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® What is a jet?
Jet “fragmentation” process
Jet finder

® | ooking under the hood
Parton splitting & rearrangement by the QGP

® Correlations among jet fragments
Energy-energy correlators and hadronization

® Color screening in quark gluon plasma
® Vorticity
® |nitial stage of the collision

Many thanks to Ezra Lesser, Rey Cruz Torres,
Preeti Dhankher, Wenging Fan



Quark & gluon probes

® produced by hard scattering among incoming q, g
Scatter out of the beam direction

® The partons produce a “shower” of secondary photons
Radiate gluons (just as in bremsstrahlung)
Gluons can split into two A

Partons can collide with q, g in any medium they
encounter (e.g. underlying event in pp, or QGP)

® Shower particles also evolve, creating a cascade
Especially in the presence of large, dense medium

® At the end, hadrons form from all of the produced
partons



Where does the lost energy go?

® Several possibilities

extra gluons at small ’
angles (in/near jet cone)

diated gluons thermalize in
they’re gone!)

remain correlated with leading
parton, but broaden/change jet



Look inside and around the jet

® precise measurement of energy loss by tagging with a
photon or vector boson (which do not interact with the

plasma)
® |ongitudinally: jet fragmentation function

® Also transverse to the jet axis: jet substructure
observables



What, actually, IS a jet??

® No such object! (despite the cartoons)
® We define a “jet”

by choosing algorithm and size scale

ATLAS

Run: 169045

i Event: 1914004
Calorlmeter Date: 2010-11-12
Towers Time: 04:11:44 CET

607 P_ [GeV]
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® Which hadrons belong to the same jet?

In Pb+Pb: many particles from other than the hard parton
In p+p the underlying event is smaller, but not zero

® Reconstruct jets from all hadrons, or charged ones only




Jet algorithm of choice: “anti-k.”

arXiv:1802.1189
® Seed is hardest hadron or calorimeter tower

® Calculate distance to other particles:
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Clusters softer particles with harder ones, until no more
remain within distance of 2R

P, [Gev] anti-k,, R=1 |
FLE
0
15
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R = 1.0 is better. Feasible in e+A

Theorists can do this at the parton
level, so jets are calculable with
perturbation theory

Typically, use R ~ 0.4 to allow statistical
subtraction of the underlying event. But
this misses some of the parton’s energy.
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Jet spectrum
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Under the hood: parton shower evolution

Significant scale difference between
parton from hard-scattering and
hadrons measured in detector

}

Large phase space
for jet formation
and evolution

Suite of
observables
needed to explore
this phase space

Calculable in pQCD

Jet

Not calculable in pQCD

Fragmentation
Rey Cruz Torres (Parton shower)

»

Hadronization



Perturbative QCD calculation

@(?;) = 0y + a0, + a0, + Ao, + @(aj))

0.5 July 2009 LO or
o (Q) Born T = generic
a a Deep Inelastic Scattering « NLO observable
04| oe e'e Annihilation i P— N2LO ————— »>

03}
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o8 Heavy Quarkonia
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| For complete cancellation of IRC singularities, observables must satisfy:

Infrared and Collinear (IRC) safety

== QCD as(rvllz) =0.1184 £ 0.000?’ Infrared safety: 1 /E x

1

10 Q [GeV] 100 k

Coupling constant runs with momentum transfer, becomes small

Expand interaction cross section in powers of o,
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Jet energy and shape modification
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Energy unbalanced in g, Z — tagged jets

® With photon or Z, you know the initial energy
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® Plasma reduces the jet’s energy. Jet and boson p. no
longer balance



Look inside: Jet Fragmentation function
D(z) - Iﬂ\fjet dN(Z)/dz; 4 =pha/pjet

Count jet fragments as fraction of
the jet’s momentum

Ydir i wayside BT Pr./Pr, ~ Z for y trigger

._ §=In(1/z,)
>

Modification factor similar to R ,:

for = (U NerigdN/dE)
~ (1/NypigdN/dE)

pp 13



I.A A

IA &

v-jet data: jets get wider & softer in plasma

Pb+Pb/p+p:

Extra low momentum

particles; high momenta

suppressed
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Pb+Pb/

p+p:
Jets are
wider in
Pb+Pb

T] = e_]'etI_

et transverse size

Medium induced radiation!
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Jet structure more differentially

15



p;.vs. r of jet fragments

= P ' rrAC Xiv: 1908.05264
& [ 126<p™ <158 GeV ATLAS ™
EEE 3 0-10% Pb+Pb |5,y = 5.02 TeV, 049 nb™—_

= See also: CMS
i pp {5=502TeV, 25pb™" |

arXiv: 1803.00042

Pb+Pb/ m000<r<005  antk R=0.4 -
o015 =<r=020 N
p+p 2 + 030 <= r=040
+050 < r=060

—_
~
] ] ] |

® Excess soft hadrons at large jet radius
® Narrowing of high p. particle distribution

® Energy loss (and medium response?)



Connect to QCD

¢ g,g undergo probabilistic cascade of g emissions

¢ Total color charge & flavor are conserved

¢ Successive branchings are ordered in angle

¢ Color coherence suppresses large angle soft radiation

High energy q, g fragment
mostly outside the plasma

Collide in the plasma &
partons hadrons  radiate extra gluons. These
produce secondary showers

% ‘:7, f:l ;:3, Lower energy jets start to
collinear  \ 1} / soft \.\'\; ff; fragment in medium — can
7 \/ rearrange particles or add

stuff from medium ,



But — 3 problems in connecting data & QCD

1. Measure hadrons but QCD calculates quarks and gluons
Hadronization is non-perturbative and so intractable

| For complete cancellation of IRC singularities, observables must satisfy:
[

- oge Infrared and Collinear (IRC) safet
2. Singularities (IRC) safety

Collinear safety: 1 / 9 x

Infrared safety: 1 / E x
\—

3. Particles from underlying event

18



Look at (calculable) parton splittings

Lund Plane

In(1/2)

IN(R/AR)

® Find observables that avoid singularities
e.g. jet axis, z, [, jet mass, angularities, n-sub jettiness,
energy-energy correlators, etc.
® Groom away softest particles to remove underlying
event and minimize hadronization effects, using

combination of momentum & angle v



jet

Grooming jets

SDOE
region

—>

Collinear Soft

Collinear

Nonperturbative

® Collect particles into subjets

® Use “soft drop” algorithm to remove soft subjets
_pT,subleading

S= o ading T PT subleading < Ecutﬁ'ﬂ . drop the softer branch
__ AR _ VA +Ag? typically, z_, ~ 0.1-0.2 , =0 or 1
— R — R

