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A Grand Opportunity
• 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.



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.



Liquid Quark-Gluon Plasma
• Hydrodynamic analyses of RHIC data on how asymmet-

ric 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.

• (Except one: droplet of trapped fermionic atoms at nano-

Kelvin temperatures, with atom-atom cross-section tuned

to infinity. Its η/s comes close.)

• The discovery a decade ago that it is a strongly cou-

pled liquid is what has made QGP interesting to a broad

community.
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Motion Is Hydrodynamic
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When does thermalization occur? 
Strong evidence that final state bulk behavior 
reflects the initial state geometry

Because the initial azimuthal asymmetry
persists in the final state
dn/dφ ~ 1 + 2 v2(pT) cos (2 φ) + ...

2v2

This old slide (Zajc, 2008) gives a sense of how data and hydro-

dynamic calculations of v2 were first compared, to extract η/s.



QGP cf CMB
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C. The Science of Quark-Gluon Plasma  720 
 721 
A look backwards in time reveals a universe at higher and higher temperatures. Just a microsec-722 
ond after the big bang, the entire universe was millions of times hotter than the center of the sun. 723 
As the infant universe cooled, it passed through various phase transitions, just as steam condens-724 
es to water and then freezes to ice. Above some almost unimaginably high temperature, it is pos-725 
sible that all known forces of nature were unified. A few microseconds after the big bang, the 726 
forces of nature were as we know them today but, because the universe was many trillions of de-727 
grees hot, the matter that filled it was still unrecognizable: no protons or neutrons had yet 728 
formed, therefore no nuclei, no atoms, and no molecules. The entire universe existed as a pri-729 
mordial fluid of quarks and gluons, called quark-gluon plasma, until after about 20 microseconds 730 
it "condensed", forming protons and neutrons, the first complex structures in the universe. 731 
 732 
The most powerful accelerators in the world today are capable of colliding nuclei at such high 733 
energies that they can recreate droplets of the quark-gluon plasma that filled the microseconds-734 
old universe, making it possible to study its properties in the laboratory and answer questions 735 
about the nature of the new-born universe that will never be accessible via astronomical observa-736 
tion. The formation of protons and neutrons from quark-gluon plasma is likely to be the earliest 737 
scene in the history of the universe that will ever be re-enacted in the laboratory. Each nuclear 738 
collision at RHIC makes a droplet of quark-gluon plasma, exploding in a "little bang" which rec-739 
reates the transition by which the first protons and neutrons were formed. These experi-740 
ments allow us to see the essence of the fundamental nuclear force, as described via the theory of 741 
QCD. Although the analysis of the experiments is challenging due to the short lifetime and small 742 
size of these droplets, we have the advantage of billions of little bangs to study as well as a sur-743 
prising degree of control over their initial conditions.  744 
 745 

Figure II-5: Our one universe with its primordial fluctuations (parts per million variations in temperature) as 
measured via photons by the WMAP satellite experiment (left) compared to seed fluctuations (corresponding 
to 10-15% variations in temperature) in four simulated heavy ion collisions at RHIC (right). The measured 
fluctuations bring us knowledge about the quantum fluctuations at the earliest moments of the explosion (big 
bang or heavy ion collision) as well as about the material properties of the rippling fluid that ensues. Obser-
vations of the glow of the big bang or of heavy ion collisions reveal different and complementary properties of 
the trillions-of-degrees-hot matter that filled the microseconds old universe.  
 746 
Quark-gluon plasma was created in the United States at RHIC, and it was there that we first 747 
learned of its near-perfect liquid nature. This discovery was the top physics story across all areas 748 



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, as functions of pT and
particle species. But, billions of events. And, controlled
variations of the initial conditions. . .

• The fact that the initial ripples persist as ripples in the
debris of the explosion (e.g. v3 and v5), i.e. that we can
see the initial ripples, is evidence for the smallness of η/s.



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 = 2.76TeV/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 < 300MeV 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 〈v2n〉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 u
µ 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 〈v2n〉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 = 180MeV. 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 > 1GeV. 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 < 300MeV 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
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not necessarily the only explanation. In fact, for RHIC
energies, calculated pion spectra also underestimate the
data for pT < 300MeV 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
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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.
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not necessarily the only explanation. In fact, for RHIC
energies, calculated pion spectra also underestimate the
data for pT < 300MeV 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.



