflect the referring kinematic acceptance of the typical RHIC and LHC experiment. For details, see text. The
vertical red and blue lines indicate the kinematic limits for di↵erent EIC center-of-mass energies.

evolution of the plasma. The final observables are
sensitive to both, the initial state and the final
state, whose transport parameters one ultimately
seeks to extract. Therefore, information on the ini-
tial state needs to be extracted from experiments
on p+A and ultimately e+A with small and well
understood final state e↵ects.

It was demonstrated in [75] how e+p data can
be successfully used to understand shape fluctu-
ations of the proton. Here, the authors studied
measurements of coherent and incoherent di↵rac-
tive vector meson production at HERA to con-
strain the density profile of the proton and the
magnitude of event-by-event fluctuations. Work-
ing within the CGC picture, they found that the
gluon density of the proton has large geometric
fluctuations. No such data for e+A collisions ex-
ists. Assumptions on initial state fluctuations and
anisotropies that govern many aspects of the ob-
served collective flow phenomena are rather spec-
ulative at present.

Data from an EIC can therefore have a pro-
found impact on our understanding of the prop-
erties of the initial state in heavy-ion collisions,
such as the momentum and spatial distributions

of gluons and sea quarks. Nuclear e↵ects, such
as shadowing and saturation, can be studied. By
varying the scale and energy of the collision the in-
terplay between the soft non-perturbative and the
hard perturbative regimes can be addressed.

In order to illustrate how the EIC energy maps
onto the kinematic range in A+A collisions we fo-
cus on the longitudinal momentum distributions
in the nucleus, the nPDFs described earlier in this
section. Figure 25 shows the EPPS16 [57] nuclear
PDF and it’s uncertainty band at Q

2 = 1.69 and
10 GeV2. The plot for Q2 = 1.69 GeV2 is indica-
tive for processes that produce more than 90% of
all final state particles. The bands on the top of
each panel reflect the referring kinematic accep-
tance of the typical RHIC and LHC experiments.
We used x ⇡ p

T

/

p
s exp(±⌘) where p

T

⇡ Q; we
chose for the pseudo-rapidity window ⌘ = ±1, typ-
ical for the central barrel acceptance of heavy-ion
experiments. The horizontal red and blue lines in-
dicate the EIC kinematic limits for two di↵erent
center-of-mass energies

p
s= 40 and 90 GeV, re-

spectively. While data from
p
s=40 GeV will pro-

vide an important constraint on the RHIC A+A
data, it will not reach into the regime where the
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the high statistical precision, it will be critical to
constrain experimental systematic uncertainties
to below a few percent [19].

Figure 12 uses simulated data to clearly
demonstrate the EIC’s impact on the knowledge
of the integral of the proton’s quark and gluon
spin contributions for 10�6

< x < 10�3 versus the
contribution to the orbital angular momentum for

the range 10�3

< x < 1. A dramatic shrinkage
of the uncertainties in the parton helicities is seen
with the largest energy reach. The underlying rea-
son for this rapid shrinkage can be traced to the
very unstable behavior of g

1

(x,Q2) due to the lack
of data at small x shown in Fig. 10. Data obtained
in the small x region constrain this behavior.

3.2 Spatial Imaging of Quarks and Gluons

The parton structure of the proton changes
significantly across the QCD landscape sketched
in Fig. 1 of Section 2.2. We illustrate schemati-
cally in Fig. 13 how varying x from high values
(x ⇠ 1) to low values (x ⇠ 10�4) at a given res-
olution scale Q

2 of a few GeV2 reveals the com-
plex many-body structure of quarks and gluons in-
side the proton. The structure revealed by dialing
down in x changes from the valence quark domi-
nated regime, to a regime where the proton’s con-
stituents are gluons and sea quark-antiquark pairs
generated through QCD radiation, and finally at
small x to an intrinsically nonlinear regime where
the gluon density is so large that the gluons radi-
ate and recombine at the same rate.
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Non-Linear Dynamics
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10-310-4
x

Figure 13: The development of the internal quark and
gluon structure of the proton going from high to low
x. Decreasing x corresponds to increasing the center-
of-mass energy.

High luminosities at the EIC, combined with
a large kinematic reach, open up a unique oppor-
tunity to go far beyond our present largely one
dimensional picture of the proton. It will enable
parton “femtoscopy” by correlating information
on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
tions inside the proton. Such three dimensional

images have the potential to radically impact our
understanding of the confining dynamics of quarks
and gluons in QCD. This is because one will be
able to probe, with fine resolution Q

2, parton dy-
namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
nomena of chiral symmetry breaking and confine-
ment.

The three dimensional parton structure of
hadrons is uncovered in DIS by measurements of
exclusive final states, wherein the proton remains
intact after scattering o↵ the lepton probe. The
transverse position of the scattered quark or gluon
is obtained by performing a Fourier transform of
the di↵erential cross-section d�/dt, where t is the
squared momentum transfer between the incom-
ing proton and the scattered proton. Examples
of exclusive processes are deeply virtual Compton
scattering (DVCS) and the exclusive production
of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
referred to as Generalized Parton Distributions
(GPDs) and are defined at a nonperturbative fac-
torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
namics at short distances. Powerful renormaliza-
tion group arguments, analogous to those of the
DGLAP equations for the one dimension parton
distributions, can be employed to understand how
the three dimensional dynamics encoded in the
GPDs changes as this factorization scale is var-
ied [22,23].

