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From pp to AA

Y

CMS Experiment &t the'HC, CE
Data recorded: 204 OTNS"}z-1';4".18f'37’:44..4_20271 GMT#

Run / Event: 151076%4205388 %y,

pp collision: a few particles are detected AA collision: thousands of detected particles

Allows for precision tests of QCD Emergent many-body properties of QCD
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The spacetime picture of HICs

A 1 fm ~ 10_24 S

A brief summary of the different epochs in HICs
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The spacetime picture of HICs

! ; An ideal probe: QCD jets

Nucleus B
[A. App, D. I. Muller, D. Schuh, 2009.14206]
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What happens to jets in HICs ?

CN | CMS Experiment at LHC, CERN
— Data recorded: Sun Nov 14 19:31:39 2010 CEST
-7\ Run/Event: 151076 / 1328520

Lumi section: 249

¢| CMS Experiment at LHC, CERN

Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265

Lumi section: 14
Orbit/Crossing: 3614980 / 281

Jet 1, pt: 70.0 GeV/|

o’
o”*
o’
.

Jet 0, pt: 205.1 GeV|

PP AA

The modification of jets due to the propagation in the QGP is generally referred to as jet quenching



Jets in AA

Energy loss and stimulated radiation

™~ <TH{Q7 F}>mautter 2

YT —T do = doV?¢ + do™e4 .
dagned N (f_azj’ac /OO e D (5)6_2_: _ 0. )(f_azl’ac

dp,d  dp,dd J, . = Pt g, a0 05
[R. Baicr, Y. Dokshitzer, A. H. Mueller, hep-ph/0106347]

0

Color coherence and jet substructure

QCD vertices
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vacuum —— angular ordering

. ¢6 . 99
medium — “anti-angular

ordering

[Salgado, Tywoniuk, Mehtar-Tani; Iancu, Casalderrey-Solana, early 2010s ]
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Back-reaction: Jet induced wake on the plasma

Depletion of energy [G.-Y. Qin, A. Majumder, H. Song, U. Heinz, 0903.22255]

Jet

Excess of soft particles
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These results form the basis for jet quenching phenomenology

Soft medium induced radiation



Energy correlators inside jets in heavy 1ons

Non-perturbative region ~ Perturbative regime Wide angle region

EEC |Log]

0 |Log|
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1. Non-perturbative region:

Vacuum: sensitive to confinement transition

In-medium: modifications to hadronization pattern,

connection to QCD phase diagram (?),
energy loss

2. Perturbative region:

Vacuum: Described by y;; of the relevant spin-3 operators

In-medium: pQCD computable jet modifications

3. Wide angle region:

Vacuum: no modification with respect to 2.

In-medium: wake (?),
perturbative medium modifications (?)

Critical step: make sense of perturbative baseline to access all regions




Energy correlators inside jets in heavy 1ons

0.100,

Two—Point Energy Correlator
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E=100 GeV, L=2 fm
®5=10GeVim™!

- B §=20GeVfm"!

. W §=30GeVm™!

[C. Andres, et al, 2209.11236]

----- Vacuum
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Modified splitting function

q—dq
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[P. Caucal, etal, 2111.14768]
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Energy correlators inside jets in heavy 1ons

[C. Andres, et al, 2209.11236]

0.100 Two—Point Energy Correlator also [Z. Yang, et al, 2310.01500]
0.0505_ [C. Andres, et al, 2209.11236] « 0.5- e L l -
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Medium back reaction

Modified splitting function

12



k? Brookhaven

National Labaoratory

Energy correlators inside jets in heavy 1ons

At LL accuracy the in-medium EEC can be written as (1n Abelian channel)

(1 o @veto)gq

o+ FAab0) Qu(pex.2)

dna—e9 _ 2a :
dx X Jo

dz 2(1 — 2)Pyq(2) (

13
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Energy correlators inside jets in heavy 1ons

At LL accuracy the in-medium EEC can be written as (1n Abelian channel)

Ay~ 2a (1 — Oveto)??

