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QCD is all about scale!
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Well known from DIS
What the electron sees, depends on E, Q2

Increasing energy Q2 = getting closer to proton x =
p
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Jets are complicated, 

Many things happen 
to a jet and the energy  
deposited by the jet 
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Jets are complicated, 

Many things happen 
to a jet and the energy  
deposited by the jet 

Everything other than
leading hadrons is strongly 
affected by the medium

!5



This is not how things were done traditionally 
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FIG. 3. (Color online) HT-BW results for the nuclear modifi-
cation factor at mid-rapidity for neutral pion spectra in 0−5%
central Au + Au collisions at

√
s = 200 GeV/n (upper panel) and

charged hadron spectra in 0–5% central Pb + Pb collisions at
√

s =
2.76 TeV/n (lower panel) with a range of values of initial quark jet
transport parameter q̂0 at τ0 = 0.6 fm/c in the center of the most
central collisions, as compared to PHENIX data [77,78] at RHIC and
ALICE [27] and CMS data [26] at LHC.

calculation of the hadron density at a given temperature T and
zero chemical potential. A full 3 + 1D ideal hydrodynamic
model [63,64] is used to provide the space-time evolution of
the local temperature and flow velocity in the bulk medium
along the jet propagation path in heavy-ion collisions. The
initial highest temperatures T0 in the center of the most
central heavy-ion collisions are set to reproduce the measured
charged hadron rapidity density. The initial spatial energy
density distribution follows that of a Glauber model with
Wood-Saxon nuclear distribution. At the initial time τ0 =
0.6 fm/c, T0 = 373 and 473 MeV for Au + Au collisions at
RHIC and Pb + Pb collisions at LHC, respectively.

With the above medium modified fragmentation functions
and temperature dependence of the jet transport coefficient,
one can calculate the nuclear modification factors and compare
to the experimental data as shown in Fig. 3. From χ2 fits to
experimental data at RHIC and LHC as shown in Fig. 4, one
can extract values of quark jet transport parameter q̂0 at the
center of the most central A + A collisions at a given initial
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FIG. 4. (Color online) The χ 2/d.o.f. as function of the initial
quark jet transport parameter q̂0 from fitting to the PHENIX
data [77,78] (combined 2008 and 2012 data set) at RHIC for
pT > 5 GeV/c and combined ALICE [27] and CMS [26] data at
LHC for pT > 15 GeV/c by the HT-BW model calculation of the
nuclear suppression factor RAA(pT ) as shown in Fig. 3.

time τ0. Best fits to the combined PHENIX data on neutral
pion spectra [77,78] in 0–5% central Au + Au collisions at√

s = 0.2 TeV/n gives q̂0 = 1.20 ± 0.30 GeV2/fm (at τ0 =
0.6 fm/c). Similarly, a best fit to the combined ALICE [27]
and CMS [26] data on changed hadron spectra in 0–5% central
Pb + Pb collisions at

√
s = 2.76 TeV/n leads to q̂0 = 2.2 ±

0.5 GeV2/fm (at τ0 = 0.6 fm/c).
The charged hadron pseudorapidity density at midrapidity

dNch/dη = 1584 ± 4(stat.) ± 76(sys.) in the most central
0–5% Pb + Pb collisions at

√
s = 2.76 TeV/n as measured

by the ALICE experiment [85] is 2.3 ± 0.24 larger than
dNch/dη = 687 ± 37 for 0–5% Au + Au collisions at

√
s =

0.2 TeV/n [86]. Taking into account the difference in nuclear
sizes, the ratio of the transverse hadron density in central
Pb + Pb at LHC and Au + Au at RHIC is about 2.2 ± 0.23. If
one assumes that the jet transport coefficient is proportional to
the initial parton density or the transverse density of charged
hadron multiplicity in midrapidity, this should also be the ratio
of the initial jet transport parameters in these collisions at LHC
and RHIC, which is very close to the value of 1.83 ± 0.26 one
obtains from independent fits to the experimental data at RHIC
and LHC on hadron suppression factors.

IV. THE HIGHER-TWIST MAJUMDER (HT-M) MODEL

Similar to the HT-BW model, the HT-M approach [48,87]
is a straightforward evaluation of the first power correction
to the vacuum evolution of a fragmentation function. It,
however, goes beyond the single scattering and includes
multiple induced gluon emission through a set of effec-
tive modified QCD evolution equations. One calculates the
medium modified fragmentation function by evolving an input
fragmentation function using a vacuum plus medium modified
kernel. As such, the formalism explicitly imbibes the concept
of factorization [88]: the initial parton distribution functions
are factorized from the hard scattering cross section; these are
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also factorized from the final fragmentation function. The cross
section to produce hadrons at a given transverse momentum
ph and in a given rapidity interval y may be expressed as

dσ

dy d2ph

=
∫

d2b d2r TAB(b,r)
∫

dx adx b

× GA(x a,Q
2)GB(x b,Q

2)
dσ̂

dt̂

D̃(z,Q2)
πz

. (10)

In the equation above, TAB(b,r) =
∫

dzρA(z,r⃗ +
b⃗/2)

∫
dz′ρB(z′,r⃗ − b⃗/2), where ρA/B represents the nuclear

density in nucleus A/B. The nuclear parton distribution
functions GA(x A,Q2) and GB(x B,Q2) are inclusive of any
shadowing corrections. The modified fragmentation function
D̃ contains two contributions: one from vacuum evolution
which is contained in the regular Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations:

∂Dh
q(z,Q2)

∂ ln(Q2)
= αS(Q2)

