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Quark-Gluon Plasma
• The T →∞ phase of QCD. Entropy wins over order; sym-

metries of this phase are those of the QCD Lagrangian.

• Asymptotic freedom tells us that, for T →∞, QGP must
be weakly coupled quark and gluon quasiparticles.

• Lattice calculations of QCD thermodynamics reveal a
smooth crossover, like the ionization of a gas, occur-
ring in a narrow range of temperatures centered at a
Tc � 175 MeV � 2 trillion ◦C ∼ 20 µs after big bang. At
this temperature, the QGP that filled the universe broke
apart into hadrons and the symmetry-breaking order that
characterizes the QCD vacuum developed.

• Experiments now producing droplets of QGP at temper-
atures several times Tc, reproducing the stuff that filled
the few-microseconds-old universe.



Heavy Ion Collisions

• By colliding “nuclear pancakes” (nuclei Lorentz contracted

by γ ∼ 100 and now γ ∼ 1400), RHIC and now the LHC

are making little droplets of “Big Bang matter”: the stuff

that filled the whole universe microseconds after the Big

Bang.

• Using five detectors (PHENIX & STAR @ RHIC; ALICE,

ATLAS & CMS @ LHC) scientists are answering ques-

tions about the microseconds-old universe that cannot be

addressed by any conceivable astronomical observations

made with telescopes and satellites.

• And, the properties of the matter that filled the microsec-

ond old universe turn out to be interesting. The Liquid

Quark-Gluon Plasma shares common features with forms

of matter that arise in condensed matter physics, atomic

physics and black hole physics, and that pose challenges

that are central to each of these fields.



QGP Thermodynamics
Endrodi et al, 2010

Transition temperature Equation of state Curvature on µ–T Summary

Pressure and energy density

� normalized to the Stefan-Boltzmann limit: �(T→∞)=15.7
at 1000 MeV still 20% difference to the Stefan-Boltzmann value

essentially perfect scaling, lines/points are lying on top of each other

Z. Fodor Tc , EoS and the curvature of the phase diagram from lattice QCD (Wuppertal-Budapest results)

Transition temperature Equation of state Curvature on µ–T Summary

Entropy and trace anomaly

good agreement with the HRG model up to the transition region

Tc can be defined as the inflection point of the trace anomaly

Inflection point of I(T )/T 4 154(4) MeV

T at the maximum of I(T )/T 4 187(5) MeV

Maximum value of I(T )/T 4 4.1(1)

agreement with Aoki, Fodor, Katz, Szabo, JHEP 0601, 089 (2006) [arXiv:hep-lat/0510084]

Z. Fodor Tc , EoS and the curvature of the phase diagram from lattice QCD (Wuppertal-Budapest results)

Above Tcrossover ∼ 150-200 MeV, QCD = QGP. QGP static
properties can be studied on the lattice.
Lesson of the past decade: don’t try to infer dynamic prop-
erties from static ones. Although its thermodynamics is al-
most that of ideal-noninteracting-gas-QGP, this stuff is very
different in its dynamical properties. [Lesson from exper-
iment+hydrodynamics. But, also from the large class of
gauge theories with holographic duals whose plasmas have ε
and s at infinite coupling 75% that at zero coupling, a result
that goes back to 1996 that was not appreciated initially.]



Rapid Equilibration?

• Agreement between data and hydrodynamics can be spoiled

either if there is too much dissipation (too large η/s) or

if it takes too long for the droplet to equilibrate.

• Long-standing estimate is that a hydrodynamic descrip-

tion must already be valid only 1 fm after the collision.

• This has always been seen as rapid equilibration. Weak

coupling estimates suggest equilbration times of 3-5 fm.

And, 1 fm just sounds rapid.

• But, is it really? How rapidly does equilibration occur in

a strongly coupled theory?



Colliding Strongly Coupled Sheets of Energy

zµ
tµ

E/µ4

Hydrodynamics valid ∼ 3 sheet thicknesses after the collision, i.e. ∼ 0.35

fm after a RHIC collision. Equilibration after ∼ 1 fm need not be thought

of as rapid. Chesler, Yaffe 1011.3562; generalized in C-S,H,M,vdS 1305.4919;

CY 1309.1439 Similarly ‘rapid’ hydrodynamization times (τT � 0.7 − 1)

found for many non-expanding or boost invariant initial conditions. Heller

and various: 1103.3452, 1202.0981, 1203.0755, 1304.5172



Anisotropic Viscous Hydrodynamics
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Hydrodynamics valid so early that the hydrodynamic fluid is not yet

isotropic. ‘Hydrodynamization before isotropization.’ An epoch when

first order effects (spatial gradients, anisotropy, viscosity, dissipation)

important. Hydrodynamics with entropy production.

This has now been seen in very many strongly coupled analyses of hy-

drodynamization. Janik et al., Chesler et al., Heller et al., ...

Could have been anticipated as a possibility without holography. But, it

wasn’t — because in a weakly coupled context isotropization happens

first.



Liquid Quark-Gluon Plasma

• Hydrodynamic analyses of RHIC, and now LHC, data on

how asymmetric blobs of Quark-Gluon Plasma expand

(explode) have taught us that QGP is a strongly coupled

liquid, with (η/s) — the dimensionless characterization of

how much dissipation occurs as a liquid flows — much

smaller than that of all other known liquids except one.

• The discovery that it is a strongly coupled liquid is what

has made QGP interesting to a broad scientific commu-

nity.

• The talk I am not giving today: a continuing interplay be-

tween heavy ion collision experiments and hydrodynamic

theory that is steadily tightening our understanding of

the properties of this liquid.



Hydrodynamic evolution

Given the initial energy density distribution we solve

∂µT
µν = 0

Tµν = (�+ P )uµuν − Pgµν + πµν

using only shear viscosity: πµ
µ = 0

MUSIC B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys.Rev.Lett.106, 042301 (2011)

3+1D event-by-event relativistic viscous hydrodynamic simulation

initial ideal η/s = 0.16

evolve to

τ = 6 fm/c

Björn Schenke (BNL) QM2012 4/19



Example of State-of-the-art
Gale, Jeon, Schenke, Tribedy, Venugopalan, 2013
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FIG. 1. (Color online) Gluon multiplicity distribution in the
IP-Glasma model.
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FIG. 2. (Color online) Identified particle transverse momen-
tum spectra including all resonances up to 2GeV compared
to experimental data from the ALICE collaboration [31].

ion experiments [29]. The gluon multiplicity distribution
is shown in Fig. 1. Centrality classes are determined from
the fraction of the integral over this distribution, begin-
ning with integrating from the right. As a consequence
of implementing this centrality selection, we properly ac-
count for impact parameter and multiplicity fluctuations.

