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Outline	  

•  Why	  are	  we	  here	  ?	  
•  Heavy	  Ion	  Collisions	  &	  Finite	  T	  QCD	  
•  Jets	  in	  Heavy	  Ion	  Collisions	  
•  Bayesian	  Methods	  for	  Finding	  Jets	  
•  Other	  Applica3ons	  
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Why	  are	  we	  here	  (at	  the	  INT)	  ?	  
•  It’s	  the	  QCD	  Lagrangian	  (our	  most	  perfect	  theory)	  
	  

•  Analy3c	  Solu3on	  Exists	  for	  one	  Problem	  
–  high	  energy	  sca]ering	  (jet	  produc3on)	  
	  

•  Models	  and/or	  Numerical	  Techniques	  needed	  for	  
–  nuclear	  structure/reac3ons	  
–  nuclear	  astrophysics	  
–  finite	  temperature	  phenomena	  
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Bayesian	  Methods	  are	  good	  fit	  for	  (messy)	  Nuclear	  Physics	  



Quark	  Gluon	  Plasma	  (QGP)	  Phase	  Diagram	  
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*from	  Kyle’s	  talk,	  1.4	  msol/(4/3	  π	  (12km)3	  =	  7	  
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Digression	  	  
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HYDRODYNAMIC SIMULATIONS OF RELATIVISTIC . . . PHYSICAL REVIEW C 93, 044913 (2016)

FIG. 3. Squared speed of sound c2
s plotted versus temperature T

for the HQ, WB, and S95 equations of state pictured in Fig. 2. The
top panel shows EoS parametrizations from the Bayesian prior used
in Ref. [3] (thin grey lines) while the bottom panel shows samples
from the Bayesian posterior once the samples have been constrained
by experimental data.

Bayesian analysis used to constrain parametrized forms of
the LQCD EoS by simultaneously fitting model predictions
to multiple observables at RHIC and LHC [3]. The top panel
of Fig. 3 shows the three lattice parametrizations used in this
work plotted against 50 parametric EoS samples (thin grey
lines) from the Bayesian prior, while the bottom panel of
Fig. 3 shows the same lattice results plotted against samples
from the Bayesian posterior, i.e., once the EoS curves have
been constrained by data. The more tightly clustered posterior
curves show a clear preference for the present lattice results.
Although these constraints are not able to resolve differences
between the different lattice calculations, they fall below the
continuum extrapolations for temperatures above 0.2 GeV.

Within the three lattice calculations used in this study, the
HQ and WB speed-of-sound curves are in good agreement
while the S95 parametrization remains softer in a wider interval
about the QGP phase transition. We note that the parametric
transition (3) modifies the speed of sound in the vicinity of
the EoS matching temperature but is constructed to preserve
continuity across the desired transition region.

With the trace anomalies in hand, the energy density,
pressure and entropy density are easily interrelated to specify
the equation of state used in the analysis,

p(T )
T 4

=
∫ T

0
dT ′ I (T ′)

T ′ , (6)

e(T )
T 4

= I (T ) + 3
p(T )
T 4

, (7)

s(T )
T 3

= e(T ) + p(T )
T 4

. (8)

For clarity, Figs. 1–3 do not include the respective er-
rors bands for the HotQCD and Wuppertal-Budapest trace
anomalies, but both calculations devote considerable effort
to providing an accurate error estimate for their respective
calculations [5,6]. Common contributions to the errors come
from variations in spline fits to the interaction measures,
differences between quadratic and quartic extrapolations in the
lattice spacing, and small (2%) variations in the temperature
scale. Errors are typical of order 5% for most quantities, and
increase to 5–10% in the transition region where the curves
are steepest.

III. HYBRID MODEL

The equations of state are embedded in the event-by-event
iEBE-VISHNU hybrid model which uses the VISH2+1 boost-
invariant viscous hydrodynamics code [16] to simulate the
time evolution of the QGP medium and the microscopic UrQMD
hadronic afterburner [9,10] for subsequent evolution below the
QGP transition temperature. Where necessary, free parameters
of the model are tuned to facillitate model-to-data comparison
with

√
sNN = 200 GeV gold-gold collisions at RHIC. In this

section, we briefly outline the implementation of the model
used in the analysis; for a more detailed explanation of the
model see Ref. [17].

