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Hot QCD

‣Lattice QCD calculations 
indicate hadronic matter melts at 
high enough temperatures 

‣Quark Gluon Plasma (QGP)
✓Quarks and Gluons become 
relevant degrees of freedom

Hadron Gas QGP
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Hot QCD

‣Nature of QGP → Hadronic Gas phase transition depends on net baryon density 

Hot QCD Matter  

8/3/2017 Dunlop Hot and Cold QCD 2 
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Hot QCD

‣Measurements in heavy-ion collisions sensitive to various stages of evolution 



10-5
10-4

10-3
10-2

1

10

0.1

Λ2
QCD

Q
2
 (

G
e

V
2
)

200 120 40
A x

P
ro

to
n

C
a
lc

iu
m

G
o
ld

Parton Gas

Color Glass Condensate

Confinement Regime

E
IC

 C
overage

Figure 3.10: 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.

uration is gluon-driven, one would expect FL

to manifest them stronger.
The nuclear e↵ects on the structure func-

tions can be quantified by the ratios

R2(x,Q
2) ⌘

F
A
2 (x,Q2)

AF
p
2 (x,Q

2)
,

RL(x,Q
2) ⌘

F
A
L (x,Q2)

AF
p
L(x,Q

2)
(3.7)

for the two structure functions, where the su-
perscripts p and A label the structure func-
tions for the protons and nuclei correspond-
ingly. Ratios like those in Eq. (3.7) can be
constructed for the quark and gluon nuclear
PDFs too. The ratio for the gluon distribu-
tion compares the number of gluons per nu-
cleon 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) [10, 173], the ratio RL(x,Q2) is
close to the ratio RG(x,Q2) of the gluon
PDFs in the nucleus and the proton normal-
ized the same way,

RG(x,Q
2) ⌘

xGA(x,Q2)

AxGp(x,Q2)
. (3.8)

A sample of theoretical predictions for
the ratio RG(x,Q2) for the gluon PDFs

is plotted in Fig. 3.11, comprising sev-
eral DGLAP-based models along with the
saturation-based prediction. Note that the
DGLAP equation, describing evolution in
Q

2, can not predict the x dependence of
distribution functions at low-x without the
data at comparable values of x and at lower
Q

2: hence the DGLAP-based “predictions”
in Fig. 3.11 strongly su↵er from the uncer-
tainty in various ad hoc parameterizations
of the initial conditions for DGLAP evolu-
tion. Conversely, the saturation prediction
is based on the BK equation (3.3), which
is an evolution equation in x, generating a
very specific x-dependence of the distribu-
tion functions that follows from QCD: this
leads to a narrow error band for the satura-
tion prediction.

All existing approaches predict that the
ratio RG would be below one at small-x: this
is the nuclear shadowing phenomenon [182],
indicating that the number of small-x glu-
ons per nucleon in a nucleus is lower than
that in a free proton. In the DGLAP-based
description of nuclear PDFs, shadowing is in-
cluded in the parameterizations of the initial
conditions for DGLAP evolution. In the sat-
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Cold QCD

‣What is the origin of the spin of the proton? 

‣What is the distribution of quarks and gluons in the nucleus and proton?

 5 

1 EXECUTIVE SUMMARY 
 
Spin is one of the most fundamental and sub-

tle concepts in physics, deeply rooted in the 
symmetries and structure of space-time. Spin 
determines whether a particle follows Fermi or 
Bose statistics, which has profound implications 
for the structure of matter and the stability of 
many-body systems, and lays the foundations for 
the fields of chemistry and biology. Despite their 
quantum-mechanical and relativistic origins, spin 
effects are evident even at large scales and play a 
critical role in everyday applications such as nu-
clear magnetic resonance imaging or spintronics-
based memory chips. Except for the recently dis-
covered Higgs boson, all elementary particles we 
know of today carry spin, among them the parti-
cles that are subject to the strong interactions: the 
spin-1/2 quarks and the spin-1 gluons. Spin, 
therefore, also plays a central role in our theory 
of the strong interactions, Quantum Chromody-
namics (QCD), and the study of spin phenomena 
in QCD will help to further our understanding of 
QCD itself. The primary goal of the spin physics 
program at RHIC is to use spin as a unique probe 
to unravel the internal structure and the QCD 
dynamics of nucleons with unprecedented preci-
sion.  

Protons and neutrons, which make up all nu-
clei and hence most of the visible mass in the 
universe, themselves carry spin-1/2. As has been 
known for over eight decades now, they also 
possess internal structure. This insight came di-
rectly due to spin, through the measurement of 
the unexpected “anomalous” magnetic moment 
of the proton. In fact, there is an important lesson 

to be learned from this discovery: measuring the 
magnetic moment of the proton was not viewed 
as an important step at the time, because the an-
swer was already assumed to be “known” to fair-
ly high precision. However, this turned out to be 
false – and as a result we learned that the proton 
has substructure. This was just the first of nu-
merous surprises related to spin in strong interac-
tion physics, culminating in the proton “spin cri-
sis” uncovered by the EMC experiment in the 
late 1980s. The EMC discovery that quark and 
antiquark spins provide only a small fraction of 
the proton spin, once again, proved previous ex-
pectations to be incorrect and showed that proton 
substructure was much richer than we had imag-
ined.  

Our modern view of the proton is that of a 
complex system of quarks and transient quark-
antiquark pairs, bound together by gluons (see 
Figure 1-1). The study of the inner structure of 
such systems that are composed of quarks and 
gluons is at the heart of investigating QCD in the 
regime where quarks and gluons interact so 
strongly that they are confined within hadrons. 
Spin plays a dual role in this context, foremost to 
study proton structure in its own right and also as 
a tool for uncovering properties of the strong in-
teractions. In a broad sense, RHIC investigates 
how spin phenomena in QCD arise at the quark 
and gluon level. A particularly important ques-
tion, and a key focus ever since the EMC meas-
urements, is how quarks and gluons conspire to 
provide the proton’s spin-1/2 through their spin 
and orbital angular momentum contributions. 

 

 

 
 
 
 
Figure 1-1: Schematic view of the proton built from 
quarks, quark-antiquark pairs, and gluons. 
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The Relativistic Heavy Ion Collider (RHIC)

‣Almost 20 years of data taking and still going strong
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The Large Hadron Collider (LHC)

cern.ch

LHC Season 2
facts & figures

The Large Hadron Collider (LHC) is the most powerful par-
ticle accelerator ever built. The accelerator sits in a tunnel 
100 metres underground at CERN, the European Organi-
zation for Nuclear Research, on the Franco-Swiss border 
near Geneva, Switzerland.