2π

∫ 1

z

dy

y
Pq→i(y)Dh

i

(
z

y
,Q2

)
. (11)

The second contribution to the modified fragmentation
function is from the medium modified evolution equation [89],

∂Dh
q(z,Q2,q− )|ζf

ζi

∂ ln(Q2)
= αS

2π

∫ 1

z

dy

y

∫ ζf

ζi

dζP (y)Kq− ,Q2 (y,ζ )

×Dh
q

(
z

y
,Q2,q− y

)∣∣∣∣
ζf

ζ

. (12)

In both Eqs. (11) and (12), the splitting function Pq→i(y) is
the regular Altarelli-Parisi splitting function. The modification
from the medium is contained in the factor Kq− ,Q2 (y,ζ ). All
factors of the medium (such as the transport coefficients q̂) are
contained within this factor, along with phase factors that arise
due to interference between different amplitudes of emission.
The contribution to K from the leading power correction is
given as

Kq− ,Q2 (y,ζ ) = [q̂A(ζ ) − (1 − y)q̂A/2 + (1 − y)2q̂F ]
Q2

×
[

2 − 2 cos
(

Q2(ζ − ζi)
2q− y(1 − y)

)]
. (13)

In the equation above, ζ and ζi represent the location of scat-
tering and location of origin of the hard parton, respectively.
The position (ζ ) dependent jet transport coefficient of a gluon,
q̂A(ζ ), can be expressed in operator form [90–92], similarly
as in Eq. (6) except the color factor for a gluon jet CF → CA.
Note that the q̂ for a quark scattering off the gluon field is
trivially related to the above expression as q̂F = CF

CA
q̂A.

In actual calculations of the nuclear modification factor, one
assumes q̂ to scale with some intrinsic quantity in the medium.
In the calculations presented in this section, q̂ is assumed to
scale with the entropy density s (see Refs. [57,93] for other
scalings assumptions for q̂):

q̂(s) = q̂0
s

s0
. (14)

In the equation above, s0 is the maximum entropy density
achieved at an initial time τ0 in the center of the most
central collisions at top RHIC energy. The value of q̂ = q̂0

corresponds to this point. The space-time evolution of the
entropy density is given by 2 + 1D viscous hydrodynamic
model [74,75] tabulated by the hydro group within the JET
Collaboration. These hydro profiles are obtained with Monte-
Carlo Kharzeev-Levin-Nardi model (MC-KLN) [94] initial
conditions in which the initial temperature is T0 = 346 MeV
at the center of the most central Au + Au collisions at RHIC
(
√

s = 200 GeV/n) and 447 MeV in Pb + Pb collisions at
LHC (

√
s = 2.76 TeV/n). In the calculation of the hadron

spectra in heavy-ion collisions, the distance integral over K
is then sampled over a large number of paths passing through
the evolving medium. The starting points of all the paths are
obtained by sampling the binary collision profile. The medium
averaged length integral over K is then used to calculate
the medium modified evolution of the fragmentation function
using Eqs. (11) and (12).

Both medium and vacuum evolution equations require an
input distribution. This is taken as a vacuum fragmentation

(a)

(b)

FIG. 5. (Color online) HT-M results for the nuclear modification
factor at mid-rapidity for neutral pion spectra in 0–5% cen-
tral Au + Au collisions at

√
s = 200 GeV/n (upper panel) and

charged hadron spectra in 0–5% central Pb + Pb collisions at
√

s =
2.76 TeV/n (lower panel) with a range of values of initial gluon jet
transport parameter q̂0 (at τ0 = 0.6 fm/c) in the center of the most
central collisions, as compared to PHENIX data [77,78] at RHIC and
ALICE [27] and CMS data [26] at LHC.
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pure HTL QCD paradigm and thus provided a natural solution
to the old heavy-quark jet puzzle at RHIC as due to enhanced
dynamical magnetic scattering effects. It further predicted a
novel inversion of the π < D < B flavor ordering of RAA at
high pT that can be tested in the future at RHIC and LHC.

One of the surprising [71] LHC discoveries was the
similarity between RAA at RHIC and LHC despite the doubling
of the initial QGP density from RHIC to LHC. CUJET1.0 was
able to explain this by taking into account the effects due to
multiscale running of the QCD coupling α(Q2) in the DGLV
opacity series. At first order in opacity the running coupling
RCDGLV induced gluon radiative distribution is given by [72]

x
dNQ→Q+g

dx
(r,φ)

=
∫

dτρ(r + n̂(φ)τ,τ )

×
∫

d2qT

π

d2σeff

d2qT

∫
d2kT

π
αs

(
k2
T

/
(x (1 − x )

)

× 12(kT + qT )
(kT + qT )2 + χ (τ )

·
(

(kT + qT )
(kT + qT )2 + χ (τ )

− kT

k2
T + χ (τ )

)

×
(

1 − cos
[

(kT + qT )2 + χ (τ )
2x+E

τ

])
, (2)

where the effective differential quark-gluon cross section is

d2σeff

d2qT

=
α2

s

(
q2

T

)
[
q2

T + f 2
Eµ2(τ )

][
q2

T + f 2
Mµ2(τ )

] , (3)

that runs with both qT and the local temperature through
µ2(τ ) = 4παs(4T 2)T 2, the local HTL color electric Debye
screening mass squared in a pure gluonic plasma with local
temperature T (τ ) ∝ ρ1/3(r,τ ) along the jet path r(τ ) through
the plasma.

