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As

30 Years of Heavy Ions:
What Next?

of 2005, by recreating droplets of the matter that filled

the microseconds-old universe in ultrarelativistic heavy ion col-
lisions, our community had discovered a liquid that, as far as
we now know, is:

All

The first liquid that ever existed; the “original liquid’...

T he liquid from which the protons and neutrons in today’s
universe formed, as the liquid fell apart into mist.

At a few trillion degrees, the hottest liquid that has ever
existed.

The earliest complex form of matter.

T he most liquid liquid that has ever existed, with a specific
viscosity n/s ~ 0.1.

great discoveries pose new challenges, and this one is no

exception. My talk is about What Next?, namely the new
challenges of the past decade as well as the decade to come.



What Next?

I will divide my talk into two kinds of What Next? questions...

e A question that one asks after the discovery of any new
form of complex matter: What is its phase diagram? For
high temperature superconductors, for example, phase di-
agram as a function of temperature and doping. Same
here! For us, doping means excess of quarks over anti-
quarks, rather than an excess of holes over electrons.

e A question that we are privileged to have a chance to ad-
dress, after the discovery of “our” new form of complex
matter: How does the strongly coupled liquid emerge
from an asymptotically free gauge theory? Maybe answer-
ing this question could help to understand how strongly
coupled matter emerges in other contexts.

When we get there, I will describe three different variants
of this question...
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Mapping the QCD Phase Diagram

e How does QGP change as you ‘“dope” it with a larger
and larger excess of quarks over antiquarks, i.e. larger and
larger up? Substantial recent progress in answering ques-
tions like this on the lattice, e.g. doping-dependence of
equation of state and susceptibilities, as long as the dop-
iIng is not too large. Combining lattice and RHIC Beam
Energy Scan results to map the crossover region.

e How is the crossover between QGP and hadrons affected
by doping? Does it turn into a first order transition above
a critical point?

e Answering this question via theory will need further ad-
vances in lattice “technology’”. Impressive recent progress
advancing established Taylor-expansion methods. New ideas
also being evaluated. Nevertheless, at present theory is
good at telling us what happens near a critical point or
first order transition, but cannot tell us where they may
be located.



Mapping the Crossover Region
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Lattice determination of crossover region compared with freeze-
out points obtained from the intersection of: (i) lattice calcu-
lations and exptl measurements of magnitude of charge fluctu-
ations and proton number fluctuations; (ii) hadron resonance
gas calculations of and exptl measurements of S/N.
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Mapping the QCD Phase Diagram

e How does QGP change as you ‘“dope” it with a larger
and larger excess of quarks over antiquarks, i.e. larger and
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tions like this on the lattice, e.g. doping-dependence of
equation of state and susceptibilities, as long as the dop-
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Energy Scan results to map the crossover region.
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by doping? Does it turn into a first order transition above
a critical point?
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Mapping the QCD Phase Diagram

e EXploring the phase diagram is the goal of the RHIC Beam
Energy Scan. Beautiful results from BES-I, 2011-14. Sug-
gestive variations in flow and fluctuation observables as a
function of /s, and hence . Strong motivation for higher
statistics data at and below /s = 20 GeV.

e BES-I results present an outstanding opportunity for the-
ory. Aka a stiff challenge. Interpreting flow (and other)
observables requires 34 1-D viscous hydrodynamic calcu-
lations at BES energies. And, hydro calculations at these
lower energies present new challenges (jg, in addition to
TFY) and must include state-of-the-art treatment of the
hadrodynamics: relative importance of hadrodynamic ef-
fects on all observables grows. Also need baryon stopping
and state-of-the-art initial state fluctuations. BES-I data
demand that the sophistication that has been applied at
top energies be deployed at BES energies.
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Mapping the QCD Phase Diagram

e EXploring the phase diagram is the goal of the RHIC Beam
Energy Scan. Beautiful results from BES-I, 2011-14. Sug-
gestive variations in flow and fluctuation observables as a
function of /s, and hence . Strong motivation for higher
statistics data at and below /s = 20 GeV.