GPDs provide important insight into the three
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Fig. 38. The unintegrated gluon distribution (gluon TMD)
φ(x, k2

T ) of a large nucleus due to classical gluon fields (solid
line). The dashed curve denotes the lowest-order perturbative
result.

gluons in this classical distribution have transverse mo-
mentum kT ≈ Qs. Note that the gluon distribution slows
down its growth with decreasing kT for kT < Qs (from a
power-law of kT to a logarithm, as can be shown by ex-
plicit calculations). The distribution saturates, justifying
the name of the saturation scale.

The gluon field arises from all the nucleons in the nu-
cleus at a given location in the transverse plane (impact
parameter). Away from the edges, the nucleon density
in the nucleus is approximately constant. Therefore, the
number of nucleons at a fixed impact parameter is simply
proportional to the thickness of the nucleus in the longi-
tudinal (beam) direction.

For a large nucleus, that thickness, in turn, is propor-
tional to the nuclear radius R ∼ A1/3 with the nuclear
mass number A. The transverse momentum of the gluon
can be thought of as arising from many transverse momen-
tum “kicks” acquired from interactions with the partons
in all the nucleons at a given impact parameter. Neglect-
ing the correlations between nucleons, which is justified for
a large nucleus in the leading power of A approximation,
once can think of the “kicks” as being random. Just like
in the random walk problem, after A1/3 random kicks the
typical transverse momentum —and hence the saturation
scale— becomes Qs ∼

√
A1/3, such that Q2

s,∼ A1/3. We
see that the saturation scale for heavy ions, QA

s is much
larger than the saturation scale of the proton, Qp

s , (at the
same x), since (QA

s )2 ≈ A1/3 (Qp
s)2 [152,153,160,163]. This

enhancement factor A1/3 of the saturation scale squared
is often referred to as the nuclear “oomph” factor, since
it reflects the enhancement of saturation effects in the nu-
cleus as compared to the proton. For the gold nucleus with
A = 197, the nuclear “oomph” factor is A1/3 ≈ 6.

Map of high energy QCD and the saturation scale

We summarize our theoretical knowledge of high en-
ergy QCD discussed above in fig. 39, in which different
regimes are plotted in the (Q2, Y = ln 1/x) plane. On
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Fig. 39. The map of high energy QCD in the (Q2, Y = ln 1/x)
plane.

the left of fig. 39 we see the region with Q2 ≤ Λ2
QCD in

which the strong coupling is large, αs ∼ 1, and small-
coupling approaches do not work (ΛQCD is the QCD con-
finement scale). In the perturbative region, Q2 ≫ Λ2

QCD,
where the coupling is small, αs ≪ 1, we see the standard
DGLAP evolution and the linear small-x BFKL evolution,
denoted by the horizontal and vertical arrows correspond-
ingly. The BFKL equation evolves the gluon distribution
towards small-x, where the parton density becomes large
and parton saturation sets in. The transition to saturation
is described by the non-linear BK and JIMWLK evolution
equations. Most importantly, this transition happens at
Q2

s ≫ Λ2
QCD where the small-coupling approach is valid.

Saturation/CGC physics provides a new way of tack-
ling the problem of calculating hadronic and nuclear scat-
tering cross-sections. It is based on the theoretical obser-
vation that small-x hadronic and nuclear wave-functions
—and, therefore, the scattering cross-sections— are de-
scribed by an internal momentum scale, the saturation
scale Qs [152]. As we argued above, the saturation scale
grows with decreasing x (and, conversely, with the increas-
ing center-of-mass energy

√
s) and with the increasing

mass number of a nucleus A (in the case of a nuclear wave
function) approximately as

Q2
s(x) ∼ A1/3

!
1
x

"λ

(20)

where the best current theoretical estimates of λ give
λ = 0.2–0.3 [164], in agreement with the experimental
data collected at HERA [165–168] and at RHIC [164].
Therefore, for hadronic collisions at high energy and/or for
collisions of large ultra-relativistic nuclei, the saturation
scale becomes large, Q2

s ≫ Λ2
QCD. For the total (and par-

ticle production) cross-sections, Qs is usually the largest
momentum scale in the problem. We therefore expect it

DGLAP
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Electron Ion Collider 
Addresses open questions on structure of nucleons and nuclei: 
•  spin of nucleons and nuclei: quarks contribute to a fraction of proton spin 
•  tomography in momentum and spatial space 
•  saturation: gluon occupancy amplified for nucleus 

EU-US collaboration: 
more news in 2019! 
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Tentative summary 
Physics of Heavy Ions is active, rich and still to develop! 

•  small systems like pp and p-Pb (d-Au) were planned as control systems but 
show instead interesting features to be studied/understood more (initial/final 
state effects? cold/hot nuclear matter effects?) 

•  MPI effects are visible in global observables in AA and pA 

"  What are the HI measurements which are more influenced by MPI? 

Look forward to new (more precise) experimental results, to new small collision 
systems... in general to more interaction among experimental and theoretical 
community! 
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