Because entropy is produced during the viscous hydro-
dynamic evolution, we need to adjust the normalization
of the initial energy density commensurately to describe
the final particle spectra [30]. The obtained pT -spectra
of pions, kaons, and protons are shown for 0-5% central
collisions at

√
s = 2.76 TeV/nucleon, using η/s = 0.2,

in Fig. 2, and compared to data from ALICE [31]. The
results are for averages over only 20 events in this case,
but statistical errors are smaller than the line width for
the spectra. Overall, the agreement with experimental
data is good. However, soft pions at pT < 300 MeV are
underestimated.

We determine v1 to v5 in every event by first deter-
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FIG. 3. (Color online) Root-mean-square anisotropic flow co-
efficients �v2

n�1/2 as a function of transverse momentum, com-
pared to experimental data by the ATLAS collaboration using
the event plane (EP) method [4] (points). 200 events. Bands
indicate statistical errors. Experimental error bars are smaller
than the size of the points.

mining the exact event plane [32]

ψn =
1
n

arctan
�sin(nφ)�
�cos(nφ)� , (1)

and then computing

vn(pT ) = �cos(n(φ − ψn))�

≡
�

dφf(p⊥, φ) cos(n(φ− ψn))�
dφf(p⊥, φ)

, (2)

where f(p⊥, φ) are the thermal distribution functions ob-
tained in the Cooper-Frye approach (with additional con-
tributions from resonance decays).

We first present the root-mean-square (rms) vn(pT ) for
10− 20% central collisions and compare to experimental
data from the ATLAS collaboration [4] in Fig. 3. Agree-
ment for v2-v5 is excellent. We note that the vn from
the experimental event plane method do not exactly cor-
respond to the rms values, but lie somewhere between
the mean and the rms values. In this regard, a better
comparison is the pT -integrated rms vn to the ALICE
vn{2} results–which correspond to the rms values. Ex-
cellent agreement over the whole studied centrality range
is achieved for the experimentally available v2, v3 and v4,
as shown in Fig. 4.

We studied the effect of initial transverse flow included
in our framework by also computing vn(pT ) with uµ set
to zero at time τswitch. The effect on hadron anisotropic
flow turns out to be extremely weak - results agree within
statistical errors. Because photons are produced early
on in the collision, we expect a greater effect on photon
anisotropic flow; this will be examined in a subsequent
work. We emphasize that pre-equilibrium dynamics that
is not fully accounted for may still influence the amount
of initial transverse flow.
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FIG. 4. (Color online) Root-mean-square anisotropic flow co-
efficients �v2

n�1/2, computed as a function of centrality, com-
pared to experimental data of vn{2}, n ∈ {2, 3, 4}, by the
ALICE collaboration [3] (points). Results are for 200 events
per centrality with bands indicating statistical errors.
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FIG. 5. (Color online) Comparison of vn(pT ) using two dif-
ferent switching times τswitch = 0.2 fm/c (wide), and 0.4 fm/c
(narrow). Experimental data by the ATLAS collaboration us-
ing the event-plane (EP) method [4] (points). Bands indicate
statistical errors.

The effect of changing the switching time from
τswitch = 0.2 fm/c to τswitch = 0.4 fm/c is shown in Fig. 5.
Results agree within statistical errors, but tend to be
slightly lower for the later switching time. The nonlinear
interactions of classical fields become weaker as the sys-
tem expands and therefore Yang-Mills dynamics is less
effective than hydrodynamics in building up flow at late
times. Yet it is reassuring that there is a window in time
where both descriptions produce equivalent results.

Because a constant η/s is at best a rough effective
measure of the evolving shear viscosity to entropy den-
sity ratio, we present results for a parametrized temper-
ature dependent η/s, following [33]. We use the same
parametrization (HH-HQ) as in [33, 34] with a minimum
of η/s(T ) = 0.08 at T = Ttr = 180 MeV. The result,
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FIG. 6. (Color online) Comparison of vn(pT ) using con-
stant η/s = 0.2 and a temperature dependent η/s(T ) as
parametrized in [33]. Experimental data by the ATLAS col-
laboration using the event-plane (EP) method [4] (points).
Bands indicate statistical errors.

compared to η/s = 0.2 is shown for 20−30% central col-
lisions in Fig. 6. The results are indistinguishable when
studying just one collision energy. The insensitivity of
our results to two very different functional forms may
suggest that a very large fraction of the magnitude of
the flow coefficients is built up at later times when η/s
is very small. Also, since second order viscous hydrody-
namics breaks down when Πµν is comparable to the ideal
terms, our framework may be inadequate for large values
of η/s.

At top RHIC energy, as shown in Fig. 7, the experi-
mental data from STAR [35] and PHENIX [1] is well de-
scribed when using a constant η/s = 0.12, which is about
40 % smaller than the value at LHC. A larger effective η/s
at LHC than at RHIC was also found in [36]. The tem-
perature dependent η/s(T ) used to describe LHC data
works well for low-pT RHIC data, but underestimates
v2(pT ) and v3(pT ) for pT > 1 GeV. The parametrizations
of η/s(T ) in the literature are not definitive and signif-
icant improvements are necessary. Our studies suggest
great potential for extracting the temperature dependent
properties of QCD transport coefficients by performing
complementary experiments extracting flow harmonics at
both RHIC and LHC.

In Fig. 8 we present results for v1(pT ) compared to ex-
perimental data from ALICE [37], extracted in [39], and
from ATLAS [38]. v1(pT ) cannot be positive definite be-
cause momentum conservation requires �v1(pT )pT � = 0.
There is a disagreement between the experimental results
(discussed in [38]) and between theory and experiment at
LHC. On the other hand, v1(pT ) at RHIC is very well re-
produced (see Fig. 7). One possible explanation for the
data crossing v1(pT ) = 0 at a lower pT than the calcu-
lation at LHC could be the underestimation of the pion
pT -spectra at very low pT – see Fig. 2. However, this is
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FIG. 7. (Color online) Comparison of vn(pT ) at RHIC using

constant η/s = 0.12 and a temperature dependent η/s(T ) as

parametrized in [33]. Experimental data by the PHENIX [1]

(open symbols) and STAR [35] (preliminary, filled symbols)

collaborations. Bands indicate statistical errors.
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FIG. 8. (Color online) v1(pT ) compared to experimental data

from the ALICE [37] and ATLAS [38] collaborations.

not necessarily the only explanation. In fact, for RHIC
energies, calculated pion spectra also underestimate the
data for pT < 300 MeV but v1(pT ) is well reproduced.