® Removes soft radiation & non perturbative effects
Allow access to perturbative splittings
Also grooms away remaining underlying event

} kept

} rejected

20



Grooming effect on Lund Plane

logiz d)

Cutting away low z and low

SoftDrop (p<0)
AR particles makes holes in -
~ g

the Lund Plane

Allows looking at jet
splittings in IR safe region
and comparing to pQCD
calculations

lag(1/6)

21



Jet axis

22



Rey Cruz Torres Jet-Axis Differences

JHEP 04 (2020) 211 (1911.06840) WTA

- Standard axis: &
coordinates in (y, ¢) of jet clustered with anti-k; How aligned is hardest

algorithm and combined with E-Scheme . . .
fragment with the jet axis?
- Groomed axis:

standard axis of groomed jet - Substructure observable: angular

difference:
- Winner-Takes-All (WTA) axis: AR . — \/ 2 4 (00 — @)
- recluster jet with CA algorithm — 02 =) (@2 =91
- 2 = 1 prong combination by taking direction
of harder prong and pr (o« = Pr.1 + Pr.2

- Resulting axis insensitive to soft radiation at
leading power 23

between two definitions of the jet
axis




Why measure this observable?

- Study properties of the QGP via modification of
/™, medium-induced gluon radiation

angular (TMD-sensitive) jet substructure S
21 [ .\ (intra-jet) pp broadening
e s . . < IR vacuum
- Contrast substructure modification with(out) grooming ol
sl
-Understand interplay between QGP competing effects g /A W
-e.g. medium-induced gluon radiation vs. multiple- S T
scattering-like (intra-jet) p; broadening -
Angular substructure observable

Ringer et al., PLB 808 (2020) 135634

Axis difference can be calculated perturbatively
Especially if jets are groomed to remove the soft particles at

WTA

Groomed (SD)
Standard

large angles.
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Does grooming change the jet axis?

0.2

X100 ¢ Standard - SD: z,,, = 0.3, B = 1 (™ = 0.980) . 2 10°L ¢ Standard-wA i
% o W Standard-SD:z,,=02 B=1("-0880) I = Cl:m E m WTA-SD:iz, =01, f=1("=00895) 3
§ [ 4 Standard-8D: z,, =01, f=1(""-0995 | O C 4 WTA-8D:iz, =02 f=1(f"=0990)
IZ 10°F Sys. uncertainty E % 0? " # WTA-SD:z,, =03, f=1(f" =0980)
— F 1 = Sys. uncertainty =
[ =il TR —I< : PYTHIAS Monash 2013
102 HERWIG? _: . i rri _
ALICE Preliminary 10 ALICE Preliminary y
10 3 i
. 1t
1L pp Vs =5.02 TeV E - pp Vs =5.02 TeV
R=04 | r;jm| <05 " R=04 | r}'jml <05
40<p._ ‘<60 GeVic 1. 40<p < 60 GeVic
- T chist . . = = Lchj E
10 Ghargecifpartlcle jets anti-k; E 10 3 Chargécrﬁeérticle jets anti-k; .
<14 I | | l I 1 I_' << 1 4':_ | | l ‘:
ST 45 : ST
™ ) 1.2 =
5E 2o ¢ R
o ‘WT— ['R | B
0.8 . 0.8
G 1.4fF - 0 1.4F -
S=1.20 - 8= 1.2r 1
S i T C—— SIE 1} g e S s
T 0.8 . T 0.8F |
0 0.01 0.02 003 0.04 0.05 0.06 0.07 0 0.05 0.1 0.15
{_— dﬁﬂxiq.: 1 Cnuz-Tomes !—' '! dHaxiS
/ arXiv:2211.08928 arXiv:2303.13347
Not much!
25

Results in pp are well reproduced by Pythia & Herwig



In Pb+Pb

do

% - ALICE Prelimina o . . . . .
r;cé - (8 = 5.02 TeV Y . E’;Pb e Data rejects intra-jet pt broadening described
40 NN T Bl : . .
S 15[ Ch-particle jets, anti-k; Sy, uncertainty by BDMPS formalism as the main mechanism
° i of energy loss in the QGP
: = L WTA - Standard
St ey 40 < p1* < 60 GeVic
0 ° R=02 I |<07
105
® - .
o P E SN Shruly SR Ringer et al., PLB 808 (2020) 135634
o [ e JEWEL, recoils 0ff e JEWEL, recoils on . : : -
Q 2" e Hybrid Hybrid (Moliére) /™, medium-induced gluon radiation
.é) Q [ e medium g/ q/g + p.. broadening - WY
ol R — MATTERLLBT T E ] BTN
F E i "?:‘ (intra-jet) pr broadening
- E Io|
: 0
& L -] D‘ "'-.‘
0 - -

0 002 004 006 008 _ 0.1
AR i Angular substructure observable
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Evolution of jet axis difference

WTA - Standard, |’7jet| <09-R
R=02, pChJB'E [40.60] GeV/e  R=02, pChJB'E [60.80] GeV/e  R=02, p':hF[E [80,100] GeV/e R=04, pCthE [80,100] GeV/¢

70
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O[S 4of (S =502TeV WPoPbO-10% | 50 |Sg=502TeV B0 |5, =5.02TeV £ 5,,=502TeV
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05} 1 |
% 06 008 .01 0 002 o 008 _01% o 0T 0 Loz
' dﬁam I ’ I i"‘I--fLaJ-cisl
- Same pCh Jt changing R
Same R, changing pi' 1 |- - -
. Cp=4/3
Jets narrow in PbPb
Larger effect in softer jets éj
Quark jets start out narrower. Are the gluon gluon jet Quarkjet

jets more modified? C: relative probability to emit a gluon



Medium resolution length

Characteristic scale of the medium at which a splitting can be resolved

i
Lre5=u

medium resolves splitting

immediately after parton fragments.

Fully-incoherent energy loss

Lres - 2f“T

Intermediate case

Lres=00

medium does not resolve splitting.

Fully-coherent energy loss

28



do
e dAHaxis

Pb-Pb
PP

50

40

30

20

10

Interactions appear to be incoherent

ALICE Preliminary
\'Syy = 5.02 TeV
Ch-particle jets, anti-k

® pp
¥ Pb—Pb0-10%

Sys. uncertainty

WTA—Standard
60 < p_'* <80 GeV/c
a R=02 In |<07

L L L L L L L L | L 1 x . L x

1.5

e Hybrid (L = 0)
Hybrid (L,es = 2/1T)

Hybrid (Lo = =)

VS

Data favors mechanisms of incoherent
energy loss in the QGP
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Look at the parton splittings

30



Lund Plane in pp data

* |llustrates branching phase space

* Has been also measured by
ATLAS BB at higher jet pr

LY

In(kt/GeV)

h

E.D. Lesser

Primary Lund-plane regions

(v @bue|) Ys|

Z
%
({\

non-pert. (small k¢)

In(1/A)

1.5
O

.