Determining η/s from HIC
• Using relativistic viscous hydrodynamics to describe ex-

panding QGP, microscopic transport to describe late-
time hadronic rescattering, and using RHIC and LHC data
on pion and proton spectra and v2 . . . v6 as functions of pT
and impact parameter. . .

• QGP@RHIC (Tc < T . 2Tc) and QGP@LHC (Tc < T . 3Tc)
both have 1 < 4πη/s < 3, with some evidence that η/s is
smaller at lower RHIC temperatures. [Largest remaining
uncertainty: treatment of initial fluctuations; extraction
from data (rather than modeling them) coming.]

• 4πη/s ∼ 104 for typical terrestrial gases, and 10 to 100 for
all known terrestrial liquids except one. Hydrodynamics
works much better for QGP than for water.

• 4πη/s = 1 for any (of the by now very many) known
strongly coupled gauge theory plasmas that are the “holo-
gram” of a (4+1)-dimensional gravitational theory “heated
by” a (3+1)-dimensional black-hole horizon.



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. . .



What Next?
• So, you’ve discovered/recreated the hottest liquid phase

of matter that has ever existed in the Universe. . .

• And, you’ve learned that it is the most liquid liquid that

we’ve ever seen in the laboratory. . .

• Now what do you do with it?

• Characterize its properties and dynamics, at its natural

length scales where it has no quasiparticles.

• Dope it. Map out the phase diagram of QGP as a func-

tion of T and excess of quarks over antiquarks.

• Probe it. How does it work? How can we probe and

understand liquid QGP at short distance scales? If resolved

with a sufficiently powerful microscope, the liquid is made

of well understood weakly coupled quarks and gluons.

How does a liquid emerge from an asymptotically free

gauge theory?
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the	  LHC	   in	  the	  future	   is	  to	  probe	  the	   inner	  workings	  of	  86	  
QGP	   by	   resolving	   its	   structure	   at	   shorter	   and	   shorter	  87	  
length	  scales.	  	  The	  complementarity	  of	  the	  two	  facilities	  88	  
is	   essential	   for	   this	   probe,	   as	   is	   a	   state-‐of-‐the-‐art	   jet	  89	  
detector	  at	  RHIC,	  called	  sPHENIX.	  	  	  Experiments	  at	  RHIC	  90	  
are	  planned	  that	  will	  map	  its	  phase	  diagram.	  	  The	  study	  91	  
of	   states	   of	   matter	   governed	   by	   the	   strong	   force	  92	  
parallels	   progress	   in	   other	   fields	   in	   which	   surprising	  93	  
emergent	  phenomena	  have	  been	  discovered	  in	  strongly	  94	  
correlated	   systems.	   Taking	   high	   temperature	  95	  
superconductors	   as	   an	   example	   as	   in	   Sidebar	   1.0,	   the	  96	  
first	   goals	   after	   their	   discovery	   were	   the	  97	  
characterization	   of	   the	   newly	   found	   phases	   of	  matter,	  98	  
including	   the	   high	   temperature	   strange	   metal	   phase,	  99	  
and	   mapping	   their	   phase	   diagram	   as	   a	   function	   of	  100	  
doping.	  	  Present	  experiments	  probe	  their	  structure	  with	  101	  

finer	   resolution,	   with	   the	   goal	   of	   understanding	   how	  102	  
strong	  correlations	  result	   in	  the	  emergence	  of	  the	  now	  103	  
well-‐characterized	   macroscopic	   phenomena	   that	   were	  104	  
such	   a	   surprise	   when	   they	   were	   discovered.	   	   	   ??	  105	  
Remove	  since	  this	  is	  contained	  in	  the	  side-‐bar,	  or	  move	  106	  
into	  the	  sidebar	  107	  

This	  section	  is	  organized	  in	  three	  parts:	  characterization	  108	  
of	   liquid	   QGP;	  mapping	   the	   phase	   diagram	   of	   QGP	   by	  109	  
doping	  it	  with	  an	  excess	  of	  quarks	  over	  antiquarks;	  high-‐110	  
resolution	   microscopy	   of	   the	   QGP	   to	   see	   how	   quarks	  111	  
and	  gluons	  conspire	  to	  make	  a	  liquid.	  	  112	  