We present event-by-event distributions of v2, v3, and
v4 compared to results from the ATLAS collaboration
[40, 41] in Fig. 9. We chose 20-25% central events be-
cause eccentricity distributions from neither MC-Glauber
nor MC-KLN models agree with the experimental data
in this bin [41]. To compare data with the distribution
of initial eccentricities [42] from the IP-Glasma model
and the final vn distributions after hydrodynamic evolu-
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FIG. 9. (Color online) Scaled distributions of v2, v3, and v4
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systematic experimental errors.

tion, we scaled the distributions by their respective mean
value. We find that the initial eccentricity distributions
are a good approximation to the distribution of experi-
mental vn. Only for v4 (and less so for v2) the large vn

end of the experimental distribution is much better de-
scribed by the hydrodynamic vn distribution than the εn

distribution. This can be explained by non-linear mode
coupling becoming important for large values of v2 and
v4.

In summary, we have shown that the IP-
Glasma+music model gives very good agreement
to multiplicity and flow distributions at RHIC and LHC.
By including properly sub-nucleon scale color charge
fluctuations and their resulting early time CYM dynam-
ics, this model significantly extends previous studies in
the literature [19, 36, 43–47]. Omitted in all studies
including ours is the stated dynamics of instabilities and
strong scattering in over-occupied classical fields that
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not necessarily the only explanation. In fact, for RHIC
energies, calculated pion spectra also underestimate the
data for pT < 300 MeV but v1(pT ) is well reproduced.

We present event-by-event distributions of v2, v3, and
v4 compared to results from the ATLAS collaboration
[40, 41] in Fig. 9. We chose 20-25% central events be-
cause eccentricity distributions from neither MC-Glauber
nor MC-KLN models agree with the experimental data
in this bin [41]. To compare data with the distribution
of initial eccentricities [42] from the IP-Glasma model
and the final vn distributions after hydrodynamic evolu-
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tion, we scaled the distributions by their respective mean
value. We find that the initial eccentricity distributions
are a good approximation to the distribution of experi-
mental vn. Only for v4 (and less so for v2) the large vn

end of the experimental distribution is much better de-
scribed by the hydrodynamic vn distribution than the εn

distribution. This can be explained by non-linear mode
coupling becoming important for large values of v2 and
v4.

In summary, we have shown that the IP-
Glasma+music model gives very good agreement
to multiplicity and flow distributions at RHIC and LHC.
By including properly sub-nucleon scale color charge
fluctuations and their resulting early time CYM dynam-
ics, this model significantly extends previous studies in
the literature [19, 36, 43–47]. Omitted in all studies
including ours is the stated dynamics of instabilities and
strong scattering in over-occupied classical fields that

Good fit to RHIC data (with η/s = 0.12) and LHC data (with
η/s = 0.20) for one model of initial fluctuations, and with a
simplified treatment of the hadronic final state.



Example of State-of-the-art
Gale, Jeon, Schenke, Tribedy, Venugopalan, 2013
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not necessarily the only explanation. In fact, for RHIC
energies, calculated pion spectra also underestimate the
data for pT < 300 MeV but v1(pT ) is well reproduced.

We present event-by-event distributions of v2, v3, and
v4 compared to results from the ATLAS collaboration
[40, 41] in Fig. 9. We chose 20-25% central events be-
cause eccentricity distributions from neither MC-Glauber
nor MC-KLN models agree with the experimental data
in this bin [41]. To compare data with the distribution
of initial eccentricities [42] from the IP-Glasma model
and the final vn distributions after hydrodynamic evolu-
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tion, we scaled the distributions by their respective mean
value. We find that the initial eccentricity distributions
are a good approximation to the distribution of experi-
mental vn. Only for v4 (and less so for v2) the large vn

end of the experimental distribution is much better de-
scribed by the hydrodynamic vn distribution than the εn

distribution. This can be explained by non-linear mode
coupling becoming important for large values of v2 and
v4.

In summary, we have shown that the IP-
Glasma+music model gives very good agreement
to multiplicity and flow distributions at RHIC and LHC.
By including properly sub-nucleon scale color charge
fluctuations and their resulting early time CYM dynam-
ics, this model significantly extends previous studies in
the literature [19, 36, 43–47]. Omitted in all studies
including ours is the stated dynamics of instabilities and
strong scattering in over-occupied classical fields that

And vn-fluctuations in the final state too. . .

Systematic use of data to constrain initial fluctuations under
investigation by several groups.



η/s and Holography
• 4πη/s = 1 for any (of the very many) known strongly cou-

pled large-Nc gauge theory plasmas that are the “holo-
gram” of a (4+1)-dimensional gravitational theory “heated
by” a (3+1)-dimensional black-hole horizon.

• Geometric intuition for dynamical phenomena at strong
coupling. Hydrodynamization = horizon formation.
Nontrivial hydrodynamic flow pattern = nontrivial undu-
lation of black-hole metric. Dissipation due to shear vis-
cosity = gravitational waves falling into the horizon.

• Conformal examples show that hydrodynamics need not
emerge from an underlying kinetic theory of particles. A
liquid can just be a liquid.

• 1 < 4πη/s < 3 for QGP at RHIC and LHC.

• Suggests a new kind of universality, not yet well under-
stood, applying to dynamical aspects of strongly coupled
liquids. To which liquids? Unitary Fermi ‘gas’?



Hydrodynamics in pPb collisions?
• Almost nobody expected this. pPb collisions supposed to

be a control experiment. Too small for hydrodynamics.

• But, how large is the ‘hot-spot’ made when a proton
blasts through a nucleus? Maybe as large as 2-3 fm
across?? [Bozek] Hydrodynamics can work if equilibration
time much less than this. This is the case in the strongly
coupled plasmas with a holographic description. Further
evidence for the strongly coupled liquid nature of QGP?

• What are we selecting for when we select high multiplic-
ity pPb collisions? Not just impact parameter. Quantum
fluctuations of the proton important? Maybe we are se-
lecting ‘fat protons’?

• And, PHENIX has now gone back, looked for, and found
v2 in d-Au collisions at RHIC.

• Experimental and theoretical investigations still in progress.
Systematic investigation of initial conditions now requires
confronting PbPb and pPb data at LHC and RHIC.



Why care about the value of η/s?
• Here is a theorist’s answer. . .

