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Sidebar 2.5: Jetting through the Quark-Gluon Plasma
Understanding how quark-gluon plasma (QGP) works 

requires new microscopy using energetic quark probes 

called “jets,” generated in the initial interaction of the 

colliding beams. These high-energy quarks are initially 

able to “see” the very short distance structure of the 

medium they traverse. As they propagate, they rapidly 

shed energy by splitting off lower energy partons and, 

as this happens, the length scale that they “see” grows 

rapidly. The combination of all these partons eventually 

forms the hadrons that together make up a jet. The 

curves in the top-left panel illustrate how the resolving 

power (inverse of length scale) of jets at the LHC and 

RHIC decreases (symbolically, from green to yellow to 

orange) as they propagate and as the QGP in which they 

are propagating cools. The highest energy jets at the 

LHC probe very short wavelengths, where they should 

resolve the individual weakly coupled “bare” quarks 

and gluons (green). A key area is the lowest energy 

jets, optimally measured at RHIC, that probe longer 

wavelengths toward the scale of the nearly perfect liquid 

itself (orange). The curves are heavier in the regime 

where the resolving power of the jets is determined 

largely by the medium itself. The bottom-left panel 

shows the momentum range, related to the resolving 

power, of many jet observables in current measurements 

(muted red and blue) and the enormously increased 

reach at both RHIC (bright red) and the LHC (bright blue) 

enabled by upgrades including the sPHENIX microscope 

at RHIC.

A century ago, Ernest Rutherford discovered atomic 

nuclei by aiming a beam of alpha particles at a gold foil 

and observing that they were sometimes scattered at 

large angles. The simplest way to “see” pointlike quarks 

and gluons within QGP is, as Rutherford would have 

understood, to look for evidence of jets, or partons 

within jets, scattering off individual quarks and gluons as 

they plow through QGP. As the top-right panel illustrates, 

partons that can resolve the microscopic structure of 

QGP are more likely to be deflected by larger angles 

than the partons with less resolving power that only see 

the nearly perfect liquid. First exploratory measurements 

of the jet deflection angle are now being carried out 

at the LHC (lower-right, where the sharp peak at the 

right-hand edge of the plot corresponds to undeflected 

jets) and at RHIC. Full exploitation of Rutherford-like 

scattering experiments requires the capabilities of 

sPHENIX at RHIC as well as upgrades to the LHC and its 

detectors. 

Understanding the evolution of the microscopic 

substructure of QGP as a function of scale will complete 

the connection between the fundamental laws of nature, 

QCD, and the emergent phenomena discovered at RHIC.
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values according to the modified thickness functions. In
the IP-Glasma framework the additional parameter m

controls the infrared physics and thus a↵ects the spa-
tial size of the gluon distribution. Because of this the
values for the parameters Bqc and Bq in both models
cannot be directly compared. Examples of the proton
density profiles obtained from the IP-Glasma model with
the parametrization used in this work are illustrated in
Fig. 4 by showing 1 � ReTrV (x)/Nc.
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FIG. 4: Illustration of the proton density profile (1.0 �
Re Tr V (x, y)/Nc) obtained from the IP-Glasma framework at
x ⇡ 10�3 with parameters Bqc = 3.0 GeV�2

, Bq = 0.3 GeV�2

and m = 0.4 GeV.

The total photon-proton cross section, and the pro-
ton structure functions, are proportional to the integral
of the dipole amplitude over impact parameter. As the
modification (21) is done in the exponent and the im-
pact parameter dependence factorizes only in the dilute
region, the replacement (21) a↵ects the overall normal-
ization of, for example, F2. In practice, including geo-
metric fluctuations (Bqc = 3.3 GeV�2

, Bq = 0.7 GeV�2)
decreases F2 at x ⇠ 10�3

, Q

2 ⇠ 10 GeV2 by approxi-
mately 8%. The di↵ractive cross section changes more,
as it is proportional to the squared amplitude. Ideally
one should perform a new fit to HERA DIS data with
geometric fluctuations included, but this is beyond the
scope of this work. However, this normalization uncer-
tainty is similar for both coherent and incoherent cross
sections and will not a↵ect our conclusions about the re-
quired amount of geometric fluctuations in the proton
wave function.

To determine the sensitivity on the details of the as-
sumed proton shape we will also calculate the di↵ractive
cross sections using a three-dimensional exponential den-

sity profile for the constituent quark

Tq(b) =
1

8⇡B̃3
q

e

�b/B̃q
, (22)

and sample the constituent quark locations from a three-
dimensional exponential distribution ⇠ e

�b/B̃qc . The
sampled quarks are then projected on the transverse
plane. We note that the resulting transverse density pro-
file is not exactly exponential.

B. Stringy proton

In order to explore the dependence on the model de-
tails we also implement the geometric fluctuations using
a color string inspired picture. Here, the idea is that
based on quenched lattice QCD calculations, the con-
stituent quarks are connected via gluon fields that merge
at the Fermat point2 of the quark triangle [99] (see also
Ref. [56]). We are not aware of calculations beyond the
quenched approximation, which would be a more appro-
priate input to our model.

We implement this picture by sampling the constituent
quark positions from a three dimensional Gaussian dis-
tribution with width Bt. Then, the density profile is ob-
tained by connecting the constituent quarks to the Fer-
mat point of the triangle by tubes whose transverse shape
is Gaussian with width Br. The 2-dimensional density
profile of the proton Tp(b) is then obtained by integrat-
ing over the longitudinal direction.