Here the infrared scale χ (τ ) = M2x 2
+ + f 2

Eµ2(T (τ ))(1 −
x+)/

√
2 controls the “dead cone” and Landau-Pomeranchuck-

Migdal (LPM) [73] destructive interference effects due to both
the finite quark current mass M , and an asymptotic thermal
gluon mass assumed of the form mg = fE µ(T )/

√
2.

The HTL deformation parameters (fE,fM ) are used to vary
the electric and magnetic screening scales relative to HTL.
In general HTL deformations could also change mg(T ). The
default HTL plasma is (1,0) but a deformed (2,2) plasma model
motivated by lattice QCD screening data was also considered.
The vacuum running αs(Q2) = min[αmax,4π/9 ln(Q2/(2)] is
used which is characterized by a nonperturbative maximum
value αmax. The parameters (αmax,fE,fM ) are therefore the
main model control parameters in this study.

The computational task performed via Monte Carlo inte-
gration is to evaluate dNg/dx for each initial jet production
coordinates (r,n̂), convolute the inclusive gluon spectrum
via a Poisson ansatz to estimate effects of multi-gluon
fluctuation, evaluate the normalized radiation probability
Prad()Erad,E0; r,n̂)) via fast Fourier transform including
delta function )E/E0 = 0,1 end-point sigularities. The
multiple running coupling elastic energy loss probability
Pel()Eel,E0; r,n̂)) is computed and then convoluted, Prad ⊗
Pel , with the probability for radiative energy loss. The final
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FIG. 1. (Color online) CUJET2.0 [76] results for the nuclear mod-
ification factor at midrapidity for neutral pion spectra in 0–5% central
Au + Au collisions at

√
s = 200 GeV/n (upper panel) and for charged

hadrons in Pb + Pb collisions at
√

s = 2.76 TeV/n (lower panel) with
a range of values of frozen strong coupling constant αmax, as compared
to PHENIX data [77,78] at RHIC and ALICE [27] and CMS data [26]
at LHC.

total energy loss probability is then folded over the initial par-
ton jet spectrum dNpp/d2pT dη. Finally CUJET averages over
initial jet configurations via

∫
d2r d2n̂TA(r + b/2)TA(r,b/2)

and fragments jets into different flavor hadrons or leptons to
compare with data.

In CUJET2.0, the CUJET1.0 model is coupled to the state-
of-the-art 2 + 1D viscous hydro fields with shear viscosity
to entropy density ratio η/s = 0.08 [74,75] as tabulated by
the hydro group within the JET Collaboration. The hydro
temperature fields used in CUJET2.0 [76] are thus constrained
by thermal and flow fields that fit experimental data on
bulk low pT < 2 GeV/c radial and elliptic flow observables.
Effects of azimuthally asymmetric radial flowing QGP are then
computed via the CUJET2.0 = RCDGLV + VISH C++ code.

Shown in Fig. 1 are the calculated single hadron suppression
factor RAA(pT ) for central Au + Au collisions at RHIC
and Pb + Pb collisions at LHC with a range of parameters
(αmax,fE,fM ) = (αmax,1,0) as compared to experimental data.
The χ2/d.o.f. from fits to the experimental data as a function of
αmax are shown in Fig. 2. The experimental data at RHIC and
LHC seems to prefer different values of αmax. One can consider
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FIG. 8. (Color online) The nuclear modification factors RAA

from MCGILL-AMY model as a function of pT for neutral pions
in 0–5% Au + Au collisions at RHIC (upper panel) and charged
hadrons in 0–5% central Pb + Pb collisions at LHC (lower panel).
Experimental data are taken from PHENIX experiment [77,78] at
RHIC and CMS [26] and ALICE experiment [27] at LHC. For
difference curves from the top to the bottom, the values of αs are
from 0.23 to 0.31 at RHIC and from 0.19 to 0.27 at the LHC with an
increment of 0.1.

By convoluting the medium modified fragmentation func-
tion with the initial parton momentum distribution as computed
from perturbative QCD calculations, one may obtain the
hadron spectra:

dσAB→hX

d2ph
T dy

=
∫

d2r⃗⊥ PAB(r⃗⊥ )
∑

j

∫
dz

z2

×D̃h/j (z,r⃗⊥ ,φ)
dσAB→jX

d2p
j
T dy

. (21)

The above equation contains the average over transverse
positions r⃗⊥ of initial hard jets via the probability distribution
function PAB(b,r⃗⊥ ), which is determined from Glauber model
simulation of binary collision distribution. The propagation
direction φ may be fixed or averaged over a certain range.
Putting all the ingredients together, one obtains the total yield
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FIG. 9. (Color online) The χ 2/d.o.f. as a function of αs from
fitting to the PHENIX data [77,78] (combined 2008 and 2012 data
set) at RHIC (solid) and combined ALICE [27] and CMS [26] data at
LHC (dashed) by the MCGILL-AMY model calculation of the nuclear
suppression factor RAA(pT ) as shown in Fig. 8.

of hadrons produced in relativistic nuclear collisions, which
are used to calculate the nuclear modification factor RAA.

In the upper panel of Fig. 8, the calculated suppression
factors RAA for central 0–5% collisions at RHIC for different
values of the fixed coupling constant αs varies from 0.23
to 0.31 from the top to the bottom, with an increment of
0.1, are compared to the experimental measurements taken
from PHENIX Collaboration [77,78]. The best fit to the
experimental data is the thick curve in the middle, with
αs = 0.27(+0.02/−0.015).

The lower panel of Fig. 8 shows the comparison between
the calculated RAA for central 0–5% collisions at the LHC and
experimental measurements taken from CMS [26] and ALICE
Collaborations [27]. Calculations for different values of the
fixed coupling constant αs varies from 0.19 to 0.27 from the
top to the bottom, with an increment of 0.1. The best fit to
the experimental data is the thick curve in the middle, with
αs = 0.24(+0.02/ − 0.01).