• Any gauge theory with a holographic dual has η/s = 1/4π
in the large-Nc, strong coupling, limit. In that limit, the
dual is a classical gravitational theory and η/s is related
to the absorption cross section for stuff falling into a
black hole. If QCD has a dual, since Nc = 3 it must be a
string theory. Determining (η/s) − (1/4π) would then be
telling us about string corrections to black hole physics,
in whatever the dual theory is.

• For fun, quantum corrections in dual of N = 4 SYM give:

η

s
=

1

4π

�

1 +
15 ζ(3)

(g2Nc)3/2
+

5

16

(g2Nc)
1/2

N2
c

+ . . .

�

Myers, Paulos, Sinha

with 1/N2
c and Nf/Nc corrections yet unknown. Plug in

Nc = 3 and α = 1/3, i.e. g2Nc = 12.6, and get η/s ∼ 1.73/4π.
And, s/sSB ∼ 0.81, near QCD result at T ∼ 2− 3Tc.

• A more serious answer. . .



From N = 4 SYM to QCD
• Two theories differ on various axes. But, their plasmas

are much more similar than their vacua. Neither is super-
symmetric. Neither confines or breaks chiral symmetry.

• N = 4 SYM is conformal. QCD thermodynamics is rea-
sonably conformal for 2Tc � T < ?. In model studies,
adding the degree of nonconformality seen in QCD ther-
modynamics to N = 4 SYM has no effect on η/s and little
effect on other observables in this talk.

• The fact that the calculations in N = 4 SYM are done at
strong coupling is a feature, not a bug.

• Is the fact that the calculations in N = 4 SYM are done
at 1/N2

c = 0 rather than 1/9 a bug??

• In QCD thermodynamics, fundamentals are as important
as adjoints. No fundamentals in N = 4 SYM, and so far
they have only been added as perturbations. This, and
1/N2

c = 0, are in my view the biggest reasons why our
goals must at present be limited to qualitative insights.



Beyond Quasiparticles
• QGP at RHIC & LHC, unitary Fermi “gas”, gauge the-

ory plasmas with holographic descriptions are all strongly
coupled fluids with no apparent quasiparticles.

• In QGP, with η/s as small as it is, there can be no
‘transport peak’, meaning no self-consistent description
in terms of quark- and gluon-quasiparticles. [Q.p. de-
scription self consistent if τqp ∼ (5η/s)(1/T )� 1/T .]

• Other “fluids” with no quasiparticle description include:
the “strange metals” (including high-Tc superconductors
above Tc); quantum spin liquids; matter at quantum crit-
ical points;. . .

• Emerging hints of how to look at matter in which quasi-
particles have disappeared and quantum entanglement is
enhanced: “many-body physics through a gravitational
lens.” Black hole descriptions of liquid QGP and strange
metals are continuously related! But, this lens is at
present still somewhat cloudy. . .



A Grand Challenge
• How can we clarify the understanding of fluids without

quasiparticles, whose nature is a central mystery in so
many areas of science?

• We have two big advantages: (i) direct experimental ac-
cess to the fluid of interest without extraneous degrees
of freedom; (ii) weakly-coupled quark and gluon quasi-
particles at short distances.

• We can quantify the properties and dynamics of Liquid
QGP at its natural length scales, where it has no quasi-
particles.

• Can we probe, quantify and understand Liquid QGP at
short distance scales, where it is made of quark and gluon
quasiparticles? See how the strongly coupled fluid emerges
from well-understood quasiparticles at short distances.

• The LHC and newly upgraded RHIC offer new probes and
open new frontiers.



Two Early Lessons from
Holographic Calculations

• ‘Jet quenching parameter’ q̂ (mean k2
T picked up per dis-

tance travelled) not proportional to “number of scattering
centers”, which is ∝ N2

c . Liu, Rajagopal, Wiedemann, 2006

q̂ ∝
�

g2Nc T3

After all, there are no scattering centers if the liquid is
strongly coupled on all length scales.

• Heavy quarks with mass M lose energy via drag, or fric-
tion, Gubser, 2006; Herzog, Karch, Kovtun, Kozcaz, Yaffe, 2006; Casalderrey-

Solana, Teaney, 2006

dE

dt
∝ −E

T2

M
,

and then diffuse with D ∼ 1/(2πT ). So, the heavy quarks
quickly end up “going with the flow”. Lost energy be-
comes sound waves. This latter is generic (to energy loss
of anything) in strongly coupled liquid; more below.



Dragging a Heavy Quark through
Strongly Coupled Plasma

HKKKY, G, 2006

• One of the first holographic calculations related to probing
strongly coupled plasma.

• To drag a heavy quark, M → ∞, with constant velocity
�β through the static, homogeneous, equilibrium strongly
coupled plasma with temperature T of N = 4 SYM theory
requires exerting a drag force:

�f =

√
λ

2π
(πT )

2 γ�β ∝
�p

M

with λ ≡ g2Nc the ’t Hooft coupling.

• Caveat emptor: At finite M, this picture only applies for

√
γ �

M

T
√

λ
.

Eg for b quarks at the LHC validity is pT � 20 − 40 GeV.
Higher pT heavy quarks behave like light quarks.
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�β through the static, homogeneous, equilibrium strongly
coupled plasma with temperature T of N = 4 SYM theory
requires exerting a drag force:

�f =

√
λ

2π
(πT )

2 γ�β ∝
�p

M

with λ ≡ g2Nc the ’t Hooft coupling.

• Caveat emptor: At finite M, this picture only applies for

√
γ �

M

T
√

λ
.

Eg for b quarks at the LHC validity is pT � 20 − 40 GeV.
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Dragging a Heavy Quark through

Strongly Coupled Plasma

• The basic picture of how heavy quarks behave in strongly

coupled plasma is that first they lose energy (to heat and

sound in the plasma, the latter itself quickly becoming

heat) and then many of them end up diffusing with dif-

fusion constant D ≈ 1/(2πT ), which is to say a very short

mean free path if a mean free path can even be defined.

Ie many of them end up “going with the flow”.

• Heavy quarks with the same p/M have the same dp/dt.

• Caveat emptor: the fluid produced in heavy ions is not

homogeneous, and although hydrodynamized it is not in

static equilibrium.

• How do gradients in the fluid and temporal variations of

the fluid (lets call both together “fluid gradients”) affect

the drag force? Ripples in the fluid become ripples in

the horizon and metric. Those cause the string to ripple.

That affects the drag force.