A. Initial conditions

The initial conditions represent the largest source of un-
certainty in current hydrodynamic simulations, and a number
of models exist in the literature which have described the
experimental data with varying degrees of success [18–23].
Because the goal of the present work is to measure the
sensitivity of the hydrodynamic evolution to differences in
the QGP EoS and not to obtain the overall best fit of model to
data, we choose the simplest and most widely adopted initial
condition implementation based on a two-component Glauber
model; for an overview see [24].

In the two-component ansatz, initial entropy is deposited
proportional to a linear combination of nucleon participants
and binary nucleon-nucleon collisions,

dS/dy |y=0 ∝ (1 − α)
2

Npart + αNcoll, (9)

where, for the binary collision fraction, we use α = 0.14 which
has been shown to provide a good description of the central-
ity dependence of charged particle multiplicity in

√
sNN =

200 GeV gold-gold collisions [25].
The entropy is localized about each nucleon’s transverse

parton density Tp(x),

dS/dy |y=0 ∝
Npart,A∑

i=0

wi Tp(x − xi)(1 − α + α Ncoll,i)

+
Npart,B∑

j=0

wj Tp(x − xi)(1 − α + α Ncoll,j ),

(10)
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How	  we	  now	  know	  
that	  there	  is	  no	  true	  
phase	  transi3on	  
separa3ng	  quark-‐
gluon	  plasma	  from	  
nucleons	  

Pra]	  (15),	  Moreland	  (16),	  W-‐B	  and	  HotQCD	  (14)	  



RelaLvisLc	  Heavy	  Ion	  Collision	  History	  
•  First	  theory:	  Chapline	  et	  al.	  (73),	  Bjorken	  (83)	  
•  Experimental	  Program	  
–  LBL-‐Bevalac	  1980s	  
–  BNL-‐AGS/CERN-‐SPS	  80s	  and	  90s	  
–  BNL-‐RHIC	  2000	  –	  2025	  	  	  	  	  	  	  	  1st	  Compelling	  Results	  
–  CERN-‐LHC	  2009	  –	  20??	  	  	  	  	  	  	  	  Flow	  and	  Jet	  Quenching	  
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Jets
p+p vs. Au+Au

Both	  ini3al	  results	  are	  measurements	  of	  asymmetry	  

Flow

First	  a]empt	  at	  Bayesian	  
Methods	  began	  in	  2009.	  



The	  Heavy	  Ion	  Model	  

•  Bulk	  proper3es	  (T,V,ρ,η/s,ξ)	  now	  constrained	  à	  	  
–  previous	  talks	  by	  Sco],	  Steffen/Jonah	  

•  Remaining	  ques3ons	  require	  jets	  (&	  heavy	  quarks)	  
– What	  are	  the	  (strongly	  interac3ng)	  cons3tuents	  ?	  
–  How	  does	  the	  QGP	  form	  (thermalize)	  ?	  
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Jet	  ProducLon	  in	  p+p	  collisions	  
•  Jets	  =	  highly	  collimated	  streams	  of	  produced	  by	  hard	  
sca]ering	  of	  quarks/gluons	  
–  jet	  produc3on	  calculated	  precisely	  in	  perturba3on	  theory	  
–  fragmenta3on	  into	  par3cles	  (hadrons)	  modeled	  with	  PYTHIA	  
Monte	  Carlo	  model	  of	  Lund	  String	  Fragementa3on	  

–  For	  our	  purpose,	  p+p	  jet	  models	  have	  no	  tunable	  parameters	  
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Experiment	   Pythia	  Model	  

η=-‐½ln(tan(θ/2)	  

φ	  



Analyzing	  Jets	  in	  p+p	  collisions	  
•  Experimentalists	  rely	  on	  jet-‐finding	  algorithms	  to	  
iden3fy	  and	  study	  jets	  
–  par3cles	  are	  combined	  in	  pair-‐wise	  fashion	  for	  small	  
values	  of	  (ΔRij)2/R2	  =	  [(yi-‐yj)2+(ϕi-‐ϕj)2]/R2,	  R=jet-‐cone	  radius	  

–  jet-‐finding	  proceeds	  un3l	  all	  par3cles	  above	  specified	  
momentum	  (pT)	  within	  radius	  (R)	  are	  combined	  

–  this	  works	  well	  for	  p+p	  and	  e+e-‐	  collisions	  
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jet	  finder	  



Jets	  fragmentaLon	  in	  vacuum	  and	  QGP	  
use	  photon-‐quark	  jet	  as	  example	  
–  photon	  escapes	  unscathed,	  with	  
unmodified	  jet	  energy	  

