¢ Brookhaven @ C2QA

National Laboratory g

Probing inner-jet correlations in hot QCD

17th October 2023, INT
Joao Barata, BNL

Mainly based on:  2305.10476, xxxx.xxxx, with J.-P. Blaizot, Y. Mehtar-Tani1
2307.08943, with Y. Mehtar-Tani

xxxx.xxxx, with P. Caucal, A. Soto-Ontoso, R. Szafron

xxxX.xxxx, with R. Szafron

1
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Most jet quenching observables compute projections of the final particle distribution inside jets (e.g. mass)
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Can we directly target the intrinsic correlations inside jets? Is this fundamentally different?
(in a calculable and measurable way)
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Today I will talk about two possible ways to go forward 1n this direction inherited from HET:

Jet entropy

Energy Correlators (inside jets)
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Encapsulates multipoint correlators and can be generalized Measures correlations within final particle distribution,
for mixed states

similar to CMB physics
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In-medium jet density matrix and its entropy ’
with J.-P. Blaizot, Y. Mehtar-Tani /‘\ %‘

r(0) z

Is the jet entropy sensitive to the in-medium jet evolution ?

Can 1t resolve the structure of the jet? How?

Towards understanding jet Energy Correlators 1in heavy 1ons

with Y. Mehtar-Tani; P. Caucal, A. Soto-Ontoso, R. Szafron; R. Szafron \ /
0
H et E 1 E have in HI?
ow do jet Energy Correlators (ENCs) behave 1n e
Do we understand their evolution from the theory side? \

How can we learn about the perturbative sector?



Outline

In-medium jet density matrix and its entropy
with J.-P. Blaizot, Y. Mehtar-Tani

Towards understanding jet Energy Correlators 1in heavy 1ons
with Y. Mehtar-Tani; P. Caucal, A. Soto-Ontoso, R. Szafron; R. Szafron
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Quark reduced density matrix in matter

The single parton wave function satisfies
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Light-front kinetic energy

The reduced density matrix can be defined as

p = tr, (plA]) = ([ (0) (Ya(t)])

A

We use Gaussian approximation for the background field

g*(A"(a.)A™(q ) = 5"6(t —t)(2m)*5) (a — q) ()



Constructing the evolution equations
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2305.10476, with J.-P. Blaizot, Y. Mehtar-Tani1
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1
p(t) = ps +17pg = —Tre(p) + 217 Tr(t%p)

C

For color singlet:

(klps(t)|k) = CF

x v(q) |
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Time evolution of the single component 230510476, with J.-P. Blaizot, Y. Mehtar-Tani

3
ly =

There are 3 important timescales in this problem:
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ts = titg

to > to > 11 VS tog < to < 11

Natural wave packet spreading
determines evolution

Medium-parton interactions
dominate evolution

§ = 0.3GeV?®, u = 0.3 GeV, and E = 200GeV
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Time evolution of the single component 230510476, with J.-P. Blaizot, Y. Mehtar-Tani kr Brookhaven
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Time evolution of the single component 2305.10476, with 1.-P. Blaizot, Y. Mehtar-Tani kr Brookhaven
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Time evolution of the single component 230510476, with J.-P. Blaizot, Y. Mehtar-Tani

t =0.05 [fm]
2.0
I 60
- 40
- 20
0
2
t =0.05 [fm]
4
B 3 - 0.02
£
=2
0 ! -
0 2 4

t =0.5 |fm]
2.0 5 X
G

13

0.02

- 0.01

0.00

National Laboratory

k? Brookhaven

t =100.0 [fm]

0.075

0.050

- 0.025

ki [GGV]

t =100.0 [fm]

T [fm]

0.000

0.0005

- 0.0000



('f‘ Brookhaven

National Labaoratory

Entropy as a measure of quantum to classical transition

t1 ~ 0.06 fm to >~ 22.80 fm t() ~ 444 .44 fm trel ~ 66.7 tm

von-Neumann entropy
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Jet entropy and gluon radiation
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Jet entropy and gluon radiation