In this picture the total gluonic content of the pro-
ton also fluctuates event-by-event, as when the quarks
are sampled to be further away from each other, the flux
tubes are longer at a constant density, leading to more
gluons in the proton. This adds normalization fluctu-
ations to the picture, which are similar to those intro-
duced by saturation scale fluctuations (see the following
section). The overall normalization factor, which con-
trols the energy density of the tube, is fixed by requiring
that the proton structure function F2 calculated from the
stringy proton at Q

2 = 10 GeV2, x = 10�3 is the same
as that from the original IPsat parametrization without
fluctuations. Example density profiles (integrated over
the longitudinal direction) are shown in Fig. 5. The pa-
rameters Bt and Br are fixed by requiring a good de-
scription of HERA coherent and incoherent di↵ractive
J/ production measurements [100].

2 The Fermat point of a triangle is defined such that the total
distance from that point to the vertices of the triangle is the
smallest possible.
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RHIC: A Flexible Machine 

To do condensed matter at the femto-scale,  
need to tune matter properties over a wide range  



The Most Vortical Fluid 

STAR: Lambda spin is polarized with respect to reaction plane 
Apparently strongest at lowest energies 

Consistent with vorticity (9 ± 1) x 1021s-1, far greater than 
previously observed in any system 
Potential: measurement of late-time magnetic field 
8/3/2017 Dunlop Hot and Cold QCD 4 
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Figure 3: A sketch of the immediate aftermath of a Au+Au collision. The vorticity of fluid created

at midrapidity is suggested. The average vorticity points along the direction of the angular momen-

tum of the collision, Ĵsys. This direction is estimated experimentally by measuring the sidewards

deflection of the forward- and backward-going fragments and particles in the BBC detectors. L

hyperons are depicted as spinning tops; see text for details. Obviously, elements in this depiction

are not drawn to scale: the fluid and the beam fragments have sizes of a few femtometers, whereas

the radius of each BBC is about one meter.

frame, then

dN

d cosq⇤
= 1

2

⇣
1+aH|~PH|cosq⇤

⌘
. (1)

The subscript H denotes L or L, and the decay parameter aL = �aL = 0.642± 0.01317. The

angle q⇤ is indicated in figure 3, in which L hyperons are depicted as tops spinning about their

polarization direction.

The polarization may depend on the momentum of the emitted hyperons. However, when

6

Nature 548, 62-64 (03 August 2017) 



Everything Flows: Heavy Quarks  

Technology: High precision low-mass Monolithic Active Pixels 
>10-year development: First use in a collider experiment  
Next generation currently being built, at larger scale, for ALICE ITS  

Charm (m=~5-10*T) flows just as strongly as lighter quarks  
8/3/2017 Dunlop Hot and Cold QCD 5 
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example, the D0 candidate-hadron azimuthal cumulant
V cand−h
2 ≡ ⟨ cos(2φcand − 2φh)⟩, shown as a function of

pT as solid markers in Fig. 2 (b), is calculated by the Q-
cumulant method where φcand and φh are azimuthal an-
gles for D0 candidates and charged hadrons [31]. The av-
erage is taken over all events and all particles. Neglecting
non-flow contributions, the following factorization can
be assumed to obtain the D0 v2: V cand−h

2 = vcand2 vh2 .
Here, vh2 can be obtained from hadron-hadron correla-
tions via V h−h

2 = vh2 v
h
2 . The same η-gap as in the

event plane method was chosen for the correlation anal-
ysis. The D0 background v2 is calculated similarly, with
the background represented by the average of the like-
sign Kπ pairs in the D0 mass window (±3σ, where σ is
the signal width) and side bands (4−9σ away from the
D0 peak, both like-sign and unlike-sign Kπ pairs). The
background-hadron cumulant is also shown in Fig. 2 (b)
as open circles. The D0 v2 is obtained from the candidate
and background v2 and their respective yields (Ncand,
Nbg) by v2 = (Ncandvcand2 −Nbgv

bg
2 )/(Ncand −Nbg).

The systematic uncertainty is estimated by compar-
ing v2 obtained from the following different methods:
a) the fit vs. side-band methods, b) varying invariant
mass ranges for the fit and for the side bands, c) varying
geometric cuts so that the efficiency changes by ±50%
with respect to the nominal value. These three different
sources are varied independently to form multiple com-
binations. We then take the maximum difference from
these combinations and divide by

√
12 as one standard

deviation of the systematic uncertainty. The feed-down
contribution from B-meson decays to our measured D0

yield is estimated to be less than 4%. Compared to other
systematic uncertainties, this contribution is negligible
even in the extreme case that B-meson v2 is 0.

Figure 2 (c) shows the result of the D0 v2 in 0–80%
centrality Au+Au events as a function of pT. The re-
sults from the event plane and correlation methods are
consistent with each other within uncertainties. For fur-
ther discussion in this letter, we use v2 from the event
plane method only, which has been widely used in previ-
ous STAR identified particle v2 measurements [34, 35].

