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Welcome to the digital edition of the May/June 2019 issue of CERN Courier.

It is 100 years since Ernest Rutherford published his results proving the 
existence of the proton. For many decades the proton was considered 
elementary. But ever since experiments at SLAC and DESY started firing 
electrons into protons, beginning in the 1960s, deep-inelastic-scattering 
experiments have revealed a complex internal picture. In this issue we take an 
expert tour of physicists’ evolving understanding of the proton, and find that 
there is still much to learn about this ubiquitous particle – including the origin 
of its spin, whether or not it decays and the puzzling value of its radius.  
Flavour physics is another theme of the issue. LHCb’s observation of 
CP violation in the charm sector represents a milestone result, and the 
collaboration recently released an update of the ratio RK concerning the 
ratio of certain B-meson decays. From a theoretical perspective, new gauge 
bosons and leptoquarks are promising potential explanations for the current 
anomalies reported in the b-quark system, although the picture is far from 
clear and more data are needed. Meanwhile, researchers are also searching  
for ultra-rare muon decays that violate lepton-number conservation.  
Also in this issue: LHCb’s discovery of a new pentaquark, DESY’s 
astroparticle ambitions, news on the International Linear Collider, the first 
image of the centre of a galaxy, and more. 
 
To sign up to the new-issue alert, please visit: 
http://cerncourier.com/cws/sign-up. 

To subscribe to the magazine, please visit:  
http://cerncourier.com/cws/how-to-subscribe.
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Brief detour to the nuclear case

1

[G.Giacalone PRL’20, PRC’20]

14 Compare to Trento initial-state model 
Calculated via predictor with assumption 

Trento does not describe data but shows an hierarchical β dependence for v2-pT in U+U.  

Trento shows sign-change from Uranium deformation, prefers 0.28<β<0.4 
Trento shows that v3-pT correlations are insensitive to deformation. 

Trento: private calculation provided by Giuliano Giacalone, PRC102, 024901(2020), PRL124, 202301(2020)  

Au+Au β= −0.13 

U+U β=0 
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[See talk by Jiangyong Jia]

New ideas to constraint the quadrupole deformation of nuclei with HICs
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Brief detour to the nuclear case

2
New ideas to constraint the neutron skin of nuclei with isobaric HICs

[J.Hammelman, M.Alvioli, H.Elfner, ASO, M.Strikmann PRC’19]
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Main question of this talk (and in IS2016)
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What can we learn about the transverse geometry of the proton 

through e+p, p+p and p+A collisions?

Tp( ⃗r1, ⃗r2… ⃗rn)

[Images: H.Mäntysaari, B.Schenke PRL’16]



e+p: Generalized parton distributions and the EIC
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GPDs are well defined objects in QCD

From them, we can derive our object of interest

22 Chapter 2. Quantum Chromodynamics

GPD
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Figure 2.15: Kinematics of Deeply-virtual Compton Scattering.

where

P = (P + P
0)/2
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�+

P
+

x =
k
+

P+
(2.39)

and ⇠, the light-cone momentum transferred to the proton, is called skewness. The func-
tion G

q(x, ⇠,�?) is the definition of a Generalized Parton Distribution. There are several
things of Eq. (2.38) that should be clarified. First, proton and parton momenta aren’t
the same before and after the scattering, consequently GPDs cannot be interpreted as a
probability because they are defined from the overlap between different states. The trans-
verse momentum component of the momentum transferred, �?, is Fourier conjugate of
the impact parameter, b?. Thus, the transverse structure of the target can be accessed
thanks to �?. In particular, when ⇠ = 0 and the Fourier transform is performed, GPDs
reduce to Impact Parameter Distributions defined as

I(x,b?) =

Z
d2�?

(2⇡)2
e
�ib?·�?G(x, 0,�?) (2.40)

as sketched in Fig. 2.3. I(x,b?) does have a probabilistic interpretation.
The shape of the gauge link in Eq. (2.38) is identical to the PDFs case and therefore

can be set to unity in the light-cone gauge. Finally, although the quark is assumed to be
unpolarized, �=�

+, the scattering may switch the helicity of the proton. Then, Eq. (2.38)
can be rewritten as a sum of two terms

G
q(x, ⇠,�?) =

1

2P
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u(p) + E
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2mp
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(2.41)

where H
q(x, ⇠,�?) accounts for the case in which the proton helicity is unchanged and

E
q(x, ⇠,�?) that reflects the situation in which the target helicity flips.