2307.01792, with X. Du, M. L1, W. Qian, C. Salgado
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also 2208.06750, 2104.04661, and previous works by M. Li et al
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Jet entropy and gluon radiation

Going beyond: assuming the decoherence mechanism 1n the QGP works at late times, we can write the entropy for the
hardest subjets 1n a jet

Ei>EC

0> 0.
P P : i
S =— Zﬂ: / dHn ddHn lOg ddl__[n — Zn: Sn 2019, Neill, Waalewijn

At leading logarithmic accuracy and using a physical gauge, we can then write
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Example: modified splitting kernel

. L . . do
at LO the modified splitting function can always be written as — (1 4+ Fj0q)
o
The entropy variation with respect to the vacuum then reads
10° - -
! S oo d|AS|(p¢) 2cv8 / | elmea(6,2)
y — 10
db 5 1—|—Fmed((9,2)
_ Here assuming hard splitting in matter; ]
1072 - see next slides
which exhibits a sharp transition between the
vy coherent and decoherent regimes
X D
%l oS
_ This offers another way to understand the structure of jets
6 _
10 — p; =200GeV, z, = 0.1

— p; = 300GeV, z.=0.1
s - p; = 200GeV, z. = 0.2
--- p; = 300GeV, 2z, = 0.2 -
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Outline

In-medium jet density matrix and its entropy
with J.-P. Blaizot, Y. Mehtar-Tani

Towards understanding jet Energy Correlators 1in heavy 1ons
with Y. Mehtar-Tani; P. Caucal, A. Soto-Ontoso, R. Szafron; R. Szafron
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A practical overview of ENCs

ENCs boil down to measuring projections of correlations functions of the flow/light-ray operator

E(R) = lim [ dtr*n'TY(t,r7) 5 OY(x)E(n1)E(n3)1(0)]0)

T— 00

d. do
— . = 9 R 1 .
o Ja pi 1+ fiz = 00s0) d6 /chdé’dzz( ?)
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Perturbative regime Wide angle region

Vacuum: sensitive to confinement scale

In-medium: modifications to hadronization pattern,
connection to QCD phase diagram (?)

EEC |Log]

\ 2. Perturbative region:
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v Uy Anti-k; ch-particle jets, R = 0.4 i
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C — AxR, . 0010 s - | . .
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A ] T | In-medium: wake (?), non-perturbative soft-physics (?),
B » ) g A U S S . . . .
: = -3 -2 -1 0 perturbative medium modifications (?)
O | L =
0 |Log

Critical step: make sense of perturbative baseline to access all regions
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EECs at LO in heavy ions

@ Simple exercise: include energy loss and understand types of splittings at each angle
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2307.08943, with Y. Mehtar-Tani
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@ Interpolate between hard collinear and soft wide splittings w. = GL*

dI™ = dI"“O(min(z, 1 — 2)p; > we) + dI3V0(2pr < we) + dIiiY 091 — 2)pr < we)

101f

no eloss | ~ with eloss
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— Medium hard branching 10—
....... 90 :
10_1f ------- Oy
9_1 0
Behavior largely and
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@ 1n the 2023, Isaksen, Tywoniuk

— Vacuum — Vacuum
— Large N., 20 GeV — Large N., 30 GeV
Hard splitting, 20 GeV Hard splitting, 30 GeV
— full, 20 GeV 0 — full, 30 GeV
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Behavior qualitatively distinct from hard splitting approximation
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Suppressing soft particle contamination G Brookhaven

To make sense of perturbative baseline one needs §
to clean soft uncorrelated radiation e
Two methods:
d>; E(n)€E(n L
1. EECs on subjets inside a jet: — = / (& 1)2 (7i2)) 0(ry - 1 — cos b))
do subjets 71,70 Pt
dx() (E™(m1)E™(M2)) ., .,
2 = /ﬁl’% 7 0(11 - 179 — cos 0)
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Suppressing soft particle contamination: subjets
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in preparation, with P. Caucal, A. Soto-Ontoso, R. Szafron
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Ongoing: understanding resummation for subjets
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Numerics/MC:

3.0F i‘;ég
25 B _gg
2
- 20 B _N%?
8 ‘2*\'/
g EE
®) 15 B l ‘\II/Q
= ‘ a2
o So
© 10k I._L =z
o 1 r— z
‘ Il
o E— »

0.51 —— Particles i

— Subjets (all)
0.0 —— Subjets (only prim) |
—> —4 -3 ~2 -1 0



° ° ° o) ° ~ b
Suppressing soft particle contamination: track functions G Sranknavan

in preparation, with R. Szafron

Track functions were proposed a decade ago to have theory analog of measurements made on charged particles
2013, Chang, Procura, Thaler, Waalew1jn

1 (LC, ,u) . describes the fraction of energy from parton 1 going into e.g. charged particles

They allow for higher angular resolution but are non-perturbative like FFs

dz<n> EPE?  do 1 do
2T (1) 22T 1 2 :/dT[”]e T (0p )27 (1 — 2)"
tracks /El,]_@2 /wl T 371 (5172) QZn odzdf 0 “la ( pt) b ( pt)Z ( Z) odzdb

For HICs we need to understand RG evolution for these objects
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Suppressing soft particle contamination: track functions

T
Vacuum RGE: Ra > R Z/ dzpz—)gk / Tj (51;1, R)Tk(a?g, R)(S(.CE — ZT1 + (1 — Z)ZI?Q)

In-medium we have several pieces:

same RG but with new anomalous dimensions

1
() = — / 0z (Possap(2) + P2 (2, 0))20"
0

| | | EECiac EEC with n=2 at fixed coupling
In a very simple case using BDMPS motivated kernel, we find
1 n ) : M,
| - . T e e
Ymed(J) = _/ 1 F(2) + (2N.)22K(2) + cmead(1 — z) ¢ 27 o
0 \ 2pt /
| 0006 o0oio | | 0050 0400 — 1og(®)
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Suppressing soft particle contamination: track functions
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aTZ 7R S ! 2
Vacuum RGE: R (@ R) _ & E / dqu;—mk(z)/ Ti(x1, R)Tk (22, R)0(x = 221 + (1 — 2)22)
0 L1,T2

OR 2T 4
1k

In-medium we have several pieces:

same RG but with new anomalous dimensions

1706.06047, Y. Mehtar-Tani, K. Tywoniuk

(. 0) = — /O 0z P(2)Op.g (0, )27

In DLA limit we obtain the limiting form

V(s 1) = Yvac (s 1) (1 — (22?5) 3)

and extra constraints which modify the boundary of the RG evolution
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Suppressing soft particle contamination: track functions

(9T R
Vacuum RGE: R 37 Z/ dzpz—)gk / Tj (:131, R)Tk(l‘g, R)(S(ZE — ZT1 + (1 — Z)ZEQ)

In-medium we have several pieces:

more evolved RG and new anomalous dimensions; for the PDF we obtain

similar to 2016, Mehtar-Tani, Tywoniuk

(z—zx1)pe 1 - S
de D dz P | z + — X T =1xI1%2
S [ [ b [ (o 2t

For the track functions we have double convolution of the same type, leading to the anomalous dimension

1
— _/ / D(e1)D(e2)P (z | -1 +€2> 21
0 Jei,e2 Pt

This breaks energy conservation which can be imposed via

1
Crmed :/ / D(e1)D(eg)P (z 1 +€2> 2
0 Jei,e2 Pt
30
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Outlook k? Brookhaven

Jet entropy:

,,/' ,/ /
> \ \

between coherent and decoherent evolution inside the jet
at LL accuracy

Simplest in a family of QIS entanglement measures:

EECs:

Need to understand to make sense of any future data
to go towards

will give information about
[JB, Moult, Sadofyev, xxxx.xxxx]
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