>
QO
=
=
£

0.5

ALICE Preliminary Charged-particle jets anti-k; R = 0.4
pp Vs =13 TeV M |<05,20<p™ <120 GeV/c
jet T, jet AR
04 035 03 025 0.2 0.15 0.1
T T T | T T T I T T T | T T T | T T T —

0 02 04

2Jun 2021

06 08 1 12 1.4
In(R/AR)

8] Phys. Rev. Lett. 124, 222002 (2020)
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PbPb/pp

Early gluon splitting

Recluster & groom jet
Use 2 leading clusters

] = Bj etI— _ T -
‘ jet transverse size i —

FTI+F]"Z

Q = ejetE

pt-broadening

Q: =qL

A A T —— Useful to
10F cms Genlram},r 50- BD% + Centrality: 30-50% | m- Centrality: 10-30% 1 oy Centrality: 0-10% .
o ®| PbPb 3 “ﬁ@* T i 1 i E quan Ufy

C iﬁﬂ Wi pp smeared T 1 I I ]
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g_ar;tlkTF;Ddlmlll13,:S;ﬂDmL|ii__|'||i:,,,|i: See Signl:ﬁcant
: dependence

1.4F 16[}f:p L <180 GeV __ B=0.z_=01,AR;;>0.1 __

1?:___' e _+________!' _______________

o ii++’+ +_ ) OnjEtE,
grooming.
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Is there a mass effect on g radiation?

® Soft gluon radiation spectrum Dokshitzer, et al. . Phys.G17,1602 (1991)
. " Dokshitzer & Kharzeev, PL B519, 199 (2001)
dF:cursCde ki dky _M
T o (kT +w?63) E’ : .
(k1 0) ALICE D-tagged vs. inclusive
Large M suppresses small angle jets in p+p
radiation (phase space effect) N NET
“ ” 8,=—==
Known as “dead cone effect e~ R R
B ALICE Data === Eﬂgéﬂggl‘n%{iim"ﬁmsm pp Ys=13TeV pﬁfﬁ;rzzﬂ GeVic
— PYTHIA 8 charged jets, anti-k;, R=0.4 k> Agep . Agep = 200 MeVic
—— SHERPA === o e oSV CiIA reclustering In,,| <0.5 8 (rad)
037 022 014 008 022 014 008 022 014 008 005
— ||||||||||||||||||||||||||||||||||||||||||||||||||||||
() % 5 < Eppane < 10 GEV 1 lmaEnwL,::zn Ge‘ull' 1 20 < Epyoe < 35 GeV
2 s L 1 e PR
7 T [
% 9 i P F======1  amaaaaa P oo ]
u --*---ll.ll.. ll.ll._l_ :::;::: 1, =% ; i
= g I ‘ﬂlﬂ'T "'"'!."""
[T [ e
I  osp - K
D|||||||||I||||I||||||||||||||||||||||||||||||||||||||H|L|I|C|E
1 15 2 25 15 2 25 15 2 25 3
Yes!

arXiv:2106.05713 In(1/6)



Combine p, & 6: Angularity

. arXiv:2107.11303
Ezra Lesser, Preeti Dhankher a> (0 — |RC-safe observable

Includes both transverse-momentum and angular components with relative
weights given by continuous parameter a

=
Dt : AR... .\« .
I R]Et I P
“ Z Pr R
i€jet .Jet |
:56 18F ALICE _ + 4 Data t oA <Al D R)
x 16 pp ¥s=502TeV E] , 1 Syst. uncertainty
b|r'c: - charged jets anti-k T = NLL' ® PYTHIA8
OIS 14f R=02 In <07 3 NLL © Homic? i
%5 ,f 60<pP <80 Gevic e Ly ]
b\|;§ 10f ¥ . a=15 1 ' . a=2(03) 1 a=3(x0.12) ]
© o 8:— —:- + .
of //\_ iy - (shape) Calculable in pQCD
S 1 O e __——data, model agree
oF LR E «— ]
L N e “a
R . e
sl5 10 b Let’s groom away the
O [ — e I . SO soft stuff
1007 02 03 0 01 02 0 0.1 0.2 34

Charged jets _
measured for g;tlc.h * e (20,100) GeV/e j’a‘ /la ’la



Why is angularity safe for pQCD?

Ezra Lesser

Infra-Red safety: the observable should not Collinear safety: the observable
change if an infinitely-low-momentum should not change if one particle
particle is added to the event/jet splits into two collinear particles

%é ~ A pew = Z 208 + (12) 07 +[(1 - Dz] 67
j (i%])ejet

Need 7+ (1— ) =1 VA€ 0]} —» =1
R ccd M4 (1-AF=1 vieloll} ~

i€jet : o K K
2 =0-265=0 (<>0) Consider 1-particle jet: A’é’geﬁ = (/12]-) 0 + |(1- A)zj] 0;'
A new = A’ccr,old 6;=0- g Qj =0 (@>0)

28 Mar 2023 4
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Groomed jets well described by NLL QCD

Ezra Lesser

Apply grooming procedure to remove Xy 210711303
low-energy, wide-angle radiation ?  FAucE T 4 om o
3 N EE ] Syst. uncertainty
o @l Chargedjets anti-ky | —NLU'®PYTHIAS | ' ]
Bl 5 f A=02 In,ellq:o.? 3 . . Soft Drop: z,, =02, =0
OIS [ eo<p™®<BoGevic | ~NL®@Hewig7
T —-\? Fr a=1. =3 QTL ¥ ;:_
—_ . “:-} - 15 | ) 2) . fa-3
. g‘ rm ™
o= 10;\ - K tl.

a.g %% ol (PR PRV S S TP i e

i € groomed jet OF e . TN 1% o —_—

107 =07 0z .ﬂf)””m "o& 03 0 01 02

Jet grooming recovers larger region of Pag Aag Pag

successful perturbative description

Larger 4, Good agreement
with pQCD calculations

Kang, Lee, Liu, Ringer PLB 793 (2019) 41

Small 4,: Non-perturbative

See also: CMS arXiv 2109.03340
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= X (2 (55

fE_] et p[', jet

Models generally describe trends in
data well, although some deviations

(0 JEWEL h

Zapp, EP| C 74 2 (2014)
o JETSCAPE

arXiv 2204.01163
a Higher Twist

Chen, Zhang et al, CPC 45 (2021) 2,024102
0 Hybrid Model

9 See Zach Hulcher, Tues 18:30 )

Additional a, py available:

https://alice-fieure.web.cern.ch/node/2 1570

Recall:
Jets narrow in PbPb

Quark jets are narrower. Are the gluon jets

more modified?