WHAT IS THE LHC?
The LHC is a particle accelerator that pushes 
protons or ions to near the speed of light. It 
consists of a 27-kilometre ring of supercon-
ducting magnets with a number of accelerating 
structures that boost the energy of the particles 
along the way.

WHY IS IT CALLED THE “LARGE HADRON 
COLLIDER”?
• "Large" refers to its size, approximately 27km
in circumference.
• "Hadron" because it accelerates protons or
ions, which belong to the group of particles 
called hadrons.
• "Collider" because the particles form two
beams travelling in opposite directions, which 
are made to collide at four points around the 
machine.

HOW DOES THE LHC WORK?
• The CERN accelerator complex is a suc-
cession of machines with increasingly higher 
energies. Each machine accelerates a beam 
of particles to a given energy before injecting 
the beam into the next machine in the chain. 
This next machine brings the beam to an even 
higher energy and so on. The LHC is the last 
element of this chain, in which the beams reach 
their highest energies.

• Inside the LHC, two particle beams travel at
close to the speed of light before they are made 
to collide. The beams travel in opposite direc-
tions in separate beam pipes – two tubes kept 
at ultrahigh vacuum. They are guided around 
the accelerator ring by a strong magnetic field 
maintained by superconducting electroma-
gnets. Below a certain characteristic tempera-
ture, some materials enter a superconducting 
state and offer no resistance to the passage 
of electrical current. The electromagnets in the 
LHC are therefore chilled to -271.3°C (1.9K) 
– a temperature colder than outer space – to
take advantage of this effect. The accelerator 
is connected to a vast distribution system of 
liquid helium, which cools the magnets, as well 
as to other supply services.

WHAT ARE THE MAIN GOALS OF THE LHC?
The Standard Model of particle physics – a 
theory developed in the early 1970s that des-
cribes the fundamental particles and their 
interactions – has precisely predicted a wide 
variety of phenomena and so far successfully 

explained almost all experimental results in 
particle physics. But the Standard Model is 
incomplete. It leaves many questions open, 
which the LHC will help to answer.

• What is the origin of mass? The Standard
Model does not explain the origins of mass, nor 
why some particles are very heavy while others 
have no mass at all. However, theorists Robert 
Brout, François Englert and Peter Higgs made 
a proposal that was to solve this problem. The 
Brout-Englert-Higgs mechanism gives a mass 
to particles when they interact with an invi-
sible field, now called the “Higgs field”, which 
pervades the universe. Particles that interact 
intensely with the Higgs field are heavy, while 
those that have feeble interactions are light. In 
the late 1980s, physicists started the search for 
the Higgs boson, the particle associated with 
the Higgs field. In July 2012, CERN announced 
the discovery of the Higgs boson, which confir-
med the Brout-Englert-Higgs mechanism. 
However, finding it is not the end of the story, 
and researchers have to study the Higgs boson 
in detail to measure its properties and pin down 
its rarer decays. 

• Will we discover evidence for supersym-
metry? The Standard Model does not offer 
a unified description of all the fundamental 
forces, as it remains difficult to construct a 
theory of gravity similar to those for the other 
forces. Supersymmetry – a theory that hy-
pothesises the existence of more massive par-
tners of the standard particles we know – could 
facilitate the unification of fundamental forces. 

CERN's Accelerator Complex
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‣Run 1 (2010-2013) 
✓Pb-Pb √sNN = 2.76 TeV 
✓p-Pb √sNN = 5.02 TeV 
✓pp √s = 0.9, 2.76, 7, 8 TeV

‣Run 2 (2015-2018) 
✓Pb-Pb √sNN = 5.02 TeV 
✓Xe-Xe  √sNN = 5.02 TeV 
✓p-Pb √sNN = 5.02, 8 TeV 
✓pp √s = 5, 13 TeV
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Almost everything flows

‣Initial spatial anisotropy of overlapping nuclei translates into momentum 
anisotropy of produced particles 

‣Momentum anisotropy measured via vn flow coefficients

09/07/2019  4

Anisotropic particle flow

● Pressure gradients inside QGP transform initial-state anisotropies into final-
state particle momentum anisotropies
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Almost everything flows

‣QGP equation of state implemented via hydrodynamical models with an extremely 
low viscosity needed to describe flow measurements in heavy ion collisions

Multi-particle correlations in pp, p–Pb, Xe–Xe and Pb–Pb ALICE Collaboration
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Fig. 1: Multiplicity dependence of vn{k} for pp, p–Pb, Xe–Xe and Pb–Pb collisions. Statistical uncertainties are
shown as vertical lines and systematic uncertainties as filled boxes (coloured online). Data are compared with
PYTHIA 8 [50] simulations (solid lines) of pp collisions at
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s = 13 TeV and IP-Glasma+MUSIC+UrQMD [29,
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and 2(i). Here, the sizable uncertainties for the p+Au
and d+Au data points for ⟨Nch⟩ ∼ 21 reflect the system-
atic uncertainty estimates for residual non-flow contribu-
tions which are smaller for these pT-integrated measure-
ments. The striking system-dependent patterns shown in
Fig. 3(c) can be attributed to the strong dependence of
ε2 on system size for a fixed value of ⟨Nch⟩. This shape
dependence, which weakens for low ⟨Nch⟩, is confirmed
via the plot of v2/ε2 vs. ⟨Nch⟩−1/3 shown in Fig. 4. A
similar plot, reflecting the n2 dependence of viscous at-
tenuation [35, 36], was obtained for v3/ε3 vs. ⟨Nch⟩−1/3.
The inset in Fig. 4 indicates a marked similarity between
the slopes of the eccentricity-scaled v2 for U+U, Au+Au,
Cu+Au and Cu+Cu collisions. The eccentricity-scaled
results for d+Au and p+Au also follow the data trend
for these heavier collision species with larger systematic
uncertainty. Hydrodynamic simulations for Au+Au col-
lisions [60] exhibit similar scaling trends within the same
range of ⟨Nch⟩.
In summary, we have used the two-particle correlation

method to carry out a comprehensive set of measure-
ments of veven1 , v2, and v3 as a function of pT and ⟨Nch⟩ in

U+U (
√
s
NN

= 193 GeV) and Au+Au, Cu+Au, Cu+Cu,
d+Au, and p+Au collisions at

√
s
NN

= 200 GeV. The
detailed comparisons of the measurements highlight the
sensitivity of vn to the magnitude of the initial-state ec-
centricity, system size and the final-state interactions in
the expanding matter. The wealth of the A+A measure-
ments lead to data collapse of ln(vn/εn) vs. ⟨Nch⟩−1/3

onto a single curve. Similarly scaled results for d+Au and
p+Au (for ⟨Nch⟩ ∼ 21) are also observed with larger un-
certainty. The combined measurements and their scaling
properties provide a new set of constraints which could
prove invaluable for the interpretation of collectivity in
small systems and for detailed theoretical extraction of
the temperature-dependent η

s .
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The most perfect fluid ever?

