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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter
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Sidebar 2.3: Fluctuations in the Big and Little Bangs
Fluctuations from after the Big Bang around the time 

atoms were first forming are preserved in time until the 

image at the top left is taken. Cosmologists’ quantitative 

analysis of precise measurements (bottom-left graph) 

made from this image of the one Big Bang tell us key 

properties of the universe, for example, how much 

dark matter it contains. In heavy-ion collisions, nuclear 

physicists produce billions of “little bangs” and study their 

average properties and how they vary as an ensemble. 

These experiments, which reproduce tiny droplets of Big 

Bang matter for laboratory analysis, answer questions 

about the material properties of this liquid that cannot 

be accessed by astronomical measurements. The top-

right images are theoretical calculations of ripples in 

the matter density expected in the earliest moments of 

four of the billion little bangs. One of the signatures of 

the extraordinary liquidity of QGP comes in the form of 

fluctuations in the patterns of particles emerging from 

RHIC and LHC collisions, fluctuations traced to the 

survival of the matter density ripples with which the QGP 

is born. The bottom-right figure shows a suite of precise 

measurements that describes the shape (elliptical, 

triangular, quadrangular, pentagular) of the exploding 

debris produced in the little bangs, together with a 

quantitative theoretical analysis that describes these 

data and tells us key properties of QGP, for example its 

specific viscosity /s. All the curves in each panel come 

from one theoretical calculation, with initial ripples and 

/s specified. Ripples, as in the top-right figure, originate 

from gluon fluctuations in the incident nuclei; if QGP 

had a specific viscosity as large as that of water, though, 

these ripples would dissipate so rapidly as to disappear 

before they could be measured. The fact that they 

survive and can be seen and characterized in the shapes 

of the debris from the collisions, as at the bottom right, 

tells us about the origin of the ripples and the smallness 

of /s in QGP. These data and theoretical calculations 

in concert show that the QGP produced at both RHIC 

and the LHC is a much more nearly perfect liquid than 

water and hint that it becomes somewhat less liquid 

(has a somewhat larger /s) at the higher temperatures 

reached by the LHC. An increase in /s in going from 

RHIC energies (and temperatures) to those of the LHC 

is expected: the defining characteristic of the strong 

interaction is that quarks and gluons interact less strongly 

at higher energies and temperatures, meaning that hotter 

QGP is expected to become a less perfect liquid.
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Using modes of analysis that owe so much to our honoree, we

are learning about the stuff of the Big Bang from our billions

of Little Bangs. . .



But There is One and Only One. . .

. . . and he has been making Big Bangs of his own for a long

time.



Big Bangs from the LIL BANG
• Kinetic Theory for Nonabelian Plasmas. (1983; what you

read when you were a student when I was a student.)

• Thermal phenomenology of hadrons from 200 A-GeV S+S
Collisions. (1993, with Schnedermann and Sollfrank; my
first intro to Ulrich at the first QM that I attended.)

• Particle interferometry for relativistic heavy ion collisions.
(1999, with Wiedemann. Ulrich the Zen Master of HBT.)

• Early Thermalization at RHIC. Hydrodynamic description
of ultrarelativistic heavy ion collisions. (2001 and 2003,
with Kolb; a pillar of our modern understanding.)

• Causal viscous hydrodynamics in 2+1 dimensions for rel-
ativistic heavy-ion collisions. (2007, with Song; pushing
toward the precision era.)

• Hydrodynamic elliptic and triangular flow in Pb-Pb col-
lisions at

√
s = 2.76 ATeV. (2011, with Qiu and Shen;

precision in the vn era.)



HAPPY BIRTHDAY

TO THE LIL BANG

And, best wishes for many more Big Bangs in decades to

come. . .