Colliding Strongly Coupled Sheets of Energy

zµ
tµ

E/µ4

Hydrodynamics valid ∼ 3 sheet thicknesses after the collision, i.e. ∼ 0.35

fm after a RHIC collision. Equilibration after ∼ 1 fm need not be thought

of as rapid. Chesler, Yaffe 1011.3562; generalized in C-S,H,M,vdS 1305.4919;

CY 1309.1439 Similarly ‘rapid’ hydrodynamization times (τT � 0.7 − 1)

found for many non-expanding or boost invariant initial conditions. Heller

and various: 1103.3452, 1202.0981, 1203.0755, 1304.5172



Heavy Quark Energy Loss,

Far-from-Equilibrium
Chesler, Lekaveckas, Rajagopal 1306.0564
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• Drag force on a heavy quark moving with β = 0.95c through far-from-

equilibrium matter, and then anisotropic fluid, made in the collision

of two sheets of energy in strongly coupled N = 4 SYM theory.

• Guidance for modeling heavy quark energy loss early in a heavy ion

collision: at mid-rapidity, eqbm expectations provide a reasonable

guide to magnitude, but there is a time delay. Surprises at nonzero

rapidity. (Discuss later).

• Analytic calculation of effect of �∇vfluid
on energy loss is possible.

We have done this to first order in gradients. Lekaveckas, Rajagopal,
1311.5577.



Effects of Fluid Gradients on Drag
Lekaveckas, Rajagopal, 1311.5577

• Some notation: b ≡ 1/(πTe) ,

where Te is defined from ε via ε = (3π2/8)N2
c T4

e .

Fluid four-velocity: uµ = γv(1,�v).

Heavy quark four-velocity: wµ = γ(1, �β).

The one Lorentz-scalar with no ∂ is: s ≡ uµwµ.

All these quantities vary in space and time.

• Write the drag force as an expansion in powers of ∂αuβ,

to first order:

fµ = fµ
(0) + fµ

(1) + . . .

(Note: use first order viscous hydro to relate ∂αb to ∂αuβ;

expansion is in powers of gradients of T and vfluid.)

• We already have fµ
(0): drag force to zeroth order in gra-

dients is drag force in homogeneous plasma

fµ
(0) = −

√
λ

2π

1

γb2
(s wµ + uµ)



Effects of Fluid Gradients on Drag
Lekaveckas, Rajagopal, 1311.5577

• We obtain a fully general result for fµ
(1):

fµ
(1) = −

√
λ

2π

1

bγ

�
c1(s)

�
uµwα∂αs− s∂µs− s(s uα + wα)∂αUµ

�

+c2(s)U
µ∂αuα −

√
−suα∂αUµ

�

where

Uµ ≡ uµ + s wµ

c1(s) ≡
1

4

�

2arctan

�
1
√
−s

�

− log

�
(1− s)(1 +

√
−s)2

s2

��

c2(s) ≡
1

3

�√
−s + (1 + s2)c1(s)

�

This is for any configuration of fluid flow, to lowest order
in gradients.



Effects of Fluid Gradients on Drag
Lekaveckas, Rajagopal, 1311.5577

• For a quark at rest, in a fluid that is instantaneously at
rest but has ∂tu3 �= 0, we find fz

(1) = (
√

λ/2πb)∂tu3. This is
exactly the value of the drag force a time ∆t = b ago. A
very simple example of time delay in the response of the
drag force to changing fluid conditions.

• Suppose the fluid is expanding à la Bjorken, in the z-
direction. Suppose that, in the fluid rest frame, the heavy
quark starts at z = t = 0 and has βx �= 0. Then,

fx =

√
λ

2π

γβx

b(τ)2

�

1 +
b(τ)

τ
c2(−γ)

�

Results in other frames and for other directions of motion
of the quark in the paper.

• And, results for the heavy quark that finds itself in the
middle of those colliding sheets, after hydrodynamization. . .



Heavy Quark Energy Loss,

Zero-Rapidity
Lekaveckas, Rajagopal 1311.5577
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exact
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• After hydrodynamization, first order contribution to drag

force does a very good job of describing the discrepancy

identified previously.



Heavy Quark Energy Loss,

Zero-Rapidity
Lekaveckas, Rajagopal 1311.5577
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• Even better for quark with βx = 0.5 instead of βx = 0.95.

• The calculation seems to break down if the heavy quark

is moving too fast through a changing fluid. Valid for

b
√

γ � 1/|∂tu3| and b
√

γ � 1/|∂zu3|.



Heavy Quark Energy Loss,

Nonzero-Rapidity
Lekaveckas, Rajagopal 1311.5577
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• Here, βz = 0.2 and βx = 0. Relative velocity of quark and

fluid would be zero if expansion were boost invariant.

Here, relative velocity, and force, is small.

• Absolute magnitude of deviation between first order re-

sult and exact result is comparable to what we have seen

in other cases.



Heavy Quark Energy Loss,

Nonzero-Rapidity
Lekaveckas, Rajagopal 1311.5577
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• Relative velocity, and therefore f(0), flips sign at tµ = 2.63. First

order gradients give qualitative explanation of regime where actual

‘drag’ force hasn’t yet flipped, meaning you have to pull the quark in

the direction opposite its motion! Drag force exerted by the fluid on

the quark is in the direction of its motion! We now see, by analytic

calculation, that this is a consequence of the gradients in the fluid.



Heavy Quark Energy Loss,

Nonzero-Rapidity
Lekaveckas, Rajagopal 1311.5577
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• Here, βz = 0.4 and βx = 0. Relative velocity of quark

and fluid would be zero if expansion were boost invari-

ant. Here, relative velocity, and force, is small. Relative

velocity, and therefore f(0), flips sign at tµ = 2.73.

• Again, first order gradients explain regime where actual

drag force has not yet flipped and so looks backwards.



Heavy Quark Energy Loss,

Nonzero-Rapidity
Lekaveckas, Rajagopal 1311.5577
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• Here, βz = 0.4 and βx = 0.7. fx
and fz

in the lab frame

described well at first order in gradients.



Heavy Quark Energy Loss,

Nonzero-Rapidity
Lekaveckas, Rajagopal 1311.5577
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• Here, βz = 0.4 and βx = 0.7. f� and f⊥, ie parallel and

perpendicular to �β, in the local fluid rest frame.

• In the local fluid rest frame, �f(0) must be parallel to mo-

tion of quark. Actual ‘drag’ force is not: small perpen-

dicular component! This too is explained qualitatively by

first order effects of gradients.



Effects of Fluid Velocity Gradients

on Heavy Quark Energy Loss
Lekaveckas, Rajagopal, 1311.5577

• For heavy quark at zero rapidity, zeroth order result —

what the drag force would be in a homogeneous static

fluid with the same instantaneous energy density — does

a reasonable job, but there is a time delay. Adding cor-

rections that are first order in gradients describes the

exact result after hydrodynamization very well.