1dzz(1—z)qu(z)( - F a0 )) Qqg(Pt, X, 2)

dX X 0 X_a7q ed(37X)
What are the modifications induced by the medium? ® o0 E
C
. . . I _-- ] e _
1) Phase space reduction for virtuality cascade L |7
I
_ med |
Oveto = Oty — 15°7)O(L — 1) R
o ! -
q—qg !
1.00F - ' ' :
I =
20 - inside 4 @
5
= 0.90 |
- R=1,a,=01 | ;
=5 ¢=15GeV?/fm, [ =4 fm 1 e
=3 -85 — pr =50 GeV | c
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0.80F | — p =200 GeV T
00 02 04 06 08 10

0 [P. Caucal, E. Iancu, G. Soyez, 2018-now]
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Energy correlators inside jets in heavy 1ons

At LL accuracy the in-medium EEC can be written as (1n Abelian channel)

(1 I @Veto)gq

o+ Faat0) Qu(pex.2)

dna—e9 _ 2a :
dy X Jo

dz z(1 — 2)P,q(2) (

What are the modifications induced by the medium?

2) Modification of the “splitting function”

Semi-classical approximation Semi-classical approximation
12 T T T T T T s 12 T T T S 1 L Z
— 7= | — 7= 4qq
107 — q—q9 ¢ 107 — q—4qg
= — ¢=(=1 |- & — £=(=1 : . o
S 8 I st Only known in certain limits, e.g.
| 6 | 3
= 6f - 6f
3 SR - — > < 1, BDMPS-Z limit
4l g 4t
3 3
N - ol - — 2z ~ 1/2, semiclassical expansion
_/—__\_ J \ of path integrals
O 1 1 1 1 0 1 1 1 1 .
00 02 04 06 08 1.0 00 02 04 06 08 1.0 see e.g. [T. Altinoluk, et al, 1404.2219]

15
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Energy correlators inside jets in heavy 1ons

At LL accuracy the in-medium EEC can be written as (1n Abelian channel)

(1 o @veto)gq

dna—e9 _ 2a
~ X_a'}/q ed(37X)

dy X Jo

1 dz z(1 — 2)P,q(2) ( - F e (X )) Qqg(Pt; X 2)

What are the modifications induced by the medium?

da.gned do.;fac oo _ne do.zlfac
3) Energy loss and substructure dp,df ~ dp,df /o de Dyle)e 7 = Qy(p t)dptdé’

— s Q —exp{ /ws dw/d2k 4P (1—e7) +/OO dw/dzkdpmed (1 —e‘%)}
Z dwd?k . dwd?k

— Qij(pt,0,2) = Qi(pt, R)(1 — Ores) + Qi(pt, R

16
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q — qg, Pl = Ppvac 4 pmed 1o E-loss

l' "lll

q — qg, Pl = Ppvac 4 pmed  / F-loss

lll L] I l lllll
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) ‘1T'0 = o
b 'v'0=Y ‘A®DH 007 = d

Lot — Interpolation It
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1oLl — Interpolation 1%
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Ve 0 =
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—> [nterpolation: remove soft branchings from the medium modified splitting function
—  Suppression at large angles due to an overestimation from semi-classical approximation

—>  Energy loss leads to overall shift and competes against LO medium enhancement
already seen 1n JB, Mehtar-Tan1 2022; Z. Yang et al 2023
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Energy correlators inside jets in heavy 1ons

I e . I e |
pr = 10GeV No E-loss |- | pr = 20 GeV No E-loss |
8 1071F =
1071} 1! : 1!
Qs - :1
- —2 1=
— Vacuum 10 E
10“2; — Semi-classical approx. ]
- — Large N, factorizable
- — Exact
o . : et s a2 o . . i 10_3.1 g : Dttt e A e | { i s o s At o e M
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X X