e BES-I results present an outstanding opportunity for the-
ory. Aka a stiff challenge. Interpreting flow (and other)
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Mapping the QCD Phase Diagram

e How can we detect the presence of a critical point on the
phase diagram, if there is one, in HIC data?

e A negative contribution to the proton kurtosis at up ~
150 — 200 MeV is established. Is this a harbinger of the ap-
proach toward a critical point at larger ug? The signs of an
upturn at larger up are encouraging, as is the dependence
on the rapidity window Ay used in the analysis. (Criti-
cal contribution to kurtosis grows like Ay3 for Ay < 2.)
Higher statistics data, and larger Ay, are needed. As is a
substantial advance on the theory side...

e Once you have a validated hydrodynamic 4+ hadrodynamic
model at BES energies, then you can add both hydrody-
namic fluctuations and the critical fluctuations of the chi-
ral order parameter. Need to source them, evolve them,
and describe their consequences at freezeout. Need hy-
dro+hadro-chiral treatment in order to quantify the finite-
time limitation on the growth of the correlation length
near, and the signatures of, a possible critical point.
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Mapping the QCD Phase Diagram

e A negative contribution to the proton kurtosis at ugp ~ 150—
200 MeV is established. Is this a harbinger of the approach
toward a critical point at larger ug? The signs of an upturn
at larger up are encouraging, as is the dependence on the
rapidity window Avy. Higher statistics data, and larger Ay,
are key. As is a substantial advance on the theory side...

e Once you have a validated hydrodynamic+hadrodynamic
model at BES energies, then you can add both hydro-
dynamic fluctuations and critical fluctuations of the chi-
ral order parameter. Need to source them, evolve them,
and describe their consequences at freezeout. Need hy-
dro+hadro-chiral treatment in order to quantify the finite-
time limitation on the growth of the correlation length
near, and the signatures of, a possible critical point.

e Theory needs to be ready in time for BES-II in 2019-20,
when error bars will shrink and today’s tantalizing hints,
e.d. of non-monotonic behavior in dv{ /dy and in the kurtosis
of the proton multiplicity distribution, will become ... ?
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Probing the Original Liquid

The question How does the strongly coupled liquid emerge
from an asymptotically free gauge theory? can be thought of
in (at least) three different ways, corresponding to different
meanings of the word “emerge”.

e What is the microscopic structure of the liquid? Since
QCD is asymptotically free, when looked at with suffi-
ciently resolution QGP must be made of weakly coupled
quarks and gluons. How does the liquid emerge when you
coarsen your resolution to length scales ~ 1/77

e Physics at ¢t = 0 in an ultrarelativistic heavy ion collision is
weakly coupled. How does strongly coupled liquid form?
How does it hydrodynamize?

e How does the liquid emerge as a function of increasing
system size? What is the smallest possible droplet of the
liquid?

Each, in a different way, requires stressing or probing the QGP.



Smallest possible droplet of liquid?

e What is the smallest possible droplet of QGP that behaves
hydrodynamically? Anyone doing holographic calculations
at strong coupling, or anyone seeing effects of small lumps
in the initial state visible in the final state, could have asked
this question, but didn’t. Question was asked by data: pPb
collisions @LHC, then dAu and 3HeAu data @RHIC.

e Subsequently, holographic calculations of a ‘“proton” of
radius R colliding with a sheet show hydrodynamic flow in
the final state as long as the collision has enough energy
such that RThydrodynamization > 0.5 to 1.

Y

e Hydrodynamic behavior in small-big collisions at top RHIC
energy and LHC energy. less surprising, a posteriori.

o “Stressing” the liquid by making the smallest droplets we
can make (prior to eA collider) seems not to disturb its
liquidness. So, lower Tyydrodynamization @and try again: very
interesting to look at dAu collisions at lower energies at
RHIC, to see whether and how hydrodynamics turns offF.