Deeply-virtual Compton Scattering (DVCS) is one of the simplest scattering processes
to constrain GPDs. The kinematics of DVCS is represented in Fig. 2.15: a highly virtual

2

What do we need?

Goal: fully characterize a parton in a hadron 

•      : transverse momentum 
(2D).

•      : position (2 or 3D).

•     : longitudinal momentum 
fraction (1D).

• Spin.

Theoretically, information encoded in Wigner distribution.

x~k?
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But…accessible experimentally through e.g. DVCS 
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type of factorization for the total differential cross section that has been probed to be valid
when p? ⌧ Q

2 is [28, 29]

d�
SIDIS

/ �(x,k?) ⌦ d�
eq

⌦ D(z,p?) (2.36)

and in the case of Drell-Yan, under the same assumption that k? of both partons is much
smaller than the hard scale, the invariant mass of the lepton pair, [16, 30]

d�
DY

/ �(x1,k
1
?) ⌦ �(x2,k

2
?) ⌦ d�

qq!ll0 (2.37)

where the longitudinal momentum fractions of the partons are fixed by external kinemat-
ics. On the contrary, TMD-factorization has been shown to break down in hadron-hadron
collisions [31]. Thus, in the processes relevant for the measurement of Eq. (2.35), i.e.
SIDIS and DY, factorization holds.

Non-zero quark Sivers TMD functions were reported, almost simultaneously, by
the HERMES [32], COMPASS [33] and JLAB [34] experiments in semi-inclusive deep-
inelastic scattering off transversely polarized nucleons. The milestone of measuring the
sign flip of the Sivers function in Drell-Yan and SIDIS was recently achieved by the COM-
PASS facility [35]. It is fair to mention that the first experimental hint on this effect was
reported by the STAR Collaboration using W and Z boson production from polarized p+p
collisions at RHIC [36].

The COMPASS experiment is located at CERN and it is a fixed-target facility. In the
case of Drell-Yan they bombard with a 190 GeV ⇡

�-beam, from the SPS accelerator,
a transversely polarized ammonia (NH3) target and detect muon-pairs. For SIDIS, the
same target is shot with a µ

+-beam of 160 GeV. The hard scales explored lie in the range
1<Q<9 GeV. The prominent feature of this experiment is its capability of performing DY
and SIDIS measurements using mostly the same setup and in a similar kinematic region.
Thus, there is no need to evolve the TMDs and the uncertainties are clearly reduced. The
chosen observable sensitive to the sign flip is called Sivers asymmetry and measures the
sin �s (as defined in Fig. 2.10) modulation in the distribution of the produced hadrons or
lepton pairs in SIDIS and DY respectively. The results of this observable in the SIDIS
scenario are shown in Fig. 2.13. In this case, it only confirmed the non-zero value of f .
However, when a combined analysis of the data from SIDIS and DY was performed the
agreement with the change of sign hypothesis was successfully confirmed as shown in
the right side of Fig. 2.13. The measurement of the Sivers asymmetry in a vastly extended
kinematic region, as shown in Fig. 2.14, constitutes one of the major challenges in the
physics program of the upcoming Electron Ion Collider [25].

2.2.3 GPDs and DVCS

Analogously to the TMDs case that sketch out a 3-D picture of the parton in momentum
space, we would like to construct a function that encodes information on the distribution
of partons both in coordinate space and longitudinal momentum. For that purpose, one
has to integrate out the k?-dependence of Eq. (2.16) i.e.