• For a heavy quark with nonzero rapidity, ie whose velocity

has a component in the beam direction, there are small

but counterintuitive effects that do not look at all like

drag. They are all explained qualitatively by the first

order effects of fluid gradients.

• Would be very interesting to try a holographic analysis

of the effects of fluid gradients on light quark quench-

ing, or photon emission, or quark-antiquark screening and

quarkonium binding.



Jet Quenching, in brief
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Caricature of jet quenching @ RHIC & LHC:
• 200+ GeV jets lose many tens of GeV passing through

the liquid QGP, but jets emerge looking in other respects
rather ordinary.

• Lost energy turns into many soft particles at all angles.
• Lower energy jets, seen by ALICE and at RHIC, may

emerge surrounded by their debris?



• As if an initially-200-GeV parton/jet in an LHC collision

just heats the plasma it passes through, losing significant

energy without significant spreading in angle or degrada-

tion of its fragmentation function. Are even 200 GeV

partons not “seeing” the q+g at short distances?

• One line of theoretical response: more sophisticated anal-

yses of conventional weak-coupling picture of jet quench-

ing. Advancing from parton energy loss and leading hadrons

to modification of parton showers and jets.

• We also need strongly coupled approaches to jet quench-

ing, even if just as a foil with which to develop new in-

tuition.

• Problem: jet production is a weakly-coupled phenomenon.

There is no way to make jets in the strongly coupled the-

ories with gravity duals.

• But we can make beams of gluons. . . and ‘jets’ . . .



Synchrotron Radiation in Strongly Coupled
Gauge Theories

Athanasiou, Chesler, Liu, Nickel, Rajagopal; arXiv:1001.3880
15

v = 1/2 v = 3/4

x

R0

x

R0

y

R0

y

R0

z

R0

z

R0

r2E/P

Thursday, December 3, 2009

FIG. 4: Left: a cutaway plot of r2E/P for v = 1/2. Right: a cutaway plot of r2E/P for v = 3/4. In both plots the quark is at
x = R0, y = 0 at the time shown and its trajectory lies in the plane z = 0. The cutaways coincide with the planes z = 0, ϕ = 0
and ϕ = 7π/5. At both velocities the energy radiated by the quark is concentrated along a spiral structure which propagates
radially outwards at the speed of light. The spiral is localized about θ = π/2 with a characteristic width δθ ∼ 1/γ. As v → 1
the radial thickness ∆ of the spirals rapidly decreases like ∆ ∼ 1/γ3.

FIG. 5: Plot of r2E/P at θ = π/2 and ϕ = 5π/4 at t = 0 as a function of r for v = 1/2. The plot illustrates the fact that
the pulses of radiated energy do not broaden as they propagate outward. This implies that they do not broaden in azimuthal
angle, either. Strongly coupled synchrotron radiation does not isotropize.

boundary, corresponds to a fatter tube of energy density.

Our calculation shows that this intuitive way of thinking

about gauge/gravity duality need not apply. The rotat-

ing string falls deeper and deeper into the 5th dimension

with each turn of its coils and yet the thickness of the

spiral tube of energy density in the quantum field theory

that this string describes changes not at all.

The behavior of the outgoing pulse of radiation illus-

Fully quantum mechanical calculation of gluon radiation from a rotat-
ing quark in a strongly coupled large Nc non abelian gauge theory, done
via gauge/gravity duality. “Lighthouse beam” of synchrotron radiation.
Surprisingly similar to classical electrodynamics. Now, shine this beam
through strongly coupled plasma. . .



Quenching a Beam of Gluons
Chesler, Ho, Rajagopal, arXiv:1111.1691
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Quark in circular motion makes a beam of gluons that is

attenuated dramatically by the plasma, without being signif-

icantly broadened — in angle or in momentum distribution.



Quenching a Beam of Gluons
Chesler, Ho, Rajagopal, arXiv:1111.1691

A narrower beam made of higher momentum gluons travels
farther, still gets attenuated without spreading in angle or
degradation of its momentum distribution.



Quenching a Beam of Gluons
Chesler, Ho, Rajagopal, arXiv:1111.1691
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Beam of lower momentum gluons quenched rapidly, and is

followed closely by its ‘debris’ — a sound wave.



Quenching a Beam of Gluons
Chesler, Ho, Rajagopal, arXiv:1111.1691

• A beam of gluons with wave vector q � πT shines through
the strongly coupled plasma at close to the speed of light,
and is attenuated over a distance ∼ q1/3

(πT )
−4/3.

• Beam shows no tendency to spread in angle, or shift
toward longer wavelengths, even as it is completely at-
tenuated. Like quenching of highest energy jets at LHC?

• Beam sheds a trailing sound wave with wave vector ∼ πT .
A beam of higher q gluons travels far enough that it
leaves the sound far behind; sound thermalizes. (Highest
energy LHC jets?) A beam of not-so-high-q gluons does
not go as far, so does get far ahead of its trailing sound
wave, which does not have time to thermalize. If it were
to emerge from the plasma, it would be followed by its
‘lost’ energy. (Lower energy jets at RHIC and LHC?
Moreso at RHIC since sound thermalizes faster in the
higher temperature LHC plasma.)



What happens to the lost energy?
• Initially, sound waves with wave vector ∼ πT .
• The attenuation distance for sound with wave vector q is

xsound

damping
= vsound 1

q2
3Ts

2η

which means that for q ∼ πT and vsound ∼ 1/
√

3 and η/s ∼
2/4π we have

xsound

damping
∼ 0.6/T .

• Energy lost more than a few times xsound

damping
before the jet

emerges will have thermalized, becoming soft particles in
random directions. Only the energy lost a few xsound

damping

before the jet emerges will persist as sound waves moving
in roughly the same direction as the jet, resulting in a pile
of soft particles around the jet. This should be easier
to see for lower energy jets, and in lower temperature
plasma.



Quenching a Light Quark ‘Jet’
Chesler, Rajagopal, 1402.6756

A light quark ‘jet’, incident with energy Ein, shoots through

a slab of strongly coupled N = 4 SYM plasma, temperature

T , thickness LπT = 10. What comes out the other side? A

‘jet’ with Eout ∼ 0.64Ein, that looks just like a vacuum ‘jet’

with that lower energy and a broader opening angle. And,

entire calculation of energy loss is geometric!

Two very different holographic approaches, quenching a beam

of gluons, quenching a light quark ‘jet’, give similar conclu-

sions, in qualitative agreement with aspects of what is seen.