–  quark	  jet	  modified	  by	  plasma	  
–  jet-‐finder	  to	  contend	  with	  reduced	  
energy	  jet	  within	  high	  mul3plicity	  
backgrounds	  
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p+p

Au+Au

jet	  processes	  in	  p+p	  
•  quark	  (parton)	  distribu3on	  func3on	  –	  measured	  with	  DIS	  	  
•  QCD	  sca]ering	  cross-‐sec3ons	  –	  calculated	  perturba3vely	  
•  string	  fragmenta3on	  –	  modeled,	  parameters	  tuned	  with	  data	  
jet	  processes	  in	  QGP	  
•  first	  two	  process	  same	  as	  p+p	  
•  full	  jet	  evolu3on	  model	  under	  construc3on	  à	  

Present	  theory	  depends	  on	  	  

Pythia	  



Jets	  in	  Heavy	  Ion	  Collisions	  
•  Jets	  sca]er,	  radiate,	  loss	  energy	  as	  they	  traverse	  QGP	  
•  This	  process	  is	  governed	  by	  parameters	  
–  diffusion:	  q	  =	  <pT>2,	  drag:	  e	  =	  <pz>/L	  
–  and	  higher	  moments	  of	  <p4T>,	  <p2z>,	  etc.	  

•  Energy	  loss	  +	  backgrounds	  will	  challenge	  jet	  finding	  algorithms	  
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^	  

S. CHATRCHYAN et al. PHYSICAL REVIEW C 84, 024906 (2011)

FIG. 1. (Color online) Example of an unbalanced dijet in a PbPb collision event at
√

s
NN

= 2.76 TeV. Plotted is the summed transverse
energy in the electromagnetic and hadron calorimeters vs η and φ, with the identified jets highlighted in red, and labeled with the corrected jet
transverse momentum.

The data provide information on the evolution of the dijet
imbalance as a function of both collision centrality (i.e.,
the degree of overlap of the two colliding nuclei) and the
energy of the leading jet. By correlating the dijets detected
in the calorimeters with charged hadrons reconstructed in the
high-resolution tracking system, the modification of the jet
fragmentation pattern can be studied in detail, thus providing
a deeper insight into the dynamics of the jet quenching
phenomenon.

The paper is organized as follows: The experimental
setup, event triggering, selection and characterization, and jet
reconstruction are described in Sec. II. Section III presents the
results and a discussion of systematic uncertainties, followed
by a summary in Sec. IV.

II. EXPERIMENTAL METHOD

The CMS detector is described in detail elsewhere [29]. The
calorimeters provide hermetic coverage over a large range of
pseudorapidity |η| < 5.2, where η = − ln[tan(θ/2)] and θ is
the polar angle relative to the particle beam. In this study, jets
are identified primarily using the energy deposited in the lead-
tungstate crystal electromagnetic calorimeter (ECAL) and the
brass and scintillator hadron calorimeter (HCAL) covering
|η| < 3. In addition, a steel and quartz-fiber Cherenkov
calorimeter, called hadron forward (HF), covers the forward ra-
pidities 3 < |η| < 5.2 and is used to determine the centrality of
the PbPb collision. Calorimeter cells are grouped in projective
towers of granularity in pseudorapidity and azimuthal angle
given by $η × $ϕ = 0.087 × 0.087 at central rapidities,
having a coarser segmentation approximately twice as large
at forward rapidities. The central calorimeters are embedded
in a solenoid with 3.8 T central magnetic field. The event
display shown in Fig. 1 illustrates the projective calorimeter

tower granularity over the full pseudorapidity range. The CMS
tracking system, located inside the calorimeter, consists of
pixel and silicon-strip layers covering |η| < 2.5, and provides
track reconstruction down to pT ≈ 100 MeV/c, with a track
momentum resolution of ∼1% at pT = 100 GeV/c. A set
of scintillator tiles, the beam scintillator counters (BSC), are
mounted on the inner side of the HF calorimeters for triggering
and beam-halo rejection. CMS uses a right-handed coordinate
system, with the origin located at the nominal collision point
at the center of the detector, the x axis pointing toward the
center of the LHC ring, the y axis pointing up (perpendicular
to the LHC plane), and the z axis along the counterclockwise
beam direction. The detailed Monte Carlo (MC) simulation of
the CMS detector response is based on GEANT4 [30].