G
q(x, ⇠,�?) =

Z
d⌘

�

2⇡
e
�ixP

+
⌘�

hP
0
| (0, ⌘

�
,0?)�+

G[⌘�,0] (0, 0,0?)|P i

���
⌘+=⌘?=0

(2.38)
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Fig. 2. The projected precision of the transverse spatial distribution of gluons as obtained from the cross-section of the
exclusive J/ψ production. It includes statistical and systematic uncertainties due to extrapolation into the unmeasured region
of momentum transfer to the scattered proton. The distance of the gluon from the center of the proton is bT in femtometers,
and the kinematic quantity xV = xB (1+M2

J/ψ/Q2) determines the gluon’s momentum fraction. The collision energies assumed
for the top large xV plot and the lower xV plots are Ee = 5, 20GeV and Ep = 100, 250 GeV, respectively.

little is known to date. TMDs thus allow us to investigate
the full three-dimensional dynamics of the proton, going
well beyond the information about longitudional momen-
tum contained in conventional parton distributions. With
both electron and nucleon beams polarized at collider en-
ergies, the EIC will dramatically advance our knowledge
of the motion of confined gluons and sea quarks in ways
not achievable at any existing or proposed facility.

Figure 17 (left) in sect. 2.3 shows the transverse-
momentum distribution of up quarks inside a proton mov-
ing in the z-direction (out of the page) with its spin po-
larized in the y-direction. The color code indicates the
probability of finding the up quarks. The anisotropy in
transverse momentum is described by the Sivers distribu-
tion function, which is induced by the correlation between
the proton’s spin direction and the motion of its quarks
and gluons. While the figure is based on a preliminary
extraction of this distribution from current experimental
data, nothing is known about the spin and momentum
correlations of the gluons and sea quarks. The achievable
statistical precision of the quark Sivers function from EIC
kinematics is also shown in fig. 21 in sect. 2.3. Currently
no data exist for extracting such a picture in the gluon-
dominated region in the proton. The EIC will be crucial
to initiate and realize such a program.

The tomography of the nucleon —spatial imaging of gluons
and sea quarks

By choosing particular final states in electron+proton
scattering, the EIC will probe the transverse spatial dis-

tribution of sea quarks and gluons in the fast-moving pro-
ton as a function of the parton’s longitudinal-momentum
fraction, x. This spatial distribution yields a picture of
the proton that is complementary to the one obtained
from the transverse-momentum distribution of quarks and
gluons, revealing aspects of proton structure that are in-
timately connected with the dynamics of QCD at large
distances.

With its broad range of collision energies, its high lu-
minosity and nearly hermetic detectors, the EIC could
image the proton with unprecedented detail and preci-
sion from small to large transverse distances. The acces-
sible parton momentum fractions x extend from a re-
gion dominated by sea quarks and gluons to one where
valence quarks become important, allowing a connection
to the precise images expected from the 12GeV upgrade
at JLab and COMPASS at CERN. This is illustrated in
fig. 2, which shows the precision expected for the spatial
distribution of gluons as measured in the exclusive pro-
cess: electron+proton → electron+proton + J/ψ.

The tomographic images obtained from cross-sections
and polarization asymmetries for exclusive processes are
encoded in generalized parton distributions (GPDs) that
unify the concepts of parton densities and of elastic form
factors. They contain detailed information about spin-
orbit correlations and the angular momentum carried by
partons, including their spin and their orbital motion.
The combined kinematic coverage of the EIC and of the
upgraded CEBAF as well as COMPASS is essential for
extracting quark and gluon angular-momentum contribu-
tions to the proton’s spin.

Not computable in pQCD. A certain 
degree of modelling is required.
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✓<latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit>

d�
el

dt = 1
4⇡ |Te

l(s,
t)| 2

<latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit>

t =
�2p 2

(1
� cos

✓)

<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>

with
Elastic scattering amplitude has a (small) r

eal part

is the main building block of scattering theory

Te
l(s,

t)
<latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit>
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= Re
Te
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Te

l(s,
t)

<latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit>

Coulomb scattering ~ strong interaction at

t0⇠
1/(

14�
to
t)

<latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit>

10-4 G
eV2 a

t √s=7 TeV   

Theory

[H.Mäntysaari, B.Schenke PRL’16]

e + p → e + p + J/ψ

7

√s ~b<latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit>

p<latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit>
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|Tel(s, t)|
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t = �2p
2 (1� cos ✓)
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with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theory

Tel(s, t)
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⇢(s, t) =
ReTel(s, t)