Quenching a Light Quark ‘Jet’
Chesler, Rajagopal, 1402.6756

Here, a light quark ‘jet’ produced next to the slab of plasma
with incident energy Ein = 87

√
λπT ∼ 87

√
λ GeV shoots through

the slab and emerges with Eout ∼ 66
√

λ GeV. Again, the ‘jet’
that emerges looks like a vacuum ‘jet’ with that energy.

Geometric understanding of jet quenching, and Bragg peak
(maximal energy loss rate as the last energy is lost). Energy
propagates along the blue curves, which are null geodesics in
the bulk. Opening angle of ‘jet’ ↔ downward angle of string
endpoint.



Quenching a Light Quark ‘Jet’
Chesler, Rajagopal, 1402.6756
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Shape of outgoing jet is the same as incoming jet, except
broader in angle and less total energy.

Geometric derivation of analytic expression for dEout/dL and
Eout/Ein including the Bragg peak:
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√
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A Hybrid Weak+Strong Coupling

Approach to Jet Quenching?
Casalderrey-Solana, Gulhan, Milhano, Pablos, Rajagopal, in progress

• Although various holographic approaches at strong cou-

pling capture many qualitative features of jet quenching

(e.g. the previous two), it seems quite unlikely that the

high-momentum “core” of a quenched LHC jet can be

described quantitatively in any strong coupling approach.

(Precisely because so similar to jets in vacuum.)

• We know that the medium itself is a strongly coupled

liquid, with no apparent weakly coupled description. And,

the lost energy quickly becomes one with the medium.

• A hybrid approach may be worthwhile. Eg make each

parton in a parton shower lose energy to “friction”, à la

light quark in strongly coupled liquid, see previous slide.

• We are exploring various different ways of adding “fric-

tion” to PYTHIA, looking at RAA, energy loss distribu-

tion, dijet asymmetry, jet fragmentation function.



Weakly Coupled q & g
in Liquid QGP

D’Eramo, Lekaveckas, Liu, Rajagopal, 1211.1922

• We know that at a short enough lengthscale, QGP is
made of weakly coupled quarks and gluons, even though
on its natural length scales QGP is a strongly coupled
fluid with no quasiparticles.

• Long-term challenge: understand how liquid QGP emerges
from an asymptotically free theory.

• First things first: how can we see the point-like quarks
and gluons at short distance scales? Need a ‘microscope’.
Need to look for large-angle scattering not as rare as it
would be if QGP were liquid-like on all length scales.
(Think of Rutherford.)

• γ-jet events: γ tells you initial direction of quark. Measure
deflection angle of jet. Closest analogy to Rutherford.
(Today, only thousands of events. Many more ∼ 2015.)



Photon!
191GeV!

Jet!
98GeV!

2011: Detected 3000 
photon-jet pairs in 
109 PbPb collisions !

Unbalanced photon-jet event in PbPb  !



Momentum Broadening in Weakly
Coupled QGP

Calculate P (k⊥), the probability distribution for the k⊥ that a
parton with energy E →∞ picks up upon travelling a distance
L through the medium:

• P (k⊥) ∝ exp(−#k2

⊥/(T3L)) in strongly coupled plasma. Qual-
itative calculation, done via holography.
D’Eramo, Liu, Rajagopal, arXiv:1006.1367

• For a weakly coupled plasma containing point scatterers
P (k⊥) ∝ 1/k4

⊥ at large k⊥. In the strongly coupled plasma
of an asymptotically free gauge theory, this must win at
large enough k⊥. Quantitative calculation, done using
Soft Collinear Effective Theory + Hard Thermal Loops.
D’Eramo, Lekaveckas, Liu, Rajagopal, arXiv:1211.1922

Expect: Gaussian at low k⊥; power-law tail at high k⊥.

Large deflections rare, but not as rare as if the liquid were a
liquid on all scales. They indicate point-like scatterers.
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D’Eramo, Lekaveckas, Liu, Rajagopal, arXiv:1211.1922

• Probability that a parton that travels L = 7.5/T through
the medium picks up k⊥ > k⊥min, for:
– Weakly coupled QCD plasma, in equilibrium, analyzed

via SCET+HTL. With g = 2, i.e. αQCD = 0.32.
– Strongly coupled N = 4 SYM plasma, in equilibrium,

analyzed via holography. With g = 2, i.e. λ�t Hooft = 12.

• Eg for T = 300 MeV, L = 5 fm, a 60 GeV parton that scat-
ters by 20

◦ picks up k⊥ = 70T . Prob. ∼ 1% vs. negligible.

• Large deflections rare, but not as rare as if the liquid were
a liquid on all scales. They indicate point-like scatterers.



Measure the angle between jet
and photon

Measure angle between 
photon and jet!

Study the width of the Δϕ!
distribution!

Length of QGP traversed!

PbPb!

“pp”!

PbPb!

pp!

Angle between photon and jet!

PbPb!

pp!

arXiv:1205.0206!
submitted to PLB on 5/2!

CMS, arXiv:1205.0206

Need many more events before this can be a “QGP Ruther-

ford Experiment”. Something to look forward to circa 2015?



Heavy quarks? Upsilons?

• Heavy quarks are ‘tracers’, dragged along by and diffus-
ing in the liquid. Diffusion constant tells you about the
medium, complementary to η/s. Holographic calculations
indicate the heavy quarks should ‘go with the flow’.

• If very energetic heavy quarks interact with strongly cou-
pled plasma as holographic calculations indicate, which is
to say like a bullet moving through water, b and c quark
energy loss is same for quarks with same velocity. Quite
different than weakly coupled expectations, where both
γ and M matter. Want to study b and c quark energy
loss vs. momentum. Data on identified b and c quarks
coming soon, at RHIC via upgrades being completed.

• Upsilons probe plasma on different length scales. 1S state
is very small. 3S state is the size of an ordinary hadron.
They “melt” (due to screening of b − b̄ attraction) at
different, momentum-dependent (cf holographic calcula-
tions), temperatures. This story is just beginning. Stay
tuned.

























Upsilon 2S Suppression in PbPb
CMS 1208.2826 and CMS-HIN-13-003Invariant mass distributions
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Figure 1: Dimuon invariant-mass distributions in PbPb (left) and pp (right) data at
√

sNN =
2.76 TeV. The same reconstruction algorithm and analysis selection are applied to both datasets,
including a transverse momentum requirement on single muons of pT > 4 GeV/c. The solid
(signal + background) and dashed (background-only) curves show the results of the simulta-
neous fit to the two datasets.

both PbPb and pp datasets via a simultaneous fit.