EMERGENT	  PHENOMENA	  OF	  NEAR-‐PERFECT	  FLUIDITY	  	  113	  

Sidebar	   1.0:	   	   High	   Temperature	   Superconductivity	   is	   an	   exciting	   emergent	   phenomenon	   arising	   in	   strongly	   correlated,	  
electromagnetically	  interacting,	  matter.	  	  	  Its	  phase	  diagram,	  including	  the	  strange	  metal	  phase,	  is	  shown	  in	  the	  upper	  left.	  	  	  
As	  with	  QGP,	   there	   is	  no	  known	  way	   to	  describe	   its	   structure	  and	  properties	  particle	  by	  particle;	  understanding	  strange	  
metals	   remains	   a	   central	   challenge.	   	   Experimental	   progress	   can	   come	  by	   changing	   the	  material	   doping	   -‐-‐	   adding	  more	  
holes	  than	  electrons	  -‐-‐	  and	  by	  probing	  the	  material	  at	  shorter	  wavelengths	  –	  for	  example	  with	  the	  Angle-‐Resolved	  Photo-‐
Emission	   Spectroscopy	   (ARPES)	   technique	   shown	   in	   the	   lower	   left.	   	   	   Near	   Perfect	   Fluidity	   is	   an	   equally	   exciting	   and	  
unexpected	  emergent	  phenomenon,	  in	  this	  case	  in	  strongly	  interacting	  matter	  in	  the	  QGP	  phase.	  	  	  Doping	  the	  QGP,	  adding	  
more	   quarks	   than	   antiquarks,	   is	   done	   via	   changing	   the	   collision	   energy	   and	   enables	   a	   search	   for	   a	   critical	   point	   in	   the	  
phase	  diagram	   shown	   in	   the	  upper	   right.	   	   The	  microscopy	  of	   the	  QGP	   is	   enabled	  by	  new	  microscopes	   such	  as	   sPHENIX	  
shown	  in	  the	  lower	  right,	  and	  upgraded	  detectors	  and	  luminosities	  in	  the	  combined	  RHIC	  and	  LHC	  program.	  
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Jet Quenching at the LHC
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Example: studies of di‐jets give a glimpse of 
what happens when a fast quark or gluon is 
ploughing through the hot dense medium 

CMS 

ATLAS 

A very large effect at the LHC. 200 GeV jet back-to-back

with a 70 GeV jet. A strongly coupled plasma indeed. . ..

Jet quenching was discovered at RHIC (via the associated

diminution in the number of high-pT hadrons) but here it is

immediately apparent in a single event.



Some Jet Quenching Questions
• How can a jet plowing through strongly coupled quark-

gluon plasma lose a decent fraction of its energy and still
emerge looking pretty much like an ordinary jet? (Later
we will focus on the small differences.)

• Partial answer: if “lost” energy ends up as soft particles
with momenta ∼ πT with directions (almost) uncorrelated
with jet direction. Eg more, or hotter, or moving, plasma.
Natural expectation in a strongly coupled plasma. . .

• Still, how do the jets themselves emerge from the strongly
coupled plasma looking so similar to vacuum jets?

• Best way to answer this question: a hybrid approach to
jet quenching. Treat hard physics with pQCD and energy
loss as at strong coupling, see what happens, for example
to jet fragmentation functions, and compare to data.

• But, what is dE/dx for a “parton” in the strongly coupled
QGP in N = 4 SYM theory? And, while we are at it,
what do “jets” in that theory look like when they emerge
from the strongly coupled plasma of that theory?



What happens to ‘lost’ energy?
• In any strongly coupled approach, energy is ‘lost’ to hy-

drodynamic modes with wave vector < or . πT .

• The attenuation distance for sound with wave vector q is

xsound
damping = vsound 1

q2

3Ts

4η

which means that for q ∼ πT (or q ∼ πT/2) and vsound ∼
1/
√

3 and η/s ∼ 2/4π we have

xsound
damping ∼

0.3

T

(
or ∼

1.2

T

)
.