1

The road to precision: Extraction of the specific shear viscosity of the

quark-gluon plasma

Chun Shen and Ulrich Heinz

Department of Physics, The Ohio State University, Columbus, OH 43210-1117, USA

Overview

For a few fleeting moments after the Big Bang the universe was filled with an astonishingly hot and dense

soup known as the Quark-Gluon Plasma (QGP), a precursor to the matter we observe today that consisted of

elementary particles. Although this Quark-Gluon Plasma also contained leptons and weak gauge bosons, its transport

properties were dominated by the strong interaction between quarks and gluons. Utilizing the most powerful particle

accelerators, physicists now conduct head-on collisions between heavy ions, such as gold or lead nuclei, to recreate

conditions that existed at the birth of the universe. The most striking discovery in relativistic heavy-ion collisions is

that the hot and dense matter created during the collisions behaves like an almost perfect (inviscid) liquid, meaning

that it can be characterized by a very small shear viscosity (⌘) to entropy density (s) ratio (or, “specific shear

viscosity”)[1–4]. It turns out that ⌘/s for the QGP is smaller than that of any known substance, including that of

superfluid liquid helium. In Fig. 1, we illustrate schematically the specific shear viscosity ⌘/s normalized by 1
4⇡

~
kB

,

the minimum bound in a large class of theories with infinitely strong coupling [5], for four di↵erent types of fluids.

The QGP at high temperature exhibits the smallest value of ⌘/s of any fluids occurring in nature.

Since the discovery around the turn of the millenium of the QGP and its surprisingly perfect fluidity, strong

interest has emerged in both theoretical and experimental work to constrain the transport properties of the QGP

in relativistic heavy-ion collisions. The specific shear viscosity characterizes one of the most important transport

properties of the QGP. It is at present impossible to compute this transport coe�cient with any sort of precision

from first principles. Alternatively, theoretical analysis of the experiments conducted at the Relativistic Heavy-

Ion Collider (RHIC) and the Large Hadron Collider (LHC) o↵ers opportunities to unravel phenomenologically the

collective behavior of the QGP created at high energies. Importantly, since the fireballs created in these “Little

Bangs” are minuscule (V ⇠ 10�42m3) and cool almost instantly (⇠ 5⇥ 10�23s), physicists can only study the QGP

through its remnants. This raises unique experimental and theoretical challenges. To trace the information of the

detected stable particles back to the QGP phase at the early stages of the collisions, in order to extract the QGP’s

properties, requires a quantitative understanding of the entire evolution of a heavy ion collision, from the formation

and thermalization of the QGP to the dynamics of the hadron resonance gas into which it eventually decays. [A

FIG. 1. The fluid imperfection index 4⇡ kB
~

⌘
s of various fluids as a function of temperature. This picture is taken from Tribble

R (chair), Burrows A et al. 2013 Implementing the 2007 Long Range Plan, Report to the Nuclear Science Advisory Committee,
January 31, 2013. Available at http://science.energy.gov/np/nsac/reports/.
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‣Viscosity limits development of anisotropic flow 

‣Extracted viscosities from collisions creating the QGP are the smallest observed in 
nature.
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Almost everything flows

‣Data from high multiplicity collisions of light systems consistent with hydro model predictions 
✓Smallest QGP drops in the lab…
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FIG. 4. | Measured vn(pT ) in three collision systems compared to two hydrodynamical models. a, Measured vn(pT )
in the 0-5% most central p+Au collisions compared to hydrodynamical models. b, Measured vn(pT ) in the 0-5% most central
d+Au collisions compared to hydrodynamical models. c, Measured vn(pT ) in the 0-5% most central 3He+Au compared to
hydrodynamical models. Each point in a-c represents an average over pT bins of width 0.2 GeV/c to 0.5 GeV/c; black circles
are v2, black diamonds are v3. Each model curve in a-c represents a hydrodynamic prediction of vn. The solid red is sonic;
the dashed blue line is iEBE-VISHNU.

elliptic and triangular flow ordering eliminates this am-
biguity.

In summary, we have shown azimuthal particle cor-
relations in three di↵erent small-system collisions with
di↵erent intrinsic initial geometries. The simultaneous
constraints of v2 and v3 in p/d/3He+Au collisions defini-
tively demonstrate that the vn’s are correlated to the ini-
tial geometry, removing any ambiguity related to event
multiplicity or initial geometry models. We find that
the ordering of the v2 and v3 between the three systems
is inconsistent with that expected from initial-state mo-
mentum correlation models, ruling this out as the dom-
inant mechanism behind the observed collectivity. Fur-
ther, we find that hydrodynamical models which include
QGP formation provide a simultaneous and quantitative
description of the data in all three systems.
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Hadrochemistry evolution
smooth Nch evolution of all particle ratios 

from very low Nch pp to very high Nch Pb-Pb
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not captured by jet-universality principle
�12

Strangeness enhancement in small systems

‣Long standing QGP prediction: 
✓Increase in abundance of strange 
quarks due to drop in their mass 

‣Relative abundance of strange 
quarks increases in small systems 
with multiplicity

Nature Physics 13 (2017) 535–539 
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Some things don’t flow

‣Lights and charm quarks flow, bottom quark does not flow

ϒ v2 in Pb–Pb collisions at
√

sNN = 5.02 TeV ALICE Collaboration
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Figure 2: (Color online) The ϒ(1S) v2 coefficient as a function of pT in the 5–60% centrality interval compared

to that of inclusive J/ψ . The magenta dashed line represents the KSU model calculations [52], while the magenta

band denotes the TAMU model calculations [36]. Error bars (open boxes) represent the statistical (systematic)

uncertainties.

The background vB
2 is modeled as a second-order polynomial function of Mµµ . For consistency, and

despite its low yield, the ϒ(2S) is included in the fit by restricting the value of its v2 coefficient within the
range between −0.5 and 0.5. In practice, this inclusion has a negligible impact on the ϒ(1S) fit results.
An example of v2(Mµµ) fit is presented in the right panel of Fig. 1.