The residual non-flow contribution is estimated by
scaling the D0-hadron correlation (with the same η gap
used in the analysis) in p+p collisions, where only the
non-flow effects are present, by the average v2 (v2) and
multiplicity (M) of charged hadrons used for event plane
reconstruction or D0-hadron correlations in Au+Au col-
lisions. Thus the non-flow contribution is estimated to
be

〈

∑

i
cos 2(φD0 − φi)

〉

/Mv2 [36], where φD0 and φi

are the azimuthal angles for the D0 and hadron, respec-
tively. The

∑

i is done for charged tracks in the same
event, and ⟨⟩ is an average over all events. The D0-
hadron correlation in p+p collisions is deduced from D∗-
hadron correlations measured with data taken by STAR
in year 2012 for pT> 3GeV/c and from a PYTHIA sim-
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FIG. 3. (color online) (a) v2 as a function of pT and (b) v2/nq

as a function of (mT − m0)/nq for D0 in 10–40% centrality
Au+Au collisions compared with K0

S , Λ, and Ξ− [34]. The
vertical bars and brackets represent statistical and system-
atic uncertainties, and the grey bands represent the estimated
non-flow contribution.

ulation for pT< 3GeV/c. The correlations in p+p colli-
sions were used as a conservative estimate since the cor-
relation may be suppressed in Au+Au collisions due to
the hot medium effect. The estimated non-flow contri-
bution is shown separately (grey bands) along with the
systematic and statistical uncertainties in Figs. 3 and 4.

For cross check we performed a MC simulation using
the measured D0 v2 to calculate the single electron v2
and compare to previous RHIC measurements [11, 12].
Both the PHENIX and STAR measurements are com-
patible with the calculated electron v2 at pT < 3GeV/c
where the charm hadron contribution dominates [37–39].
At higher pT region, where the bottom contribution is
sizable, the large uncertainty in the measurement of v2
of single electrons does not allow for a reasonable extrac-
tion of v2 for B-mesons.

Figure 3 compares the measured D0 v2 from the event
plane method in 10–40% centrality bin with v2 of K0

S ,
Λ, and Ξ− [34]. The comparison between D0 and light
hadrons needs to be done in a narrow centrality bin
to avoid the bias caused by the fact that the D0 yield

arXiv:1701.06060 



Everything Flows: Small Systems 

Signatures of Collective Flow in 
smallest systems from the highest 
LHC to the lowest RHIC energies 
 8/3/2017 Dunlop Hot and Cold QCD 6 

Darren McGlinchey — PHENIX Overview — 6 Feb 2017

Small System Collectivity
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values according to the modified thickness functions. In
the IP-Glasma framework the additional parameter m

controls the infrared physics and thus a↵ects the spa-
tial size of the gluon distribution. Because of this the
values for the parameters Bqc and Bq in both models
cannot be directly compared. Examples of the proton
density profiles obtained from the IP-Glasma model with
the parametrization used in this work are illustrated in
Fig. 4 by showing 1 � ReTrV (x)/Nc.
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FIG. 4: Illustration of the proton density profile (1.0 �
Re Tr V (x, y)/Nc) obtained from the IP-Glasma framework at
x ⇡ 10�3 with parameters Bqc = 3.0 GeV�2

, Bq = 0.3 GeV�2

and m = 0.4 GeV.

The total photon-proton cross section, and the pro-
ton structure functions, are proportional to the integral
of the dipole amplitude over impact parameter. As the
modification (21) is done in the exponent and the im-
pact parameter dependence factorizes only in the dilute
region, the replacement (21) a↵ects the overall normal-
ization of, for example, F2. In practice, including geo-
metric fluctuations (Bqc = 3.3 GeV�2

, Bq = 0.7 GeV�2)
decreases F2 at x ⇠ 10�3

, Q

2 ⇠ 10 GeV2 by approxi-
mately 8%. The di↵ractive cross section changes more,
as it is proportional to the squared amplitude. Ideally
one should perform a new fit to HERA DIS data with
geometric fluctuations included, but this is beyond the
scope of this work. However, this normalization uncer-
tainty is similar for both coherent and incoherent cross
sections and will not a↵ect our conclusions about the re-
quired amount of geometric fluctuations in the proton
wave function.

To determine the sensitivity on the details of the as-
sumed proton shape we will also calculate the di↵ractive
cross sections using a three-dimensional exponential den-

sity profile for the constituent quark

Tq(b) =
1

8⇡B̃3
q

e

�b/B̃q
, (22)

and sample the constituent quark locations from a three-
dimensional exponential distribution ⇠ e

�b/B̃qc . The
sampled quarks are then projected on the transverse
plane. We note that the resulting transverse density pro-
file is not exactly exponential.

B. Stringy proton

In order to explore the dependence on the model de-
tails we also implement the geometric fluctuations using
a color string inspired picture. Here, the idea is that
based on quenched lattice QCD calculations, the con-
stituent quarks are connected via gluon fields that merge
at the Fermat point2 of the quark triangle [99] (see also
Ref. [56]). We are not aware of calculations beyond the
quenched approximation, which would be a more appro-
priate input to our model.

We implement this picture by sampling the constituent
quark positions from a three dimensional Gaussian dis-
tribution with width Bt. Then, the density profile is ob-
tained by connecting the constituent quarks to the Fer-
mat point of the triangle by tubes whose transverse shape
is Gaussian with width Br. The 2-dimensional density
profile of the proton Tp(b) is then obtained by integrat-
ing over the longitudinal direction.

In this picture the total gluonic content of the pro-
ton also fluctuates event-by-event, as when the quarks
are sampled to be further away from each other, the flux
tubes are longer at a constant density, leading to more
gluons in the proton. This adds normalization fluctu-
ations to the picture, which are similar to those intro-
duced by saturation scale fluctuations (see the following
section). The overall normalization factor, which con-
trols the energy density of the tube, is fixed by requiring
that the proton structure function F2 calculated from the
stringy proton at Q

2 = 10 GeV2, x = 10�3 is the same
as that from the original IPsat parametrization without
fluctuations. Example density profiles (integrated over
the longitudinal direction) are shown in Fig. 5. The pa-
rameters Bt and Br are fixed by requiring a good de-
scription of HERA coherent and incoherent di↵ractive
J/ production measurements [100].