—— Exact: numerical evaluation of the medium modified “splitting function”

—> Large Nc: analytical result at large Nc without semiclassical expansion

“Improved” descriptions lead to a significant reduction compared to simpler analytical estimates

18
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Energy correlators inside jets in heavy 1ons

To complete this study we perform a study using the JetMed MC generator. This includes:

-
-
-
-
L~
-

—>  Energy loss beyond quenching weight approximation

-
e
-
~

inside 1 ¢
meédium

—  (Color coherence effect and anti-angular ordering

outside
medium

—>  Medium induced and virtuality cascades in parallel

LO medium modified hard branching kernel 1s introduced; we have the following cases:

Default JetMed: no hard splitting, just soft induced radiation and virtuality cascade

Vacuum + hard induced splitting: comparable to analytical model with no energy loss

JetMed + hard induced splitting: most complete version

19
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Energy correlators inside jets in heavy 1ons

10! Monte Carlo study Monte Carlo study
vacuum . vacuum
----- vacuum with F, .q 15' splitting ]_01 3 —==== vacuum with F, .q 1% splitting -
medium (VLEs+MIEs) i i — medium (VLEs+MIEs) j
----- medium (VLEs+MIEs) with Fp,.q 15 splitting | -===- medium (VLEs+MIEs) with Fj,.q 15 splitting |
10°F ]
Q ; = 0
=a =5 100 ‘:
= i~
3, 3,
~l= = No E-loss
10—1_
1071t
’ G=1.5GeV?/fm, L =4 fm, agmeq = 0.24 L §=1.5 GeV?/fm, L = 4 fm, o meq = 0.24
quark, p;o = 50 GeV L quark, p;o = 200 GeV
10—2 . . — . : . e e e R . : ‘mace SENPEEPEEPN . : —
102 101 10Y 102 10~} 10Y
X X

— Turn-over set by shower cut-off; no hadronization effects

— Large angle enhancement only present when semi-hard emissions are included

20
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Energy correlators inside jets in heavy 1ons

Monte Carlo stud Monte Carlo stud
101 y y
vacuum : vacuum
----- vacuum with F},.q 1% splitting 101 C ~==== vacuum with F},.q 1% splitting E
medium (VLEs+MIEs) i [ medium (VLEs+MIEs) ]
----- medium (VLEs+MIEs) with Fi,eq 15' splitting . -==== medium (VLEs+MIEs) with F,,.q 1% splitting _
Q) ® 2. Substructure dependent E-loss
m s 0 =
& R A 10%F N E
Z | =S ;
= 3 EN
ot I
Z, = : :
E-loss + jet selection
10_1 - \‘\ \*.
u 7 [ \\:
\; G =1.5GeV?/fm, L =4 fm, ag peq = 0.24 - L G=1.5 GeV?/fm, L = 4 fm, s meq = 0.24 :
dijet, p;jet > 50 GeV, |yjet| < 2.1 - dijet, pyjer > 200 GeV, |y;er| < 2.1
10—2 — f L L L PR TR l_ 1 L L 1 PR T T — L 1 ! 1 IR T T l_ L L L L I T T
102 1071 10° 10~ 1071 107
X X

— Energy loss leads to suppression at large angles and enhancement at small ones (solid lines)

—> Adding F,,., introduces slight enhancement at large angles, which competes with E-loss

21
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To make sense of perturbative baseline one needs

to clean soft uncorrelated radiation
s
@)
£a
£a
Two possible ways to go:
dX E(n)éEn L
1. EECs on subjets inside a jet:  —— = / (& 1)2 ( 2)>5(n1 - 7y — cos )
do subjets 71,70 Pt
™) (& (11)E" (1))
2. _ 1 2 L
0 | /ﬁl,ﬁQ o7 0(11 - Mo — cos B)

22



Lund/subjet based EEC

Idea: compute EEC on IRC safe objects

[F. A. Dreyer, G. P. Salam, G. Soyez, 1807.04758]

Undo the last-clustering step to generate two subjets, 51 and j».