The main systematic uncertainty of the measurement arises from the choice of the background fit function
vB

2 (Mµµ). In order to estimate this uncertainty, linear and constant functions are also used instead of
the second-order polynomial. In addition, the signal CB2 tail parameters and background fit functions
are varied [35]. The systematic uncertainty is then derived as the standard deviation with respect to
the default choice of fitting functions. The absolute uncertainty increases from 0.004 to 0.016 with
increasing collision centrality and decreasing pT, which is due to the decreasing signal-to-background
ratio. The dimuon trigger and reconstruction efficiency depends on the detector occupancy. This, coupled
to the muon flow, could lead to a bias in the measured v2. The corresponding systematic uncertainty is
obtained by embedding simulated ϒ(1S) decays into real Pb–Pb events [24]. It is found to be at most
0.0015 and is conservatively assumed to be the same in all transverse momentum and centrality intervals.
The variation of the fit range and invariant-mass binning does not lead to deviations beyond the expected
statistical fluctuations. The uncertainty related to the magnitude of the QSPD

2 flow vector is found to be
negligible. Furthermore, the absence of any residual non-uniform detector acceptance and efficiency in
the SPD flow vector determination after applying the recentering procedure is verified via the imaginary
part of the scalar product (see Eq. (1)) [50].

Figure 2 shows the ϒ(1S) v2 coefficient as a function of transverse momentum in the 5–60% centrality
interval. The central (0–5%) and peripheral (60–100%) collisions are not considered as the eccentricity
of the initial collision geometry is small for the former and the signal yield is low in the latter. The pT

intervals are 0–3, 3–6, and 6–15 GeV/c and the points are located at the average transverse momentum
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Most vortical fluid ever

‣Polarization of   particles sensitive to initial 
angular momentum of system 

‣   rad/s 
✓Far surpasses vorticity of all other known fluids

Λ

ω ∼ 1022

8
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primary primary+feed-down

FIG. 4. Global polarization of Λ and Λ̄ as a function of
the collision energy

√
s
NN

for 20-50% centrality Au+Au col-
lisions. Thin lines show calculations from a 3+1D cascade
+ viscous hydrodynamic model (UrQMD+vHLLE) [15] and
bold lines show the AMPTmodel calculations [16]. In the case
of each model, primary Λ with and without the feed-down
effect are indicated by dashed and solid lines, respectively.
Open boxes and vertical lines show systematic and statistical
uncertainties, respectively. Note that the data points at 200
GeV and for Λ̄ are slightly horizontally shifted for visibility.

most of the models calculate the spin polarization from
the local vorticity at the freeze-out hypersurface. How-
ever it is not clear when and how the vorticity and polar-
ization are coupled during the system evolution and how
much the hadronic rescattering at the later stage affects
the spin polarization.
We also performed differential measurements of the po-

larization, versus the collision centrality, the hyperon’s
transverse momentum, and the hyperon’s pseudorapid-
ity. The vorticity of the system is expected to be smaller
in more central collisions because of smaller initial source
tilt [8, 33], and/or because the number of spectator nucle-
ons becomes smaller. Therefore, the initial longitudinal
flow velocity, which would be a source of the initial an-
gular momentum of the system, becomes less dependent
on the transverse direction [12]. Figure 5 presents the
centrality dependence of the polarization. The polariza-
tion of Λ and Λ̄ is found to be larger in more peripheral
collisions, as expected from an increase in the thermal
vorticity [43]. With the given large uncertainties, it is
not clear if the polarization saturates or even starts to

drop off in the most peripheral collisions.
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20 40 60 80
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] 
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FIG. 5. Λ (Λ̄) polarization as a function of the collision cen-
trality in Au+Au collisions at

√
s
NN

= 200 GeV. Open boxes
and vertical lines show systematic and statistical uncertain-
ties. The data points for Λ̄ are slightly shifted for visibility.

Figure 6 shows the polarization as a function of pT
for the 20%–60% centrality bin. The polarization de-
pendence on pT is weak or absent, considering the large
uncertainties, which is consistent with the expectation
that the polarization is generated by a rotation of the
system and therefore does not have a strong pT depen-
dence. One might expect a decrease of the polarization at
lower pT due to the smearing effect caused by scattering
at the later stage of the collisions, and/or a decrease of
polarization at higher pT because of a larger contribution
from jet fragmentation, but it is difficult to discuss such
effects given the current experimental uncertainties. Cal-
culations for primary Λ from a hydrodynamic model with
two different initial conditions (ICs) [44] are compared to
the data. The pT dependence of the polarization slightly
depends on the initial conditions, i.e. Glauber IC with
the initial tilt of the source [8, 9] and the initial state
from the UrQMD model [45]. The UrQMD IC includes a
pre-equilibrium phase which leads to the initial flow, but
the Glauber IC does not include it, and the initial energy
density profile is different between the two ICs, both of
which would affect the initial angular momentum. The
data are closer to the UrQMD IC, but on average are
slightly higher than the calculations.
Figure 7 presents the pseudorapidity dependence of the

polarization for Λ and Λ̄. It is consistent with being con-
stant within uncertainties. The vorticity is expected to
decrease at large rapidities, but might also have a lo-
cal minimum at η = 0 due to complex shear flow struc-
ture [15, 43, 46]. Due to baryon transparency at higher

6/23/19 Shengli Huang 22

! polarization and Influence of B field

Ø QGP vorticity can be transferred to 
! polarization

Ø Due to B field, further splitting is 
expected between ! and !PRC 98 (2018) 14910
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Searches for strong parity violation

‣Large angular momentum results in large magnetic fields

‣Strong parity violation leads to preferable direction of u & d quarks wrt to   
✓ Data qualitatively consistent, but backgrounds large and being extensively studied