• Energy lost more than a few xsound
damping before the jet emerges

will thermalize, becoming soft particles in random direc-
tions. Only energy lost within 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. Easier to see in lower T plasma?
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One More Question
• So, why did I write “jets” instead of jets? Which is to say,

what is a jet in N = 4 SYM theory, anyway? There is no

one answer, because hard processes in N = 4 SYM theory

don’t make jets. Hatta, Iancu, Mueller; Hofman, Maldacena.

• The formation of (two) highly virtual partons (say from a

virtual photon) and the hard part of the fragmentation of

those partons into jets are all weakly coupled phenomena,

well described by pQCD.

• Nevertheless, different theorists have come up with dif-

ferent “jets” in N = 4 SYM theory, namely proxies that

share some features of jets in QCD, and have then stud-

ied the quenching of these “jets”.



What have we (PC+KR) done?
• We take a highly boosted light quark (Gubser et al;

Chesler et al; 2008) and shoot it through a slab of strongly
coupled plasma. (G and C et al computed the stopping
distance for such “jets” in infinite plasma. Arnold and
Vaman did same for differently constructed “jets”.)

• We do the AdS/CFT version of the brick problem. (As
usual, brick of plasma is not a hydrodynamic solution.)

• Focus on what comes out on the other side of the brick.
How much energy does it have? How does the answer
to that question change if you increase the thickness of
the brick from x to x+ dx? That’s dE/dx.

• Yes, what goes into the brick is a “jet”, not a pQCD jet.
But, we can nevertheless look carefully at what comes out
on the other side of the brick and compare it carefully to
the “jet” that went in.

• Along the way, we will get a fully geometric character-
ization of energy loss. Which is to say a new form of
intuition.



Quenching a Light Quark “Jet”
Chesler, Rajagopal, 1402.6756

A light quark “jet”, incident with Ein, shoots through a slab
of strongly coupled N = 4 SYM plasma, temperature T ,
thickness LπT = 10, assumed � 1. What comes out the
other side? A “jet” with Eout ∼ 0.64Ein; just like a vacuum
“jet” with that lower energy, and a broader opening angle.

And, the entire calculation of energy loss is geometric! En-
ergy propagates along the blue curves, which are null geodesics
in the bulk. Some of them fall into the horizon; that’s energy
loss. Some of them make it out the other side. Geometric
optics intuition for why what comes out on the other side
looks the way it does, so similar to what went in.



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 (modulo a

caveat to come) shoots through the slab and emerges with
Eout ∼ 66

√
λ GeV. Again, the “jet” that emerges looks like a

vacuum “jet” with that energy, and broader opening angle.

Geometric understanding of jet quenching is completed via a
holographic calculation of the string energy density along a
particular blue geodesic, showing it to be ∝ 1/

√
σ − σendpoint,

with σ the initial downward angle of that geodesic. Imme-
diately implies Bragg peak (maximal energy loss rate as the
last energy is lost). Also, 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”, ex-

cept broader in angle and less total energy.

We have computed the energy flow infinitely far downstream

from the slab, as a function of the angle θ relative to the

“jet” direction.



Quenching a Light Quark “Jet”
Chesler, Rajagopal, 1402.6756
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Blue curve is angular shape of the “jet” that emerges from

the slab after having been quenched.

Red dashed curve is shape of vacuum “jet”, in the absence of

any plasma, with θ axis stretched by some factor f (outgoing

“jet” is broader in angle) and the vertical axis compressed

by more than f2 (outgoing “jet” has lost energy).

After rescaling, look at how similar the shapes of the incident

and quenched “jets” are!



Quenching a Light Quark “Jet”
Chesler, Rajagopal, 1402.6756
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We compute Eout analytically, by integrating the power at
infinity over angle or by integrating the energy density of the
string that emerges from the slab. Geometric derivation of
analytic expression for dEout/dL, including a “Bragg peak”:

1

Ein

dEout

dL
= −

4L2

πx2
stop

1√
x2

stop − L
2

where πTxstop =
1

κ

(
Ein

πT

)1/3

(Not a power law in L, Ein, or T .) We will use this, treating
κ as a parameter fit to data, in the following.



A Hybrid Approach
Casalderrey-Solana, Gulhan, Milhano, Pablos, Rajagopal, arXiv:1405.3864

• A hybrid approach in which the dE/dx above is applied

to every parton in a PYTHIA shower. Using PYTHIA

to describe the aspects of jet quenching that should be

described by pQCD, but assuming that the energy loss

of each QCD parton in the shower is as derived above.