Colliding Strongly Coupled Sheets of Energy
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Hydrodynamics valid ~ 3 sheet thicknesses after the collision, i.e. ~ 0.35 fm
after a RHIC collision. Equilibration after ~ 1 fm need not be thought of
as rapid. Chesler, Yaffe 1011.3562; generalized in C-S,H,M,vdS 1305.4919; CY
1309.1439 Similarly ‘rapid’ hydrodynamization times (7 < 0.7 — 1) found
for many non-expanding or boost invariant initial conditions. Heller and
various: 1103.3452, 1202.0981, 1203.0755, 1304.5172



Multiparticle correlations

* Vv, stays large when calculated with multi-particles

— V,(4)=V,(6)=V,(8)=V,(LYZ) within 10%
— True collectivity in pPb collisions! PAS-HIN-14-006
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Triangular flow

of multiplicity in pPb and PbPb

Remarkable similarity in the v, signal as a function
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v2 of 1T, K, p in high-multiplicity p-Pb %
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p+Pb 2-particle vn(pT)
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Flow in Small Systems at Vs, = 200 GeV

PHENIX 3HeAu: Phys. Rev. Lett. 115, 142301 (2015)

PHENIX dAu: Phys. Rev. Lett. 114, 192301 (2015) Top 5% in centrality
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Comparison to Model Predictions
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Smallest possible droplet of liquid?

e What is the smallest possible droplet of QGP that behaves
hydrodynamically? Anyone doing holographic calculations
at strong coupling, or anyone seeing effects of small lumps
in the initial state visible in the final state, could have asked
this question, but didn’t. Question was asked by data: pPb
collisions @LHC, then dAu and 3HeAu data @RHIC.

e Subsequently, holographic calculations of a ‘“proton” of
radius R colliding with a sheet show hydrodynamic flow in
the final state as long as the collision has enough energy
such that RThydrodynamization > 0.5 to 1.

Y

e Hydrodynamic behavior in small-big collisions at top RHIC
energy and LHC energy. less surprising, a posteriori.

o “Stressing” the liquid by making the smallest droplets we
can make (prior to eA collider) seems not to disturb its
liquidness. So, lower Tyydrodynamization @and try again: very
interesting to look at dAu collisions at lower energies at
RHIC, to see whether and how hydrodynamics turns offF.



Results illustrated
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A tiny drop of liquid

Energy at t = 1.5
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Rapid equilibration?
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Smallest possible droplet of liquid?

e What is the smallest possible droplet of QGP that behaves
hydrodynamically? Anyone doing holographic calculations
at strong coupling, or anyone seeing effects of small lumps
in the initial state visible in the final state, could have asked
this question, but didn’t. Question was asked by data: pPb
collisions @LHC, then dAu and 3HeAu data @RHIC.

e Subsequently, holographic calculations of a ‘“proton” of
radius R colliding with a sheet show hydrodynamic flow in
the final state as long as the collision has enough energy
such that RThydrodynamization > 0.5 to 1.

Y

e Hydrodynamic behavior in small-big collisions at top RHIC
energy and LHC energy. less surprising, a posteriori.

o “Stressing” the liquid by making the smallest droplets we
can make (prior to eA collider) seems not to disturb its
liquidness. So, lower Tyydrodynamization @and try again: very
interesting to look at dAu collisions at lower energies at
RHIC, to see whether and how hydrodynamics turns offF.



Jets as Probes of QGP

Comparison between observed flow and hydrodynamic cal-
culations can quantify the properties of Liquid QGP at its
natural length scales ~ 1/7, where it has no quasiparticles.

What is its microscopic structure? QCD is asymptotically
free. When looked at with sufficient resolution, QGP must
be made of weakly coupled quarks and gluons.

How does the strongly coupled liquid emerge, at length
scales ~ 1/T, from an asymptotically free gauge theory?

Maybe answering this question could help to understand
how strongly coupled matter emerges in contexts in con-
densed matter physics where this is also a central question.

