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Hallmark of QCD: running of the coupling
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Now consider “matter”

When many particles interact, complex new things happen

=>» emergent phenomena

Phase diagram of water

Phase diagram of QCD matter
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Probing hot QCD matter

lEarly Universe The Phases of QCD

LHC Experiments

()
| .
=
=
©
—
()
o
5
[t

=0

Superconductor

Critical Point

Hadron Gas

Nuclear
/ Vacuum Matter Neutron Stars
0 MeV~ - = s
0 MeV 900 MeV
Baryon Chemical Potential

compress ">




Finite Temperature QCD
on the lattice (ug=0)

Slow convergence to non-interacting Steffan-Boltzmann limit
What carries energy - complex bound states of g+g? “strongly-coupled” plasma?
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S. Borsanyi et al., JHEP 1011, 077 (2010)
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Cross-over, not sharp phase transition Temperature [MGV]
(like 1onization of atomic plasma)
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Hot QCD 1n the laboratory

Pb+Pb sy = 5 TeV

AutAu Vsy=200 GeV

RHIC @ BNL [

R

Probing hot QCD matter




Sept. 2013
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Testing perturbative QCD at the LHC: i
inclusive jet production in p+p collisions

CMS, Eur. Phys. J C76 (2016) 451

. <71 pb™ (13 TeV) 71 pb' (13 TeV)
%:10 CMs —e— Iyl <0.5 (x109 ¥ 25 ]
%1013 —NLOJetrs CT14 —8— 0.5<IyI <1.0(x107) - rCMS —_ B?SAPDH 5 ]
o Antik R =07 —a— 1.0<lyl<15 (x103) (@) L ) . ]
C : —» 15<lyl <20 (x10% oL Anti-k, R=0.7 == NNPDF3.0 —
=10 y! N + nti-k; R = 0.7
3 —o—20<lyl <25 (x10% + ‘vi<os T MMHT2014 ]

0%k —5-25<Iy1 <3.0 (x10 5 rlyl<0.5 Exp. uncert. §
g ] ——32<lyl <4.7 (x10%) = B Theo. uncert. .
P10 g e T - z ]

sE  Hhay Ceg, v 9o 1_

10°g -=!==- O, -,‘ g f*‘

10 Sy egy © i

10 _'=_ S o 0.5~

10-3 1 1 1 1 1 _. Il | I T I I : 1 1 1 1 1 1 1 1 l 1 ) N T T -l Iﬁ

200 300 1000 2000 200 300 1000 2000

Jet p_ (GeV) Jet P, (GeV)
Magnificent achievement of QCD
* needed 30 years of development in theory, experiment, and algorithms to connect the two

Infrared and collinear-safe (IRC-safe) jet reconstruction algorithms:

* Integrate out all hadron degrees of freedom

e Same procedures applied to pQCD theory and experiment

* Enables direct, precise and improvable comparison of theory/experiment

=> jets measure partons



Jets in vacuum
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Jets 1n QCD matter

Jets 1in nuclear collisions
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Energy loss in QED

Fractional energy loss of an (on-shell) electron or positron in Lead

http://pdg.Ibl.gov/2017 /reviews/rpp2016-rev-passage-particles-matter.pdf
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Figure 33.11: Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is considered as ionization
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Energy loss 1n

QED

Fractional energy loss of aelectron or positron in Lead

http://pdg.Ibl.gov/2017/reviews/rpp2016-rev-pass

articles-matter.pdf
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Figure 33.11: Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is considered as ionization
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Jet quenching 1n one slide

Jet shower 1n vacuum

Evolution of highly virtual parton via gluon
radiation

Quantum interference — angle-ordering

* hardest radiation is most collinear with
jet axis

e Precise understanding in pQCD

» Accurately calculable with QCD-based
Monte Carlo models

Jet shower in-medium

&
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Superposition of
* vacuum shower
* medium-induced gluon emission