⃗B

9

from the 2- and 4–particle cumulant analysis [20], which
are affected in different ways by non–flow effects and flow
fluctuations. For this analysis, v2 was taken as the aver-
age of the two values, with half of the difference between
v2{2} and v2{4} being attributed as the systematic un-
certainty. The values of this uncertainty range from 9%
for the 20–30% centrality to 18% (24%) for the 50–60%
(60–70%) centrality class. The differences in the results
from the four independent analysis methods (described
below) were also considered as part of the systematic un-
certainty and were estimated to be 3% for the 20–30%
and the 50–60% centrality bins and 47% for the most
peripheral centrality class. The contributions from all ef-
fects were added in quadrature to calculate the total sys-
tematic uncertainty. For the correlation between pairs of
particles with the same charge it varies from 19% (28%)
for the 20–30% (50–60%) centrality up to 55% for the
60–70% centrality class. The correlations between op-
posite charged particles for 0–60% centrality and for the
same charge pairs for 0–20% centrality are compatible
with zero with a systematic error below 5.5× 10−5.
Figure 1a presents the centrality dependence of the

three–particle correlator, defined in Eq. 2. The correla-
tions of the same charge pairs for the positive–positive
and negative–negative combinations are found to be con-
sistent within statistical uncertainties and are combined
into one set of points, labelled same. The difference be-
tween the correlations of pairs with same and opposite
charge indicates a charge dependence with respect to the
reaction plane, as may be expected for the CME. To test
the bias from the reaction plane reconstruction, four in-
dependent analyses were performed. The first analysis
uses a cumulant technique [21], whereas for the three
other analyses the orientation of the collision symme-
try plane is estimated from the azimuthal distribution
of charged particles in the TPC, and hits in the forward
VZERO and ZDC detectors [22]. There is a very good
agreement between the results obtained with the event
plane estimated from different detectors covering a wide
range in pseudo–rapidity. This allows to conclude that
background sources due to correlations not related to
the orientation of the reaction plane are negligible, with
maybe the exception of the peripheral collisions for the
pairs of particles with opposite charge.
Figure 1b shows the centrality dependence of the two–

particle correlator ⟨cos(ϕα − ϕβ)⟩, as defined in Eq. 3,
which helps to constrain experimentally the P–even
background correlations. The statistical uncertainty is
smaller than the symbol size. The two–particle correla-
tions for the same and opposite charge combinations are
always positive and exhibit qualitatively similar central-
ity dependence, while the magnitude of the correlation
is smaller for the same charged pairs. Our results differ
from those reported by the STAR Collaboration for Au-
Au collisions at

√
sNN = 200 GeV [8] for which negative

correlations are observed for the same charged pairs.

centrality, %
0 10 20 30 40 50 60 70

〉) 
R

P
Ψ

 - 
2

β
ϕ

 +
 

α
ϕ

 c
os

(
〈

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
-310×

  = 2.76 TeVNNs  ALICE Pb-Pb @ 
  = 0.2 TeVNNs  STAR Au-Au @ 

  (ALICE) same+opp. mean

same opp.

{2}2 / vHIJING〉)cϕ - 2
β

ϕ + 
α

ϕcos(〈  

 CME expectation (same charge [13])

FIG. 2. (Colour online) The centrality dependence of the
three–particle correlator defined in Eq. 2. The circles indicate
the ALICE results obtained from the cumulant analysis. The
stars show the STAR data from [8]. The triangles represent
the genuine three–particle correlations (⟨cos(ϕα+ϕβ −2ϕc)⟩)
from HIJING [23] corrected for the experimentally measured
v2{2} [20]. Points are displaced horizontally for visibility. A
model prediction for the same sign correlations incorporating
the Chiral Magnetic Effect for LHC energies [13] is shown
by the solid line. The shaded band represents the centrality
dependence of the charge independent correlations.

Figure 1c shows the ⟨cos∆ϕα cos∆ϕβ⟩ and
⟨sin∆ϕα sin∆ϕβ⟩ terms separately. For pairs of
particles of the same charge, we observe that the
⟨sin∆ϕα sin∆ϕβ⟩ correlations are larger than the
⟨cos∆ϕα cos∆ϕβ⟩ ones. On the other hand, for pairs
of opposite charge, the two terms are very close except
for the most peripheral collisions. Further interpretation
of the results presented in Fig. 1c in terms of in– and
out–of–plane correlations is complicated due to the
significant non–flow contribution in ⟨cos(ϕα − ϕβ)⟩.
Figure 2 presents the three–particle correlator

⟨cos(ϕα +ϕβ − 2ΨRP)⟩ as a function of the collision cen-
trality compared to model calculations and results for
RHIC energies. The statistical uncertainties are repre-
sented by the error bars. The shaded area around the
points indicates the systematic uncertainty based on the
different sources described above. Also shown in Fig. 2
are STAR results [8]. The small difference between the
LHC and the RHIC data indicates little or no energy de-
pendence for the three–particle correlator when changing
from the collision energy of

√
sNN = 0.2 TeV to 2.76 TeV.

In Fig. 2, the ALICE data are compared to the expec-
tations from the HIJING model [23]. The HIJING results
for the three–particle correlations are divided by the ex-
perimentally measured value of v2 (i.e. ⟨cos(ϕα + ϕβ −
2ϕc)⟩/v2{2}) as reported in [20] due to the absence of
collective azimuthal anisotropy in this model. Since the
points do not exhibit any significant difference between
the correlations of pairs with same and opposite charge,

PRL 110 (2013) 012301
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Hot QCD matter is oblique 

‣High pT particle production should 
scale with # nucleon-nucleon 
collisions if medium transparent 

‣RAA: 
✓Yield in heavy-ions per nucleon-
nucleon collision / Yield in pp 
collisions 

‣Large suppression in Pb-Pb, no 
suppression in p-Pb

Charged-particle spectra and nuclear modification factors ALICE Collaboration
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Figure 7: Left: Nuclear modification factors measured by ALICE in central (0–5%) and peripheral (70–80%)
Pb–Pb collisions and in p–Pb collisions at

p
sNN = 5.02 TeV. Right: A comparison of the nuclear modification

factors for central (0-5%) Pb–Pb and p–Pb collisions measured by ALICE and CMS [11, 14]. In both figures, the
pT-dependent systematic uncertainties are shown as boxes around data points. The normalization uncertainties are
shown as boxes around unity.

Pb–Pb collisions at the LHC. The calculations by Andrés et al. [62] use the jet quenching formalism of
quenching weights. This approach consists of fitting a K factor, defined as K ⌘ q̂/2e3/4, that quantifies
departure of this parameter from the perturbative estimate, q̂ideal ⇠ 2e3/4 [63], where the local energy
density e is taken from a hydrodynamical model of the medium. The K factor is the only free parameter
in the fit of nuclear modification factors. Without including new data at

p
sNN = 5.02 TeV in the fit pro-

cedure, they predict a ⇠ 15% larger suppression at
p

sNN = 5.02 TeV as compared to
p

sNN = 2.76 TeV,
assuming the same value of K as the one obtained from the fit to the data at the lower energy.

All models presented here describe the main features of the data. The models by Vitev et al., Djordjevic
et al. and CUJET 3.0 give quantitatively good description of the data. The model by Bianchi et al. is
consistent with data within 1.5s while that by Andrés et al. underestimates the data at high pT. However,
one should note that this comparison is made between unbinned theory calculations and binned data in
relatively large pT bins, which might introduce additional uncertainty.