A. Data samples and triggers

The expected cross section for hadronic inelastic PbPb
collisions at

√
s

NN
= 2.76 TeV is 7.65 b, corresponding to

the chosen Glauber MC parameters described in Sec. II C.
In addition, there is a sizable contribution from large impact
parameter ultra-peripheral collisions (UPCs) that lead to the
electromagnetic breakup of one or both of the Pb nuclei [31].
As described later, the few UPC events which pass the online
event selection are removed in the offline analysis.

For online event selection, CMS uses a two-level trigger
system: level-1 (L1) and high level trigger (HLT). The events
for this analysis were selected using an inclusive single-jet
trigger that required a L1 jet with pT > 30 GeV/c and a HLT
jet with pT > 50 GeV/c, where neither pT value was corrected
for the pT-dependent calorimeter energy response discussed in
Sec. II D. The efficiency of the jet trigger is shown in Fig. 2(a)
for leading jets with |η| < 2 as a function of their corrected pT.
The efficiency is defined as the fraction of triggered events out
of a sample of minimum bias events (described below) in bins

024906-2

LHC	  Data	  
R=0.4	  RHIC	  
SimulaLon	  

^	  



My	  goals	  for	  this	  workshop	  (and	  beyond)	  
•  Understanding	  jets	  in	  heavy	  ion	  physics	  depends	  on	  
our	  ability	  to	  find	  them	  using	  algorithms	  developed	  
for	  simpler	  environments	  (p+p	  and	  e+e-‐)	  

•  The	  most	  interes3ng	  jets	  are	  the	  hardest	  to	  find	  
–  the	  ones	  that	  couple	  most	  strongly	  to	  the	  medium	  

•  Can	  we	  develop	  simple	  model	  to	  apply	  jet-‐
modifica3on	  to	  Pythia	  outputs,	  add	  heavy	  ion	  
backgrounds,	  and	  compare	  directly	  to	  par3cle	  
distribu3ons	  ?	  
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Bayesian	  approach	  to	  extract	  jet	  quench	  parameters	  from	  data	  



Develop	  simple	  model	  to	  test	  idea	  

•  Use	  3	  Component	  Model	  
1.  Generate	  photon-‐quark	  jets	  with	  Pythia	  
2.  Modify	  jet-‐outputs	  with	  q,	  e	  parameters	  
•  loop	  over	  par3cle	  list	  

–  rescale	  momenta	  ||	  to	  jet	  axis	  (drag)	  
–  add	  to	  momenta	  	  |	  to	  jet	  axis	  (diffusion)	  	  

3.  Generate	  heavy	  ion	  background	  par3cles	  
1.  Mul3plicity	  =	  number	  of	  par3cles	  
2.  Geometry	  =	  generate	  L	  for	  transport	  
3.  Par3cle	  Flow	  =	  determined	  by	  geometry	  
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Have	  all	  we	  need	  for	  heavy	  ion	  backgrounds	  in	  ini3al	  state	  



Heavy	  Ion	  Backgrounds	  with	  TRENTO	  
•  TRENTO	  =	  ThicknessReduced	  Event	  Nuclear	  Topology	  
•  Monte	  Carlo	  samples	  reduced	  nuclear	  thickness	  
–  Sezngs	  :	  input	  nuclei,	  energy	  dependent	  n-‐n	  cross-‐sec3on	  
–  Parameters	  :	  p=0	  (weights),	  k=1.4	  (binomial	  factor)	  

•  constrained	  independently	  
–  Outputs	  :	  entropy=mul3plicity,	  ε2,	  ε3,	  ε4,	  ε5	  
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φ	  



TRENTO	  MulLplicity	  Study	  

Joseph	  Simpson,	  USNA	  
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TRENTO	  with	  Flow	  and	  Jet-‐Finder	  

30-‐JUN-‐2016,	  INT	  Bayesian	  NP	   LLNL-‐PRES-‐054603	  	  R.	  Soltz	   16	  

an3-‐kT	  
with	  R=0.7	  



Bayesian	  FormulaLon	  

•  Model	  θ	  =	  Pythia	  +	  Re-‐Scaling	  +	  TRENTO	  
•  Model	  Parameters	  to	  Constrain:	  q,	  e	  
•  Other	  Parameters:	  mult,	  L,	  ε2,	  pCM,R	  
–  mult	  can	  be	  measured,	  and	  L	  inferred	  
–  R	  =	  cone-‐like	  radius	  opposite	  photon-‐jet	  