The above best αs values are obtained from a χ2 fit, as
shown in Fig. 9. Here the values of χ2/d.o.f. are plotted as
a function of αs for both RHIC and the LHC. For RHIC we
use the data points above 5 GeV/c for both 2008 and 2012
PHENIX data, for the LHC we use both CMS and ALICE
data points with a momentum cut of 6 GeV/c.

VII. JET TRANSPORT PARAMETER

In order to compare medium properties extracted from
phenomenological studies of jet quenching within different
approaches to parton energy loss, we will focus on the value
of quark jet transport parameter q̂ either directly extracted
or evaluated within each model with the model parameters
constrained by the experimental data. As a first step, we will
only consider data on the suppression factor of single inclusive
hadron spectra RAA(pT ) at both RHIC and LHC. Within each
model, q̂ should be a function of both local temperature and jet
energy which in turn varies along each jet propagation path. As
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RAA ⇠
dNAA
dpT dy

Nbin
dNpp

dpT dy

Applied different formalism to
the entire history of the jet.



A complete change of paradigm!
How jets interact with the medium and evolve depends 
on 
• Temperature of the medium
• Energy of the jet
• scale of the parton in the jet (E,μ2)
• other scale of the medium (q τ)

Different approaches to E-loss are valid in different 
epochs of the jet

A complete description requires all of these approaches

Discussion moves to boundaries between approaches

^



High energy and high virtuality 
part of shower

• Radiation dominated regime
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High energy and high virtuality 
part of shower

• Radiation dominated regime
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High energy and high virtuality 
part of shower

• Radiation dominated regime

Theory: Higher Twist, GLV
MC:     MATTER, YaJEM !8



Low virtuality, high energy part 
Scattering dominated regime
Few, time separated emissions

!9



Low virtuality, high energy part 
Scattering dominated regime
Few, time separated emissions

!9



Low virtuality, high energy part 
Scattering dominated regime
Few, time separated emissions

!9



Low virtuality, high energy part 
Scattering dominated regime
Few, time separated emissions

!9



Low virtuality, high energy part 
Scattering dominated regime
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• Cannot be described by pQCD
• Modeled drag  (LBNL-CCNU, YaJEM, JEWEL)
• Scale of parton same as scale of medium
• AdS/CFT 
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Elastic energy loss 
rate
also diffusion rate e2

ê =
��E⇥L

L

Transport coefficients 
for partons in a dense medium

p2
z ' E2 � p2

?

Transverse momentum
diffusion rateq̂ =

hp2
?iL

L

By definition, describe how the medium modifies the jet parton!

p+ ' p2?/2p
�

!13
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In general, 2 kinds of transport coefficients
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How this done currently   

Full jet carries recoil particles 
sampled from a Boltzmann distribution. 
as regular jet partons, and negative parsons or holes

�15
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Other methods

Constant  
Broadening 

AdS/CFT drag
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Such a framework now exists: JETSCAPE
https://github.com/JETSCAPE



Applying Multi-scale models
Its the right thing to do.
Pushing limited approaches past limits creates tension!
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Using the full event generator
• Any good event generator needs a good p-p baseline

PYTHIA for initial state
MATTER for all final state partons > 1GeV
PYTHIA based hadronization of final partons

!21



Preliminary results from JETSCAPE
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Jet and leading hadron v2

Need event-by-event hydro and initial state to hydro 
adjustments

 24



Jet shape
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Fragmentation function
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What did we learn from all this?

Jets have multiple scales, with different interactions with 
medium

Qualitatively similar but quantitatively different picture for 
heavy Q

Limits on e from jets and leading hadrons

Medium recoil needed to get jet physics

Deposited energy seems to thermalize very rapidly into 

^
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Does the interaction with medium change with scale

This not only affects E-loss but also how E distributed
Consistent with the the idea of Coherence! 
Casalderrey-Solana et al. PLB 725 (2013) 357