Models depend on QGP evolution too!

poa:1s

In Pb+Pb

ALICE 0-10% Phb-Pt data

st
ar ]
s g Ungroomed

ALICE Preliminary 1 5|%2
VSpe = 502 TeV — =
Ch.-parlicle anti-k; jels ] '_|b;' 107 ¢

40 < pﬁ‘-“ < B0 GeVic —
| r"|n| <07, A=02

(0] 4
L] -

e |
L ]
T ——

O

JEWEL (recoils ol Alg 25
; oe

® | JEWEL {recoils on) o

+ | JETSCAPE (MATTERLET) |
+ | Higher-Twist panan E-loss 2r

Hybrid moded (no elastic)

Hybrid moded jwith slastic) ' -—
- 1.5 *

i T
M

0.4

Ezra Lesser

ALICE 0-107% Po-Ph data

10

ury
TTTTT,

ALICE P:'eliminary

{5, = 5.02 TeV
Ch_-particle anti-k; jots
40 < p™" < 60 GeVic 1
In,l<07 R=02
SDrz,=0246=0

Groomed |

JEWEL recois off)

® | JEWEL [recois on)
+ | JETSCAPE (MATTERLLET] |

Hiybrid model (no elasticy
Hybrid model (with elaslic] 4

0.4 1
K=
A‘rx:l

Angularity in groomed Pb+Pb jets:
large A depleted, small A enhanced.

Expect this if jets narrow in QGP
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Jets initiated by a charm quark

Preeti Dhankher

Flavour dependence in the QCD shower

Gluon-initiated shower Quark-initiated shower Heavy-quark-initiated shower

Casimir color factors Mass effects

A harder fragmentation is expected in low
energy heavy-quark initiated showers due to
the presence of a dead cone which
suppresses radiation close to the heavy-quark

Gluon-initiated showers are expected
to have a broader and softer
fragmentation profile than quark-

initiated showers
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Reconstructing D jets

Preeti Dhankher

5 MeV/c?

| T I T | | T I | T | | T | | T | T | | T | T T | | ' 0
12(]__ ALICE Preliminary []signal region Reconstruct D meson
-+ . []sideband (SB)
D” — K~ n* and charge conj. — signal + background fromK&n
in ch dj -k, R = 0.4 —back d . -
10— " CATIECIETS, antikr, ackorodn ® Find charged jet around

10 < p™ <20 GeVie, n_| <05
8.<pY <12GeVic,|y_|<0.8

the D
Calculate angularity

Entries per
S
®

o
o

® Correct for D efficiency
& background

.
=

® Unfold for energy
2\ resolution and missing
neutral particles

o)
=

:

| 1 | | 1 | | 1 | | i S I
1.75 1.8 1.85 19 195 2
m (Kr) (GeV/c?)
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Compare D jet with light parton jets

o T T T oo Preeti Dhankher
Olc gL = D°tagged ALICE Preliminary -
~le® [ Semiincl. pp. (s=5.02TeV . ® D jets are narrower
— — h ' i-k-. R=04 — .
SF —PYTHIAG chargedjets, antrky, =04 = (smaller angularity)
- 10 < P, = 20 GeVlc, |r;}Et| =0.5- ) )
4 5<p7 <20GeVic, <08 ® Increasing a (weight of
E angular term) decreases
- the difference
1 ® Comparison dominated
. by jet core
) | | - ® QObservation is exactly
3.5 what we would expect
E"'E.g from dead cone:
Tl= 2 Fewer & harder jet
£15
B 1 fragments
0.5
D L Do .
0 0.1 02 03 04 05
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Fly in the ointment: hadronization

41



How do the partons become hadrons?

® String breaking (e.g. Pythia)
String carries flavor correlations

Partons tunnel out of the string .

® Cluster hadronization (e.g. Herwig)
Cluster locally connected partons
After the shower is finished

® Coalescence or Statistical Hadronization?
Connect partons which end up close by in phase space
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String breaking

C

N

Stefan Prestel

Based on ideas of linear confinement

@ end of shower, color-connected
partons form string pieces w/ quark
endpoints; gluons = transverse kinks

String junctions are asymmetric color
tensor carrying baryon number

Strings break by tunneling;
“string tension” = energy

107

E ﬁig pe-O—E—8—8—0

Pythia Monash tune
for LHC

arXiv: 1404.5630

T000 GeV
pT {nma 1, pT:nﬂ_ﬁ, l=2.5)

m ATLAS M,
—=— PYE (Monash 13) 15400
—=— PYB (4C) 0.8 400

--%— PY8 (2C) 5.8 301

Dita from Mew J. Phys. 13 {2011)
Pythia 8185
1 1

. .ﬁ--i“"'----.x.-.r---..-.---—-.-x
e M H |

|

b

p, [GeV]



Cluster hadronization

® Non-perturbative splitting follows pQCD shower

® (Cluster color-connected partons together
heavy clusters fission
randomly fill shower & beam remnant mass distribution
Color-connections more local than in string breaking

® Clusters decay into hadrons
ensure sufficient cluster mass for hadron masses
draw flavor k from vacuum
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Coalescence in quark gluon plasma

L valence quarks, not
-4 rr; +7 (PHENIX) O p +p (PHENIX) 1 hadrons, are present
0.15— & =°(PHENIX) A+ 7 (STAR) — :
[, K*+K (PHENIX) . =+% (STAR) | when collective flow
- < KL (STAR) d (PHENIX) 1 develops
[ i ¢ (STAR) 1
& 0.1_— -
N 2% o b —
> B A 450 A0 ‘0 | Recombination from thermal
L "Ell; \ ‘f # — d b . .
i | ] istribution:
0.05 ”@A + _|  Fries, Mueller, Nonaka & Bass,
. R:Lzs‘ | PRC68, 044902 (2003)
- {\.rj"ﬂ < Fries, J. Phys. G32, S151 (2006)
P PHENIX Preliminary _
0 T | | | | I | | | | | | 1 | |
0 1 2 3

transverse KE (GeV)

