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Jet at RHIC

a spray of partic

A hard scattered parton will
fragment and hadronize into

es

e Spin Physics

e We call this aj

Jets are as tools to
understand QCD

 Heavy-ion Collisions

et



Goal of Jets in Heavy-ion Collisions

Address the important fundamental questions of
how and why partons lose energy in the QGP?

e What are we scattering off of?
— Point-like at LHC —> lower energy jets at RHIC?
— Quasi-particles, fields <=> Microscopy of the QGP
e Where does the “lost” energy go?
— What is the response of the medium to the jet?
e What is the temperature/density dependence
of the energy loss?

— What is the Temperature dependence of the
coupling to the QGP?



Jets as a QGP Probe

Probe = Any particle that is not in thermal equilibrium
with the bulk

e Short QGP lifetime requires auto-generated probes
— High p; partons
— Heavy flavor
— Prompt y

* Production process is known — calculable by pQCD

— Production, fragmentation and hadronization of high p-
partons into collimated sprays of particles (jets!) well
understood in pp collisions

— Clustering final state particles 2 jet kinematics should be
correlated with hard parton kinematics



There is no unambiguous definition of what a jet is!

e Comparing observables created with different jets is
dangerous

e Sensitivity to the underlying physics depends on:
— Constituents
— Jet Resolution Parameter
— Transverse Momentum Selection

— Background Removal Technique

Agreement on definition is necessary to fully
understand theory-experiment comparisons



Jet Biases

To select jets from the underlying event requires some
sort of bias

e This bias is not necessarily bad, but it exists and
must be understood!

e We want to identify hard QCD processes, does our
selection change what we see of the hard process?

— Quark vs gluon flavor dependencies are difficult to
disentangle =2 y-jet

— Fragmentation depends on the parton p; which is
correlated to, but not equivalent to the jet p;

— Selecting vacuum-like jets will find vacuum-like jets =2
But the away side fragmentation may be less biased!



Underlying Event (UE) at RHIC

?‘ Trigger
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Associated
particle

* High p; hadrons serve as a jet proxy

e Easier to “find” than jets, but care
must be taken with the background



15t Generation Jet Observables

First measurements were dihadron correlations, single
particle R,,, Ixa, Daa
e Sensitive to overall jet energy loss

e Relatively straightforward to calculate

e But limited information on the dynamical details of
the jet-medium interaction
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Difficulty with Jets in HI Collisions

The evolution of the field from high p; hadrons to jet
was complicated by the underlying event

e Jet-finding algorithms cluster the entire event
— Combinatorial jets are created from the soft physics
— “Hard” jet kinematics are blurred by UE contribution
— Jet Energy Scale and Resolution (JES, JER) are modified

 Lower luminosity of pre-LHC era RHIC combined
with steeper hard probe cross-section required
significant development of tools

— Cross-pollination between LHC and RHIC was a key
factor in the successes in heavy-ion jets!



15t Generation Jet Observables

Hadron observables repeated with greater kinematic range
* EM probes still show R,, ~1

 High pT hadrons are suppressed

* Lowest value of Ry, a little less at the LHC
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Underlying Event LHC vs RHIC

CMS Experiment at LHC, CERN

| Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520

Lumi section: 249

Hard parton cross section
increases faster than QGP
wamie Jemperature

e Simplifies dividing hard
from soft

Allowed a wealth of new
observables to be
measured at the LHC




15t Generation Jet Observables

 Hadron observables repeated with reconstructed jets

— Correlation with hard parton kinematics is stronger
VS = 5.02 TeV

RN\

L ATLAS Preliminary .
1 ]

T ® Z 0-10% (ATLAS-CONF-2017-010)

-+ prompt J/y, 0-80% (ATLAS-CONF-2016-109)

L e jet, 0-10% (ATLAS-CONF-2017-003)

0.8

Lo h*, 0-5% (ATLAS-CONF-2017-012)

0.6 + ‘o
- |+ +
0.4%* 02 .'o Ul
r +
C ’0 +ﬂ++ + u
0.2~ ¢ ¥
E e Pi#Pb 5.02 Tev, 0.49 nb™'
o | frp5paTev 2900

1 TeV Jets!!
Wow!!
Results for inclusive jets

and inclusive hadrons are
very similar at high p;

anti k, jets, nl <2

Fro0s 2.76 TeV

--------------------------------

10°
p,ormy, [GeV]

E amivi1609.05383 .