These processes happen simultaneously
and interfere

Angle-ordering 1s modified or destroyed

WSU 1/22/2021 Jet quenching status report
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Jet quenching: observable consequences I

AA

Q) " ALICE {5y =5.02 TeV o
1. Energy 1()SS % 10—4:_ AnIi-kTR:02|,, 1<05,]
S : p'T'"""' >5GeV/e 3
£ =4— AE
5105 F e .
S =+ | Yield:
e o — - | ] .
g } oo { suppression
2 107®} ) Correlated uncertainty ==
Ag b Shape uncertainty == 3
N B 0-10% Pb-Pb . ]
| Correlated uncertainty Or = 19%
10”7 3 = S"a:eaunc:nn:;ty °f=2»1% 3
P ey W
0 50 100
P, (GEV/C)
2. Modification of rerasat oo e s
jet substructure

WSU 1/22/2021

Jet quenching status report

1.4 Pb-Pb 0-10% R=0.4 ALICE 7
[ m AUCE \5,=502TeV [This publication]
L @ ATLAS {Sg=502TeV [PLB 790 (2019) 108-128]
1.2+ ATLAS |5,=2.76 TeV [PRL 114 (2015) 072302
[ A CMS |5,,=276TeV [PRC 96 (2017) 015202]
1'_,___A_ff'?,?_‘f'_’_'if'??f?'ﬁﬁif’_t&___“__,M_MMH,,H;
[ [ ]Corelated uncertainty 1
- Shape uncertainty
0.8 T See publications for full description of uncertainties ]
L T3] —
0.6f - ]L’LH'“' +=
0.4f I ]
0.2F ]
O-l ol 1 1L 111111‘
107 10°
ijet (GeV/c)
Trrrrrrrrrrr o
- = -= Smeared Hybrid Model
N = Smeared Jewel (W/recoils)
2
2
©
a8
2
<
~—

Ratio to
PYTHIA

12



Jet quenching: observable consequences II

3. Jet deflection
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Jet quenching: observable consequences 111

Four distinct manifestations of jet quenching:
e Jet energy loss

» Jet substructure modification

* Jet deflection

* Large-angle radiation

Different manifestations of same underlying physics

* All must occur if any of them does

* Probe different aspects of jet quenching

» Different experimental systematics as fn of kinematics and collision system
* Different theoretical sensitivity as fn of kinematics and collision system

This 1s an opportunity:
Measure the same physics multiple ways and require consistency

— needs a theoretical framework...

WSU 1/22/2021 Jet quenching status report
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Radiative energy loss in QCD
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Connecting ghat to measurements

BDMPS: multiple soft scattering approximation
e Gives simple and intuitive formulas
«  Connection to other approaches must be checked

Medium-induced jet energy loss:
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Taxonomy of current jet quenching measurements

* Driven by experimental considerations: arrows connect observables with just
one thing changed
* How do these map onto theory?

Incl hadron suppression (ch, °)

Di-hadron I, , (high py)

Incl D/B-meson Ry 4

Light hadron v,

Incl y/Z production

v/Z+hadron 55 htjet Ty,

'Y/Z+J et IAA

v/Z+jet xj,

energy balance

N

WSU 1/22/2021

Jet acoplanarity

Jet quenching status report

D-meson v,

Incl D/B-jet Rpa

l Small systems

RHIC vs LHC
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Confusing! How to make sense of so many
observables?

Go systematically: start with a few key measurements and build up the picture...

Incl hadron suppression (ch, ©°)

Di-hadron IA‘A (high p1) Incl D/B-meson R, 4

D-meson v,

Jet+h: large-angle

htjet Ty oL Tncl D/B-jet Rys

Jet"'h: FF ~
Small systems

Jet acoplanarity \@C Vs L@

@ _my preferences; my experimental heavy ion colleagues in the
wWe audience would likely choose differently (e.g. jet substructure)




Jet quenching via high p hadrons

Observed rate in AA

Raa =

Expected rate from pp ® geometry
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Purdue University Nov 3 2016 Jets in QCD Matter

Jet fragments
(color-charged)
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Inclusive hadron suppression: RHIC vs LHC

LHC

JHEP 04 (2017) 039

RHIC

27.4 pb™ (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)
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RHIC/LHC: Qualitatively similar, quantitatively different
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spectrum shape

Purdue University Nov 3 2016 Jets in QCD Matter
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Connecting experiment and theory...

