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Jets as QGP probes

Study of jet interaction with the QCD medium (QGP):

BDMPS-Z effect.: momentum broadening and medium-induced radiation

colour (de)coherence — (anti-)angular ordering [Chiara’s talk Tuesday]

Soft (low energy) gluon radiation:

‘961(1

0 < 0,5
p qq
Otherwise, the g|u0n radiation also for 6 > ech
resolves the full gg dipole ——+  enhancement of
—— suppressed large angle radiation
v

the dipole survival probabillity plays a role in the radiation spectrum

— |et’s study the colour dipole in a framework where decoherence

IS naturally encoded
2



Jets as Open Quantum Systems

We can study these phenomena with a suitable framework: open quantum systems!

o p=ps @ PE
’ QGP

Coupling with an environment modifies the subsystem and “steals” quantum
correlations from it

— guantify momentum broadening and decoherence

probabilities ‘T> H,>

) = |T>\J/r_\¢> 1 (1 (1)\¢ 1 {1 O
2 —
t=0) = — ﬁ p(t = o00) = =
p =) (Y] 4 ) 2 (1 1><¢ stochastic 2 (O 1)

magnetic field



A simple jet: a gg dipole

As a first step we can concentrate on the
case of a boosted gg dipole

in a dense QCD medium (QGP)
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A simple jet: a gg dipole

As a first step we can concentrate on the
case of a boosted gg dipole

in a dense QCD medium (QGP)

r4
q1

No radiation emitted
from the dipole (yet)

Learning from... [Peter’s talk Friday]
Heavy quark-antiquark (quarkonium) OQS

heavy mass \\\&GD_, in 3+1 dimensions

—__, non-relativistic

Single quark jet OQS _—  description .

Light-cone coordinates:




A simple jet: a gg dipole

We consider a kinematical configuration which
satisfies the following hierarchy:

boosted back-to-back i = 2 i
%:%ﬁ% E~qgt > pP1 > q ~Qs=+(qL
1 1
+ + naitudin relative center-of-mass koo
CohTE momentum  Varsierse - tanoverse +
7 q
. ,  2p1
— meaningful for (e.g. LHC) phenomenology: 0, =—-<0.1+04 E ~ 100 + 1000 GeV
£ p, > 5+50GeV

0.~ 5 GeV

Dipole production: gluons (octet), vector bosons e.g. y*, W, ... (singlet)

>4
q1




Derivation of the master equation

Hamiltonian in 2D transverse space:

kinetic term interaction QGP

A
p p . a _
H( =i | J_’q)@]lEg/d2.’L'J_’n(JJJ_)@Aa(t,a?J_)—F]lS@Hp]

2k

number density: 7%(x) =d0(x) — 21 J*®@1;—1,6(x, — 31 5)t°
quark antiquark



Derivation of the master equation

Hamiltonian in 2D transverse space:

kinetic term interaction QGP

A AT

p Pl g ~a _

H = J'f | J_f @ﬂE—g/d2a?J_n(QZJ_)(X)Aa(t,ZBJ_)—I—]ls(X)Hp]
kT | 2k

number density: 7%(x) =d0(x) — 21 J*®@1;—1,6(x, — 31 5)t°

quark antiquark
(unitary) S thermal equilibrium state
dIO Z. [H ] .OVGI’ t /' o — ie_Ble
— = — environmen L ]
dt i p=ps pE Z
Ir E () system environment

Von Neumann’s equation \/

describes the interactions with the medium
— In the high-energy limit: mainly
d 0s collisions

(non-unitary) Y = —1 [H(), ps] + D(ps)

Linblad’s equation

6



Derivation of the master equation

d
Lindblad’s equation: o5 — Hy, ps| + D(ps)

dt QGP colour field correlator
W(ry)=Im(Aw=0,7r))

—i(sabA(W,"“L) — /_OO dt eiwt<T (A;(t,TJ_)Ab_ (O, OJ_))>p1

;

dﬁff) -i[Ho, p(t)] = % /w . ({n%(x  )n% () ), p(t)} — 20%(2', ) p(t)1*(x 1)) n

+M+...

boosted regime

1a

number density: N“(x ) =0(x] — 2, Ht"®1; —1,®(x, — T )t
quark antiquark

We recover a quarkonia-like (2D) master equation



Colour structure

NZ-1
p=psls) (sl +po D 10°) (0°
c=1
singlet octet

local = global colour symmetry: s) (0°
no singlet — octet interference 57 \0

resolution angle
of the medium




Derivation of the master equation

Wigner function and variables

We want to study the evolution of the matrix elements >

(riarei|plrii/rer’) = p(riirei;rii'rey’) <$\p\x’> — $><+ T

Introduce new variables

classical quantum classical quantum
. r11 — T2y + (
relatlve TJ_ — 1J— 22J— ( ) RJ_ — r]_J_ — er_ S (/) Y R I > pJ_ PJ_
Fourier-conjugate
CoM bJ_ BJ_ B > qJ_ QJ_

impact parameter momentum imbalance

Wigner function:

partial Fourier transforms
p(ri. Ribi.B)) ————— | p(ripbi.q,)