•  Measurements:	  pjet	  (photon),	  pi	  for	  par3cles/cells	  
•  Bayesian	  formula3on	  
–  P[θ(e,q,	  ε2);mult,pjet,	  pi]	  ≈	  exp	  –Σ[yimodel(x)-‐yiexp(x)]/(2σi2)	  
–  errors	  are	  from	  summing	  par3cle/cells	  (Poisson)	  
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Figure	  for	  discussion	  
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sum	  over	  cells	  
and	  compare	  to	  	  
model	  for	  same	  
pjet	  and	  mult	  



Another	  figure	  for	  discussion	  
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QuesLons	  

•  Is	  this	  approach	  sensible	  ?	  
•  Which	  assump3ons	  are	  suspect	  ?	  
•  What	  have	  I	  missed	  ?	  
•  Has	  this	  approach	  already	  been	  a]empted	  ?	  
–  see	  DataScience@LHC2015	  talk	  by	  SLAC	  scien3sts	  

•  Where	  do	  I	  get	  started	  :	  MADAI,	  mtd@github	  ?	  

•  How	  does	  this	  relate	  to	  nuclear	  detec3on/a]ribu3on	  ?	  
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JETSCAPE	  CollaboraLon	  (2016-‐2020)	  

•  Jetscape	  plans	  develop	  new	  event	  generator	  to	  
model	  full	  physics	  of	  jets	  in	  QGP,	  constrain	  with	  data	  

•  Data	  comparison	  may	  benefit	  from	  this	  work	  
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the jet back into the medium. The framework only allows for one jet modification formalism at a time.
Hadronization of medium and jets do not occur in tandem in any of the current codes. All of these short-
comings restrict the range of jet modification observables to which current event generators can be applied.
The codes are currently used to study leading particle production in jets in order to isolate the dominant
transport coefficient q̂. Results from the MARTINI generator in comparison with LHC data are presented
in the left panel of Fig. 3. The q̂ value extracted with MARTINI, together with those extracted using several
other approaches, are presented in the right panel of Fig. 3, with systematic error bands [85].

The JETSCAPE effort will not only subsume all of the above-mentioned approaches into a single frame-
work, but also permit any user to introduce criteria that will allow for multiple different energy loss
schemes to be considered within the same shower event. The transition from one scheme to another will
occur automatically at the particle level, depending at each step on its energy and virtuality, as specified by
the user. Comparing events generated with this framework with data will allow the most comprehensive
and extensive test of any formalism, or combination of formalisms. Unlike previous approaches, the differ-
ent energy-loss schemes implemented in the JETSCAPE framework for different E and Q2 ranges can and
will be compared to all available hard probe data for validation.
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Figure 4: Anticipated form of the JETSCAPE framework, containing the JETSCAPE event generator, emu-
lation routines and statistical tools for comparisons with data. Every object in the flow chart is a modular
piece of code that may be modified or replaced. Meaning of symbols and colors is the same as Fig. 2.

The goal of the proposed collaboration is illustrated by the flow chart in Fig. 4. The meaning of the
colors and symbols is similar to Fig. 2. All modules will be written in or recast into C++. In contrast to
Fig. 2, jet modification is now seen to occur in tandem with the fluid dynamical evolution. Several sets
of dashed arrows indicate bi-directional information flow between modules simulating soft and hard evo-
lution. Unlike current codes, the modularity of JETSCAPE will permit comparison with the experimental
data of multiple generators using different theoretical modules. Statistical emulators will speed up the pro-
cess by generating comprehensive simulated data sets for comparison with measured data that have been
corrected for detector systematics. Alternatively, entire data sets generated by full model simulations will
be processed through detector simulations to be compared directly with the raw data. The wide range of
possible comparisons requires the construction of elaborate test criteria to determine the success or failure
of a particular theoretical approach. In the end, such a comprehensive event generator framework will en-
able the accurate determination of the underlying physics processes of jet modification within the plasma,
and by extension afford a deeper understanding of the structure and dynamics of the viscous QGP.

2.4 The JETSCAPE framework. Part II: Experimental and statistical aspects
The JETSCAPE framework will not be just another event generator; rather, it represents an evolving set of tools
that are essential for the quantitative study of heavy-ion collisions by both theorists and experimentalists. In
this section we discuss those part of the framework that go beyond the construction of the event generator.
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