WSU 1/22/2021 Jet quenching status report
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Goal: general tool for entire HI community

Event Generator Ingredients

JETSCAFE
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»
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JETSCAPE: measuring g using incl hadrons

!
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JETILAPE

Bayesian inference:
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This 1s the end of the quantitative part of the talk
Remainder of talk is work-in-progress

Key issue: theory-experiment connection

Jet quenching status report
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Incl hadron suppression (ch, %)

Di-hadron I  (high py)

h+j etl AA

Jet acoplanarity

Incl D/B-meson R, 4

D-meson v,

Jet+h: large-angle
radiation

Jet+h: FF

Incl D/B-jet Rya

I Small systems

Jet quenching status report
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Inclusive hadron vs inclusive jet suppression

27.4 pb (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)
2_\ T \I\IIII T T II\\II‘ T T II\\H‘ T T I_
- CMS SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb)
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Inclusive hadron suppression driven by

energy transport away from the hardest

branch in the jet

* Insensitive to specific mechanisms of
energy transport

More comprehensive: reconstructed jets

* very challenging due to large
backgrounds, especially at RHIC

* but problem has been solved
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RHIC

LHC

Inclusive jets in A+A: spectra
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RHIC

LHC

Rer

Inclusive jets in A+A: R

Observed rate in AA

Raa

B Expected rate from pp ® geometry
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Jet quenching status report
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Strong jet yield suppression
* Suppression ~ similar magnitude at
RHIC and LHC...?
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Inclusive jet R, 4: comparison to models

Diverse jet quenching calculations based on pQCD

+ various approximations for jet+medium interaction
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Current models work well over a wide
range

Data relatively featureless, do not
discriminate

How to make progress?

1. JETSCAPE: go beyond current
formulation of ghat to capture full
dynamics of jet-medium interaction
— global fits to hadron&jet data

2. Other observables with orthogonal
parametric dependencies
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Incl hadron suppression (ch, %)

Di-hadron I, , (high py)

Incl D/B-meson R, 4

D-meson v,

Jet+h: large-angle

radiation

htjet Ina Incl D/B-jet Rya

Jet+h: FF

l Small systems

Jet acoplanarity
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Jet acoplanarity: in-medium hard scattering

(“Rutherford experiment”)

) . d’Eramo et al., JHEP 1305 (2013) 031
Discrete scattering centers or

effectively continuous medium? Distribution of momentum transfer &k

Prob(k™", o)
0.06

Weak coupling :

1
hard tail ~ Y

é. Thermal Mass Gluons 0.0

T 400 60 70 80 90
Strong coupling:
Gaussian distribution

What are the quasi-particles?
 highQ?* bareqandg
trigger s low-ish Q%

e thermal-mass glue

*  magnetic monopoles
o 9
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Jet acoplanarity: in-medium soft deflection

For intuition use BDMPS theory: multiple soft scattering approximation
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Different parametric dependencies! Better model discrimination...?
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Jet acoplanarity: data