My little birthday present for you will be told as a story with

two beginnings (the first of them lengthy) that will appear to

contradict each other, followed by a calculation that shows

that this is not so.
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Holographic “Parton” Energy Loss
Chesler, Rajagopal, arXiv:1402.6756, 1511.07567
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• Take a highly boosted light quark and shoot it through
strongly coupled plasma. . .

• A fully geometric characterization of energy loss. Which
is to say a new form of intuition. Energy propagates along
the blue curves, which are null geodesics in the bulk. When
one of them falls into the horizon, that’s energy loss! Pre-
cisely equivalent to the light quark losing energy to a hy-
drodynamic wake in the plasma.



Holographic “Parton” Energy Loss
Chesler, Rajagopal, arXiv:1402.6756, 1511.07567

πTx
-2 0 2 4 6 8 10

u
/u

h

1

0

• A fully geometric characterization of energy loss. Which
is to say a new form of intuition. Energy propagates along
the blue curves, which are null geodesics in the bulk. When
one of them falls into the horizon, that’s energy loss!

• Calculation shows that energy density on a particular blue
geodesic ∝ 1/

√
σ − σendpoint, with σ the initial downward an-

gle of that geodesic. Immediately implies maximal energy
loss rate as the last energy is lost.



Quenching a Light Quark “Jet”
Chesler, Rajagopal, 1402.6756, 1511.07567
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We compute Ejet analytically, by integrating the energy flow-
ing into hydrodynamic modes, and showing its equivalence to
that falling into the horizon. Geometric derivation of analytic
expression for dEjet/dx

1

Einit
jet

dEjet

dx
= −

4x2

πx2therm

1√
x2therm − x

2

where Txtherm = C(Einit
jet /(

√
λT ))1/3 where C is O(1), depends

on how the quark “jet” is prepared (more later), and has a
maximum possible value ' 1.



A Hybrid Approach
Casalderrey-Solana, Gulhan, Milhano, Pablos, KR, 1405.3864,1508.00815,

1607.nnnnn; Hulcher, Pablos, KR, 160n.nnnnn

• Hard scattering and the fragmentation of a hard parton
produced in a hard scattering are weakly coupled phenom-
ena, well described by pQCD.

• The medium itself is a strongly coupled liquid, with no
apparent weakly coupled description. And, the energy the
jet loses seems to quickly become one with the medium.

• Try a hybrid approach. Think of each parton in a parton
shower à la PYTHIA losing energy à la dE/dx for light
quarks in strongly coupled liquid from previous slide.

• We have looked at RAA, dijet asymmetry, jet fragmentation
function, photon-jet and Z-jet observables. Upon fitting
one parameter, lots of data described well. Value of the
fitted parameter is reasonable: xtherm in QGP is 2-3 times
longer than in N = 4 SYM plasma with same T .

• In progress: adding momentum broadening, adding wake in
the plasma, adding resolution effects, looking at jet shapes
and related observables.



What if We Try a Bolder
Approach?

• The hybrid approach takes insights from AdS/CFT calcu-

lations of parton energy loss and uses them to model the

quenching of pQCD jets in a way that can be confronted

with jet observables.

• What if we try to be non-hybrid? By which I mean what

if we try to compare the AdS/CFT calculations directly

with the phenomenology of jets in heavy ion collisions?

• This bolder approach starts off well, but then seems to be

contradicted in a qualitative way by data. . .



Holographic “Jet” Energy Loss
Chesler, Rajagopal, arXiv:1402.6756, 1511.07567
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• Interpret this object as a toy model for a jet.

• Depth into the bulk ↔ transverse size of the gauge theory
object being described.

• Thus, downward angle into the bulk ↔ opening angle.

• Since energy density is largest close to the string endpoint,
for intuition focus on the endpoint trajectory.

• This calculation describes a “jet” with some initial θinitjet ∝
initial downward angle of the endpoint.



Holographic “Jet” Energy Loss
Chesler, Rajagopal, arXiv:1511.07567
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Two immediate, inescapable, qualitative consequences, of ge-

ometric origin when described holographically:

• First, every jet broadens in angle as it propagates through

the strongly coupled plasma. θjet increases as Ejet de-

creases.