® dressed quarks are born of flowing field
® hadronize by (simple) coalescence of co-moving quarks
® quarks (miraculously?) dressed by gluons



Explore with jet energy-energy correlators

"l":".i
.
----- L
.... » p
. - M
'1"":_,.. 4 __,: > 5 T&J
l-.' - — : :
at® - — - -
® - — . o
---- _"":_ -_— x [
ple — - .
24 Ap2 2= T = = - R :
R, =/ Ap: wE=-Z-Z_ _ _ ce
L \/ i I mSsT - L. :
..... ~ - = - = . .
----- T~ - TiDT
‘e, - : L1
'''' I s .
n..! .
----- "
qqqqq :’"

R. Cruz-Tomes - HP23

doggc o PLiPrj o,
R Z[da(RL) —= SR — Ry

- Reduced sensitivity to soft radiation
; Pt Ljet
L.j

Komiske et al., PRL 130 (2023) 051801

- related to pr weighting
Lee et al., arXiv:2205.03414

- No need for grooming
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Energy-energy correlator definition
< ¢&(n,) &ny)> -

Where &(n) =

TlLlV is the stress energy tensor

£ is the asymptotic energy flow operator

® Experimentally, sum over all hadron pairs within the jet:

® This is a weighted two-particle correlation; plot vs. R,
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Separates pQCD & non-perturbative regions
Komiske, Moult, Thaler, Zhu. arXiv:2201.07800

100 o :
‘ - Charged-Hadron EEC :

Exchanged p, ~

10! - =

@) 3 =
5 - Free Hadron | Transition  Quarks/Gluons ] ijet X RL
3 [
N 107k *
g - &
= - i
Z 105 CMS EIJIIQEMDM& * | —
] AKS Jets, || < 1.9 ]
pit & [500, 550] GeV P ]
CHS, pl¥F¥ = 1 GeV -
iﬂ--‘i . N | i __n ononnnal i i ....i.ﬂ
-3 -2 -1 e
10 10 o 10 10 500 GeV jets
L

® At large R, : universal scaling w/ perturbative quark and gluon
interactions

® At small R;: for uniformly distributed hadrons
R do/dR ~R?

48
® Transition region = correlator at hadronization



doggc

Quark-gluon region calculable

Kyle Lee, Bianca Mecaj, lan Moult; arXiv:2205.03414

)

=

g

=

(2 -

2 .

E -

E

=

. Perturbative
*. Evolution
30 :
. A\ Two-Point, Energy Correlator
¢ CMS Open Data
- ELL
NLL
15 I =
Not corrected for
10 } detector effects
- } AR5 Jets, |n| < 1.9
' { } % pr = 500-550 GeV :
I][E. L 1 Ml | 1 1 1 -
001 0.005 0010 0.050 0.100 0500 1

L 24

virtuality ~ prRy

r =~ 1/(prRY)

When the virtuality
approaches B(Aaco),
EEC undergo transition
into confinement
region

L™ (AQCD)/ 10 »Jel




Compare data to models Pythla & Herwig

E EL'_' C ALICE Preliminary : E EE . ALICE Preliminary E D'.' : ALICE Preliminary
=5 [ ppVE=502Tev :%1: L pp V5=5.02TaeV 12|05 [ pp (s=502TeV
'ux 71 Anti-k, ch-particie jets, A =04 ! ”, i Anti-k ch-particle jets, F = 0.4 e nx - Anti-k, ch-particle jets, A =04
“|= 6 o > 100V —: “lz B P > 1.0GeVic =] '_lzﬁ 6 p™ =1.0GeVic -
- —s— Data : E —— Data E - ]
5:_ = Pythia 8 (Monash tune) - 5——=— Pythia 8 (Monash tune) - 5:— - .
- —+— Herwig ¥ (2—2 hard QCD) E P Herwig 7 (2—2 hard QCD) ] 'c - ]
4t - 4 g, - 4 T3a- >
: ] : -2l : E % N :
3t 5 3 + - — 3 z
C e ] C ] = B
- *ﬁ* - $ i I
b T oF ¥ % = 24 -
= E 3 ] - e = ] C ==
= 7 -2 &= ] - m:':_l
= 1_ #_._ . I —— Data s —
-~ - pu - —=— Pythia 8 (Monash tune) -
A | L L _-‘. D- i i A | | i ] ﬂ-_+ |'I|'EI'WIJQ TI{EL_'.? rJ.Ial'r':l:l':H:I:I:I 1 L -
@ 1.4 —=Pythia/Data - Herwig/ Data 3 m 1.4F - Pythia/Data -= Herwig /Data . . i -+ Herwig / Data o
i & - S o g2 -
- O W
s s sanill e
1 4 k
i ©
1 = 3
10" 107
A AR,
. . ch jet
-Peak shifts to lower R at higher p . Higher p“"hl‘ﬂ

® Herwig (hadronization via clusters) agrees better with the data

® But data are somewhat broader than Herwig. Longer time

needed to form hadrons? >0



Checkforscahng

(] T T T I ) T T mTrrrrIy . _I. T T T T b B T T L L T T T T rrry T T
i u;" - ALICE Preliminary Ty " ALICE Preliminary = - ALICE Preliminary .
S | ppis=s02Tev = C pp 1§ =5.02TeV -, | pp 1s=5.02TeV
) | Anti-ky ch-particle jets, A = 0.4, |1 | <05 ‘.g Ami -key ch-particle jets, R =04, ]| <05 15 hmrchh-panlcleiets R=04,1n | <05 _
,_|E,a_ 5 p* > 1.0 GeVie et = | P2 1.0GeVic g E E L pi* > 1.0 GeVie e |
i o (20,40) GeVic| | 0.1 o (20,40 GeVic | S [E° | Transion region e (20, 40) GeV/c
I ++ o (40,60) Gevic| | £V «™®s 0 (40.60)GeVic| |T [ . Peak=24Gevic » (40, 60) GeV/cT
+ o (60,80)GeVic | SR~ T - « ®(60,80)GeVic| X - — HWHM = 1.8 GeVie » (60, 80) GeV/c
- +—+—+ 118 L 1 5 1 2 Gevie *ﬁ B
% E 2
4 t“" x _ | ¥+ - E Hadron nigiun w -
3 = - % > F— AxA,
: = 2 T > - o
L ++ - | - +_-!.-_ o ey i
2 - gl - - = -
b - I -t =
.- - alibees . &
= - - + - -
L - e - - :* :_'_
E 3
++ +:.:I i -Q*‘ t-t_’
ﬂ 2 1 I 1 1 D L A 1 N - - 1 1 bl dd. 1 1 U 1 - I 1 L.l 1 1 1
10 10 R 1 o HG [GeVic] 1 o [GeVic]
L T,chijet - T, ch et
[ |
I : i P i -
Scaling R; by p. Normalizing curves o

