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Energy-energy correlator

Measure correlations of energy flow as a function of angular separation between particles

Two point energy correlator, EEC

dX
EEC ~ Z[—EEé()(

VAN

Energy weights Angular measurement

0;; —¥ angular separation between particles
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Probe evolution of QCD radiation, DGLAP
 IRC safe, well defined in QFT

Perturbatively calculable

Sensitive to confinement and medium modifications in HICs

* >
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

For jets: i, j are particles inside the jet Notations: y, 6, R, are same variable



ALICE 2409.12687

Why Energy correlators

Single measurement 1mages the entire evolution from perturbative production to non-perturbative hadronization
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Energy correlators in HICs CMIS-PAS-HIN-23-004

Medium induced dynamics 1s imprinted on final state distributions

1.70 nb” PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV)

CMS Preliminary 120 < jet P, < 140 GeV

Large angle: medium induced + medium response
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I will focus on factorization approach for a general class of energy correlators



0(1) GeV

Energy scale

0(10%) GeV

Multi-scale evolution

Factorization approach in pp collision

Hard interaction

proton-proton collision

detectors

Hadronization

=

measurement

= [;and E; are energies of two particles

= |n pp collision only two scales
K ~ Pr Hi~ PrX

= For y < 1 two scales are widely separated

. .
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Factorization approach in pp collision

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
L3

Differential cross section can be factorized; collinear limit y << 1 Hard function:
dX L, production of jet initiating parton, does
Ay dx x Q- ) ~ not depend on final state measurements
a,b,i
/ \ Jet function:
hard function Jet function subsequent evolution, depends on
\ ~ measurement on final state particles
. DGLAP evolution
]
o rala S 2B
b e &{:&%’R ink B
JGr) ~ 1

Production mechanism Subsequent evolution of jet leading log accuracy



Jet 1n a medium

Jet encounters various direct and indirect scales introduced by the medium

— mean free path

lmfp

. . T ~ m, — medium temperature Direct
hard interaction scales
Eg : :
> formation time
g — Jet quenching parameter
emergent
> critical angle scales
V4L’
Multi-scale evolution Scale hierarchy: Uy > U, T ~ mp > AQCD

We will use these scales as a guide for the EFT g ~ O0(1), so T and my, are not separate scales



Soft Collinear Effective Theory (SCET) CET 1101897

EFT of QCD designed to study collinear and radiations
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Collinear: boosted along jet direction P Ps n* = (1,0,0,1)
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p All collinear emission &

p Medium interactions &£ (same as full QCD Lagrangian) =

p Jet and medium interactions £ Tetomedium inferaction



Glauber operators in EFT

Glauber operators are made up of bilinears 1n each sector and are Gauge invariant

n
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P, 1s transverse momentum operators that pulls out Glauber gluon momentum from medium operators

C;; 1s Glauber Wilson coefticient fixed by the matching between full QCD and EFT

4 > > & P1n > > P3,n  jet parton

k k1

P2 > > P4 P2.s > > P4.s

Full QCD diagram EFT diagram




EFT landscape

At least four momentum modes to describe jet evolution 1n a medium

Momentum scaling
Mode 4 Describes Scale
p=(@p".p1)
Hard hard production Q ~ O(py) production scale
Collinear Pe ™ Q(la/lza A) jet evolution Per = QA= Qy
Soft medium dynamics
Glauber pG ~ O, A% 2) jet-medium interaction off-shell modes

Scaling of ¢ mode 1s fixed by the
measurement p., = QA = Qy

> =S

2 N2
p_med

Rapidity evolution

>p+




Jet as open quantum system

Jet propagating 1s non-equilibrium evolution 1n a thermal bath

1. Factorized initial density matrix; decoupled
e_ﬂHE

B Tr[e—FHE]

p(0) = |eTe")(eTe™ | ® pg(0) PE

2. Time evolution of the jet 1s defined through system density
matrix evolution

p(t) = e Mip(0)e™

3. Compute the jet observable (.- Two point Energy correlator)

c .
d_)( = thm Trglp()#] ——  Trace out the bath

Environment (QGP) Hg
Subsystem (jet)
= o [
7 s |
ven .
l Interactions, H¢ I

'

Hard interaction

7= x.r x



Factorizing hard function

OPE factorizes hard production of the jet

i ) < "
Hy ~ O

I 2o > Scale separation
. o
do
d_ = Z dx x> J(L,y; Wy, 1) Hard function 1s universal
A ielqqs) '



Measurement factorization

1 (it e .
)=y 2T POt T iR Mo (0) a1 X)X | T{ e it 7, (0) } et

Glauber interaction Glauber interaction

Measurement function acts on state | X) which composed of both collinear and soft Fock spaces
[ X) = 1X,) ® X))