4 Summary

In summary, we measured the primary charged particle pT spectra in pp and Pb–Pb collisions at
p

sNN =
5.02 TeV. We also reanalyzed the data collected in pp and Pb–Pb collisions at

p
sNN = 2.76 TeV as

well as in p–Pb collisions at
p

sNN = 5.02 TeV with the revised techniques. Thanks to an improved
reconstruction, track selection and data-driven efficiency correction procedure we were able to reduce
the systematic uncertainties by a factor of ⇠ 2 as compared to previously published ALICE results. The
measured spectra were used to determine the nuclear modification factors RpPb and RAA. The nuclear
modification factor in p–Pb collisions is consistent with unity at high pT, showing that the strong sup-
pression observed in Pb–Pb is not due to CNM effects but rather due to final state partonic energy loss
in the hot and dense QGP created in Pb–Pb collisions. This suppression is weak in peripheral collisions
and increases with centrality reaching a value of RAA = 0.13 at pT = 6–7 GeV, indicating an increasing
parton energy loss with centrality. This suppression is found to be similar at

p
sNN = 2.76 and 5.02 TeV,

despite the much harder pT spectrum at the top energy, which may indicate a stronger parton energy loss

16
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Where does the lost energy go?

‣Larger fraction of jet momentum away from axis in central Pb-Pb collisions 
compared to pp

6
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Figure 1: Upper: The differential jet shape r(r) for jets associated with an isolated photon for
(from left to right) 50–100%, 30–50%, 10–30%, 0–10% PbPb (solid circles), and pp (open circles)
collisions and from PYTHIA simulation (histogram). Lower: The ratios of the PbPb and pp
distributions. For the pp results, the ratio is to the PYTHIA distribution. The vertical lines
through the points represent statistical uncertainties, while the shaded colored boxes indicate
the total systematic uncertainties in data.

100%) PbPb collisions is consistent with that in pp data, a modification of the jet shape in PbPb
collisions is observed in more central events. The 0–10% (10–30%) PbPb r(r) is enhanced for
the distance between the track and the jet axis r & 0.15 (0.20). No significant suppression is seen
at intermediate r. The modifications demonstrate that for hard scatterings that predominantly
produce quarks with similar momentum distributions in pp and PbPb collisions, as identified
by the photon tag, the jet momentum is distributed at greater radial distance in PbPb collisions.
This significant redistribution of energy observed in central PbPb collisions, compared with pp
and peripheral PbPb collisions, can be interpreted as a direct observation of jet broadening in
the quark-gluon plasma (QGP). This first measurement of radial momentum density profile
for jets tagged by an isolated photon, which constrains the information about the jet energy
before any loss occurred while traversing the QGP, constitutes a new unambiguous reference
for testing theoretical models of parton-medium interactions.
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Charm vs. Beauty Energy Loss

8Highlights from CMS

Consistent with parton mass dependence of energy loss

(b→)J/ψ

D0

(b→)J/ψ

D0

(b→)D0

• Prompt D0 are significantly more suppressed 
than b→J/ψ at low pT < 15 GeV 

• Prompt D0 are more suppressed 
than non-prompt D0

• Confirmation of the b→J/ψ results

Hao QiuD0 PLB 782 (2018) 474 J/ψ EPJC 77 (2017) 269 b→D0 CMS-PAS-HIN-18-010

B±

B± PRL 119 (2017) 152301
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Heavy flavor production in p-He and Pb-Pb 

‣Cross sections in light systems reproduced by pQCD 

‣Smaller suppression for bottom quarks compared to charm quarks

PRL 122 (2019) 132002
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Figure 2: Left: J/ cross-section measurements as a function of the center-of-mass energy.
Experimental data, represented by black points, are taken from Ref. [39]. The band corresponds
to a fit based on NLO NRQCD calculations [39]. Right: cc cross-section measurements as a
function of the center-of-mass energy. Experimental data, represented by black points, are
taken from Ref. [40]. The yellow band corresponds to NLO pQCD calculations [41]. Red points
correspond to the pHe results from the present analysis.

section is scaled with the global fragmentation factor f(c ! D0) = 0.542 ± 0.024 [44],
in order to obtain the cc production cross section �cc = 288 ± 24.2 ± 6.9µb/nucleon.
The last uncertainty reflects the limited knowledge of the fragmentation factor. An
overview of J/ and cc cross-section measurements at di↵erent center-of-mass energies
by di↵erent experiments are shown in Fig. 2 including this measurement. The J/ 
cross section is compared to a fit based on NLO NRQCD calculations [39] and the cc
cross section to NLO pQCD calculations [40, 41]. The cc cross section shows a small
tension with respect to theoretical calculations as already observed at 200 GeV, while the
J/ cross-section measurement is in good agreement with the fit based on NLO pQCD
calculations. The J/ di↵erential cross sections per target nucleon obtained for the pHe
dataset, as functions of y⇤ and pT, are shown in the two top plots of Fig. 3 and given
in Ref. [36]. These results are compared with HELAC-ONIA predictions [45–47], for
pp (CT14NLO PDF set [48]) and pHe (CT14NLO+nCTEQ15 PDF [49] sets) collisions.
The predictions underestimate the measured total cross section. The HELAC-ONIA
predictions are rescaled by a factor 1.78 in Fig. 3 to compare the shape of the distributions.
Data are also compared with phenomenological parametrizations, interpolated to the
present data energies, based on Refs. [12, 50]. Solid and dashed red lines are obtained
with linear and logarithmic interpolations, respectively, between the results from the E789
(pAu,

p
sNN = 38.7 GeV) [51], HERA-B (pC,

p
sNN = 41.5GeV) [52] and PHENIX (pp,

p
s = 200GeV) [53] experiments. The di↵erential yields of J/ as functions of y⇤ and pT,

obtained from pAr data, are also shown in Fig. 3. Since the luminosity measurement is
not available, only di↵erential distributions with arbitrary normalization are shown.

The D0 di↵erential cross sections per target nucleon obtained for the pHe dataset,
as functions of y⇤ and pT, are shown in Fig. 4 and given in Ref. [36]. The HELAC-
ONIA predictions underestimate the measured total cross section. The HELAC-ONIA
predictions are rescaled by a factor 1.44 in Fig. 4 to compare the shape of the distributions.
Di↵erential yields, with arbitrary normalization, of D0 as functions of y⇤ and pT obtained
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Understanding the phase transition

‣Fluctuations of net-proton event 
by event yields non monotonic 
with energy 

‣ Indication of critical point a 
lower energies? 

