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Outline

® |ntroduction to jet guenching

® non-relativistic (2+1 D) guantum mechanics formulation
® Application: medium-induced radiative spectrum

® Quantum entanglement of jets in the QGP (leading order)

® Jet quenching in the QIS era, final remarks
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The little bang
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® A short lived of deconfined matter (QGP) forms in ultra-
relativistic heavy ion collisions (RHIC, LHC)

® —mergent phenomena from large number of d.o.f.: collectivity,
turbulence, plasma instabllities, themalization, anomalous transport
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The little bang

Time—>»
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Hard Collisions Evolution Hadron Freezeout

e Soft probes: collectivity at low momenta p, $ 1 — 3 GeV probed with
flow harmonics v,'s

° guarkonia suppression (QGP thermometer), high pt
hadrons and QCD jets

Y. Mehtar-Tani 4 The Quantumness of Hard Probes 2022



The discovery of the QGP

oroton-proton nucleus-nucleus

® Substantial final state interactions: jets lose
energy to the QGP constituents

® Strong suppression and modification of jets
observed at RHIC and LHC
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e Standard factorization approaches based on twist expansion not
sufficient:

® Strong final state interactions need resummations of all twists

® Perhaps the situation not dire in the thermodynamic limit

QGP
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® \\/nat to expect: large number of degrees of freedom,
coarse graining, unmeasured subsystems

oure states @ =——>

® How do |Jets as quantum systems evolve In the presence
of a QGP: quantum decoherence, entanglement,
guantum/classical thermalization, color randomization...

® Need to define tools and observables
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Underlying processes (elastic collisions)

o A fast parton (jet) accumulates a transverse momentum k, < E from multiple
scatterings in the plasma

Jet (parton) /E \kJ_

e (Can be described by a Fokker-Planck equation

0 1
—Pk) =4 V2 P(k)) = kD) iyp &
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Radiative processes and the LPM effect

e QCD analog of the Landau-Pomeranchuk-Migdal effect (1953): multiple scatterers
act coherently as a single effective scattering center to induced gluon radiation

during

kJZ_NQl‘ = () = 2 anad w ~ O Nefr = O ~
f o) 4 dw t{(w) \/5

Y. Mehtar-Tani

he quantum

echanical time 7(w) = w/k;

5 [Dokshitzer, Mueller, Peigné, Schiff
(1995-2000) Zakharov (1996)
0 Arnold, Moore, Yaffe (2001-2002)]

[
A
suppress the spectrum at large gluon frequencies

dr-eM L 1
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Light front formulation

S-matrix - factorization -
(covariant-momentum = 2+1 D non-relativistic

space description) quantum mechanics
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Transverse cross-section at time ¢

H2

— ot

The time evolution of fast (collinear partons) in the plasma
can be viewed as that of non-relativistic color charges In
andom background field In 2+1 D
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Kinematics

Light-cone

® At leading order a Jet Is a fast parton - 4 o
assumed to be moving in the +z 3
direction (Initially p = (p*,07,0))) \\\::;:\*‘

® [he interaction with a medium Al(xt,x, ) \\:;::::\\ y
background field is eikonal (k™ <« p™) I ’

\\\\:\\ V4

—gu(p — k) A(k)u(p) ~ gp™ A= (k) ~ (k™) &

e Smaller momentum transfer I 5 /7

p+
p= (0t ) (1A% D e+ ===
— 9 2p+ s IV ] ) 9 \/5 \/5
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Non-eikonal propagation

e Dirac propagator - spin/helicity and p™
conservation

+ q1 +
,Y-l— p,y-l-pb o PoT~4q1 42 -+
I+

D(papo) — ZZ]F 5(29 — pO) | scal(papO)

® Dynamics encoded In

0 — 2ig0" Ay (z) - t| Gscal(z,2") = 6(z — 2')

® Background field is a weak function of x™ ~ 0
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Non-relativistic 2+1D quantum mechanics

® [he propagator is invariant under translation in x= . Hence
(2|G(t, to)|o) = 24 / dz— ¢ BE=20)" G (2 — o)
® The propagator & (evolution operator) obeys a 2+1D Schrodinger equation

5 o
"ot T 2E

- gAp(t, a:) (|G (t,t0)|xo) = 10(t — tg)d(x — x0)

® [he | O Hamiltonian reads

H:HO“HIE +A0(Xl,t)
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Computing observables

1. Compute observable for a given
configuration of the background field O[A]
(unitary evolution)

2. Perform ensemble average: ( O[Ay] ) =

(non-unitary)

® Open guantum system: alternative approach based on SCET discussed in
Vaidya, Yao 2004.11403 [hep-ph] (see Vaidya’s talk on Thursday)
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Computing observables (medium average)

e Difficult in general but reduces to a Gaussian white noise for a weakly coupled
plasmas (g <« 1)

| 1
L > > —
22T oT
mean-free-patrh screening length
(ALt q ) APt q))) = 6% y(q) 6(q) — q)) 6(t = 1) (Ag) =0
' dgel gzmlz)T
e -or thermal medium and for g, < T () ~ —

d2q  q%(g>+ m3)
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Quantum mechanics of the LPM effect