2 The Fermat point of a triangle is defined such that the total
distance from that point to the vertices of the triangle is the
smallest possible.



QGP Signatures even in Proton+Proton 

Strangeness enhancement (or absence 
of suppression): 
•  Long-standing signature of  QGP 

formation 
•  Observed in high multiplicity p+p 

collisions at the LHC 
•  Smoothly interpolates to Pb+Pb and 

matches in magnitude 
 
Simplest explanation: QGP created 
Couples with other observations, such as 
flow signatures in high multiplicity p+p 
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ALICE: Nature Physics 13, 535–539 (2017) 



Observing Topological Charge Transitions 
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To observe in the lab 
 - add massless fermions 
 - apply a magnetic field 

Derek Leinweber, University of Adelaide 



The Chiral Magnetic Effect 
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An excess of right or left handed quarks should lead to a current 
flow along the magnetic field 

The chiral anomaly of QCD creates differences in the number of left and 
right handed quarks. a similar mechanism in electroweak theory is likely responsible for 

the matter/antimatter asymmetry of our universe 

handedness: 
momentum and spin, 

aligned or anti-aligned 
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charge 
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negative goes down 
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positive goes down 

spin alignment in B-field: 
opposite direction for 
opposite charges chirality 
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Resolving the Question Definitively with Isobars 
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Measurements consistent with CME, but potential backgrounds 
Resolve question by changing magnetic field, with all else constant 

Isobar collisions in 2018 can tell us what percent of the charge 
separation is due to CME to within +/- 6% of the current signal 

40
96Zr + 40

96Zr    vs.   44
96Ru+ 44

96Ru

CME Task Force: V. Skokov, P. Sorensen, V. Koch, S. Schlichting, J. Thomas, S. Voloshin, G. Wang, H.-U. Yee, arXiv:1608.00982 



Hints of Critical Behavior 
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and δ = 5, which are within few percent of their exact
values in three dimensions. The result of Eq. (9) can then
be simplified to

κ4(t,H) = −12
81− 783θ2 + 105θ4 − 5θ6 + 2θ8

R14/3(3− θ2)3(3 + 2θ2)5
. (10)

We represent κ4(t,H) graphically as a density plot in
Fig. 1. We see that the 4-th cumulant (and kurtosis)
is negative in the sector bounded by two curved rays
H/tβδ = ±const (corresponding to θ ≈ ±0.32).
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FIG. 1: (color online) (a) – the density plot of the function
κ4(t,H) given by Eq. (10) obtained using Eq. (9) for the linear
parametric model Eqs. (6), (7), (8) and β = 1/3, δ = 5. The
κ4 < 0 region is red, the κ4 > 0 – is blue. (b) – the dependence
of κ4 on t along the vertical dashed green line on the density
plot above. This line is the simplest example of a possible
mapping of the freezeout curve (see Fig. 2). The units of t,
H and κ4 are arbitrary.

Also in Fig. 1 we show the dependence of κ4 along a
line which could be thought of as representing a possible
mapping of the freezeout trajectory (Fig. 2) onto the tH
plane. Although the absolute value of the peak in κ4

depends on the proximity of the freezeout curve to the
critical point, the ratio of the maximum to minimum
along such an H = const curve is a universal number,
approximately equal to −28 from Eq. (10).
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FIG. 2: A sketch of the phase diagram of QCD with the freeze-
out curve and a possible mapping of the Ising coordinates t
and H .

The negative minimum is small relative to the positive
peak, but given the large size of the latter, Ref.[7, 15],
the negative contribution to kurtosis may be significant.
In addition, the mapping of the freezeout curve certainly
need not be H = const, and the relative size of the posi-
tive and negative peaks depends sensitively on that.
The trend described above appears to show in the re-

cent lattice data, Ref.[10], obtained using Pade resum-
mation of the truncated Taylor expansion in µB. As the
chemical potential is increased along the freezeout curve,
the 4-th moment of the baryon number fluctuations be-
gins to decrease, possibly turning negative, as the critical
point is approached (see Fig.2 in Ref.[10]).
Another observation, which we shall return to at the

end of the next section, is that −κ4 grows as we approach
the crossover line, corresponding to H = 0, t > 0 on the
diagram in Fig. 1(a). On the QCD phase diagram the
freezeout point will move in this direction if one reduces
the size of the colliding nuclei or selects more peripheral
collisions (the freezeout occurs earlier, i.e., at higher T ,
in a smaller system).

EXPERIMENTAL OBSERVABLES

In this section we wish to connect the results for the
fluctuations of the order parameter field σ to the fluctua-
tions of the observable quantities. As an example we con-
sider the fluctuations of the multiplicity of given charged
particles, such as pions or protons.
For completeness we shall briefly rederive the results of

Ref.[7] using a simple model of fluctuations. The model
captures the most singular term in the contribution of the
critical point to the fluctuation observables. Consider a
given species of particle interacting with fluctuating crit-
ical mode field σ. The infinitesimal change of the field δσ
leads to a change of the effective mass of the particle by
the amount δm = gδσ. This could be considered a def-
inition of the coupling g. For example, the coupling of
protons in the sigma model is gσp̄p. The fluctuations δfp

Expected behavior near critical point 

M. Stephanov. PRL 107:052301(2011)  

Near critical point, correlation length diverges (opalescence) 
Correlations: enhancement of non-Gaussian moments in net-proton distribution 
Tantalizing hint, but not enough precision 
Machine and detector upgrades: Beam Energy Scan - II 
Lower energies (reversion to zero): 

 Covered both worldwide and by fixed target in STAR  

|y|<0.5, 0.4<pT<2
STAR Preliminary

Helen Caines - QM17

Presence of Critical Point?