!29



Jet medium correlations !
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<latexit sha1_base64="QRicxydacb3GIm3jhph3aIjr/cc=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpQl0W3Oiugn1AO5RMmmljk8yQZIQy1G9wq2t34tZ/cemfmGkrWB8HQg7n3Mu994QJZ9p43rtTWFldW98obpa2tnd298r7By0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/FF7rfvqNIsljdmktBA4KFkESPYWKnVC0Wmpv1yxXOrXg70m/ju7PcqsECjX/7oDWKSCioN4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrLZtlN0YpUBimJlnzRopn7vyLDQeiJCWymwGemfXi7+5XVTE50HGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU9178+q9SvFukU4QiO4RR8qEEdLqEBTSBwCw/wCE/OvfPsvDiv89KCs+g5hCU4b5+pNZXu</latexit><latexit sha1_base64="QRicxydacb3GIm3jhph3aIjr/cc=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpQl0W3Oiugn1AO5RMmmljk8yQZIQy1G9wq2t34tZ/cemfmGkrWB8HQg7n3Mu994QJZ9p43rtTWFldW98obpa2tnd298r7By0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/FF7rfvqNIsljdmktBA4KFkESPYWKnVC0Wmpv1yxXOrXg70m/ju7PcqsECjX/7oDWKSCioN4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrLZtlN0YpUBimJlnzRopn7vyLDQeiJCWymwGemfXi7+5XVTE50HGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU9178+q9SvFukU4QiO4RR8qEEdLqEBTSBwCw/wCE/OvfPsvDiv89KCs+g5hCU4b5+pNZXu</latexit><latexit sha1_base64="QRicxydacb3GIm3jhph3aIjr/cc=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpQl0W3Oiugn1AO5RMmmljk8yQZIQy1G9wq2t34tZ/cemfmGkrWB8HQg7n3Mu994QJZ9p43rtTWFldW98obpa2tnd298r7By0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/FF7rfvqNIsljdmktBA4KFkESPYWKnVC0Wmpv1yxXOrXg70m/ju7PcqsECjX/7oDWKSCioN4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrLZtlN0YpUBimJlnzRopn7vyLDQeiJCWymwGemfXi7+5XVTE50HGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU9178+q9SvFukU4QiO4RR8qEEdLqEBTSBwCw/wCE/OvfPsvDiv89KCs+g5hCU4b5+pNZXu</latexit><latexit sha1_base64="QRicxydacb3GIm3jhph3aIjr/cc=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpQl0W3Oiugn1AO5RMmmljk8yQZIQy1G9wq2t34tZ/cemfmGkrWB8HQg7n3Mu994QJZ9p43rtTWFldW98obpa2tnd298r7By0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/FF7rfvqNIsljdmktBA4KFkESPYWKnVC0Wmpv1yxXOrXg70m/ju7PcqsECjX/7oDWKSCioN4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrLZtlN0YpUBimJlnzRopn7vyLDQeiJCWymwGemfXi7+5XVTE50HGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU9178+q9SvFukU4QiO4RR8qEEdLqEBTSBwCw/wCE/OvfPsvDiv89KCs+g5hCU4b5+pNZXu</latexit>
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<latexit sha1_base64="6VqJCBIp9KHrXcXxBOPkabyEpVs=">AAACAnicdVDLSgMxFL1TX7W+qi7dBItQN2WmCLosunFZwT6gM5RMmmlDk8yQZIQydOc3uNW1O3Hrj7j0T8y0FayPAyGHc+7l3nvChDNtXPfdKaysrq1vFDdLW9s7u3vl/YO2jlNFaIvEPFbdEGvKmaQtwwyn3URRLEJOO+H4Kvc7d1RpFstbM0loIPBQsogRbKzk+6HIfDWKq+p02i9X3FrdzYF+E682+90KLNDslz/8QUxSQaUhHGvd89zEBBlWhhFOpyU/1TTBZIyHtGepxILqIJvtPEUnVhmgKFb2SYNm6veODAutJyK0lQKbkf7p5eJfXi810UWQMZmkhkoyHxSlHJkY5QGgAVOUGD6xBBPF7K6IjLDCxNiYlqaEIs/k63D0P2nXa55b827OKo3LRTpFOIJjqIIH59CAa2hCCwgk8ACP8OTcO8/Oi/M6Ly04i55DWILz9gmvj5gZ</latexit><latexit sha1_base64="6VqJCBIp9KHrXcXxBOPkabyEpVs=">AAACAnicdVDLSgMxFL1TX7W+qi7dBItQN2WmCLosunFZwT6gM5RMmmlDk8yQZIQydOc3uNW1O3Hrj7j0T8y0FayPAyGHc+7l3nvChDNtXPfdKaysrq1vFDdLW9s7u3vl/YO2jlNFaIvEPFbdEGvKmaQtwwyn3URRLEJOO+H4Kvc7d1RpFstbM0loIPBQsogRbKzk+6HIfDWKq+p02i9X3FrdzYF+E682+90KLNDslz/8QUxSQaUhHGvd89zEBBlWhhFOpyU/1TTBZIyHtGepxILqIJvtPEUnVhmgKFb2SYNm6veODAutJyK0lQKbkf7p5eJfXi810UWQMZmkhkoyHxSlHJkY5QGgAVOUGD6xBBPF7K6IjLDCxNiYlqaEIs/k63D0P2nXa55b827OKo3LRTpFOIJjqIIH59CAa2hCCwgk8ACP8OTcO8/Oi/M6Ly04i55DWILz9gmvj5gZ</latexit><latexit sha1_base64="6VqJCBIp9KHrXcXxBOPkabyEpVs=">AAACAnicdVDLSgMxFL1TX7W+qi7dBItQN2WmCLosunFZwT6gM5RMmmlDk8yQZIQydOc3uNW1O3Hrj7j0T8y0FayPAyGHc+7l3nvChDNtXPfdKaysrq1vFDdLW9s7u3vl/YO2jlNFaIvEPFbdEGvKmaQtwwyn3URRLEJOO+H4Kvc7d1RpFstbM0loIPBQsogRbKzk+6HIfDWKq+p02i9X3FrdzYF+E682+90KLNDslz/8QUxSQaUhHGvd89zEBBlWhhFOpyU/1TTBZIyHtGepxILqIJvtPEUnVhmgKFb2SYNm6veODAutJyK0lQKbkf7p5eJfXi810UWQMZmkhkoyHxSlHJkY5QGgAVOUGD6xBBPF7K6IjLDCxNiYlqaEIs/k63D0P2nXa55b827OKo3LRTpFOIJjqIIH59CAa2hCCwgk8ACP8OTcO8/Oi/M6Ly04i55DWILz9gmvj5gZ</latexit><latexit sha1_base64="6VqJCBIp9KHrXcXxBOPkabyEpVs=">AAACAnicdVDLSgMxFL1TX7W+qi7dBItQN2WmCLosunFZwT6gM5RMmmlDk8yQZIQydOc3uNW1O3Hrj7j0T8y0FayPAyGHc+7l3nvChDNtXPfdKaysrq1vFDdLW9s7u3vl/YO2jlNFaIvEPFbdEGvKmaQtwwyn3URRLEJOO+H4Kvc7d1RpFstbM0loIPBQsogRbKzk+6HIfDWKq+p02i9X3FrdzYF+E682+90KLNDslz/8QUxSQaUhHGvd89zEBBlWhhFOpyU/1TTBZIyHtGepxILqIJvtPEUnVhmgKFb2SYNm6veODAutJyK0lQKbkf7p5eJfXi810UWQMZmkhkoyHxSlHJkY5QGgAVOUGD6xBBPF7K6IjLDCxNiYlqaEIs/k63D0P2nXa55b827OKo3LRTpFOIJjqIIH59CAa2hCCwgk8ACP8OTcO8/Oi/M6Ly04i55DWILz9gmvj5gZ</latexit>