® Coherent medium induced gluon radiation
between £, and 1, (Schwinger-Keldish contour) 1
® 3-body system: color structure reduces I “; amp.
gab (t27 tl)tr (taU(tQ, tl)tb(]]L (tQ, tl)) i': -
S ° - : C.C.
° E ° 3 L ° A-
AO

K(tz,tl) ~ TI(QUA) f /
2

e Where U,is a path ordering

)
| . | U,(t,t;) = P exp igJ drA(x,, 1)
exponential (Wilson line) e [ ) ]

h
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® Averaging over plasma configurations, medium induced spectrum yields

dI «o,C o0 t2 - :
= 2R QRG/O dtz/o dt1 0, - By _IC(a:,tz\y, tl) — ICO(a:, tg‘y, tl) _

W— p—
dw »,

r=y=0

® [he Green’s function obeys the evolution equation (can also be expressed a a
path integral)

w(z) | K(z,tly,t1) = 6(x — y)o(t —t1)

z' 0 O?
ot 2w

® The imaginary potential is related to the dipole cross-section and g

Lo(a?, 1) 22 ~ 9 N n(t) % In —
’ 16w € u? x?

Y. Mehtar-Tani 18 The Quantumness of Hard Probes 2022



® [WwO solutions to the problem:;

1. Opacity expansion: treat the imaginary
potential as a perturbation (valid at high

frequencies)

2. Improved opacity expan

around the harmonic oscillaor
2 ° 1
o(x) = N.x (ln 112 - In mQQz)

sion: expand

harmonic oscillator + perturbation

d/
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Quantum entanglement of jets in the QGP

® |t s natural to view the problem of jets in HIC as that of an open
guantum system (jet) in interaction with an unobserved environment

® \\Vhat is the density matrix of jets in this medium®

® \\Vhat Is the ?

® Reduced density matrix: trace out the environment (the QGP)

system B: medium

not necessarily thermal
pa = Tigpap = (PalAgl) ( / )

system A: jet

® Simple case: leading order (In the absence of gluon radiation)
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Quantum entanglement in jet quenching
J.-P. Blaizot and YMT (work in progress)

e Initial density matrix (pure state): pi(fy) = |yp) (W | where yy(k,) assumed to
be peaked around k7, ~ u* < gL

® volution of the pure state for a given configuration of the classical background field

Piedd Al = U, 1) | yo) (wo | U (1, 1)

e At leading order U(t, 1)) = & (¢, 1)

pjet — <pjet[A]>A — J'

<<kf\ G(t, 1) | ;) (ki | G (2, 1) V_‘i>> (ki | piei(to) L Key) 1 o) (e
ke ki k. A
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Quantum entanglement in jet quenching

® At late times we expect quantum decoherence and the emergence of classical
oenavior, 1.e., the diagonalization of the reduced density matrix

(U a1y ) = 6ok = ky) Pl 1

® Under this assumption it Is straightforward to show that
pil) — [ P(k. 1) | k) (K |
k

o P(k,1)is the broadening probability density that obeys a master equation

1

0
% pik.i =[ @[Pk — g.0) = POk, 0] ~ 4 V2P 1
q
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Entanglement entropy (late times)

® [he Von Neumann entropy tends to the differential (Gibbs) entropy

— Trpjet lnpjet —_—>

e |n the diffusive approximation P(k, ) = 4x/(gt) exp[—k?/(gt)] one finds

~ Int

® [he entropy increases logarithmically with time (system size)
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Jet quenching on a quantum computer

® Recent effort to tackle this problem:

1. Simulating Lindblad equation for hard probes in thermal bath
(QGP). Proof of concept: toy model for a 2 level system (De Jong,
Metcalf, Mulligan, Polskon, Ringer, Yao 2010.03571 [hep-ph])

t [fm/d] (T = 300 MeV)

0 5 10 15 20 25
1.2 ' ' | ' |
Simulator
1.1- — g=0.3 === Runge — Kutta
— g=05 Thermal equilibrium

(see Felix’s talk)
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Jet quenching on a quantum computer

® Recent effort to tackle this problem:

2. Momentum broadening: Barata , Salgado 2104.04661 [hep-ph] :
hybrid strategy for simulating the propagator (time evolution operator),

Z[A] on quantum computer (ny qubits spanning the finite Hilbert

space) while stochastic medium charge configurations on a classical
computer

— 19 £ (see Felix’s talk)

7, _

|0)®2"0 joklon | w1)

Initial State
Preparation

{AapA}
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Roadmap and open questions

® Simulating momentum broadening on a Quantum computer:
leading order process

® |nclusion of higher order corrections (parton branching) (Bauer et al
arXiv:1904.03196, Bepari et al, arXiv:2010.00046), challenges:
multi-parton system, gauge invariance...

® towards an amplitude level event generator that fully accounts for

guantum interferences (beyond leading log accuracy)? Relevant for
both pp and HIC

® |nvestigate quantum information in jet observables at higher orders
(on-set of color and quantum decoherence). Entanglement entropy

for resolved and unresolved partons studied for jets In vacuum in
Neill, Waalewin 1811.01021 [hep-ph]

Y. Mehtar-Tani 26 The Quantumness of Hard Probes 2022



Thank youl
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