ImTel(s, t)
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Coulomb scattering ~ strong interaction at

t0⇠1/(14�tot)
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10
-4 GeV

2 at √s=7 TeV   

Theory

Tq(b) =
1

2πBq
e−b2/(2Bq)with

[Also used by Weller, Romatschke PLB’17 
BozeK, Broniowski, Rybzynski PRC’16, 
Welsh, Singer, Heinz PRC’16]



p+p: elastic scattering and the hollowness effect

6

p + p → p + p
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Fit the elastic scattering data
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a1 a2 b1 b2 b3

ISR �0.31 ± 0.02 30.22 ± 4.14 �0.99 ± 0.02 �8.41 ± 0.48 �4.44 ± 0.16
LHC �7.92 ± 0.49 99.56 ± 4.56 �2.45 ± 0.04 �11.00 ± 0.17 �6.05 ± 0.27

d1 �tot [mb] ⇢

ISR �4.24 ± 0.11 43.3 0.1
LHC �5.98 ± 1.00 98.3 0.12

Table 2.2: ISR and LHC parameters, expressed in [GeV�2], extracted from the fit with the
parametrization given by Eq. (2.14) and the corresponding �

2
/d.o.f. �

2
/d.o.f is computed

taking into account the data statistical uncertainties. The values of a3 and c1 are fixed to
reproduce the measured values of �tot and ⇢ at each energy taking into account the
uncertainties.

one has to make sure that the t-range measured experimentally is sufficient to carry out
the numerical Fourier transformation with a satisfactory accuracy. In the case of TO-
TEM data, this issue was tackled in [73] where it was explicitly shown that the integrand
of Eq. (2.2) vanishes long before reaching the maximum measured value of t. Finally,
the inelasticity density can be constructed from eTel(s,~b) by means of Eq. (2.13). Albeit
several analysis of ISR and LHC data on d�el/dt have been recently presented in the
literature [73, 74, 75, 76], resulting into similar quality fits, we have performed our own
independent analysis whose details are presented hereafter.

To describe the data on d�el/dt = (1/4⇡) |Tel(s, t)|
2 we resort to the following generic

parametrization:

ImTel(s, t) = a1e
b1t + a2e

b2t + a3e
b3t ,

ReTel(s, t) = c1e
d1t , (2.14)

with the fit parameters (ai, bi, ci, di) being energy dependent and (ai, ci) subjected to the
constraints:

�tot = 2
3X

i=1

ai =

(
43.32 ± 0.34 mb ISR
98.3+2.8

�2.7 mb LHC
(2.15)

⇢ = c1

3X

i=1

1/ai =

(
0.095 ± 0.018 ISR
0.14+0.01

�0.08 LHC
(2.16)

where the values of �tot and ⇢ correspond to the experimental measurements given in [57,
68]. For the LHC case we use the extrapolated ⇢ value provided by the COMPETE
Collaboration [61], same as the TOTEM collaboration in their data analysis. With this set
up we obtain a very good description of d�el/dt, �

2
/d.o.f = 1.1 for ISR and �

2
/d.o.f = 2

for the LHC as depicted in Fig. 2.2. The minimization procedure has been performed
with the MINUIT package [77]. In Table 2.2 the numerical values of the fit parameters
are presented. Nevertheless, their physical interpretation is unclear as Eq. (2.14) is just

[GeV-2]

LHCISR
2

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]
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Fourier transform to obtain Gin(s,~b) = 2Im eTel(s,~b)� | eTel(s,~b)|2
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[Albacete, ASO Phys. Lett. B770 (2017) 149-153]
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Extracting                methodologyGin(s,~b)
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Fourier transform to obtain Gin(s,~b) = 2Im eTel(s,~b)� | eTel(s,~b)|2
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[Albacete, ASO Phys. Lett. B770 (2017) 149-153]
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[JL Albacete, ASO
 PLB’16]

[E. Ruiz-Arriola,W. Broniowski’16 
A.Alkin et al’14, I.Dremin, S.Troshin…]



Parameter space: 

30

{Rhs, Rp, rc, ⇢hs}
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Transverse diffusion of the hot spots with increasing √s

p+p: elastic scattering and the hollowness effect

7

p + p → p + p

Inelasticity density @LHC

15

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]

• STRIKING growing behavior 
at low impact parameter

• Not observed at ISR energy

• Peripheral 
collisions 
contribute more 
to       than 
central ones

�in
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=7 TeVsLHC: 