Need experimental evidence for point-like scatterers in QGP
when QGP is probed with large momentum transfer. \We
need a high-resolution microscope trained upon a droplet
of QGP. — Long-term goal of studying jets in QGP.

Jets in heavy ion collisions are the closest we will ever come
to doing a scattering experiment off a droplet of Big Bang
matter.



Jet Quenching at the LHC
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A large effect at the LHC. A strongly coupled plasma indeed. . ..
Jet quenching was discovered at RHIC (via the associated
diminution in the number of high-p;y hadrons) but here it is
immediately apparent, and its effects (of many types) on re-
constructed jets can be seen.



How to Do This?

e Addressing how a strongly coupled liquid emerges from an
asymptotically free gauge theory will require high statistics
data from sPHENIX and the high luminosity LHC on rare
events in which jet partons scatter off QGP partons by a
sufficient angle to yield observable consequences.

e [ heorists need to use the data of today to build the base-
line of understanding with and against which to look for
and interpret such effects.

e T here are various theoretical frameworks for understanding
jets in plasma. I'm going to show you how I wrestle with
the challenge above in the context of the Hybrid Model —
which I shall introduce momentarily. This should be, and
IS being, done in other contexts too.

e I will try to draw lessons that are more general than the
Hybrid Model itself.

e Before getting to the Hybrid Model, I need to tell you a bit
about holographic calculations by themselves, as a source
of qualitative insight.



Quenching a Light Quark “Jet”

Chesler, Rajagopal, 1402.6756, 1511.07567
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e Take a highly boosted light quark and shoot it through
strongly coupled plasma...

e 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.
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Quenching a Light Quark “Jet”

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 ng{t x
initial downward angle of the endpoint.
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Quenching a Light Quark *‘“Jet”

Chesler, Rajagopal, 1402.6756, 1511.07567
1 . . . . .

. init
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We compute Ej.t analytically, by integrating the energy flow-
iIng into hydrodynamic modes, and showing its equivalence to

that falling into the horizon. Geometric derivation of analytic
expression for dEjet/dx

1 dEjet = 4x? 1
init - .2
Ejgy dx Ttherm \/:vfherm — 2

where Txnerm = C(EIN/(VAT))Y/3 where C is O(1), depends on

how the quark “jet” is prepared, and has a maximum possible
value ~ 1.



Quenching a Holographic Jet

Chesler, Rajagopal, arXiv:1511.07567
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Two immediate, inescapable, qualitative consequences, of ge-
ometric origin when described holographically:

e First, every jet broadens in angle as it propagates through
the strongly coupled plasma. 0t inCreases as FEjt de-
creases.



Holographic ‘“Jet” Energy LoOSS

Chesler, Rajagopal, arXiv:1511.07567
(I)(:E:»SUL)/(I)(:EaZEL — O)
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e First, every jet broadens in angle as it propagates through

the strongly coupled plasma. 0t INCreases as FEjt de-
creases. (What is plotted here is energy flux, renormalized
at every x so loss of energy is not visible. Plot is for the

NIt pimi
small 0;¢; limit.)



Holographic “Jet” Energy LoOSS

Chesler, Rajagopal, arXiv:1511.07567
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Two immediate, inescapable, qualitative consequences, of ge-

ometric origin when described holographically:
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e Second, jets with smaller initial 0;0' have a longer zinerm-
They lose their energy more slowly, over a longer distance.