Holographic “Jet” Energy Loss
Chesler, Rajagopal, arXiv:1511.07567
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Two immediate, inescapable, qualitative consequences, of ge-

ometric origin when described holographically:

• First, every jet broadens in angle as it propagates through

the strongly coupled plasma. θjet increases as Ejet de-

creases. (The result plotted for θjet/θ
init
jet is in the limit

of small θinitjet , meaning large xthermT . See the paper for

results away from this limit.)



Holographic “Jet” Energy Loss
Chesler, Rajagopal, arXiv:1511.07567

• First, every jet broadens in angle as it propagates through
the strongly coupled plasma. θjet increases as Ejet de-
creases. (What is plotted here is energy flux, renormalized
at every x so loss of energy is not visible. Plot is for the
small θinitjet limit.)



Holographic “Jet” Energy Loss
Chesler, Rajagopal, arXiv:1511.07567
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Two immediate, inescapable, qualitative consequences, of ge-
ometric origin when described holographically:
• Second, jets with smaller initial θinitjet have a longer xtherm.

They lose their energy more slowly, over a longer distance.
(In fact, Txtherm ∝ 1/

√
θinitjet .)

• That is, for jets with the same Einit
jet that travel through the

same plasma, those with larger θinitjet will lose more energy.



Experimental Results
CMS, arxiv:1310.0878

8 6 Summary

ous studies in CMS which find that the energy that the jets lose in the medium is redistributed
at large distances from the jet axis outside the jet cone [22]. The differential study of the jet
structure presented here provides important additional information and shows that nuclear
modifications are also present inside the jet cone. Qualitatively, a similar trend is predicted by
theory [34, 35] based on parton level calculations for PbPb collisions at a different centre-of-
mass energy. It is expected that a detailed theory-experiment comparison will be performed
in the future, in which the theoretical calculations would include all experimental cuts that
would influence the observed correlations, and model the effects due to the hadronization pro-
cess. This comparison will contribute to our understanding of the medium properties.
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Figure 3: (Color online) Top row: Differential jet shapes in PbPb collisions (filled circles) as a
function of distance from the jet axis for inclusive jets with pjet

T > 100 GeV/c and 0.3 < |η| < 2 in
five PbPb centrality intervals. The measurements use charged particles with ptrack

T > 1 GeV/c.
The pp-based reference shapes (with centrality-based adjustments as described in the text) are
shown with open symbols. Each spectrum is normalised to an integral of unity. The shaded
regions represent the systematic uncertainties for the measurement performed in PbPb colli-
sions, with the statistical uncertainties too small to be visible. Bottom row: Jet shape nuclear
modification factors, ρ(r)PbPb/ρ(r)pp. The error bars show the statistical uncertainties, and the
shaded boxes indicate the systematic uncertainties.

6 Summary
The first measurement of jet shapes in PbPb collisions at

√sNN = 2.76 TeV has been performed.
The results have been compared to reference shapes measured in pp collisions at the same
centre-of-mass energy. Inclusive jets with pjet

T > 100 GeV/c and 0.3 < |η| < 2 have been recon-
structed using the anti-kT algorithm with a distance parameter R = 0.3, and the jet shapes have
been studied using charged particles with pT > 1 GeV/c as a function of collision centrality. In
peripheral collisions, the shapes in PbPb are similar to those in the pp reference distributions.
A centrality dependent modification of the jet shapes emerges in the more central PbPb colli-
sions. A redistribution of the jet energy inside the cone is found, specifically, a depletion of jet
transverse momentum fraction at intermediate radii, 0.1 < r < 0.2, and an excess at large radii,
r > 0.2. These results are important for characterizing the shower evolution in the presence of
a hot and dense nuclear medium.