R 1
M = E()() |X> — 2 (El,né()( — en,i) + Ei,sé()( — es,i)> ‘Xn> ‘XS>

Q o \\

Power suppressed contributions

» Soft contributions to the measurement are power suppressed .
in the EFT

» Glaubers being off-shell modes do not contribute to the measurement E >F
LN )

» Only collinear modes contribute to the measurement at the final state



Separating vacuum jet dynamics

Expanding the jet function in Glauber Hamiltonian gives vacuum jet function at leading order

J o) =J0 + I+ I+ = 2 T ) i = 0, vacuum, no Glauber insertions
: = i = 2, single scattering, dilute medium
O ) = : ZTY[E@I O)A | X, )X, | 7 (0)|0>] - - -
g O T 5 \° n/ \n | X i > 4, multiple scattering, dense medium
. C X .

For J 50) soft function becomes 1dentity; no medium Tr[p(0) X )X |] =1

a b —
M = [Hd“xil'[ d*,Tr | pys TLOM) 0D} 15, (O)| X)X TLOL) O (3)) 7 sO)
i=1 =1
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Medium 1nduced jet dynamics

In the dilute limit, EFT recovers GLV results
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Can be computed on lattice? Budhraja, Yong and BS



[LO medium function

At leading order small k; dependence in the numerator term
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In progress

Higher order effects in medium correlator? Budhraja, Yong and BS
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Resummed EEC jet function Medium induced DGLAP  2512.11952
| | | | j dz 0 (2) = —
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Resums ~ a,log y terms which are relevant in small y limit

: Resummed and NLO ratio, BFKL only
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Generalizing energy correlators

N-point projected energy correlators are defined by tracking particles with maximum angular separation

axV " g E K . . - N\
» — Z | daM. Z 1QN N 5(){ —-0_ (iy, ..., ZN)) 0oy - osly) = 1213;( Hiaib
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p For IRC safe v > 0O . Energy weights
E!
dx[v] W[v] i) =

d B JdUX Z W[V](l )o(y) + Z W[V](lla 1)0(y — ‘912) o) = Qv

X -a=1,2 1<l v

(E; + E;
Wz[v](ll, i) = - Z Wl[v](la)
Q a=1,2

v = 2 gives standard energy-energy correlator (EEC)

.
-------------------------------------------------------------------------------------------------------



Factorization for v-correlators

Analytic continuation does not change the power counting of the modes

Factorization structure Measurement function
V] U Ulsz: vi(;s
dx _ Z docx? T, v, 1) W ASES Z WG S + WG, )80 — 6)0)
d : T a=1,2
A I€19,9,8}

weilghts hard and soft particles differently

Soft limit simplifications of measurement function
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ELC/E2C

v-correlators 1n dilute medium

For small v values correlators saturate at small v values

BFKL resummation does not include v dependent

anomalous dimensions

Ratio with two point EC
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U-correlators in dense medium

In progress
Andrey, Liliana and BS

Medium-induced emission contribution 1s suppressed for smaller v valued correlators
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In progress
Andrey, Liliana and BS

Medium response to v-correlators

For medium response, we define the final differential distribution of v-correlators through f(p)
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Normalized EvC

. . 1
JEWEL simulations AT

ple[100-1201GeV  |nl'<2 R=04 T,=045GeV  Centrality = [0 — 10] %

0.05 | — - B -
B — w /recoil - 25 :_ B

B w /o recoil i s .(Q) =
0-04 I— vac - N o (\/b' |
0.03 [ — O - Q‘(e’ ]
— 7 E 1.5 — —
002 |- & e 1 L — :
P : ; —_—

- \\‘(0 . [ -
0.01 [— Q‘(e - 05 - =
O:""‘ I N N |i||||: O:"" I L1l
102 10 ° 1 102 10 1

X X

v correlators seem to be interesting, can 1t used to quantify various medium-induced effects?



Summary and outlook Ongoing work

Liliana and BS

1. EFT provides a systematically improvable framework and enables resummations of large logarithms

2. Higher order calculations of medium-induced jet function will provide better accuracy

3. v-correlators could be useful 1in 1dentifying various medium-induced effects in jets

4. EFT + open quantum system — time evolution of jets
pa(0)

-
H=H,+H+Hg  p0)=p,0Q@pr,  p,0)=][X)X,I 5

Markovian limit 7z < 77 < L, Lindbladian evolution
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Semi-classical approximation

]
dxl”

dy

BDMPS-Z limit

AP
dzdO

Medium model
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BFKL evolution

» Medium function has BFKL anomalous dimension P

dJ(ky,v) - a(wN, ndzl DALy kYKL y)
- 1 - - - -
dy Ll (I =k 21300 — k)=

Y

y is rapidity scale which appears at NNLO for energy correlators Q:ned 0

Scales are fixed by the corresponding jet and medium functions in perturbation theory