ALICE, JHEP 09 (2015) 170 STAR,Phys Rev C96 (2017) 024905
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Significant background: Initial-state (Sudakov) radiation L. Chen et al,, Phys.Lett.B 773 (2017) 672
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First- generation ALICE+STAR measurements:
no medium-induced acoplanarity observed above background
. Second-generation measurements with greater precision in progress....
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Jet acoplanarity: ALICE Run 2

arXiv:2003.10182

107 arXiv:2009.08261
- grrr T L B L L B =
§ i ALICE Preliminary j
= 75 Pb-Pb, |5y, = 5.02 TeV ]
G g chargedjets, anti-k, -
3 - R=02, |I)H| <07 -
£ 5F 30<p? <40Gevic a
4E — pomoon 3 Work in progress:
af T o umewnaen . « larger R, lower prt
E —<— pp PYTHIAS Monash 2013 —— = g ) p
E I * measured p+p reference
1= ——— =
i: T atiden. ]
. B AT TN Narrowing due to radiative
15 E corrections...?
& F ]
= 1;_ ............................................................. ;‘:
0 - o
i 0.5 :=_+_ + i —
B 015‘6 R R R YT T ;
i 6 28 3
I A
1
L ?
|
]

1
Radiative p,-broadening of fast partoﬂls in an expanding quark-gluon plasma

I
B.G. Zakharov!

]
'L.D. Landau Institute for Theoretical Physics, GSB-1, 117940, Kosygina Str. 2, 11733} Moscow, Russia
(Dated: Makch 24, 2020)
|

We study contribution of radiative processes to p;-broadening of fast partons in an expanding

quark-gluon plasma. It is shown that the radiative correction to 522 ) for the QGP produced in
AA-collisions at RHIC and LHC may be negative, and comparable in absolute value with the non-
radiative contribution. We have foun,a that the Q?!p expansion enhances the radiative suppression

of p,-broadening as compared to the static medium.

Jet quenching: future directions
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Phenomenology: in-medium energy loss measured
via jet spectrum shift

Inclusive jet and X+jet measurements
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\trigger

RHIC: energy loss similar for different probes : :

: - Confrontation with
* possible R-dependence 0 leulations TBD
LHC: energy loss larger than RHIC | theory calculations
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Jet quenching: Outlook

LHC

*  Run 3 starts this year (?); factor ~10 luminosity increase

* ALICE: essentially a new detector with vastly improved capabilities
 ATLAS/CMS moderate improvements (major upgrades 2025)

«  Through Run 4 (2029): Pb+Pb @10 nb -!

RHIC

*  New detector focused on jet physics: SPHENIX
* Upgraded STAR

«  Through 2025: STAR Au+Au@110 nb -!; SPHENIX Au+Au @23 nb !
— At both facilities: factor ~10 increase in data, much improved instrumentation

But experimental advances alone are not sufficient for quantitative
understanding of jet quenching and the QGP

Theory and modelling:
* Conceptual and calculational advances in modelling of in-medium jet modification
* Rigorous-large scale global fits to a wide range of judiciously chosen jet and hadron data

— Bayesian inference using JETSCAPE

Much more to come!
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Extra slides
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Measuring ¢: inclusive hadron suppression

7IIIGYL JET Collaboration
ee MARII —— McGill- AMY: Phys.Rev. C90 (2014) 1, 014909
6 (=3 HT-BW --- GLV-CUJET]
== HT-M 4 :
4 d : Fit pQCD-based models to
S a8 single-hadron
. B suppression data at RHIC
| [ 7 Dis _Au+Au at RHIC, E and LHC
AN et ) _Pb+Pb at LHC, |
0 %A_ N S I i
0 0.0 02 03 04 05
T (GeV)

For a 10 GeV light quark at time 0.6 fm/c:
RHIC: ¢~ 1.2+0.3 GeV? /fm Reasonable and
LHC: G~ 1.940.7 GoV? / fm improvable precision

Cold matter (e+A at HERA): ¢ ~ 0.02 GeV? /fm

WSU 1/22/2021 Jet quenching status report
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RHIC & & LHC: the present

STAR sPHENIX (under construction)

cryogenic chimney

SC magnet
flux return door
INTT

outer HCal
inner HCal
EMCal
TPC

support carriage
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STAR

RHIC: the future
Beam Use Request to RHIC PAC, Sept 2020

sPHENIX
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