The second beginning to my story. Jets in PbPb are a little

narrower than jets with the same energy in pp at small r.

Then get a little wider at larger r.



Experimental Results
CMS, HIN-15-011

20 7 Results
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Figure 12: Top row: subleading jet shape ρ(r) for pp reference and central and peripheral
PbPb data, shown for all tracks with pT > 0.5 GeV/c and decomposed by track transverse
momentum, normalized to unity over the region r < 0.3 Bottom row: subleading jet shape
ratio ρ(r)PbPb/ρ(r)pp. Statistical uncertainties are shown with vertical bars, and systematic
uncertainties are shown with shaded boxes.

The narrowing at small angles comes from the hard compo-
nent of the jet. The broadening at large, and very large,
angles is in the softest particles, likely those coming from the
wake in the plasma that are reconstructed as part of the jet.



A Contradiction?
In the holographic calculation, every jet gets wider as it prop-
agates through the plasma.

When you compare jets in PbPb and pp collisions with the
same final energy the quenched jets in PbPb collisions may be
a bit narrower, and certainly are not significantly wider.

Is this a contradiction? Not necessarily. . .

In order to compare quenched jets and unquenched jets with
the same final energy, we need to follow what happens to an
ensemble of jets.

Since energy loss depends on initial opening angle, we need an
ensemble with a reasonable distribution of both initial opening
angle and initial energy. (The angle and energy that the jet
would have had if not plasma.)

Our goal is only to assess whether there is a blatant contra-
diction. So we will simplify many things. . .



Evolution of Jet Opening Angle
Distribution

KR, A. Sadofyev, W. van der Schee, arxiv:1602.04187

Choose an ensemble of holographic jets, distributed as follows:

• Initial energy distributed ∝ (Einit
jet )

−6.

– (The energy density on the string is A/(σ2
√
σ − σinitendpoint);

this specifies the distribution of A.)

• We take advantage of a pQCD calculation of the distribu-
tion for

C
(1)
1 ≡

∑
i,j

zizj


∣∣∣θij∣∣∣
R

 ,

a measure of the opening angle of a jet, for R = 0.3 jets
with a given energy in pp collisions with

√
s = 2.76 TeV.

(Larkoski, Salam, Thaler 1305.0007; Larkoski, Marzani, Soyez, Thaler

1402.2657)
– (For us, C(1)

1 = a σinitendpoint. Crude calculation gives a ∼ 1.7
but we take a as the first of two free parameters in the
model. So, this specifies distribution of σinitendpoint.)



Evolution of Jet Opening Angle
Distribution

KR, A. Sadofyev, W. van der Schee, arxiv:1602.04187

Larkoski, Marzani, Soyez, Thaler 1402.2657
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Choose an ensemble of holographic jets, distributed as follows:
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−6.
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√
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(Larkoski, Salam, Thaler 1305.0007; Larkoski, Marzani, Soyez, Thaler

1402.2657)
– (For us, C(1)

1 = a σinitendpoint. Crude calculation gives a ∼ 1.7
but we take a as the first of two free parameters in the
model. So, this specifies distribution of σinitendpoint.)



Evolution of Jet Opening Angle
Distribution

KR, A. Sadofyev, W. van der Schee, arxiv:1602.04187

. . . and follow the propagation of this ensemble through an
AdS/BH metric with a space-time varying horizon that de-
scribes strongly coupled plasma with a spacetime-varying tem-
perature. We assume boost-invariant longitudinal expansion
and a blast-wave approximation (taken from Ficnar, Gubser,
Gyulassy 1311) for the transverse expansion:

T (τ, ~x⊥) = b

[
dNch

dy

1

Npart

ρpart(~x⊥/rbl(τ))

τ rbl(τ)2

]1/3
,

where rbl(τ) ≡
√
1+ (vT τ/RPb)

2, and where we take Npart = 383,
dNch/dy = 1870, vT = 0.6, RPb = 6.7 fm and ρpart(~x⊥) is given
by an optical Glauber model.