12

Critical Points:  
divergence of susceptibilities 

e.g. magnetism transitions  
divergence of correlation lengths 

e.g. critical opalescence 

M. Stephanov. PRL 107:052301(2011) 

Correlation lengths diverge 
→ Net-p κσ2 diverge

Top 5% central collisions:
Non-monotonic behavior 
Enhanced pT range → enhanced signal

Peripheral collisions:
smooth trend

UrQMD (no Critical Point):
shows suppression at lower energies 

- due to baryon number conservation
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and δ = 5, which are within few percent of their exact
values in three dimensions. The result of Eq. (9) can then
be simplified to

κ4(t,H) = −12
81− 783θ2 + 105θ4 − 5θ6 + 2θ8

R14/3(3− θ2)3(3 + 2θ2)5
. (10)

We represent κ4(t,H) graphically as a density plot in
Fig. 1. We see that the 4-th cumulant (and kurtosis)
is negative in the sector bounded by two curved rays
H/tβδ = ±const (corresponding to θ ≈ ±0.32).
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FIG. 1: (color online) (a) – the density plot of the function
κ4(t,H) given by Eq. (10) obtained using Eq. (9) for the linear
parametric model Eqs. (6), (7), (8) and β = 1/3, δ = 5. The
κ4 < 0 region is red, the κ4 > 0 – is blue. (b) – the dependence
of κ4 on t along the vertical dashed green line on the density
plot above. This line is the simplest example of a possible
mapping of the freezeout curve (see Fig. 2). The units of t,
H and κ4 are arbitrary.

Also in Fig. 1 we show the dependence of κ4 along a
line which could be thought of as representing a possible
mapping of the freezeout trajectory (Fig. 2) onto the tH
plane. Although the absolute value of the peak in κ4

depends on the proximity of the freezeout curve to the
critical point, the ratio of the maximum to minimum
along such an H = const curve is a universal number,
approximately equal to −28 from Eq. (10).
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out curve and a possible mapping of the Ising coordinates t
and H .

The negative minimum is small relative to the positive
peak, but given the large size of the latter, Ref.[7, 15],
the negative contribution to kurtosis may be significant.
In addition, the mapping of the freezeout curve certainly
need not be H = const, and the relative size of the posi-
tive and negative peaks depends sensitively on that.
The trend described above appears to show in the re-

cent lattice data, Ref.[10], obtained using Pade resum-
mation of the truncated Taylor expansion in µB. As the
chemical potential is increased along the freezeout curve,
the 4-th moment of the baryon number fluctuations be-
gins to decrease, possibly turning negative, as the critical
point is approached (see Fig.2 in Ref.[10]).
Another observation, which we shall return to at the

end of the next section, is that −κ4 grows as we approach
the crossover line, corresponding to H = 0, t > 0 on the
diagram in Fig. 1(a). On the QCD phase diagram the
freezeout point will move in this direction if one reduces
the size of the colliding nuclei or selects more peripheral
collisions (the freezeout occurs earlier, i.e., at higher T ,
in a smaller system).

EXPERIMENTAL OBSERVABLES

In this section we wish to connect the results for the
fluctuations of the order parameter field σ to the fluctua-
tions of the observable quantities. As an example we con-
sider the fluctuations of the multiplicity of given charged
particles, such as pions or protons.
For completeness we shall briefly rederive the results of

Ref.[7] using a simple model of fluctuations. The model
captures the most singular term in the contribution of the
critical point to the fluctuation observables. Consider a
given species of particle interacting with fluctuating crit-
ical mode field σ. The infinitesimal change of the field δσ
leads to a change of the effective mass of the particle by
the amount δm = gδσ. This could be considered a def-
inition of the coupling g. For example, the coupling of
protons in the sigma model is gσp̄p. The fluctuations δfp
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Helen Caines - QM17

STAR upgrades for BES-II

17

Endcap ToF

Enhanced Acceptance  
Enhanced PID mid and forward 
Enhanced Event Plane Resolution 
Enhanced Centrality Definition 
Enhanced √s range

iTPC,   EPD,   
eTOF (from CBM), 
Fixed target

C. Yang QM2017

Inner TPC Endcap TOF 

Event Plane Detector 

Beam cooling for increased luminosity 

Enhanced detector coverage 



Jet Probes of QCD Structure 
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Parton	virtuality	evolves	quickly	and	is	sensi=ve	
to	the	medium	at	the	scale	it	probes	

Bare	Color	Charges	

Thermal	Mass	Gluons	

Structureless	Fluid	

Unique	cri=cal	microscope	
resolu=on	range	at	RHIC	

		
Kinema=c	overlap	between	RHIC	
and	LHC	provides	complementarity	

RHIC	Jet	Probes	
LHC	Jet	Probes	
QGP	Influence	



Enabling Technology for Jet Probes: sPHENIX  
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SC	BaBar	Solenoid	1.5	T	
	