(In fact, Twiperm o 1/,/0}%F.)

e That is, for jets with the same E\* that travel through the

same plasma, those with larger 0}21‘} will lose more energy.
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Evolution of Jet Opening Angle Distribution
Rajagopal, Sadofyev, van der Schee, 1602.04187

/\ - Jet energy /

Null trajectories of N
String segments =7 T N
e, G ~__Black hole
= horizon

Holographic model for jet quenching. Ensemble of ~50,000 holographic
jets, with initial energies and opening angles distributed as in pQCD, i.e. as
in pp collisions. Send through expanding cooling droplet of plasma, see

how distribution changes. Every jet in the ensemble broadens in angle...
energy range 100—-125 GeV

257 ...but, at large opening angle the opening
20} ", | angle distribution for jets with specified Ejq
NN is pushed down. (Because wider jets lose much
of 10/ more energy and drop out of the energy bin.)
iy L o Mean opening angle easily pushed downward,

}r’ .,1.;::;.',::.; eeaad  AS data indicate, even though opening angle

$00 0.00 004 006 0.08 010 012 014

e of every jet in the ensemble increases.
1



A Hybrid Approach

Casalderrey-Solana, Gulhan, Milhano, Pablos, KR, 1405.3864,1508.00815,
1609.05842; Hulcher, Pablos, KR, 2017

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

e 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.

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

e We have looked at R 44, dijet asymmetry, jet fragmentation
function, photon-jet and Z-jet observables. Upon fitting
one parameter, /ots of data described well. Value of the
fitted parameter is reasonable: zihorm 1IN QGP is 3-4 times
longer than in N =4 SYM plasma with same T.

e Most recently: adding momentum broadening and the
wake in the plasma, adding resolution effects, looking at
jet shapes and related observables.



Monte Carlo
Implementation

Jet production and evolution in PYTHIA
2F

Q?

Embed the system into a hydrodynamic background (2+1 hydro code from Heinz and Shen)

Assign spacetime description to parton shower (formation time argument) 7 =

Between splittings, partons in the shower interact with QGP, lose energy
Turn off energy loss below a T, that we vary over 145 < T, < 170 MeV

Extract jet observables from parton shower



Strongly Coupled Energy Loss
NESESESws =

Or

N

4

2 0 2 4 6 10
Chesler and Rajagopal 14 ml'x
1 dE 4 z? 1
Ein dx T xgtop \/ xgtop — x2 SE 0.6
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Jet Raa

1.2

anti—kT, R=0.3
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Strong Coupling
- (CMSs)Data —— -

100 120 140 160 180 200 220 240 260 280 300
PT (GGV)
Use this one point to constrain our one parameter.
Bands come from experimental uncertainty on this point
plus varying 1. over 145 < I, < 170 MeV




Jet Raa
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Jet Raa
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Jet Raa

1.2

0.8

0.6

0.4

0.2

0

| | | | | ! | | | |
i + T T 'l'
'| ’_:I:_J——I: 1 + T J_ 1
i 1 _
= 50-70% Centrality 4
anti-k7, R =0.3
1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1
100 120 140 160 180 200 220 240 260 280 300

PT (GGV)
We have only simulated the QGP phase
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1 b PbPb /5 = 2.76 TeV :
- 0 — 10% Centrality ]
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Jet Raqa
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ATLAS Data ——
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With current implementation, slightly more quenching for bigger jet radius



CMS Experiment at LHC, CERN
Data recorded: Sun Nov 14 19:31:39 2010 CEST
\| Run/Event: 151076 / 1328520
| Lumi section: 249

Jet 1, pt: 70.0

Jet 0, pt: 205.1 GeV/|
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Photon Jet

* Photons do not interact with plasma

ook for associated |et

-Different geometric sampling

-Different species composition

-k, proxy for B ey
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Jet Suppression
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Theory Comparison: Central PbPb xy,
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 In general, models appear to describe Xy,
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« LBT has normalization issue relative to other curves
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Theory Comparison: ny in PbPb
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Theory Comparison: Distribution of x;, vs. y pr
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Theory Comparison: Ry, in PbPDb