• Interaction of jet with the medium is intrinsically a mul-

tiscale problem. Production, and fragmentation, of the

hard parton are perturbative. Soft exchanges between

partons in the jet and the medium are strongly coupled.

• Embed the jet production, evolution à la PYTHIA, and

energy loss, in a droplet of plasma expanding and cooling

according to hydrodynamics.

• We fit one model parameter, and compute many jet ob-

servables. (Some well-measured already; some predic-

tions for observables to come.)



Jorge Casalderrey-Solana
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γ

• Photons do not interact with plasma

• Look for associated jet
➤  different geometric sampling

➤  different species composition

➤  Eγ  proxy for Ejet

JCS, Gulhan, Milhano, Pablos and Rajagopal 
(in preparation)
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A Hybrid Weak+Strong Coupling
Approach to Jet Quenching

Casalderrey-Solana, Gulhan, Milhano, Pablos, Rajagopal, arXiv:1405.3864

• Upon fitting one parameter, lots of data described well,

within current error bars. Value of the fitted parameter?

xstop is 3 to 4 times longer in QCD plasma than in N = 4

SYM plasma at same T . This is not unreasonable. After

all, the two theories have different degrees of freedom.

Take all dependences of dE/dx from the strongly coupled

calculation, but not the purely numerical factor.

• Jet quenching looks like perturbative fragmentation plus

strongly coupled energy loss. Could it be that?

• All this success poses a critical question: if jet quenching

observables see the liquid as a liquid, how can we see the

point like quasiparticles at short distance scales? This

is a prerequisite to understanding how a strongly coupled

liquid can arise in an asymptotically free gauge theory.



The Jet Quenching Challenge
• How can we use jets to resolve the short distance struc-

ture of the liquid? Jet quenching phenomena involve
physics over a range of scales, so jet quenching has long
been seen as providing such a microscope. But, how?

• In this context, the long list of successful comparisons
between jet data and the predictions of the hybrid model
represent something of a disappointment!

• The hybrid is a hybrid of weakly coupled vacuum physics
and strongly coupled energy loss + medium physics. To the
extent that such an approach describes data, that data
may be used to characterize the physics of the plasma on
length scales at which it is strongly coupled but it cannot
tell us about the weakly coupled medium physics.

• So, how can we use jets to see the short-distance, par-
ticulate, structure of QGP?

• The most interesting uses of the hybrid model should in
the end be the study of where it fails.



Jets as Microscopes
• We need further, more discriminating, observables. b-

quark energy loss? Photon+jet? And, must add “trans-
verse momentum broadening”, since jet quenching is not
only about energy loss.

• Look for evidence of rare-but-not-too-rare (1/k4
⊥ vs. exp[−k2

⊥],
as Rutherford would have understood) hard scattering of
partons in a jet off point-like quasiparticles. (D’Eramo,
Liu, Rajagopal; Kurkela, Wiedemann)

• Measure the angular distribution of particles within a nar-
row range of momenta within a jet of a given initial en-
ergy. E.g. in high statistics photon+jet. Compare to jets
in vacuum with the same initial energy. Do this for QGP
with differing temperatures, at RHIC and LHC.

• These measurements need high luminosity: large sam-
ples of suitably tagged jets in different energy regimes.
Coming at the LHC late in the decade. At RHIC, need a
high-rate, state-of-the-art jet detector: sPHENIX, com-
ing circa 2020.



Gauge/String Duality, Hot QCD
and Heavy Ion Collisions

Casalderrey-Solana, Liu, Mateos, Rajagopal, Wiedemann

A 460 page book, available from Cambridge University Press.

Intro to heavy ion collisions and to hot QCD, including on

the lattice. Intro to string theory and gauge/string duality.

Including a ‘duality toolkit’.

Holographic calculations that have yielded insights into strongly

coupled plasma and heavy ion collisions. Hydrodynamics and

transport coefficients. Thermodynamics and susceptibilities.

Far-from-equilibrium dynamics and hydrodynamization. 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.



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 observables like those 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.



What to do next?
• Alternatively, try modeling an entire QCD jet as a “jet”. . .

• From this perspective, next priority is analysis of broad-

ening of the “jets”.