The background model for the pp dataset consists of a second-order polynomial, as was used
in Ref. [5], while the larger PbPb dataset requires a more detailed background model. The
pT > 4 GeV/c muon selection threshold causes a depletion of dimuon candidates in the lower
part of the 7–14 GeV/c2 mass fitting range. The PbPb background model consists of an exponen-
tial function multiplied by an error function describing the low-mass turn-on. The background
parameters are determined from the fit. This nominal model accurately describes the mass side-
bands in the opposite-sign muon signal sample, shown in Fig. 1 (left), as well as the alternative
estimates of the shape of the combinatorial background obtained from like-sign muon pairs or
via a “track-rotation” method. In the latter method [16] the azimuthal angular coordinate of
one of the muon tracks is rotated by 180 degrees.

The ratios of the observed yields, not corrected for differences in acceptance and efficiency, of
the Υ(2S) and Υ(3S) states to the Υ(1S) state, in the PbPb and pp data, are

Υ(2S)/Υ(1S)|pp = 0.56 ± 0.13 (stat.) ± 0.02 (syst.) , (1)
Υ(2S)/Υ(1S)|PbPb = 0.12 ± 0.03 (stat.) ± 0.02 (syst.) ,

Υ(3S)/Υ(1S)|pp = 0.41 ± 0.11 (stat.) ± 0.04 (syst.) ,
Υ(3S)/Υ(1S)|PbPb = 0.02 ± 0.02 (stat.) ± 0.02 (syst.) (< 0.07 at 95% confidence level) ,

where the systematic uncertainty arises from the fitting procedure, as described below. For the
Υ(3S) to Υ(1S) ratio in PbPb, a 95% confidence level (CL) limit is set, based on the Feldman–
Cousins statistical method [17].

The measurement of the ratio of the Υ(nS)/Υ(1S) ratios in PbPb and pp collisions benefits from
an almost complete cancellation of possible acceptance or efficiency differences among the re-
constructed resonances. The simultaneous fit to the PbPb and pp mass spectra gives the double

• Sequential suppression of Υ states in PbPb: No sign of
Υ(3S). Υ(2S) substantially suppressed.

• It will be very interesting to see how the right-hand plot
changes for higher pT Υs. As you increase pT , expect
Υ(2S) to go the way of the Υ(3S). And then, in principal,
above some rather high pT the Υ(1S) also.



A Grand Challenge
• How can we clarify the understanding of fluids without

quasiparticles, whose nature is a central mystery in so
many areas of science?

• We are developing more, and better, ways of studying
the properties and dynamics of Liquid QGP — “our”
example of a fluid without quasiparticles.

• At some short length scale, a weakly coupled picture of
the QGP as made of quarks and gluons must be valid,
even though on its natural length scales it is a strongly
coupled fluid. It will be a challenge to see and understand
how the liquid QGP emerges from short-distance quark
and gluon quasiparticles.

• Holographic calculations have yielded, and are yielding,
many qualitative insights that are helping advance the
ongoing campaigns on both these fronts.



Gauge/String Duality, Hot QCD

and Heavy Ion Collisions
Casalderrey-Solana, Liu, Mateos, Rajagopal, Wiedemann

A 500 page book. We finished the manuscript a few months

ago. To appear circa May 2014, Cambridge University Press.

95 page intro to heavy ion collisions and to hot QCD, in-

cluding on the lattice. 70 page intro to string theory and

gauge/string duality. Including a ‘duality toolkit’.

280 pages on holographic calculations that have yielded in-

sights into strongly coupled plasma and heavy ion collisions.

Hydrodynamics and transport coefficients. Thermodynamics

and susceptibilities. Far-from-equilibrium dynamics and hy-

drodynamization. Jet quenching. Heavy quarks. Quarkonia.

Some calculations done textbook style. In other cases just

results. In all cases the focus is on qualitative lessons for

heavy ion physics.



Gauge/String Duality, 
Hot QCD and 
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Gauge/String Duality, Hot QCD and Heavy Ion Collisions
Jorge Casalderrey-Solana, Hong Liu, 

David Mateos, Krishna Rajagopal 
and Urs Achim Wiedemann

Heavy ion collision experiments recreating the quark–gluon plasma that !lled the 

microseconds-old universe have established that it is a nearly perfect liquid that 

"ows with such minimal dissipation that it cannot be seen as made of particles. 

String theory provides a powerful toolbox for studying matter with such properties.  

This book provides a comprehensive introduction to gauge/string duality and 

its applications to the study of the thermal and transport properties of quark–gluon 

plasma, the dynamics of how it forms, the hydrodynamics of how it "ows, and its 

response to probes including jets and quarkonium mesons. 

Calculations are discussed in the context of data from RHIC and LHC and results 

from !nite temperature lattice QCD. The book is an ideal reference for students and 

researchers in string theory, quantum !eld theory, quantum many-body physics, 

heavy ion physics, and lattice QCD. 

Jorge Casalderrey-Solana is a Ramón y Cajal Researcher at the Universitat de 

Barcelona. His research focuses on the properties of QCD matter produced in ultra-

relativistic heavy ion collisions.

Hong Liu is an Associate Professor of Physics at MIT. His research interests include 

quantum gravity and exotic quantum matter.

David Mateos is a Professor at the Universitat de Barcelona, where he leads a group 

working on the connection between string theory and quantum chromodynamics.

Krishna Rajagopal is a Professor of Physics at MIT. His research focuses on QCD at 

high temperature or density, where new understanding can come from unexpected 

directions.

Urs Achim Wiedemann is a Senior Theoretical Physicist at CERN, researching the 

theory and phenomenology of ultra-relativistic heavy ion collisions.

Cover illustration: an artist’s impression of the hot 

matter produced by a heavy ion collision falling into the 

black hole that provides its dual description. Created 

by Mathias Zwygart and inspired by an image, courtesy 

of the ALICE Collaboration and CERN.
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QGP cf CMB

• In cosmology, initial-state quantum fluctuations, processed

by hydrodynamics, appear in data as c�’s. From the c�’s,

learn about initial fluctuations, and about the “fluid” —

eg its baryon content.

• In heavy ion collisions, initial state quantum fluctuations,

processed by hydrodynamics, appear in data as vn’s. From

vn’s, learn about initial fluctuations, and about the QGP

— eg its η/s, ultimately its η/s(T ) and ζ/s.

• Cosmologists have a huge advantage in resolution: c�’s

up to � ∼ thousands. But, they have only one “event”!

• Heavy ion collisions only up to v6 at present. But they

have billions of events. And, they can do controlled varia-

tions of the initial conditions, to understand systematics. . .