-
0.9
0.8
0.7
0.6

cc% 0.5
0.4
0.3
0.2
0.1

\'Syy = 5-02 TeV Ad, > ? PbPb 404 ub™, pp 25.8 pb
UL | [ I | T | T [ B i Fr | [ I l LT T T | L I | L | L | L | L | I I_
- CMS k3 E
- Preliminary - | .
= PHP = =
- =53 BOTRIA + HYDJET =+ 1
- —— JEWEL + PYTHIA + F -
C BT (CCNU-LBNL) T i
C wem Hybrid Model ¥ E
: | ;
— ' - =
F 0-30% L |, 30 - 100% :
. anti-k . JetR=0.3 I o PAS-HIN- ;
m pJet > 30 GeV/c —:— : 16-002 .
3 [ <16 % :
O :I L1 1 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | L 11 1] I L1 1 | 1 111 | 1111 | 1 111 | 1 111 | 1 111 | 1 111 | | I:
40 50 o660 70 80 90 100 110 50 60 70 80 90 100 110 120

p”; (GeV/c)

pYT (GeV/c)

N .
3 I|I



Theory Comparlson XJy In PbPDb
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Theory Comparison: xy,in PbPDb
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Theory Comparison: Ay, in PbPb
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Coming soon

Casalderrey-Solana, Gulhan, Milhano, Pablos, KR, 2017

Coming soon from the hybrid model: Raa for hadrons,
photon-jet acoplanarity, Z-jet acoplanarity, z4, jet mass.

Increasingly precise tests of the result that strongly coupled
form for dE/dxz, but with x%gr?n ~ (3—-4)z =4 describes jet

observables sensitive to parton energy loss.

We hope to see soon: use of best-available photon-jet data
to compare hybrid model predictions with strongly coupled
form for dE/dz to those with dE/dx < T2 and dE/dz « T3z.

This is all good. It is bringing us understanding. But it
does not get us to the goal of using jets to probe the
Mmicroscopic structure of QGP. That has to come from
looking at scattering of partons in the jet off (quasiparticles
in) QGP. So we have to look at the modifications to the
shape of jets.



Modifications to Shape of Jets?

e Ultimately, we want to use the scattering of partons in a
jet off the QGP to probe its microscopic structure. So,
lets start looking at the effects of transverse Kicks received
by partons in a jet on the jet shape.

e EXxpectation in a strongly coupled liquid? Partons pick up
transverse momentum according to a Gaussian distribu-
tion. (Rutherford’s original expectation.) Here, the width
of the Gaussian distribution after propagation in the liquid
for a distance dz is KT3dz, with K a new parameter in the
hybrid model.

e INn perturbative formulations, K is related to energy loss as
well as to transverse Kicks, and can be constrained from
data. The JET collaboration finds Kpert > 5.

e In the strongly coupled plasma of NN = 4 SYM theory,
Kax—4 ~ 24 for 't Hooft coupling A = 10. In the strongly
coupled plasma of QCD, K should be less than this.

e Lets look at the jet shape, with 0 < K < 100. (Even though
in reality we expect K < 20.)



Jet Shapes

Transverse distribution of energy
within the |et

Intra-jet olbservable robust
to hadronization
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Small sensitivity of standard jet shapes to broadening
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Small sensitivity of jet shapes to broadening:
e strong quenching removes soft fragments that appear early
e remaining soft tracks fragment late



Modifications to Shape of Jets?

e Jets with a given energy seem to get narrower, as long as
you look only at small r. In data, and in the hybrid model.
Even when partons in the jets get strong transverse Kicks.
T his narrowing is a consequence of energy loss. Jets with
a given energy after quenching are narrower than those
that had that energy before quenching because wide jets
lose more energy than narrow ones.

e SO, how can we construct an observable that /s sensitive
to the value of K7?

e T he model is obviously missing something or somethings
important at larger r. (This is good. It would be really
frustrating if a model as brutally simple as this kept working
for every observable. Seeing how a model like this fails,
and hence learning what physics must be added to it, is
the point.)
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A New Observable, Sensitive to Broadening
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Kinematical cuts for partons chosen such that:
e there is no effect from background (soft tracks)
e we focus on jets without unfragmented cores (hard tracks)
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Direct experimental determination of Gaussian broadening strength