• How to characterize opening angle of the “jet”? Easiest

for us is θ“jet′′ ≡ m“jet′′/E“jet′′ ≡
√
E2

“jet′′ − p
2
“jet′′/E“jet′′. (But

we have the whole profile and so could compare to any

jet shape observable.)

• QCD predicts the distribution of min (e.g. θin) for each

Ein. N = 4 SYM does not; each must be specified sep-

arately. Send an ensemble of “jets”, with a distribution

of θin’s for each Ein, for example distributed as in QCD,

through the brick of plasma. What comes out the other

side? The answer turns out to be surprisingly simple,

after you flip the question on its head, after first formu-

lating it in the gravitational dual.



What to do next?

• If there were no plasma, “jet” would have some energy
Ein and some opening angle θin ∼ σin. (σin is the initial σ
of the string endpoint.)

• Due to the slab: Eout < Ein, and θout ∼ σout > σin.

• In a sense, everything about the energy loss and the
broadening is controlled by σin ∼ θin, and the value of
Ein is, relatively speaking, unimportant.

• Lets start with xstop. It is determined from σin, as the
figure indicates. Explicitly, for small σin it is given by

πT xstop =
Γ
(

1
4

)2

4
√
π

1
√
σin
− 1 +O

(√
σin

)
.





What to do next?

• What about the broadening? It is equally apparent that
θout ∼ σout is fully specified by σin and πTL.
• What about the energy loss? Rewrite our result as

xstop

Ein

dEout

dL
= −

4

π

L2

x2
stop

1√
1− L2/x2

stop

and see that Eout/Ein is fully specified by L/xstop. And,
remember that xstop was fully specified by σin.
• So, σin ∼ θin, the angular size the “jet” would have had

if it were in vacuum, tells you how much it broadens and
what fraction of its energy it loses.
• Where does Ein even enter the gravitational description??



How does Ein enter?
• For a jet with a given σin, the string energy density is
∝ 1/

√
σ − σin. Note the ∝. It is in the constant hidden in

this ∝ that Ein enters.

• Explicitly, it turns out that

Ein√
λπT

=

(
πTxstop

)3

π4C3
∝

1

σ
3/2
in C3

,

where 1/C3 is proportional to the constant hidden in the
∝ above.

• For a given xstop, and remember that means for a given
σin ∝ 1/(πTxstop)2, you can pick different values of Ein by
picking different values of C.
• Curiously, from the gravitational calculation there is a

maximum allowed value of C, which is C ≈ 0.526 (Chesler
et al; Ficnar, Gubser). This means that for a given σin
there is a minimum allowed Ein. If you try to load less
energy than that onto the string, the geodesic approxi-
mation breaks down.



What have we learned?
• Send an ensemble of “jets”, with a distribution of θin’s

for each Ein, for example distributed as in QCD, through

the brick of plasma. What comes out the other side?

We learned to rephrase this. . .

• Send an ensemble of “jets”, with a distribution of Ein’s

for each θin, for example distributed as in QCD, through

the brick of plasma. What comes out the other side?

• All “jets” with the same θin that travel through the same

path length of plasma will come out with the same θout.

We can make plots of θout as a function of θin and πTL.

• All “jets” with the same θin that travel through the same

path length of plasma will come out with the same frac-

tional energy loss Eout/Ein.

• Eout/Ein is even simpler, since it does not depend sepa-

rately on θin and πTL. It only depends on them via the

single combination L/xstop.



What to do next?
• It is worth asking whether jet quenching phenomenology

in QCD simplifies if one asks about the quenching of jets
that would have had a given opening angle in vacuum,
rather than about the quenching of jets that would have
had a given energy in vacuum, as is conventional.

• The striking, and simple, regularities that we have just
learned should make the notion that “jets” can be used
to model the quenching of QCD jets easily falsifiable.

• But, doing so is not immediate. In a gamma-jet event,
the gamma tells you what the energy of the jet would have
been in vacuum. How can you know what the opening
angle of a jet seen in a PbPb collision would have been,
if that jet had been produced in vacuum??

• As far as I can see, although the regularities that we have
just seen are striking and simple, comparing them against
data will need to be done statistically, on an ensemble
basis.

• I remain hopeful that this approach can be falsified.