Calculate their relative k; defined as k; = min(z1, z2) AR12, where the concrete defi-
nitions of x (an energy-like variable) and AR (an angular-like variable) depend on
the collision system. For ete™, z; = E; and A = 6;;, while in pp in z; = p;; and

AR = /(i — y5)? + (di — ¢5)2.

Only when k; > k¢ cut, record the softest branch, so-called primary Lund declustering.

Repeat from step 1 following only the hardest subjet, i.e., the primary branch.
Once there is nothing left to decluster, calculate the EEC as

= 1 1 do 0,
— d "1—2)" [ x — = cu 1
S [ gm0 (x= ) 0 > ki), (51

dx

{i,j }€declust. .

where the sum runs over all primary Lund declusterings.

PP
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kt,cut — 0.25 GeV

Lund EEC, vacuum, p; e > 50 GeV

1 dN1IEEC

n =1

------- Particle level

I'c > |fi] ‘A9 0g < ®Hd (30 = y)*y-19ue ‘paINIof

ek
S
—_
b_\-
- L1
-

— Exact definition of subjets 1s not critical, 1t will only determine calculability from analytical side

23
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kt,cut = 0.25 GeV

Lund EEC, w/ E-loss Lund EEC, w/ E-loss

3.0 QS 3.0 Q=
2 2
= y — n=1 — n=2 | B | — n=1 — n=2 |
\ 1 . ». :, \ . Q‘J:;
§ 2.9 " --- Particle level — n=4 1:& § 2.0 A --- Particle level — n=4 1t
= L AW F3
—~ 2.0 15 —~ 2.0F \'.\,\ |
g N g ) |2
LT-IS 1 5 TR 7 { [ 15 - \\\'\\ 15 ;
\\\\ V AENAL 5 V
= 8. ~~—~ = 2.
8 \\\\\\ = > ~— =
\/10 —————————————————————— - - - — i;/. \—/1.0 _____________________ e -';/
= N -5 N
.E \__._ N E " A
= 0.0F 1 = —= 0.9 { »
S S
10~2 10~1 10° 10~2 10~1 109
X X

— Lund and particle level show similar behavior for standard EEC

— Higher power results in narrowing due to dominance of harder branchings, similar to 6, distribution

— Medium enhanced splitting function leads to peak at the edge of the jet

24



k? Brookhaven

National Labaoratory

Lund/subjet based EEC

It 1s worth studying the LL resummation of the EEC for subjets:

We consider first when only splittings above r contribute 72 > 1

Y3) = y2n+1),r~x K1 x>r
The same calculation can be performed for Lund declusterings z>1/2
’?(3)%§+(2n+1)—|—§_(2n-|—1)7r,\,x<<1 X2T

The leading power correction scaling changes as

A A
XSQ X2n—|—1 Qn

25
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EEC on tracks in-medium

Track functions were proposed a decade ago to have theory analog of measurements made on charged particles

2013, Chang, Procura, Thaler, Waalew1jn
e.g. quark track function for quantum number R

- Po " _ '
Ty(a) = [drtat2y et v 5 (o= ) | D0l 0, X)X IFO)0)
X © t -

For EECs moments of track functions enter as the natural matching coefficients to hadronic observable

dZ(”) EPE?  do 1 do
2T (1) 22T 12 :/dT[”]H T (0p )27 (1 — 2)"
tracks /El Eo /5131 T ﬂ31 (562) QZn odzdf 0 “a ( pt) b ( pt)Z ( Z) odzdb

Moments satisfy a non-linear RG evolution, here for Yang-Mills at LO:

dT V] Q L

(o =5 | PG / Tl T ) o+ (1 2)a)"

)