PbPb, 2.76 TeV, 0-30%
p�T > 80GeV

<latexit sha1_base64="y8MWetxFTd1YHGlyEjj+L1IiUMc=">AAACGHicdVDLSsNAFJ3UV62vqEs3g0VwIWEiBbuSggtdVugLmhom00k7dCYJMxOhhGz9CL/Bra7diVt3Lv0Tk7SC9XFgmMM593LvPV7EmdIIvRulpeWV1bXyemVjc2t7x9zd66gwloS2SchD2fOwopwFtK2Z5rQXSYqFx2nXm1zkfveWSsXCoKWnER0IPAqYzwjWmeSaMLpJnBEWAqdu4kgBW+l5HTknBb+kndQ1q8iqoRzwN7Gt4kdVMEfTNT+cYUhiQQNNOFaqb6NIDxIsNSOcphUnVjTCZIJHtJ/RAAuqBklxSQqPMmUI/VBmL9CwUL93JFgoNRVeVimwHqufXi7+5fVj7dcHCQuiWNOAzAb5MYc6hHkscMgkJZpPM4KJZNmukIyxxERn4S1M8USeydfh8H/SObVsZNnXtWrDmqdTBgfgEBwDG5yBBrgCTdAGBNyBB/AInox749l4MV5npSVj3rMPFmC8fQL05qAn</latexit><latexit sha1_base64="y8MWetxFTd1YHGlyEjj+L1IiUMc=">AAACGHicdVDLSsNAFJ3UV62vqEs3g0VwIWEiBbuSggtdVugLmhom00k7dCYJMxOhhGz9CL/Bra7diVt3Lv0Tk7SC9XFgmMM593LvPV7EmdIIvRulpeWV1bXyemVjc2t7x9zd66gwloS2SchD2fOwopwFtK2Z5rQXSYqFx2nXm1zkfveWSsXCoKWnER0IPAqYzwjWmeSaMLpJnBEWAqdu4kgBW+l5HTknBb+kndQ1q8iqoRzwN7Gt4kdVMEfTNT+cYUhiQQNNOFaqb6NIDxIsNSOcphUnVjTCZIJHtJ/RAAuqBklxSQqPMmUI/VBmL9CwUL93JFgoNRVeVimwHqufXi7+5fVj7dcHCQuiWNOAzAb5MYc6hHkscMgkJZpPM4KJZNmukIyxxERn4S1M8USeydfh8H/SObVsZNnXtWrDmqdTBgfgEBwDG5yBBrgCTdAGBNyBB/AInox749l4MV5npSVj3rMPFmC8fQL05qAn</latexit><latexit sha1_base64="y8MWetxFTd1YHGlyEjj+L1IiUMc=">AAACGHicdVDLSsNAFJ3UV62vqEs3g0VwIWEiBbuSggtdVugLmhom00k7dCYJMxOhhGz9CL/Bra7diVt3Lv0Tk7SC9XFgmMM593LvPV7EmdIIvRulpeWV1bXyemVjc2t7x9zd66gwloS2SchD2fOwopwFtK2Z5rQXSYqFx2nXm1zkfveWSsXCoKWnER0IPAqYzwjWmeSaMLpJnBEWAqdu4kgBW+l5HTknBb+kndQ1q8iqoRzwN7Gt4kdVMEfTNT+cYUhiQQNNOFaqb6NIDxIsNSOcphUnVjTCZIJHtJ/RAAuqBklxSQqPMmUI/VBmL9CwUL93JFgoNRVeVimwHqufXi7+5fVj7dcHCQuiWNOAzAb5MYc6hHkscMgkJZpPM4KJZNmukIyxxERn4S1M8USeydfh8H/SObVsZNnXtWrDmqdTBgfgEBwDG5yBBrgCTdAGBNyBB/AInox749l4MV5npSVj3rMPFmC8fQL05qAn</latexit><latexit sha1_base64="y8MWetxFTd1YHGlyEjj+L1IiUMc=">AAACGHicdVDLSsNAFJ3UV62vqEs3g0VwIWEiBbuSggtdVugLmhom00k7dCYJMxOhhGz9CL/Bra7diVt3Lv0Tk7SC9XFgmMM593LvPV7EmdIIvRulpeWV1bXyemVjc2t7x9zd66gwloS2SchD2fOwopwFtK2Z5rQXSYqFx2nXm1zkfveWSsXCoKWnER0IPAqYzwjWmeSaMLpJnBEWAqdu4kgBW+l5HTknBb+kndQ1q8iqoRzwN7Gt4kdVMEfTNT+cYUhiQQNNOFaqb6NIDxIsNSOcphUnVjTCZIJHtJ/RAAuqBklxSQqPMmUI/VBmL9CwUL93JFgoNRVeVimwHqufXi7+5fVj7dcHCQuiWNOAzAb5MYc6hHkscMgkJZpPM4KJZNmukIyxxERn4S1M8USeydfh8H/SObVsZNnXtWrDmqdTBgfgEBwDG5yBBrgCTdAGBNyBB/AInox749l4MV5npSVj3rMPFmC8fQL05qAn</latexit>
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<latexit sha1_base64="v8qJHoNW8wdhX9mRfO5EPRDXCfc=">AAACF3icdVC7TsMwFHXKq5RXgJEBiwqJqUoqJBgrsTAWqS+pCZHjOq1VO45sB1FFGfkIvoEVZjbEysjIn+C0RaI8jmT56Jx7fX1PmDCqtOO8W6Wl5ZXVtfJ6ZWNza3vH3t3rKJFKTNpYMCF7IVKE0Zi0NdWM9BJJEA8Z6Ybji8Lv3hCpqIhbepIQn6NhTCOKkTZSYB8m15nHQ3GbeYojxiBSSuA8DzJPctjKA7vq1OpOAfibuLXp7VTBHM3A/vAGAqecxBoz81jfdRLtZ0hqihnJK16qSILwGA1J39AYcaL8bLpIDo+NMoCRkObEGk7V7x0Z4kpNeGgqOdIj9dMrxL+8fqqjcz+jcZJqEuPZoChlUAtYpAIHVBKs2cQQhCU1f4V4hCTC2mS3MCXkRSZfi8P/Sadec52ae3VabdTn6ZTBATgCJ8AFZ6ABLkETtAEGd+ABPIIn6956tl6s11lpyZr37IMFWG+fGjag8Q==</latexit><latexit sha1_base64="v8qJHoNW8wdhX9mRfO5EPRDXCfc=">AAACF3icdVC7TsMwFHXKq5RXgJEBiwqJqUoqJBgrsTAWqS+pCZHjOq1VO45sB1FFGfkIvoEVZjbEysjIn+C0RaI8jmT56Jx7fX1PmDCqtOO8W6Wl5ZXVtfJ6ZWNza3vH3t3rKJFKTNpYMCF7IVKE0Zi0NdWM9BJJEA8Z6Ybji8Lv3hCpqIhbepIQn6NhTCOKkTZSYB8m15nHQ3GbeYojxiBSSuA8DzJPctjKA7vq1OpOAfibuLXp7VTBHM3A/vAGAqecxBoz81jfdRLtZ0hqihnJK16qSILwGA1J39AYcaL8bLpIDo+NMoCRkObEGk7V7x0Z4kpNeGgqOdIj9dMrxL+8fqqjcz+jcZJqEuPZoChlUAtYpAIHVBKs2cQQhCU1f4V4hCTC2mS3MCXkRSZfi8P/Sadec52ae3VabdTn6ZTBATgCJ8AFZ6ABLkETtAEGd+ABPIIn6956tl6s11lpyZr37IMFWG+fGjag8Q==</latexit><latexit