 

Tp( ⃗r1, ⃗r2, ⃗r3) = 𝒩
3

∏
i=1

e−r2
i /R2δ2( ⃗r1 + ⃗r2 + ⃗r3)

Proton with >2 constituents Gaussianly distributed including short-range 
repulsive correlations clearly favored by data

[JL Albacete, ASO
 PLB’16]

×
3

∏
i<j

(1 − e−μ| ⃗ri− ⃗rj|
2/R2)



p+p: color charge correlations in the proton
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[See talk by A.Dumitru]

⟨ρ(x)ρ(y)⟩ ∼ g2μ2(x, b)δ(2)(x − y)

The proton shape function,          ,enters the 2-point correlator of color charges in the CGC Tp(b)

Uncorrelated picture of the proton disfavoured from theory

with μ2(x, b) ∼ Tp(b)

One can compute it from field theory using the light-front approach
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MV-like charge correlators :
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(note: µ2 a positive constant)

  

* G2, G3 are n-body GTMDs, 

   compare to 1-body quark

   density (thickness func.)

b-dependent parton densities

[not even for a nucleus, see EPS09s, JHEP 2012] 

⟨ρ( ⃗x )ρ( ⃗y )⟩ ≠ Tp( ⃗b )

[A.D
um

itru, H
.M

äntysaari, G
.M

iller, 
R. Paatelainen, T. Stebel, 
R.Venugopalan]



p+p: eccentricity and triangularity
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Eccentricity & triangularity
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MC-Glauber implementation of the correlated initial state suggests 
enhancement of spatial anisotropies in ultra-central collisions

[JL Albacete, H.Elfner, ASO PRC’17]



p+p: normalised symmetric cumulants
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As of today, no theoretical description in the 
literature of the SC(n,m) negative sign. Not even at 
the eccentricity level.

NSC(n,m) ⌘ h"2n"2mi � h"2nih"2mi
h"2nih"2mi

<latexit sha1_base64="EPpAs2TjhmDGhXk9lKIwdxlMxWs="></latexit><latexit sha1_base64="EPpAs2TjhmDGhXk9lKIwdxlMxWs="></latexit><latexit sha1_base64="EPpAs2TjhmDGhXk9lKIwdxlMxWs="></latexit><latexit sha1_base64="EPpAs2TjhmDGhXk9lKIwdxlMxWs="></latexit>

Note: data in terms of flow, our 
results at the eccentricity level. 
Not an apples-to-apples 
comparison.

[JL Albacete, H.Elfner, ASO PLB’17]

The presence of spatial repulsive correlations inside the proton builds up 
a negative NSC(2,3) in the highest centrality bin at the geometric level

[CMS PLB’17]



p+p: normalised symmetric cumulants

11

Scan parameter space

67

c/rhsR
0.4 0.6 0.8 1 1.2 1.4 1.6

N
SC

(2
,3
)

0.1−

0.05−

0

0.05

0.1

0.15

0.2

0.25

0.3

=0.25cr
=0.4cr

0-1%

Centrality

90-100%
80-90%

70-80%
60-70%

50-60%
40-50%

30-40%
20-30%

10-20%
5-10%

1-5% 0.1-1%
0-0.1%

N
SC

(2
,3

)

0.2−

0

0.2

0.4

0.6

0.8

1

1.2 =0.35c=2; rhsN
=0.4c=3; rhsN
=0.32c=4; rhsN

Sensitivity to Rhs/rc Sensitivity to Nhs
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NSC(2,3) supports Nhs>2 too + constraint on the repulsive distance



p+Pb: eccentricity and triangularity
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⌘/s = 0.08, ⇣/s(T )

"̄2 proton with substructure
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"2{2} proton with substructure

"2{2} round proton

[Private communication with B.Schenke]
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b)p+Pb 5.02 TeV

⌘/s = 0.08, ⇣/s(T )

"̄3 proton with substructure

"̄3 round proton

"3{2} proton with substructure

"3{2} round proton

Like in p+p: subnucleonic d.o.f enhance spatial anisotropies

Tp(b) =
1
Nq

Nq

∑
i=1

Tq(b − bi)