B Mn e Thmas - HE2 2

® Recall p,*R, is order of Aoeo

® Common shape for all jet energies — transition region is

universal

® HWHM = 1.8 + 0.2 GeV/c
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Separate pQCD, hadronization & hadron gas

HI
ngherlt;!ctl et
1 Lee et al., arv:2205.03414 ’
o _ _ B_ - 1 = E'_
H,_t—' - ALICE Preliminary ] ﬂu:—' ALICE Preliminary mc:—' ALICE Preliminary
= o L pp 15=502TeV 1= |5 T pp V5=5.02TeV :% = T pp 1s=5.02TeV ]
= 7 Anti-k, ch-particle jets, R = 0.4 i “x 7= Anti-k, ch-particle jets, R = 0.4 7 [ Antik, cheparticle jets, A =0.4 i
g | 20<pl™<40Geve, In,| < 0.5 ] = F m-gp:"”qsuﬁawe.mpuu.s ] - [ mﬁp“'“cnusawe I, | <05
‘_|2'“ 6 o - 1.0 GeVie - ’_|z'“ Bl p™ =1.0GeVic ] ‘_|2'“ 6 ot :-1IJGe‘|.I'rn
# Data ] 18 « Data 1 r « Data ]
o pQCD (NLL) s pQCD (NLL) s B, pQCD (NLL)
: — A=A : E — AxR, N - bd — AxA, N
4T Free hadron E . ar s r
- scaling Be -
3:— -] i — 3 EE —
: \.’ - e - -
o ] - - J o o -
F -—"' : A ~ 1 - * = ]
o e : i - -
L : Per‘turb’itne_} . *--__; - )
= L = [
ﬂ- 1 regll:lil i i ] D-_ 1 1 1 1 1 11 I 1 1 _- D 1 1 j
L - o L m i
£ 15+ - 1 2k oF 1§15 .
S e Tl - 3 ﬁﬁ# ----------- S = i e
2 +AxA /Data ] & [ «AxA /Data § 2 +AxR / Data ]
= 0.5¢ - pQCD (NLL)/Data ] = 99F + pQCD (NLL)/Data 7 F YF . pc}cn{NLL}mma ]
107 107 107 107" 107 107
RL H|_ HL

NLL calculations correspond to full (charged+neutral) jets and are normalized to data in perturbative region
® Deviation between data and NLL: non-perturbative onset
® Agreement between data and free hadron scaling: hadron gas phase
® Transition region physics — stay tuned!



Is there a relevant screening length?

® plasma: interactions among charges of multiple particles

spreads charge into characteristic (Debye) length, A
particles inside Debye sphere screen each other

® Strongly coupled plasmas: few (~1-2) particles in Debye sphere
Partial screening -> liquid-like properties
sometimes even crystals!
® Test QGP screening with heavy quark bound states
Do they survive?

All? None? Some? Which size?
027, 0747, 11T, 23T,

® Are residual correlations important? V=

T{35) (25

Y(18)
As
Fiap

poo ke



J/w vs. system size, Vs

Mid Rapidity Low p,
" PHENK[yl<0.35\a = 200GeV To quantify color screening in
¢  SPSvs=17.5GeV

CMS prompt JI¥ 0.0<|y|<2.4 \s = 2.76TeV quark gluon plasma: Study as

function of Vs, y, p,, r

onium

More suppression at y=2

' ?
Forwasd Ragidity Breakup in hadron gas-

[} PHENIX 1.2<|y|<2.2v/s = 200GeV . =
e PHENIX 1.2<ly|<2.2\ = 62GeV Final state coalescence of qq!

4 ALICE 0.0<|y|<2.4v5 = 2.76TeV Make many c-cbar pairs at LHC

0.8

0.6

Measure J/y in p+A to account
for cold matter effects: gluon

0.4

0.2

U R | R T R R R N 400 ShadOWingl energy IOSS

part

1] I

=

@ 2.76 TeV direct J/y lower at mid-y, above at forward y
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Cold nuclear matter also affects J/w

'5_ #

i p+Au, '|||'sN =200 GeV
L 3 STARinclusive Jhy, Iyl <0.5

ﬁ{m/%
[ #
e

0.5
B EPP316 reweight (Lansberg et al.)
: nCTEQ15 reweight (Lansberg et al.)
L Energy loss (Arleo et al.)
ﬂ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
0 2 4 6 8 10
P, (GeV/c)

&
is

15

05

2_||||||||||||||||||||||||||||||||||||||||||_
- ATLAS p+Pb, 5,5, =502 TeV,L=28nb" ]
L T(18) pp, ls=502TeV,L=25pb"
—-20<y* <15 —
| ]
[ []

® )/y suppressed at low p.in a nucleus (at midrapidity)

® Can reproduce this with realistic PDFs and some energy
loss in cold nuclear matter
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Initial or final state effect in p+A?

T T T T T TTTT T T T I T TTTT T T T T T TTTT III|
CIEPPS21 10 GeV? [EPics2, 413 (2022)] 500
nNPDF3.0 10 GeV? [arxiv: 2201.12363 (2021]
15 ©° LHCb D-meson . /sy = 5 TeV pHEP 1710, 090 (2007)]
' o ALICE D-meson /55y = 5 TeV ||=m:94 054908 (2016]] 200
& I T ITF T 1100
R =
4{' fp% + | J 150
*® o
'Piﬁ{ 20
0.5
1 L1 a3l 1 1 11l 1 L1 a3l 1 1 111l ‘I[]
105 10-4 103 102 101
[ ¥ i
fractional momentum in the nucleus © = %:Dﬂe_ﬂ:"

® H+Pb D meson data reproduced with known parton
distribution functions

® Gluon shadowing -> lower gluon density -> less gluon
fusion -> fewer charm — anti-charm quark pairs

® . small (but not zero) energy loss
® p+Pb suppression is an initial state effect




YAV added by coalescence and removed by QGP

s18p
T 6

1.4
12

08
06f
04f
0.2f

0.25
J.|'4r ! L ]
® ALIGE, Po-Pb |5, =502 TV Iyl <08 p_>0.15 GaVie E - A'—'CE 29‘40‘3’“ Pb‘PD ﬁ— 3. 92 TE"" E
STAR, Au-Au |5, =200 GeV yl <05 p_ . 0.15 GeVie cPLEm;ﬁznma 02+ #“l Hs, B&wu' Fl_l- F‘ﬂp[wﬁvﬂﬁ;ﬂﬁiﬂ]: —
ranaport coupling for open- hidden-charm ]
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E E r ?/ e ]
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(ALICE. PALTTE(2018) 222302) 1 T & Inclsive Jy, 25 < y <4, (SP. iyl = 1.1). JHEP 10{2020)141 7]
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® Suppression decreases with increasing Vs