‣More input from theory and 
more data (BES II) needed

Net-proton fluctuations
Experimental results: Fluctuations in large momentum bins

Observation of non-monotonic energy dependence of fourth order
net-proton fluctuation.

Strangeness in Quark Matter, 14.06.2019 19 / 30 T. Czopowicz (WUT)

STAR: PRL 112 (2014) 032302
Stephanov, PRL 107, 052301
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Final state proton-hyperon interactions

‣Core of neutron stars may contain 
significant number of hyperons 
✓Equation of state poorly known 

‣Measured final state proton-hyperon 
correlations demonstrate attractive 
strong interaction 

‣Places constraints for QCD 
calculations of neutron-hyperon 
interactions… 

First observation of an attractive interaction between proton and X baryons ALICE Collaboration
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Fig. 1: (Color online) The a) p–p and b) p–X� correlation functions shown as a function of k
⇤. Statistical (bars)

and systematic uncertainties (boxes) are shown separately. The filled bands denote the results from the fit with
Eq. 1. Their widths correspond to one standard deviation of the systematic error of the fit. The HAL-QCD curve
uses potentials obtained from [38]. The dashed line in the right panel shows the contribution from misidentified
p–X̃� pairs from the sidebands scaled by its l parameter. See text for details.

N between the two distributions is obtained in the region k
⇤ 2 [240,340] MeV/c, where final state

interaction effects are absent and the correlation function is flat. The theoretical correlation function
C(k⇤) =

R
S(r)|yk⇤(r)|2d3

r in this work is computed with CATS [17], where r is the relative distance
between the two particles, S(r) is the source function and yk⇤(r) is the two-particle wave function. A
spherically-symmetric emitting source with a Gaussian density profile parameterized by a radius pa-
rameter r0 is assumed and Coulomb and strong potentials are considered to evaluate the relative wave
functions for p–p and p–X� pairs.

The measured correlation functions for p–p and p–X� are shown in Fig. 1. The inset in the left panel
shows a zoom of the p–p correlation function around k

⇤ = 100 MeV/c, where the effect of the repulsive
interaction can be seen. A total number of 574⇥103 (412⇥103) p–p (p–p) and 3.3⇥103 (2.6⇥103)
p–X� (p–X+) pairs contribute to A(k⇤) in the region k

⇤<200 MeV/c. The systematic uncertainties for
the p–p and p–X� correlations are obtained by varying all single-particle selection criteria for protons
and X candidates with respect to their default values such to obtain a maximum variation of the single
particle yields of ±15% . The resulting uncertainties on the correlation functions are symmetrized and
added in quadrature.
In order not to be dominated by statistical fluctuations, the systematic uncertainties are evaluated in in-
tervals of 40 MeV/c width in k

⇤ for p–p and 200 MeV/c for p–X�, and described by a second order
polynomial which serves to interpolate the final point-by-point correlated uncertainties in narrower in-
tervals. At the lowest measured k

⇤, the total systematic uncertainties are of the order of 5 % for p–p and
3.2 % for p–X�.

The experimental data are fitted with the model correlation function obtained from CATS. Together
with the genuine correlation function due to the two-particle interaction, residual correlations are also
considered. In the experiment the latter are introduced by contamination of the selected samples due
to particle misidentification and feed-down from weak decays of other particles. These are taken into
account according to

Cmodel(k
⇤) = 1+lgenuine · (Cgenuine(k

⇤)�1)+Â
ij

lij(Cij(k
⇤)�1), (1)

where Cgenuine(k⇤) is the genuine correlation function for the pairs of interest and the Cij(k⇤) represent
correlations from all other possible contributions. The parameters lij are the relative weights of these
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Where does the proton spin come? 

‣Proton Spin Crisis:  
✓Spin of valance quarks contribute ~30% 

‣First observation from sea quarks:
✓Contribution from anti up quarks larger 
than anti down 

‣More needs to be done to understand 
contribution from gluons…

reweighting procedure of Refs. [36,37] with the 100
publicly available NNPDFpol1.1 PDFs. The results from
this reweighting, taking into account the total uncertainties
of the STAR 2013 data and their correlations [38], are
shown in Fig. 5 as the blue hatched bands. The
NNPDFpol1.1 uncertainties [1] are shown as the green

bands for comparison. Figure 6 shows the corresponding
differences of the light sea-quark polarizations versus x at a
scale of Q2 ¼ 10 ðGeV=cÞ2. The data confirm the exist-
ence of a sizable, positive Δū in the range 0.05 < x < 0.25
[4] and the existence of a flavor asymmetry in the polarized
quark sea.
In addition, AL was determined for Z=γ$ production

from a sample of 274 electron-positron pairs with
70 < meþ e− < 110 GeV=c2. The eþ and e− were each
required to be isolated, have jηej < 1.1, and Ee

T > 14 GeV.
The result, AZ=γ$

L ¼ −0.04 & 0.07, is consistent with that
in Ref. [4] but with half the statistical uncertainty.

e
η

1− 0 1
1−

0.5−

0

0.5

-W

+W

X + ± e→X + ± W→p + p
 = 510 GeVs  50 GeV <e

T< E25

LA Rel lumi
syst

3.3% beam pol scale uncertainty not shown

STAR 2011-2013
BS15 CHE NLO
DSSV14 CHE NLO
DSSV14 RHICBOS
NNPDFpol1.1 CHE NLO
NNPDFpol1.1rw CHE NLO

FIG. 5. Longitudinal single-spin asymmetries, AL, for W&

production as a function of the positron or electron pseudor-
apidity, ηe, for the combined STAR 2011 þ 2012 and 2013 data
samples for 25 < Ee

T < 50 GeV (points) in comparison to theory
expectations (curves and bands) described in the text.
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FIG. 6. The difference of the light sea-quark polarizations as a
function of x at a scale of Q2 ¼ 10 ðGeV=cÞ2. The green band
shows the NNPDFpol1.1 results [1] and the blue hatched band
shows the corresponding distribution after the STAR 2013 W&

data are included by reweighting.