sha1_base64="v8qJHoNW8wdhX9mRfO5EPRDXCfc=">AAACF3icdVC7TsMwFHXKq5RXgJEBiwqJqUoqJBgrsTAWqS+pCZHjOq1VO45sB1FFGfkIvoEVZjbEysjIn+C0RaI8jmT56Jx7fX1PmDCqtOO8W6Wl5ZXVtfJ6ZWNza3vH3t3rKJFKTNpYMCF7IVKE0Zi0NdWM9BJJEA8Z6Ybji8Lv3hCpqIhbepIQn6NhTCOKkTZSYB8m15nHQ3GbeYojxiBSSuA8DzJPctjKA7vq1OpOAfibuLXp7VTBHM3A/vAGAqecxBoz81jfdRLtZ0hqihnJK16qSILwGA1J39AYcaL8bLpIDo+NMoCRkObEGk7V7x0Z4kpNeGgqOdIj9dMrxL+8fqqjcz+jcZJqEuPZoChlUAtYpAIHVBKs2cQQhCU1f4V4hCTC2mS3MCXkRSZfi8P/Sadec52ae3VabdTn6ZTBATgCJ8AFZ6ABLkETtAEGd+ABPIIn6956tl6s11lpyZr37IMFWG+fGjag8Q==</latexit><latexit sha1_base64="v8qJHoNW8wdhX9mRfO5EPRDXCfc=">AAACF3icdVC7TsMwFHXKq5RXgJEBiwqJqUoqJBgrsTAWqS+pCZHjOq1VO45sB1FFGfkIvoEVZjbEysjIn+C0RaI8jmT56Jx7fX1PmDCqtOO8W6Wl5ZXVtfJ6ZWNza3vH3t3rKJFKTNpYMCF7IVKE0Zi0NdWM9BJJEA8Z6Ybji8Lv3hCpqIhbepIQn6NhTCOKkTZSYB8m15nHQ3GbeYojxiBSSuA8DzJPctjKA7vq1OpOAfibuLXp7VTBHM3A/vAGAqecxBoz81jfdRLtZ0hqihnJK16qSILwGA1J39AYcaL8bLpIDo+NMoCRkObEGk7V7x0Z4kpNeGgqOdIj9dMrxL+8fqqjcz+jcZJqEuPZoChlUAtYpAIHVBKs2cQQhCU1f4V4hCTC2mS3MCXkRSZfi8P/Sadec52ae3VabdTn6ZTBATgCJ8AFZ6ABLkETtAEGd+ABPIIn6956tl6s11lpyZr37IMFWG+fGjag8Q==</latexit>
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<latexit sha1_base64="QRicxydacb3GIm3jhph3aIjr/cc=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpQl0W3Oiugn1AO5RMmmljk8yQZIQy1G9wq2t34tZ/cemfmGkrWB8HQg7n3Mu994QJZ9p43rtTWFldW98obpa2tnd298r7By0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/FF7rfvqNIsljdmktBA4KFkESPYWKnVC0Wmpv1yxXOrXg70m/ju7PcqsECjX/7oDWKSCioN4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrLZtlN0YpUBimJlnzRopn7vyLDQeiJCWymwGemfXi7+5XVTE50HGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU9178+q9SvFukU4QiO4RR8qEEdLqEBTSBwCw/wCE/OvfPsvDiv89KCs+g5hCU4b5+pNZXu</latexit><latexit sha1_base64="QRicxydacb3GIm3jhph3aIjr/cc=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpQl0W3Oiugn1AO5RMmmljk8yQZIQy1G9wq2t34tZ/cemfmGkrWB8HQg7n3Mu994QJZ9p43rtTWFldW98obpa2tnd298r7By0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/FF7rfvqNIsljdmktBA4KFkESPYWKnVC0Wmpv1yxXOrXg70m/ju7PcqsECjX/7oDWKSCioN4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrLZtlN0YpUBimJlnzRopn7vyLDQeiJCWymwGemfXi7+5XVTE50HGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU9178+q9SvFukU4QiO4RR8qEEdLqEBTSBwCw/wCE/OvfPsvDiv89KCs+g5hCU4b5+pNZXu</latexit><latexit sha1_base64="QRicxydacb3GIm3jhph3aIjr/cc=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpQl0W3Oiugn1AO5RMmmljk8yQZIQy1G9wq2t34tZ/cemfmGkrWB8HQg7n3Mu994QJZ9p43rtTWFldW98obpa2tnd298r7By0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/FF7rfvqNIsljdmktBA4KFkESPYWKnVC0Wmpv1yxXOrXg70m/ju7PcqsECjX/7oDWKSCioN4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrLZtlN0YpUBimJlnzRopn7vyLDQeiJCWymwGemfXi7+5XVTE50HGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU9178+q9SvFukU4QiO4RR8qEEdLqEBTSBwCw/wCE/OvfPsvDiv89KCs+g5hCU4b5+pNZXu</latexit><latexit sha1_base64="QRicxydacb3GIm3jhph3aIjr/cc=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgapgpQl0W3Oiugn1AO5RMmmljk8yQZIQy1G9wq2t34tZ/cemfmGkrWB8HQg7n3Mu994QJZ9p43rtTWFldW98obpa2tnd298r7By0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/FF7rfvqNIsljdmktBA4KFkESPYWKnVC0Wmpv1yxXOrXg70m/ju7PcqsECjX/7oDWKSCioN4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrLZtlN0YpUBimJlnzRopn7vyLDQeiJCWymwGemfXi7+5XVTE50HGZNJaqgk80FRypGJUX46GjBFieETSzBRzO6KyAgrTIwNaGlKKPJMvg5H/5NW1fU9178+q9SvFukU4QiO4RR8qEEdLqEBTSBwCw/wCE/OvfPsvDiv89KCs+g5hCU4b5+pNZXu</latexit>
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Coupled Jet-Fluid Model
YT, N.-B. Chang, G.-Y. Qin, PRC 95, 044909 
(2017) 