Tq(b) =
1

2πBq
e−b2/(2Bq)with



p+Pb: symmetric cumulants and elliptic flow
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[For RHIC results see: Noronha-Hostler et al. 
NPA’19]Effect of proton structure in p+A collisions

8

Experimental data:  
CMS Collaboration 
Phys.Lett. B724, 213 (2013)

B. Schenke, R. Venugopalan, Phys. Rev. Lett. 113, 102301 (2014) 
H. Mäntysaari, B. Schenke, C. Shen, P. Tribedy, Phys.Lett. B772 (2017) 681-686 
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p+Pb 5.02 TeV

Anisotropic flow in p+A 
depends on initial shape 
of the fireball 

Round proton projectile 
leads to almost isotropic 
expansion and small v2 

IP-Glasma=CGC initial state; MUSIC=fluid dynamics B j ö r n  S c h e n k e ,  B N L

[H.Mäntysaari, B.Schenke, C.Shen, P. Tribedy PLB’17]

Downside of p+Pb: transport coefficients of QGP might lead to 
same theory-to-data agreement without substructure
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[C.Bierlich, C.Rasmussen, JHEP’19]



Energy density two-point function,                , at            in a dilute-dense limit i.e.

p+Pb: dilute-dense CGC calculation insight 
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⟨ε(x)ε(y)⟩ τ = 0+

Dilute proton: ⟨ρ(x)ρ(y)⟩ ∼
Nq

∑
i=1

μ2(
x + y

2
− bi) with              Gaussians         

[For dense-dense results see: JL Albacete, 
P.Guerrero-Rodriguez, Cyrille Marquet. 
JHEP’18]

μ, Tp(b)

Dense nucleus: only color charges fluctuations

11

(a) n = 2

(b) n = 3

(c) n = 4

FIG. 5: Eccentricities as functions of number of hot
spots Nq for n = 2, 3, 4, with confidence bands obtained
by varying m by ±50%. Numerical results from the our
hot spot model, are also compared to the eccentricities

in a point like energy density model discussed in
App. C.
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FIG. 6: The n = 2 eccentricity as a function of the hot
spot radius r divided by the proton size parameter R,
while keeping R fixed. Plot made with three hot spots
Nq = 3 and confidence bands made by varying mass by

±50%.

ral quantity, namely the one obtained from the ratio of
the averages of azimuthal harmonics of the energy den-
sity two point function. The definition of the eccentricity
that we use is

"n{2}
2

=

R
d2xd2y|x�B|

n
|y �B|

nein(✓x�B�✓y�B)
h"(x)"(y)iR

d2xd2y|x�B|n|y �B|nh"(x)"(y)i
.

(42)

Due to the infinitely large homogeneous nucleus in our
model, this quantity is actually independent of B, and
we can set B = 0 without loss of generality.
We note that our definition in Eq. (42) is equivalent

to the expectation value of the ratio (41) when the fluc-
tuations of energy density (40) are small. In this case
one can expand the eccentricities to the first order in the
fluctuations, which leads to the approximation used in
e.g. Ref. [33]

"
0

n{2}
2

Approx

=

R
d2xd2y|x�B|

n
|y �B|

nein(✓x�B�✓y�B)
h"(x)"(y)iR

d2xd2y|x�B|n|y �B|nh"(x)ih"(y)i
,

(43)

where the di↵erence to (42) is that the two-point func-
tion in the denominator gets replaced by the product of
one-point functions. This approximation has been used
in [42] in the case of A-A collisions when considering only

Geometric fluctuations of hot 
spots inside the proton are the 
dominant source of eccentricity

[See poster by S.Demirci]

[S.Demirci, T.Lappi, S.Schlichting arXiv: 2101.03791]



while

p+Pb (and Pb+Pb): Bayesian analyses
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Bayesian analyses prefer 4 or more hotspots with Rhs ~0.35 fm

Albacete, Elfner, ASO:  3 or more hotspots with Rhs ~0.3 fm
Mäntysaari, Schenke:  3 hotspots with Rhs ~0.23 fm

[G.Nijs, W.van der Schee, U. Gürsoy, R. Snellings arXiv: 2010.15130]

∼
R h

s

8 19 30
0

0.12

0.24

N PbPb2.76 [fm-1]

17.6±1.9

8 19 30
0

0.08

0.16

N PbPb5.02 [fm-1]