Coverage	|η|	≤	1.1	
	

High	Precision	Tracking	
	

ProjecJve	ElectromagneJc	
Calorimeter	

	
Hadronic	Calorimeter	

Capable	of	sampling	0.6	trillion	Au+Au	interac=ons	in	one	year	
op=mizing	the	use	of	RHIC	(~50×	design)	luminosity		



Future RHIC Runs and Upgrades 
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2018 Isobar run: definitive test 
of Chiral Phenomena 

2019- 
2020 

Beam Energy Scan 
Phase 2: definitive 

search for critical point 

2022- 
2023+ 

sPHENIX for definitive 
use of jets to probe QGP 

substructure 

40
96Zr + 40

96Zr    vs.   44
96Ru+ 44

96Ru

+ - 

B=1018 Gauss 
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Sidebar 2.5: Jetting through the Quark-Gluon Plasma
Understanding how quark-gluon plasma (QGP) works 

requires new microscopy using energetic quark probes 

called “jets,” generated in the initial interaction of the 

colliding beams. These high-energy quarks are initially 

able to “see” the very short distance structure of the 

medium they traverse. As they propagate, they rapidly 

shed energy by splitting off lower energy partons and, 

as this happens, the length scale that they “see” grows 

rapidly. The combination of all these partons eventually 

forms the hadrons that together make up a jet. The 

curves in the top-left panel illustrate how the resolving 

power (inverse of length scale) of jets at the LHC and 

RHIC decreases (symbolically, from green to yellow to 

orange) as they propagate and as the QGP in which they 

are propagating cools. The highest energy jets at the 

LHC probe very short wavelengths, where they should 

resolve the individual weakly coupled “bare” quarks 

and gluons (green). A key area is the lowest energy 

jets, optimally measured at RHIC, that probe longer 

wavelengths toward the scale of the nearly perfect liquid 

itself (orange). The curves are heavier in the regime 

where the resolving power of the jets is determined 

largely by the medium itself. The bottom-left panel 

shows the momentum range, related to the resolving 

power, of many jet observables in current measurements 

(muted red and blue) and the enormously increased 

reach at both RHIC (bright red) and the LHC (bright blue) 

enabled by upgrades including the sPHENIX microscope 

at RHIC.

A century ago, Ernest Rutherford discovered atomic 

nuclei by aiming a beam of alpha particles at a gold foil 

and observing that they were sometimes scattered at 

large angles. The simplest way to “see” pointlike quarks 

and gluons within QGP is, as Rutherford would have 

understood, to look for evidence of jets, or partons 

within jets, scattering off individual quarks and gluons as 

they plow through QGP. As the top-right panel illustrates, 

partons that can resolve the microscopic structure of 

QGP are more likely to be deflected by larger angles 

than the partons with less resolving power that only see 

the nearly perfect liquid. First exploratory measurements 

of the jet deflection angle are now being carried out 

at the LHC (lower-right, where the sharp peak at the 

right-hand edge of the plot corresponds to undeflected 

jets) and at RHIC. Full exploitation of Rutherford-like 

scattering experiments requires the capabilities of 

sPHENIX at RHIC as well as upgrades to the LHC and its 

detectors. 

Understanding the evolution of the microscopic 

substructure of QGP as a function of scale will complete 

the connection between the fundamental laws of nature, 

QCD, and the emergent phenomena discovered at RHIC.

Upgrades to Machine and Detectors to greatly increase capabilities 
Well matched to world program: 

 Crucial to change matter conditions over widest possible range  



Cold QCD Matter 
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12 GeV CEBAF Upgrade

Completion of the 12 GeV CEBAF Upgrade was ranked the 
highest priority in the 2007  NSAC Long Range Plan.

Total Project Cost = $338M
Estimate to Complete = $1.2M

Project (99.7% complete): 
• Doubling the accelerator beam energy – DONE
• Civil construction including utilities – DONE
• New experimental Hall D and beam line – DONE
• Upgrade to Experimental Hall C – DONE
• Upgrade to Experimental Hall B – 99%

• Solenoid magnet only remaining scope

Jlab 12 GeV 

bT

kT
xp

RHIC Spin RHIC and LHC p+A 



Hall D – exploring origin of 
confinement by studying  

exotic mesons 

Hall B – understanding nucleon structure 
via generalized parton distributions and 
transverse momentum distributions 

Hall C – precision determination of 
valence quark properties  

in nucleons and nuclei  

Hall A – short range correlations,  
form factors, hyper-nuclear physics,  
future new experiments (e.g., SoLID and MOLLER) 

8/3/2017 Dunlop Hot and Cold QCD 17 

12 GeV Scientific Capabilities 
12 GeV Total Project Cost = $338M 
Estimate to Complete     ~ $1M 
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The new GlueX results (PRC 95 (2017) 042201) show: 
•  The reaction mechanism for neutral pions is dominated by 

pure vector coupling. 
•  The first data for beam asymmetry for η production >3 GeV. 
•  The GlueX experiment in Hall D can produce timely results. 

The overall normalization of the GlueX data will 
shift the black points up or down, but the size of 
the errors is preserved on the log scale. 

Next: γp à pJ/Ψ
•  J/Ψ photoproduction   

at threshold 
•  Gives insight on J/Ψ 

production mechanism 
(2-gluon vs 3-gluon) 

•  Can also point to 
nature of charmed 
LHCb pentaquark 

8/3/2017 Dunlop Hot and Cold QCD 18 

1st Results from JLAB 12 GeV 



EMC Effect in very light nuclei 
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dR/dx = slope of line fit to A/D ratio over region   
 xB = 0.3 to 0.7 

 
Nuclear density extracted from ab initio GFMC 
calculation – scaled by (A-1)/A to remove contribution 
to density from “struck” nucleon 

EMC effect scales with average 
nuclear density if we ignore Be 
 
9Be = 2 α clusters (4He nuclei) 
+ “extra” neutron 
 
Suggests EMC effect depends 
on local nuclear environment  
 

? 