For HICs we need to understand RG evolution of these objects

20
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EEC on tracks in-medium

dT ] Qg
du o 0

1
Vacuum RGE: dZP(Z)/ T(z1, )T (22, u) (221 + (1 — 2)x2)"

We introduce the medium modifications discussed before for tracks:

same RG but with “new’ anomalous dimensions

Gy ) = — / dz P(2)Ops (11, 2) 27 o

Energy loss: modified evolution, in convolution with energy loss probabilities

dI' o ! €1 62)
—_— = — D(e1)D(e / dz P (z | |
aw = ar |, .. (€1)D(e2) : 2 T e

X / T(x1, )T (x2, 1) 6(x — 221 — (1 — 2)x2)

similar to 2016, Mehtar-Tani, Tywoniuk
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EEC on tracks in-medium
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ax(n) ETEY  do ! do
. _ n n = [ dz2T" (0p)T™ (0ps) 2" (1 — 2)"
EEC on tracks: 20 conre /E1’E2 /xmj2 w1 T (21)x5 T (22) Q2" odzdf /O 213" Op )T, (0p) 2" (1 = 2) odzdb

Phase space Energy loss
LA | ' . . LI L L L . . . LI L -~
N | ' ‘ « ¥ T ¥ T ] b | o
10k S 101 E 3
: i : e
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10 : S 100 3 E S
l;\_i : B
1L 1o o -
10 ¢, g 107TE N R R
e e 1 Q H > :
A _ 3 W [ : =~
3 . vac, trkyac I i
10—2 - . med, trkvac ‘f %) 10—2 - ' ;
: med, no trk - vac, trkec
B [ (1) - ' med, trkvac -
1073 — med, trk? {5 10-3 L i
: o ) : med, no trk “
N Y \\\ \\‘ : :
[ med, trk_ . . . - — med, trkeq N
10—4 | 2 3 a ..l L 3 " PR TN TN T N | 1 i L et o gl =1 10—4 | N T | N N N PRRRR TR M T T | 1 X N PR TR TR R N | =
102 1071 10° 102 101 10°

In the HIC context track functions can be used to have a better treatment of energy loss effects;
Energy loss distributions and tracks satisty the same RG
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Jet evolution 1n expanding plasma Jet evolution 1n Glasma phase

t=1.0fm/c t=1.7fm/c t=3.2fm/c t=4.5fm/c
6 .:_"I'“I‘"I"‘I"‘I"'I"’l" B e e e e e B e e e e e e e e L e e B e R e ;
3 0.30 3
_ 4 2 Nucleus A
ol %
>-23 025 X
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Y g
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4 4
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£of
>._2 0.15
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6 0.10
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E I < il 1
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>-2 e AN g
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6-4-20246-6-4-20246 -6-4-2024 6 -6-4-2024 6

X [fm] X [fm] X [fm] X [fm]

29



Energy correlators in anisotropic matter

10° +

dx
dfdo

107! 4

g
o

Ratioto Vac.
g —

Jet evolution 1n expanding plasma

- Vacl
— a="=
— a=10

- =T

10-2

ot
1

Ul

10~2
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Jet evolution 1n Glasma phase

or  dN"

dN"/dz dzd¢

10Y

27 d>.
as dOygde

1071

=1+ Z v cos (nd) + Z w'™ sin(ng)
n=1 n=1

101

¢ =m/2

C Gy = 0.1 GeV?fm~!
| L =10 fm

- g /vV/2 =100 GeV

| G,/ values
| — 1 (iso)

L — 5

— 20

— 50

[ == vac

Nucleus A Y

Nucleus B

102

— This 1s the simplest EC sensitive to (transverse) matter structure

— Structure of matter can be further probed by looking at other currents




Summary and Outlook Q rooknaven
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EEC in heavy ions

Great motivation for

Can be used to in the different evolution stages

Many of the tools developed 1n the EC context (e.g. tracks) can provide new
ways to better describe jets in matter

Some future directions

Study charged correlators to understand how matter “filters™ different parts of the jet

Back-to-back dijet production vs standard acoplanarity studies