24±2.5

8 19 30
0

0.09

0.18

N pPb5.02 [fm-1]

15±3.1

0.4 0.8 1.2
0

2

4

w [fm]

0.94±0.11

135 150 165
0

0.1

0.2

Tswitch [MeV]

153.4±2.4

-0.5 0 0.5
0

3.5

7

p

0.034±0.068

0 0.75 1.5
0

0.75

1.5

dmin [fm]

0.80±0.31

0 1 2
0

2

4

σfluct

0.81±0.12

1 4.5 8
0

0.2

0.4

nc

4.4±1.5

0 0.5 1
0

1.2

2.4

χstruct

0.35±0.20

0.1 0.8 1.5
0

1

2

τfs [fm/c]

0.47±0.26

0 0.125 0.25
0

9

18

(η/s)min

0.065±0.023

0 1.5 3
0

0.4

0.8

(η/s)slope [GeV-1]

0.90±0.58

-1 0 1
0

0.4

0.8

(η/s)crv

-0.04±0.50

0 0.05 0.1
0

60

120

(ζ/s)max

0.0060±0.0043

0 0.15 0.3
0

7.5

15

(ζ/s)width [GeV]

0.097±0.074

0.14 0.195 0.25
0

7.5

15

(ζ/s)T0 [GeV]

0.202±0.027

1 6.5 12
0

0.1

0.2

τπsT/η

4.5±2.1

0.02 0.16 0.3
0

4

8

τΠsT(1/3-cs2)2/ζ

0.125±0.060

0.8 2 3.2
0

0.45

0.9

τππ/τπ

2.27±0.50

0 0.5 1
0

2.5

5

vfs

0.82±0.20

8 19 30
0

0.12

0.24

N PbPb2.76 [fm-1]

17.6±1.9

8 19 30
0

0.08

0.16

N PbPb5.02 [fm-1]

24±2.5

8 19 30
0

0.09

0.18

N pPb5.02 [fm-1]

15±3.1

0.4 0.8 1.2
0

2

4

w [fm]

0.94±0.11

135 150 165
0

0.1

0.2

Tswitch [MeV]

153.4±2.4

-0.5 0 0.5
0

3.5

7

p

0.034±0.068

0 0.75 1.5
0

0.75

1.5

dmin [fm]

0.80±0.31

0 1 2
0

2

4

σfluct

0.81±0.12

1 4.5 8
0

0.2

0.4

nc

4.4±1.5

0 0.5 1
0

1.2

2.4

χstruct

0.35±0.20

0.1 0.8 1.5
0

1

2

τfs [fm/c]

0.47±0.26

0 0.125 0.25
0

9

18

(η/s)min

0.065±0.023

0 1.5 3
0

0.4

0.8

(η/s)slope [GeV-1]

0.90±0.58

-1 0 1
0

0.4

0.8

(η/s)crv

-0.04±0.50

0 0.05 0.1
0

60

120

(ζ/s)max

0.0060±0.0043

0 0.15 0.3
0

7.5

15

(ζ/s)width [GeV]

0.097±0.074

0.14 0.195 0.25
0

7.5

15

(ζ/s)T0 [GeV]

0.202±0.027

1 6.5 12
0

0.1

0.2

τπsT/η

4.5±2.1

0.02 0.16 0.3
0

4

8

τΠsT(1/3-cs2)2/ζ

0.125±0.060

0.8 2 3.2
0

0.45

0.9

τππ/τπ

2.27±0.50

0 0.5 1
0

2.5

5

vfs

0.82±0.20

[JS.Moreland, J.Bernhard, S.Bass PRC’20]

∼
R h

s

nc

∼ Rhs



Emerging picture of the proton’s transverse structure
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What can we learn about the transverse geometry of the proton 

through e+p, p+p and p+A collisions?

Tp( ⃗r1, ⃗r2… ⃗rn)

✓ Sub-nucleonic d.o.f, a.k.a hotspots, are paramount for phenomenological 
success at HERA, RHIC and LHC
✓ Theoretical insight is very much needed to reduce modelling, e.g. origin 
of spatial correlations, energy dependence of the relevant scales  
✓ What about a global fit with current data before landing into the EIC era?