C. Seely, A. Daniel, et al, PRL 103, 202301 (2009) 



N-N Correlations: pairing due to tensor 
force and strong repulsive core 

EMC effect: quark momentum 
in nucleus is altered 

12 GeV science quest: 
•  isospin dependence: 3H, 3He, 6,7Li, 9Be, 

      10,11B, 40,48Ca 
•  spin dependence 
•  “tagged” deep-inelastic scattering off 2H 

 with both slow and fast protons 

EM
C

 S
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pe
s 
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35

 ≤
 x

B
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.7

 

N-N correlated pairs xB ≥ 1.4 

Luminosity, nuclei 

a 2
(A

/d
) 

9Be ~ 
  ααn 
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Partonic Dynamics and N-N Correlations 



Wigner function 
W(x,bT,kT) ∫ d2kT 

f(x,bT) 
GPDs 

f(x,kT) 
TMDs 

∫d2bT 

(Spin-dependent) 2+1D transverse 
momentum images  

(Spin-dependent) 2+1D spatial images 
from exclusive scattering 

Momentum 
space 

Coordinate 
space 

2+1 dimensional Imaging of Quarks & Gluons 
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x 

down quark 

bT

kT
xp

Recent theoretical work indicates direct access to Gluon Wigner function  
through diffractive di-jets in UPC (arXiv:1706.01765) 



xB 

Spin-0 4He Nucleus makes for 
much simpler extraction of GPDs 
à Tomography in terms of q and g 

DVCS Beam-Spin 
Asymmetry projections 

Deep-Virtual Exclusive φ 
Production projections  

(R. Dupe and S. Scopetta, 
EPJA 52 (2016) 159) 
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Tomography in the Valence Region: 4He 



Beyond Longitudinal: RHIC Spin 

From QCD color factors, unique prediction: 
 Sign change from DIS to p+p of a specific TMD: Sivers 
 “Universality” test vs. future Electron-Ion Collider program 

2017 Run (just completed) will test this prediction with precision 
 +Evolution scheme via comparison to Drell-Yan 
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3.4% beam pol. uncertainty not shown
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EIKV - TMD evolved
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EIKV - TMD evolved

Phys. Rev. Lett. 116 (2016) 132301

RHIC Highlight (4): Transverse spin in QCD

2011 Run established feasibility – results
favor a TMD Sivers function sign change, 
but are not definitive (~2σ)

2017 Spin Run will yield a definitive test, 
including TMD evolution with scale, which 
is important for EIC predictions

Scale evolution of the 
Sivers effect will be 
measured comparing 
W-production with DY 
e+e− pair production 
at 5−10 GeV

bT
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xp



FUTURE: 
ELECTRON-ION COLLIDER 

8/3/2017 Dunlop Hot and Cold QCD 24 



8/3/2017 Dunlop Hot and Cold QCD 25 

QCD Landscape Explored by EIC 

Weak QCD at high resolution (Q2) —uncorrelated quarks and gluons are well-described 

Strong QCD dynamics creates 
correlations between quarks and  
gluons: hadron structure emerges. 

EIC systematically explores  
correlations in this region. 

An enticing possibility: 
observation by EIC of a 
new regime of QCD. 

Underway: Assessment by National Academy of Sciences  
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Sidebar 2.5: Jetting through the Quark-Gluon Plasma
Understanding how quark-gluon plasma (QGP) works 

requires new microscopy using energetic quark probes 

called “jets,” generated in the initial interaction of the 

colliding beams. These high-energy quarks are initially 

able to “see” the very short distance structure of the 

medium they traverse. As they propagate, they rapidly 

shed energy by splitting off lower energy partons and, 

as this happens, the length scale that they “see” grows 

rapidly. The combination of all these partons eventually 

forms the hadrons that together make up a jet. The 

curves in the top-left panel illustrate how the resolving 

power (inverse of length scale) of jets at the LHC and 

RHIC decreases (symbolically, from green to yellow to 

orange) as they propagate and as the QGP in which they 

are propagating cools. The highest energy jets at the 

LHC probe very short wavelengths, where they should 

resolve the individual weakly coupled “bare” quarks 

and gluons (green). A key area is the lowest energy 

jets, optimally measured at RHIC, that probe longer 

wavelengths toward the scale of the nearly perfect liquid 

itself (orange). The curves are heavier in the regime 

where the resolving power of the jets is determined 

largely by the medium itself. The bottom-left panel 

shows the momentum range, related to the resolving 

power, of many jet observables in current measurements 

(muted red and blue) and the enormously increased 

reach at both RHIC (bright red) and the LHC (bright blue) 

enabled by upgrades including the sPHENIX microscope 

at RHIC.