100 150 200

Jet P [GeV/c]

250 30

Be careful, these
jets are not the
same!
VS\n =
2.76 TeV

2127
- ALICE PbPb {5,=2.76TeV
T
r + Data 0- 10% [ |Correlated uncertainty
0.8 i & Shape uncertainty
T —JEWEL
| — YaJEM
0.6 -
0.4F
02F
ol \ [
0 50 100
pTJet(Gerc)



2nd Generation Jet Observables

Measurements of boson-reconstructed jet
correlations

* “Golden” probe as boson (Z/y) kinematics are
more closely correlated with the parton kinematics
than the jets

e Z/vy do not interact with the QGP—> energy scale is
unaltered

* Mostly quark jets (~¥80% depending on p, etc)
Measurements of Dijet correlations
* Among the first LHC HI jet results - A,



Jet-to-Photon p; Balance
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3rd Generation Jet Observables

With increased jet statistics and precision detectors,
the structure of jets can be measured

e Helps to answer the How and Why questions of

energy

OSS

e Also indicates where the lost energy goes

Observab

es like:

 Fragmentation functions

e Sub-jet analyses
* Z, (Groomed Momentum Sharing)

e Jet mass (virtuality)
e Heavy flavor jets > Now possible in HI collisions!



Jet Structure modification
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Vsyn= 2.76 TeV

No difference is observed between PYTHIA and data
from Pb+Pb collisions for 60 < p";; < 120 GeV/c

 No modification indicated
There should be a relationship virtuality <-> jet mass
* Perhaps this gives us another jet characterization



Groomed Momentum Sharing z,

Soft Drop: Remove wide angle soft radiationcatagorizing stuff

Hard versus soft

Based on declustering an

angular-ordered tree W|th B=O + Cambridge/AaChen:
“Groomed Momentum Sharing”
. min (pTlapTQ)

Zg =
pr1 + P12
Relative z of the softer prong

J. Thaler ALICE Jet Workshop (2015)
Larkoski et al., PRD 91, 111501 (2015)



Groomed Momentum Sharing z,

Jet structure observables using particles = sensitive to ill

constrained hadronization dynamics

 This plays a role for the small jets favored in HI
analyses as well!

e Observables built from jet-like structures may be more
robust 2 Connection to fundamental QCD

In vacuum:

s—; x Py(z,) +%§ P.: AP splitting functions

* ~independent of a,

 ~independent of p; (in UV limit)

e ~independent of quark/gluon jet




Groomed Momentum Sharing z,
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LHC/Early RHIC Conclusions

Results at the LHC indicate a very similar story to RHIC
energies, jets are:

* Suppressed—> Lost Energy (Ry, < 1, X, A < X, PP)
* Broadened = Fragmentation functions

 The modification is not extreme = Fragmentation
functions

Techniques fine tuned at the LHC = RHIC

e Energy density/T dependence of jet quenching
* p,/virtuality = Scale of the probe

e Flavor of the jet 2 Quark vs Gluon

* Event Geometry




Surface Bias versus probe
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Di-jets z, in Au+Au and p+p
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Di-Jet Momentum Imbalance
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W. Chen, et al. arxiv:1704.03648

Coupled linear Boltzmann Transport and 3+1D hydro (CoLBT-hydro)

Wei Chen, QM2017 talk
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v/h-Triggered Recoil Jets in A+A
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Understanding CNM + System Size
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by construction



RHIC and LHC Scaling
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Nuclear Modification Factor of Jets at RHIC
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Proton-proton Jets at RHIC

e RHIC is the only polarized collider in the world!

e Used to study the spin structure of the proton
— We want to understand the contributions due to:

e Valence Quarks
e Sea Quarks and Gluons

— Use jets (and dijets)

 Techniques for UE removal developed at the LHC
also used in the RHIC spin program



Forward Dl-jet Topologles @ 200 GeV
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orward

X STAR Barrel
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Future Detectors = sPHENIX

Planned operation - Minimum bias

Au+Au at 15 kHz for |z| < 10 cm:

47 billion (2022) + 96 billion

(2024) + 96 billion (2026) = Total

239 billion events

e SPHENIX received CDO,
preparing for CD1 review

* Prototype testing validates
simulated results

e HCal+EMCal = Hermetic Jet
Energy

e Tracking = HF jets!