® Flow magnitude is substantial

® Expect both effects from final state c-cbar recombinatiofy



Suppression vs. binding energy

1_3:_ AL &, = 200 GeV AuA s, = 200 GaV
- - O Jwil<1,p, =50sVie —— Y(15) 0:80% i < 05, p, > 0 GeVis
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08f@ ¥ v(zs) o
n — *®
06 3]
04 Y(18)
- Jhy L
Cyizs)
IHI'E: ¥ (38 Y(23)
2 | il | |
D 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 02 0.4 0.6 08 1 12
Binding energy

® A+A J/y more suppressed than in p+A

® Trend: less suppression for more tightly bound species
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Is there a relevant screening length?

__ Lattice: Karsch, et al.

® :'_D'B T T,
of T=( =—
Strongly coupled.  Eos| g F"%
matter: few particlesin 2 110 —o—
Debye sphere - S04t ' LA }gg .
. ef 50 — e
decreases screening! 03| _
S . 3.00 ——
= * 6.00 ——
=02} 19.00 ——
2.0 —e—
0.1
0z i T ; ; ; :
o 0.73 T, ——
: 1,48 T,
220 T, 0
Qs
sl Ding, et al. coupling drops off for r > 0.3 fm
arXiV:
1107.0311

Q0 -

.y LQCD spectral functions show

: 3 « s o 7 s s w correlation remaining at T>T_
59
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Vorticity in QGP?

Vortex aligns spins of emitted particles
Gz | So, reconstruct A & anti-A

= Observe global polarization via proton

" I : angle vs. reaction plane

108 1.1 112 114 1_.1'E.

_ — ~ 3 1 i ! sig
P, = <“i"::'k . J> - H'ﬁ.‘i‘:',{_ELF:I|I <5111 (11[1 - mp])

o, =0.732 + 0.014; A decay constant
(s+1) (w+ pB/s) I

~y 5 i - IBIIIILII-:-l T -hl 1T ]
L7107 P~ T Z, el
E t t 1021 o k [‘] —— UrOMD-IGHVHLLE, A ;Hers.nziﬁ (2007) ]
X ra C (0 ~y m— APT, A B A A A A -

6 = = Chiral kinetic, A+K PRCS2E.014310 (2018) —

77 YenaMiloHRICR. A F:Flglﬂd.L[I;i‘l.;m (2021) |

Largest at A threshold (hadron gas o 36D mods. A 1

PAL126.162301 (2021)

# T4 wOLTT (2080%)
o ALICE PbsPb 15-50%
FRC101.044611 (2020)

phase); hydro agrees &3 )

T 1 | L | T 1 | T 1 | T
e B | L Ew,
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la o ...-""
(=1 et
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o
L |
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Longer life (n damped) at high E? 2 vors s
PLBB3D(2022)137306 N

Background effects? o2 —l trmem

Stay tuned!! 1 T T

\'Snn [GeV]



Impact of the initial state
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Inside nucleons and nuclei

® Discovery at RHIC:

Spin of the nucleon is spread out among the quarks and
gluons!

quarks & gluons in polarized proton also polarized
® |mplications:

Cold nuclear matter also strongly interacting when density
of quarks and gluons is large

interactions
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Probe cold, dense matter: Collide e + A

Electron beam: deep
inelastic scattering

#<-Point-like probe
#<No strong interaction before

high momentum transfer
process

#<-Control probe kinematics by
measuring scattered electron

< Electron-lon Collider

Hadron-Hadron

#<Probe is a gluon
#<Probe has structure!

§<‘Dynamics of the probe
mixed up with structure of
the nucleus

3<RHIC & LHC

We’ll also find out: will there be hydrodynamic flow if we excite

a hot spot with a point particle??! 6



(Polarized)
lon Source

Electron-ion collider at Brookhaven

Scatter electrons from
|Ei:ittri?a: nuclei!
Line Possible
On-epergy ,
lon Injector e e ,
Electron
Cooler
Injector Z,W
Linac
. p/A < )é q
Petector ‘Eecton p remnant
Location Source

gosstble /
e Y e Vs = 30 to 140 GeV
Electron e

Injector (RCS)

————Hadron Storage Ring
Electron Storage Ring
Electron Injector Synchrotron
Possible on-energy Hadron
=

injector ring

Hadron injector complex
| e—]

Add electrons to the
ions at RHIC E—

64




See quarks & gluons with electron beam?

DIS

® Deep inelastic scattering
scatter virtual y off the q charge

® “See” gluons when quark distributions
don’t scale with energy transfer from
the electron

® Seeing gluons more directly: q\;‘;
in p+p: QCD Compton scattering

ine+p:y+g->ct T q
photon-gluon fusion




Deep in a nucleus: gluons are numerous

Low Energy

>

1/Q;

= At high density, what?
gluon # saturates?

Smaller gluon momentum =

» log (Q°)

ﬁi Increasing probe energy =
+ %‘ﬁﬁﬁﬁﬁﬁ ?



1.5 = antishadowing Fermmi-

Nuclear PDF’s :

=
I

® Inside nucleus: densities modified
q, g from different nucleons interact

=
=
I

shadowing

ayglnucleus)opginucleon)
T

arXiv:1708.01527 02 -

2 2 | |
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® hackup slides
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log(z )

Lund kinematics
for the jet mass

log(1 IB-]-

70



Gooe (Y. = 0) [mb]

=9
L]
|
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Vs dependence of suppression effects

EKS98 O NA3
Jhy L NA50-400
E,, = 158 GeV
IE,28<y<o,73 ¥ NAS50-450
® E866
NAGO O HERA-B
E,, = 400 GeV PHENIX
-0.17<y<0.33 lyl<0.35

| Cold matter ™
{effective absor=+~=

power-law

Suppression

Shadowing in CNM

— = ® |s there a relevant color

Suppression

4

screening length?