A century ago, Ernest Rutherford discovered atomic 

nuclei by aiming a beam of alpha particles at a gold foil 

and observing that they were sometimes scattered at 

large angles. The simplest way to “see” pointlike quarks 

and gluons within QGP is, as Rutherford would have 

understood, to look for evidence of jets, or partons 

within jets, scattering off individual quarks and gluons as 

they plow through QGP. As the top-right panel illustrates, 

partons that can resolve the microscopic structure of 

QGP are more likely to be deflected by larger angles 

than the partons with less resolving power that only see 

the nearly perfect liquid. First exploratory measurements 

of the jet deflection angle are now being carried out 

at the LHC (lower-right, where the sharp peak at the 

right-hand edge of the plot corresponds to undeflected 

jets) and at RHIC. Full exploitation of Rutherford-like 

scattering experiments requires the capabilities of 

sPHENIX at RHIC as well as upgrades to the LHC and its 

detectors. 

Understanding the evolution of the microscopic 

substructure of QGP as a function of scale will complete 

the connection between the fundamental laws of nature, 

QCD, and the emergent phenomena discovered at RHIC.
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values according to the modified thickness functions. In
the IP-Glasma framework the additional parameter m

controls the infrared physics and thus a↵ects the spa-
tial size of the gluon distribution. Because of this the
values for the parameters Bqc and Bq in both models
cannot be directly compared. Examples of the proton
density profiles obtained from the IP-Glasma model with
the parametrization used in this work are illustrated in
Fig. 4 by showing 1 � ReTrV (x)/Nc.

�1

0

1

y[
fm

]

FIG. 4: Illustration of the proton density profile (1.0 �
Re Tr V (x, y)/Nc) obtained from the IP-Glasma framework at
x ⇡ 10�3 with parameters Bqc = 3.0 GeV�2

, Bq = 0.3 GeV�2

and m = 0.4 GeV.

The total photon-proton cross section, and the pro-
ton structure functions, are proportional to the integral
of the dipole amplitude over impact parameter. As the
modification (21) is done in the exponent and the im-
pact parameter dependence factorizes only in the dilute
region, the replacement (21) a↵ects the overall normal-
ization of, for example, F2. In practice, including geo-
metric fluctuations (Bqc = 3.3 GeV�2

, Bq = 0.7 GeV�2)
decreases F2 at x ⇠ 10�3

, Q

2 ⇠ 10 GeV2 by approxi-
mately 8%. The di↵ractive cross section changes more,
as it is proportional to the squared amplitude. Ideally
one should perform a new fit to HERA DIS data with
geometric fluctuations included, but this is beyond the
scope of this work. However, this normalization uncer-
tainty is similar for both coherent and incoherent cross
sections and will not a↵ect our conclusions about the re-
quired amount of geometric fluctuations in the proton
wave function.

To determine the sensitivity on the details of the as-
sumed proton shape we will also calculate the di↵ractive
cross sections using a three-dimensional exponential den-

sity profile for the constituent quark

Tq(b) =
1

8⇡B̃3
q

e

�b/B̃q
, (22)

and sample the constituent quark locations from a three-
dimensional exponential distribution ⇠ e

�b/B̃qc . The
sampled quarks are then projected on the transverse
plane. We note that the resulting transverse density pro-
file is not exactly exponential.

B. Stringy proton

In order to explore the dependence on the model de-
tails we also implement the geometric fluctuations using
a color string inspired picture. Here, the idea is that
based on quenched lattice QCD calculations, the con-
stituent quarks are connected via gluon fields that merge
at the Fermat point2 of the quark triangle [99] (see also
Ref. [56]). We are not aware of calculations beyond the
quenched approximation, which would be a more appro-
priate input to our model.

We implement this picture by sampling the constituent
quark positions from a three dimensional Gaussian dis-
tribution with width Bt. Then, the density profile is ob-
tained by connecting the constituent quarks to the Fer-
mat point of the triangle by tubes whose transverse shape
is Gaussian with width Br. The 2-dimensional density
profile of the proton Tp(b) is then obtained by integrat-
ing over the longitudinal direction.

In this picture the total gluonic content of the pro-
ton also fluctuates event-by-event, as when the quarks
are sampled to be further away from each other, the flux
tubes are longer at a constant density, leading to more
gluons in the proton. This adds normalization fluctu-
ations to the picture, which are similar to those intro-
duced by saturation scale fluctuations (see the following
section). The overall normalization factor, which con-
trols the energy density of the tube, is fixed by requiring
that the proton structure function F2 calculated from the
stringy proton at Q

2 = 10 GeV2, x = 10�3 is the same
as that from the original IPsat parametrization without
fluctuations. Example density profiles (integrated over
the longitudinal direction) are shown in Fig. 5. The pa-
rameters Bt and Br are fixed by requiring a good de-
scription of HERA coherent and incoherent di↵ractive
J/ production measurements [100].

2 The Fermat point of a triangle is defined such that the total
distance from that point to the vertices of the triangle is the
smallest possible.

bT

kT
xp
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Backup 



Projected measurements @ 12 GeV 
of 2H(e,e’p) cross section mapping 
high proton momenta induced by 
short-range repulsive NN core 

Map ratio of 48Ca(e,e’p) and 
40Ca(e,e’p) cross sections at 
high proton momenta 

Lonardoni, et al.,  
arXiv.1705.04337 [nucl-theory] 2017 

48Ca à  40Ca   (adding 8 neutron to a 
f 7/2 subshell ) 40% more neutrons 

(Hall C) 
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Proton Momenta in the Nucleus 
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ep Facilities & Experiments: All DIS facilities in the world. 
 
However, 
if we ask for:  

•  high luminosity & 
wide reach in √s 

•  polarized lepton & 
hadron beams 

•  nuclear beams 

EIC stands out as  
unique facility … 
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Uniqueness of EIC among all DIS Facilities 