TABLE I. Longitudinal single- and double-spin asymmetries, AL and ALL, for W& production obtained from the STAR 2013 data
sample, as well as the combination of 2013 with 2011 þ 2012 results. The longitudinal single-spin asymmetry is measured for six decay
positron or electron pseudorapidity intervals. The longitudinal double-spin asymmetry was determined in the same intervals and the
results for the same absolute pseudorapidity value were combined. The systematic uncertainties include all contributions and thus also
include the point-by-point correlated uncertainties from the relative luminosity and beam polarization measurements that are broken out
separately in Figs. 4 and 5.

hηei

AL & σstat & σsyst ALL & σstat & σsyst

2013 2011–2013 2013 2011–2013
−1.24 −0.493 & 0.181 & 0.022 −0.312 & 0.145 & 0.017
−0.72 −0.255 & 0.035 & 0.016 −0.251 & 0.030 & 0.014 ' ' ' ' ' '

Wþ −0.25 −0.327 & 0.027 & 0.014 −0.331 & 0.023 & 0.014
0.25 −0.406 & 0.027 & 0.016 −0.412 & 0.023 & 0.016 0.039 & 0.049 & 0.014 0.016 & 0.042 & 0.011
0.72 −0.557 & 0.034 & 0.024 −0.534 & 0.029 & 0.022 0.049 & 0.063 & 0.014 0.072 & 0.054 & 0.011
1.24 −0.365 & 0.183 & 0.023 −0.482 & 0.140 & 0.022 −0.052 & 0.331 & 0.044 0.000 & 0.262 & 0.028

−1.27 0.269 & 0.185 & 0.010 0.241 & 0.146 & 0.010
−0.74 0.264 & 0.060 & 0.010 0.260 & 0.051 & 0.010 ' ' ' ' ' '

W− −0.27 0.282 & 0.066 & 0.010 0.281 & 0.056 & 0.011
0.27 0.254 & 0.066 & 0.010 0.239 & 0.056 & 0.010 0.067 & 0.120 & 0.025 −0.012 & 0.101 & 0.019
0.74 0.383 & 0.059 & 0.015 0.385 & 0.051 & 0.014 −0.096 & 0.107 & 0.026 −0.028 & 0.092 & 0.020
1.27 0.218 & 0.185 & 0.009 0.205 & 0.148 & 0.009 −0.133 & 0.331 & 0.061 −0.147 & 0.260 & 0.038

MEASUREMENT OF THE LONGITUDINAL SPIN … PHYS. REV. D 99, 051102 (2019)

051102-7

PRD 99 (2019) 051102
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Probing rare QED processes with heavy-ions

‣Observation of �  interactions now 
at 8.2 �  

‣Could be sensitive to contributions 
beyond standard model 
✓Hypothetical light and neutral 
particles??

γ − γ
σ
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Upgrades at RHIC for the 2020s

STAR: iTPC, eTOF, EPD, and 
new forward detector for new 
spin measurements

sPHENIX: Brand new detector.  
Large acceptance and high DAQ rates 
make it highly suitable for jet and heavy 
flavor measurements.



SMI – STEFAN MEYER INSTITUTE 

WWW:OEAW.AC.AT/SMI 

THE NEXT TEN YEARS

Michael Weber (SMI), SQM 2019, 14.06.2019 4

Upgrades (LS 2): Upgrades (LS 3):

•  Fixed-target upgrade to 
sample 10-100 larger 
luminosity

•  New tracking detectors and 
read-out for 5× pp pile-up 

•  Upgrade of the ZDCs 
•  Larger tracking acceptance for 

ATLAS and CMS (|η| < 4) with 
better performance

•  Better charged particle tracking 
in high-multiplicity events, 
improving b-tagging of jets, and 
more selective photon, electron, 
and muon triggers 

•  Extended PID capabilties 

•  Forward Calorimeter?
•  Cylindrical silicon detector (ITS3)?

CMS-TDR-014

CMS-TDR-020

ATLAS-TDR-030

ATLAS-TDR-025

ALICE-PUBLIC-2018-013

LHCb-PUB-2018-015 LHCB-TDR-015LHCB-TDR-013

•  50 kHz Pb-Pb readout (O2)
•  New Inner Tracking System (ITS2)
•  GEM readout for TPC
•  Muon Forward Tracker
•  Fast Interaction Trigger (FIT)

ALICE-TDR-017
ALICE-TDR-018

ALICE-TDR-016
ALICE-TDR-019

ALICE-TDR-015

�24

Upgrades at LHC for 2020s
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Future facilities

‣Electron-ion collider (US) will probe structure of proton and nucleus with unprecedented 
precision. 

‣FAIR (Germany) and NICA (Russia) investigate QCD matter at large baryon densities 
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2018 Assessment from National Academies 

“The committee unanimously finds that the science that 
can be addressed by an EIC is compelling, fundamental, 
and timely. The unanimous conclusion of the Committee 
is that an EIC, as envisioned in this report, would be a 
unique facility in the world that would boost the U.S. 
STEM workforce and help maintain U.S. scientific 
leadership in nuclear physics.”
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Summary

‣Heavy-ion physics in golden age - much more to come!

Nature Physics 15 (2019) 214–220 
Nature Physics 13 (2017) 535–539  
Nature 548 (2017) 62–65  
Nature Physics 13 (2017) 852–858  
Nature Physics 11 (2015) 811-814 
Nature 527 (2015) 345 
Nature 473 (2011) 353

Figure 3: The top two panels show the hdE/dxi in units of multiples of �dE/dx, n�dE/dx
, of neg-

atively charged particles (first panel) and positively charged particles (second panel) as a func-

tion of mass measured by the TOF system. The masses of 3He (3He) and 4He (4He) are indi-

cated by the vertical lines at 2.81 GeV/c2 and 3.73 GeV/c2, respectively. The horizontal line

marks the position of zero deviation from the expected value of hdE/dxi (n�dE/dx
= 0) for

4He (4He). The rectangular boxes highlight areas for 4He (4He) selections : �2 < n�dE/dx
< 3

and 3.35GeV/c2 < mass < 4.04GeV/c2 (corresponding to a ±3� window in mass). The bottom

panel shows a projection of entries in the upper two panels onto the mass axis for particles in the

window of �2 < �dE/dx < 3. The combined measurements of energy loss and the time of flight

allow a clean identification to be made in a sample of 0.5⇥10
12 tracks from 10

9 Au+Au collisions.
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Precision measurement of the mass difference between light nuclei and anti-nucleiALICE Collaboration
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Fig. 3: The ALICE measurements for d-d and 3He-3He mass-over-charge ratio differences compared with CPT
invariance expectation (dotted lines) and existing mass measurements MAS65[26], DOR65[27] and ANT71[28]
(left panel). The inset shows the ALICE results on a finer D(m/z)/(m/z) scale. The right panel shows our deter-
mination of the binding energy differences compared with direct measurements from DEN71[29] and KES99[30].
Error bars represent the sum in quadrature of the statistical and systematic uncertainties (standard deviations).
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