Screening in QGP

/

Suppression

Vs

Vs

rinal state recombination
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Deep inelastic scattering off dense QCD
matter at low-x

Probe nucleon
or nucleus at
P"Dtﬂn x=107 with 5-15

DIS
i 2 ¥ GeV jets
Y
I Quark
- q__

Y. Song, M. Arratia

Electron

0.1 <y <0.85, pf' > 4GeV, p&lectron > 4GeV 0.1<y<0.85,Q2>10GeV?, pf' > 4GeV -
> 6 i
v 5 I
2] ’
~ _ _ w I
2 2_
1_
q @
= S
-1 :
> 5 1|
v 0
o o
8 -2 —2
10-3 10-2 10-! 00 10! 102

E*tiGeV



Electron tags original jet energy, angle
e+p, DIS; Pythia 8. Require W2 > 4 GeV?,

0,008 < x <.0,01,25 <Q? <55GeV? 0.008 < x < 0.01,25 <Q? < 55GeV?
0

momentum

electron

pquark(Ge V) vs nquark

Youqi Song, M. Arratia
€ electron proton/ion =

direction direction

Rest of the event is very clean (we can find these jets!)
How much energy is lost to the cold, dense matter?
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Jet’s fate in cold, dense QCD matter

® Energy & angle balance dNIdAg
via lepton-jet correlations 0™\ Lepton+Jet at EIC

compare energy loss to ] Lepton Py=10GeV | —— juscer
hot, denser QCD matter

........ 4L=02GeV?

----- qL=0.8GeV*

® Jet broadening?

® et substructure
Energy flow/shower development
Quantum # correlation in jets
Hadron formation in jets
Jet angularities
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Figure it out at EIC

Hadron yields
1.50) ® DO mesons (lower energy)
= I NMMi.wgy]
Y N g b | o meet
L] '."".\_._.-‘*—___- h a ———Wang, pions (lower energy)
k % 1.30 ) - - - --Wang, pions (higher energy)
. 3 |+
F
i" 1.10)
'* 3
. o 0.90
o g
8
_g 0.70)
Control of ¥ = —— and o
Qm:r T th.--n:gy ..Eﬁﬂnﬁ.ﬂl’tlﬂ‘-ﬂ 140 GeV < v < 150 GaV
] 0.30 Lower energy : B GeV% F<12 GeV", 32.5 GeV< v < 37.5 GeV
medium length 00 02 04 06 08 10
F 4
Study mass-dependence via And correlations

charmed hadrons.
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2 hadronization pictures

® Cluster hadronization
Based on idea of “pre-confinement”
@ end of shower, all gluons split into g-gbar pairs
Color-connected quark pairs form clusters
Large cluster fission into smaller clusters
Small clusters decay isotropically into 2 hadrons

® String hadronization
Based on ideas of linear confinement
@ end of shower, color-connected partons form string pieces
w/ quark endpoints; gluons transverse kinks.
String junctions are asymmetric color tensor carrying baryon
number
Strings break by tunneling; “tension” = energy

® Small strings clusters

—

Both Pythia and Herwig tuned to reproduce data well
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Same message from LHC
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Is coalescence in phase space the whole story?

5 .n.ael.n..n.a L-E
b /1, (GeVle)
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® Correct for detector and
reconstruction effects

Results from ALICE

% © | pp ts=5.02TeV
X | Anti-k; ch-particle jets, R =0.4, |-njet| <0.5
- = p"™ > 1.0 GeVic
z 67

4

T T T
o — ALICE Preliminary

p _

_ H,

ch jet

e (20, 40) GeV/c |
o (40, 60) GeV/c |
» (60, 80) GeV/c |

® Peak shifts to lower R, for 4 s 4 _
higher p. jets e +f_=:*
® Width is related to the time 2L +++++ G T
required for hadrons to o TR
form 902 I1I(;1 |
RL
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Connect observations to QCD

Y. Mehtar-Tani:
1602.01047

Blaizot, et al, PRL114,
222002 (2015)

QEejEtE
T = Bjetl_

\ jet transverse size

pt-broadening
Qs =4dL

Can’t see a single quark or gluon in the detector

Partons radiate gluons, which collect into final state hadrons
(which we call “fragmentation”)

The hadrons are co-moving and boosted by quark’s momentum

We detect them as jets of hadrons 7



	Slide 1
	outline
	Quark & gluon probes
	Where does the lost energy go?
	Look inside and around the jet
	What, actually, IS a jet??
	Jet algorithm of choice: “anti-kT”
	Jet spectrum
	Under the hood: parton shower evolution
	Perturbative QCD calculation
	Jet energy and shape modification
	Energy unbalanced in g, Z – tagged jets
	Look inside: Jet Fragmentation function
	g-jet data: jets get wider & softer in plasma
	Jet structure more differentially
	pT vs. r of jet fragments
	Connect to QCD
	But – 3 problems in connecting data & QCD
	Look at (calculable) parton splittings
	Grooming jets
	Grooming effect on Lund Plane
	Jet axis
	Slide 23
	Why measure this observable?
	Does grooming change the jet axis?
	In Pb+Pb
	Evolution of jet axis difference
	Medium resolution length
	Interactions appear to be incoherent
	Look at the parton splittings
	Lund Plane in pp data
	Early gluon splitting
	Is there a mass effect on g radiation?
	Combine pT & θ: Angularity
	Why is angularity safe for pQCD?
	Groomed jets well described by NLL QCD
	In Pb+Pb
	Jets initiated by a charm quark
	Reconstructing D jets
	Compare D jet with light parton jets
	Fly in the ointment: hadronization
	How do the partons become hadrons?
	String breaking
	Cluster hadronization
	Coalescence in quark gluon plasma
	Explore with jet energy-energy correlators
	Energy-energy correlator definition
	Separates pQCD & non-perturbative regions
	Quark-gluon region calculable
	Compare data to models Pythia & Herwig
	Check for scaling
	Separate pQCD, hadronization & hadron gas
	Is there a relevant screening length?
	J/y vs. system size, √s
	Cold nuclear matter also affects J/y
	Initial or final state effect in p+A?
	J/y added by coalescence and removed by QGP
	Suppression vs. binding energy
	Is there a relevant screening length?
	Vorticity in QGP?
	Impact of the initial state
	Inside nucleons and nuclei
	Probe cold, dense matter: Collide e + A
	Electron-ion collider at Brookhaven
	See quarks & gluons with electron beam?
	Deep in a nucleus: gluons are numerous
	Nuclear PDF’s
	Slide 68
	Slide 69
	Slide 70
	√s dependence of suppression effects
	Deep inelastic scattering off dense QCD matter at low-x
	Electron tags original jet energy, angle
	Jet’s fate in cold, dense QCD matter
	Figure it out at EIC
	2 hadronization pictures
	Same message from LHC
	Results from ALICE
	Connect observations to QCD