Looking Ahead to the 2020s

e Before then, via the use of differential jet shape ratios and
similar observables that are sensitive to the angular distri-
bution of 10-20 GeV partons in the jet it will be possible to
constrain the value of K, the width of the Gaussian distri-
bution of transverse momentum received. Can differential
jet shape ratios be measured in photon-jet events?

e Goal for the 2020s: look for the rare (but only power-law
rare not Gaussianly rare) larger angle scatterings caused
by the presence of quark and gluon quasiparticles in the
soup when the short-distance structure of the soup is
probed. D’Eramo, Lekaveckas, Liu, KR 1211.1922; Kurkela, Wiede-
mann 1407.0293

e INn the 2020s, what will be interesting will be rare. In a

sense event-by-event jet physics, although need not be
literally so with enough statistics.

e In the 2020s, what will be interesting is deviations from
the descendant of the hybrid model.



What i1s Missing?

The jet loses energy and momentum to the plasma. It
leaves behind a wake in the plasma, a wake with net mo-
mentum in the direction of the jet.

When experimentalists reconstruct a jet and subtract back-
ground, what they reconstruct and call a jet must iIn-
clude particles originating from the hadronization of the
plasma-+twake, with momentum in the jet direction.

We need to add background to our hybrid model, add the
effects of the wake, and implement background subtrac-
tion as experimentalists do. This will add soft particles at
all angles, in particular at large ». CGMPR 1609.05842

Our hybrid model over-quenches soft particles because
when a parton in the shower splits it is treated as two
separate energy-losers from the moment of the splitting.
Really, the medium will see it as a single energy-loser un-
til the two partons are separated beyond some resolution
length. Introducing this effect will reduce the quenching
of soft particles. Hulcher, Pablos, KR 2017
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« Resolution effects for hadronized Jet Shapes shows the same behavior as
for partonic Jet Shapes
» The middle of the curve lifts as the later softer particles at large angles are
hidden and quenched for reduced periods of fime H N
* The left part of the curve dips as the hard particles are relatively I
unchanged, but they make up less of the energy fraction of the jet l l




Missing pr observables

Adding the soft particles from the wake is clearly a big part
of what we were missing. It also seems that our treatment
of the wake does not yet fully capture what the data calls
for.

If our goal is quantifying broadening, and ultimately seeing
rare-but-not-too-rare larger angle scattering of partons in
the jet, we can forget about the wake and look at observ-
ables sensitive to 10-20 GeV partons in the jet.

But, what if we want to understand the wake? What was
our key oversimplification?

We assumed that the wake equilibrates, in the sense that it
becomes a small perturbation on the hydro flow and hence
a small perturbation to the final state particles. The only
thing the thermalized particles in the final state remembers
IS the energy and net momentum deposited by the jet.

To diagnose whether this equilibration assumption (which
Is natural at strong coupling) is justified in reality we need
more sophisticated observables. ..



Recovering Lost Energy: Missing Pt
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Energy is recovered at large angles in the form
of soft particles

Adding medium response is essential for a full
understanding of jet quenching

Quenching + Medium Response
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Recovering Lost Energy: Missing Pt
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Missing pr observables

Our characterization of the wake is on a good track. BUT:
We have too many particles with 0.5 GeV< pr <2 GeV.

We have too few particles with 2 GeV< pr <4 GeV.

The energy and momentum given to the plasma by the jet
does not fully thermalize. Further improving our model to
describe the low-p;r component of jets, as reconstructed,
requires full-fledged calculation of the wake.

This is not necessary for the analysis of the pr ~ 10-20
GeV component of jets that will be the key to looking for
rare large angle scattering.