A naive calculation gives b ∼ 0.8, but recognizing that the
strongly coupled plasma of N = 4 SYM theory and QCD differ
(in s/T3, for example) we treat b as the second free parameter
in the model.
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Evolution of Jet Opening Angle
Distribution

KR, A. Sadofyev, W. van der Schee, arxiv:1602.04187

We initialize our simplified model for the expanding cooling

droplet of plasma at τ = 1 fm/c, and initialize our ensemble of

jets at the same τ , choosing their initial transverse position

∝ ρpart(~x⊥)2 and choosing their transverse direction randomly.

(Clearly, early time physics could be improved.)

For each value of the two model parameters a and b, we

generate an ensemble of many tens of thousands of jets as

described, send them through the droplet of plasma, and turn

quenching off when T drops below 175 MeV. (Clearly, late

time physics could be improved.)

We track Ejet and σendpoint, and extract the modified distribu-

tion of jet energies and opening angles.



Evolution of Jet Opening Angle
Distribution

KR, A. Sadofyev, W. van der Schee, arxiv:1602.04187



Evolution of Jet Opening Angle
Distribution

KR, A. Sadofyev, W. van der Schee, arxiv:1602.04187

For small angles, opening angle distribution pushed toward

larger angles. (Every jet gets wider as it propagates.)

At large angles, opening angle distribution pushed down, and

therefore toward smaller angles. (Jets that are initially wider

lose more energy. And, the jet energy distribution is steeply

falling.)



Evolution of Jet Opening Angle
Distribution

KR, A. Sadofyev, W. van der Schee, arxiv:1602.04187

All our choices of a, b give same, not unreasonable, suppression
in the number of jets in the final ensemble with a given Ejet
relative to that number in the initial distribution.

The mean opening angle of the jets with a given Ejet in the
final ensemble can easily be pushed downward, even though
the opening angle of every jet in the ensemble increases.



Evolution of Jet Opening Angle
Distribution

KR, A. Sadofyev, W. van der Schee, arxiv:1602.04187

There is no contradiction.

• Because of inescapable qualitative fact # 2 (holographic

jets that are initially wider lose more energy). . .

• . . . and because of the steeply falling Ejet distribution. . .

• . . . there is no contradiction between inescapable qualita-

tive fact #1 (every holographic jet broadens in angle as it

propagates through strongly coupled plasma) . . .

• . . . and the indication from CMS data that jets in PbPb

with Ejet > 100 GeV or Ejet > 50 GeV are a little narrower

than jets in pp with the same energy, if you focus on the

harder particles in the jet so as not to be distracted by

particles coming from the wake in the plasma.



Evolution of Jet Opening Angle
Distribution

KR, A. Sadofyev, W. van der Schee, arxiv:1602.04187

Bottom line: because wider jets with a given initial energy lose
more energy than narrower jets with that energy, quenching
can make the mean width of jets with a given energy narrower
– even as every individual jet gets wider as it loses energy.

Same effect seen in an ensemble of weakly coupled jets in
JEWEL (Milhano, Zapp 1512). At weak coupling, initially
wider jets lose more energy than initially narrower ones be-
cause they contain more energy-losers (Casalderrey-Solana,
Mehtar-Tani, Salgado Tywoniuk 1210).

Same effect seen in hybrid model also (Casalderrey-Solana,
Gulhan, Milhano, Pablos, KR, 160n).

The “bolder approach” (comparing holographic jets directly to
data) is at present less well developed than the hybrid model,
vis-a-vis comparison to jet observables. We (Brewer, KR,
Sadofyev, van der Schee) are working on improving various
aspects of the simplified analysis I have presented. . . .



Conclusion

I hope that our LIL BANG has enjoyed his little birthday

present. And, once again, I wish him many more decades

of Big Bangs of his own — and a happy birthday.