Hydro
Recoil

Jet medium interactions, allow for a needle like probe of the 
hydro medium
Allow us to shatter quasi-particles and see them reconstitute
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Outlook

Jets provide multi-scale probes of the evolving QGP

Multi-scale dynamics, growing number of T.Cs, and observables

Requires a modular, modifiable, event generator —> JETSCAPE

Established values of q, e, 

(Heavy-quarks provide a slightly shifted view of this)

Need for medium response for jets studies. 

Jet medium correlations provide a possible window into degrees of

freedom of the QGP, next stage of JETSCAPE. 

^ ^
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Back Up



Everything changes with scale in jet quenching
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Soft wide angle 
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Everything changes with scale in jet quenching
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Evidence of multiple scales from 
multiple-stage Monte Carlos
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Switching between one event-generator and the next 
in a brick @JETSCAPE Phys.Rev. C96 (2017) no.2, 024909
Repeat with hadronization and fluid medium being calculated

dE/dθ	of	daughter	partons	(jet	shape)	

•  In-medium	evoluTon	changes	the	jet	shape	–	depletes	energy	in	small	
cone	and	enhances	energy	in	large	cone.		

•  LBT	is	more	effecTve	than	MATTER	in	shiwing	energy	distribuTon	into	
larger	angle	since	elasTc	scaZering	is	included	in	LBT.	

•  InteresTng	non-monotonic	behavior	at	Q0	=	1	GeV	--	enhanced	
Sudakov	type	splieng	at	very	small	r	and	LBT	scaZering	at	large	r.	
(Partly	understand	the	jet	shape	measurement	even	with	a	brick.)	 16	
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In all calculations presented
bulk medium described by viscous fluid dynamics

RAA ⇠
dNAA
dpT dy

Nbin
dNpp

dpT dy

q̂(~r, t) = q̂0
s(~r, t)

s0

s0 = s(T0)

Medium evolves hydro-dynamically as the jet moves through it
Fit the q for the initial T in the hydro in central coll.^

!35



Reasonable agreement with data, 
no separate normalization at LHC

W/O any non-trivial x-dependence (E dependence) 

From RHIC to LHC circa 2012
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