The larger question of how QGP hydrodynamizes, which
iIs to say How does the strongly coupled liquid emerge
sOo rapidly starting from weakly coupled physics at ¢t = 0O
in a collision? has attracted substantial theoretical atten-
tion, but almost by definition experimental access to pre-
hydrodynamic physics is difficult. (Thermalization means
forgetting.) So, gaining experimental access to how the
wake of a jet thermalizes is a big deal.
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Colliding Strongly Coupled Sheets of Energy
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Hydrodynamics valid ~ 3 sheet thicknesses after the collision, i.e. ~ 0.35 fm
after a RHIC collision. Equilibration after ~ 1 fm need not be thought of
as rapid. Chesler, Yaffe 1011.3562; generalized in C-S,H,M,vdS 1305.4919; CY
1309.1439 Similarly ‘rapid’ hydrodynamization times (7 < 0.7 — 1) found
for many non-expanding or boost invariant initial conditions. Heller and
various: 1103.3452, 1202.0981, 1203.0755, 1304.5172



Missing pr observables

Our characterization of the wake is on a good track. BUT:
We have too many particles with 0.5 GeV< pr <2 GeV.

We have too few particles with 2 GeV< pr <4 GeV.

The energy and momentum given to the plasma by the jet
does not fully thermalize. Further improving our model to
describe the low-p;r component of jets, as reconstructed,
requires full-fledged calculation of the wake.

This is not necessary for the analysis of the pr ~ 10-20
GeV component of jets that will be the key to looking for
rare large angle scattering.

The larger question of how QGP hydrodynamizes, which
iIs to say How does the strongly coupled liquid emerge
sOo rapidly starting from weakly coupled physics at ¢t = 0O
in a collision? has attracted substantial theoretical atten-
tion, but almost by definition experimental access to pre-
hydrodynamic physics is difficult. (Thermalization means
forgetting.) So, gaining experimental access to how the
wake of a jet thermalizes is a big deal.



Probing the Liquid: What Next?

e Today, combining pQCD branching as in vacuum a la
PYTHIA with strongly coupled dE/dx a la AdS/CFT gives
a good baseline for many energy loss observables.

e T he effects of the wake Iin the plasma are key to under-
standing full jet shape observables. By analyzing how our
current baseline, which assumes a hydrodynamized wake,
does not hit the nail fully on the head, we are learning
about the degree to which the wake does and does not
thermalize. — experimental access to the “as a function
of time’” variant of How does the liquid emerge from weakly
coupled degrees of freedom?

e I hope that soon we will have nailed down the magnitude of
K, the strength of the Gaussian distribution of transverse
kicks felt by the partons in the jet. (By using suitably
differential jet shape observables.)



Probing the Liquid: What Next?

e I hope that in the early 2020s, with high statistics data
from sPHENIX and the LHC on observables like the dif-
ferential jet shape ratio, ideally in ~-jet events, we will
be focused on the tail of this distribution corresponding
to rare, but not Gaussianly rare, events in which the 10-
20 GeV partons in the jet scatter off quasiparticles in the
soup. — experimental access to the ‘“microscopy variant”
of the How does the strongly coupled liquid emerge from
an asymptotically free gauge theory? question.

e And, for the What is the smallest possible droplet of the
liquid? variant of the question, prior to an eA collider we
won’t be able to find a smaller droplet than in pA. So, most
interesting path is to turn the collision energy down, since
at lower collision energies the smallest possible droplet is
larger. — looking forward to dA energy scan data.



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 reason-
ably conformal for 27, < T < 7. In model studies, adding
the degree of nonconformality seen in QCD thermodynam-
ics to =4 SYM has no effect on n/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.

But, the fact that strongly coupled N =4 SYM is strongly
coupled at all scales, including short length scales, is a bug.

N = 4 SYM calculations done at 1/N2 = 0 rather than 1/9.

In QCD thermodynamics, fundamentals are as important
as adjoints. No fundamentals in ' = 4 SYM, and so far
they have only been added as perturbations.

For the last three reasons, our goals must at present be
limited to qualitative insights.



Experimental Results

CMS, arxiv:1310.0878
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Jets in PbPb are a little narrower than jets with the same
energy in pp at small ». Then get a little wider at larger r.



Experimental Results

CMS, HIN-15-011
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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.