Electron-lon Collider

e EIC = Understanding the glue that binds us all
— Precision understanding of QCD

 Bring the Hl and Spin jet communities together to
face the new challenges in QCD physics
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Conclusions and Outlook

Techniques for measuring jets in heavy-ion collisions have advanced
considerably in the last few years

e More statistics 2 Kinematic Reach

 More observables - Differential measures

 Mature background removal techniques = Reduced systematics
Current understanding from RHIC and LHC

e Jets are suppressed in HI collisions

e Jets are broadened
— But the jets seem to be relatively vacuum-like
* Modification shifts energy from high p; constituents to low p;

Now we need to turn these qualitative observations into
quantitative statements in order to answer our fundamental
guestions

e Requires theory input = MC with p/E exchange between jet and
medium!



Conclusions and Outlook

Observables—>calculable by QCD key to answering fundamental

guestions

 Not enough to see a difference in pp and AA!

e A good jet quenching theory needs to be able to describe an
inclusive, triggered and structure observable ( RAA, IAA,
fragmentation function

We should use y-jet observables to compare across energies and

experiments

e This is the path forward to precision heavy-ion collisions

 Theory input into most differential observables is important

— JETSCAPE

e Spin and HI jet communities are complementary = Need to
understand pp jets = Face the same challenges!

RHIC and LHC are complementary =2 need both for understanding!

For further discussion, see arxiv:1705.01974
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Jet-to-Z boson p; Balance

Arxiv:1702.01060
Vsun = 5.02 TeV PbPb 404 ub ™, pp 27.4 pb

Repeated with Z bosons!

) . . ) 1 L L FTTTTrTT FTTTTTT LI L TTTTTTT
e Similar interpretation "CMS | r/PbPb 0-30% |
. B O Smeared pp
e Very little background for 08 o %] %] 760 Geio -
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Energy is lost, are the jets modified? = How and why



Jet Structure modification

More Perlpheral
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No significant dlfferfence in the modlfrtatlons of the jet -
structure are observed

e As a function of rapidity
— From 100 < py;, < 398 GeV

— Except at high z = hint of reduction of the enhancement

for more forward jets is observed
Jets are modified, but that modification is relatively similar?



X = @(pme?73 + pT4e774)

1

X, =@(DT39_U3 + pT4e_T74)

M =2

X
1y +1, =In—
X2

— 1],

cos&* =tanh il

RHIC has placed strong constraints on AG
in the range x > 0.05 but lower x regions
are relatively unexplored

There are two knobs to turn which can
provide access to lower x: higher
energies and forward rapidities

Can see that moving to higher center of
mass energies will push down to lower x
values
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e Adding the Endcap opens up several
new di-jet topologies

 Forward jets probe lower values of
gluon momentum fraction while
selecting more asymmetric collisions

Brian Page - RHIC & AGS Users Meeting 43



Normalized Yield

Normalized Yield

nnr

19.0 < M < 23.0 GeVI/c?
8.4 <p_<11.7 GeVic
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Sign(n) = Sign(n,)
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1El

Jimnnns

Sign(n) = Sign(n,)
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|'s = 200 GeV

107"
PRD 95, 071103(R) (2017)

e Correlation measurements
capture more information about
the hard scattering

e Di-jet measurements provide
better resolution on the gluon
momentum fraction
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e Adding the Endcap opens up several
new di-jet topologies

 Forward jets probe lower values of
gluon momentum fraction while
selecting more asymmetric collisions

Brian Page - RHIC & AGS Users Meeting 45
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Di-jet A, shown for two
Barrel-Endcap topologies

These forward di-jets will
access gluons with lower
momentum fraction than
mid-rapidity results

Results compared to DSSV14
and NNPDFpol1l.1
expectations

Systematic uncertainties will
shrink in final result
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Di-jet events with both
jets in the Endcap probe
the lowest gluon
momentum fractions

The cross section drops
for forward jets making
this measurement

statistically challenging
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