Derivation of the master equation

Master equation e

0 Ps : ( 1 1 > Ps 2 _CFFC CF (Fb - Fa) Ps
— — 1 _VT‘J_ ’ v L = v L * V L — _ —
Ot (,00) b = q_l_ ’ 5 (,00) 7 FZNECL _CFFCL | Fa+§f{fc b Po

with I'; =W, —W(0_,) and W, = Wi + Waor Wy = Wopr + Wia W. = Wi+ Wi

10



Derivation of the master equation

_ % N k11+ " k11+
Master equation "=k k
a Ps : 1 | 1 Ps 9 _CFFC CF (Fb — Fa) Ps

a (IOO) — 1 (EVTJ_ . VRJ_ | q_l_ vbJ_ . vBJ_) (IOO) o g ( F%NFCL _CFFCL I Fa—|—2].—‘](\3fc—2rb po

with I'; =W, —W(0_,) and W, = Wi + Woo Wy = Wopr + Wia W. = Wi+ Wi

Harmonic approximation of the potential:

jet quenching

parameter

v

Wigner transform ~ P
' = F(TJ_, bJ_, RL, BL) —» harmonic approximation —_—> X ( @, {Ti, VIZ, VZL}
T (Thermal field theory | "y
ard Hard Thermal T" | relative position
dependence Loop resummation) b | impact parameter
cancels

D | relative

} transverse momentum
d | center-of-mass

10



Derivation of the master equation

_ % N k11+ " k11+
Master equation "=k k
a Ps : 1 | 1 Ps 9 _CFFC CF (Fb — Fa) Ps

a (IOO) — 1 (EVTJ_ . VRJ_ | q_l_ vbJ_ . vBJ_) (IOO) o g ( F%NFCL _CFFCL I Fa—|—2].—‘](\3fc—2rb po

with I'; =W, —W(0_,) and W, = Wi + Woo Wy = Wopr + Wia W. = Wi+ Wi

Harmonic approximation of the potential:

jet quenching

parameter
v
Wigner transform ~ PR 2 9 9
N = F("“J_, bJ_7 RL7 BL) — harmonic approximation —_— X O {TJ—’ va_ ’ V‘M}
T (Thermal field theory . "y
ard Hard Thermal T° | relative position
dependence Loop resummation) b | impact parameter
cancels

D | relative

} transverse momentum
d | center-of-mass

Symmetric splitting k" = k3, drops mixed operators V,, -V,

10

1



Master equation

Colour factors:

N, # of colours

We have a master equation for the Wigner function:

N2 1
Ur = IN.
jet quenching
kinetic term parametekv CoM diffusion colour transitions
) i) () {( > (3 )
Cr Cr
Cr Cr 0,
E kK Ne Po
—+ — k‘|‘ _I_ k‘|‘ . . .
q 1t Ko quantum diffusion:

It causes diffusion inp, q L
and decoherence

A “two species” Fokker-Planck -like equation: any analytical solutions?

11



Master equation

Colour factors:

N, # of colours

N2 _1
2N,

We have a master equation for the Wigner function:
Cr =

jet quenching

kinetic term parametekv CoM diffusion colour transitions
) G () {( e (%)
Cr Cr
Cr Cr 0.
E kK 2Ne Po

@soaling of variables\

¢ =k +ky quantum diffusion:
] ] " %
It causes diffusion inp, q 1 operator scales as
and decoherence 2, Q. o,
K = = — X
6. Pl 0.

smallin £ B
A “two species” Fokker-Planck -like equation: any analytical solutions? Kregime - - U

11



Master equation: colour transitions

We take the ©O(1) in the relative diffusion term KQV%L

We integrate out the center-of-mass degrees of freedom g, and b,
— quasi-factorization (see later for the quasi)

Colour factors:

Straight-line motion and colour transitions: N, # of colours
N2 1
kinetic term colour transitions Or =N,
Ofes) L Ly g, (Pe) 2L (T20F 2CR) (ps) 11 1 e
5’15 Po E = T Po 4CF ]\1[ _]\17 Po E kf_ | k; mo?nentum
xe
ca\ 1@

12



Solutions: colour transitions

Analytical solution with the method of characteristics: 1st order PDE into an ODE

hard factor: production

Initial Wigner function (colour singlet): oftheq;pair
p(P1,71;9,,b1;0)=pr(p,,71;0)pr(q,,b1;0) pr(p,,71;0) = H(p,)d(ry)

relative center-of-mass

13



Solutions: colour transitions

Analytical solution with the method of characteristics: 1st order PDE into an ODE

hard factor: production

Initial Wigner function (colour singlet): ofthecz;pair
p(pj_a ri,4q,, bJ_7 O) — pR(pJ_a T, O)IOT(qJ_7 bJ.a O) pr(P ,71;0)=H(p,)o(r,)
" relaive  centerof-mass |

Singlet survival probability:

~A N9 1
1 NCQ 1 N.Grb2 43 large NC q@ - 3 912
ps(t) = — + 5 €xXp | — 14 > Ps (t) p— exp 14 t3 . = 4 @2_ — ﬂ
N N 24C'F 19 \/v C A92 qq L2
WYqq
1 1| \A | \2
! g = 1.5 GeV~/fm
0.8 | | T, .
0.6 N )
N NS
0.4 | i
- - - Large-N, : \\\
0-21 | — Full-N, | 1
— L=41fm ! T~ NZ
0 | | | L] | M e O S
0 1 2 3 4 D 6 7 8 9 10
t [fm]



Solutions: colour transitions

Analytical solution with the method of characteristics: 1st order PDE into an ODE

hard factor: production

Initial Wigner function (colour singlet): oftheq;pa"
p(PL,71;q,,b1;0) = pr(P,,71;0)pr(q,b1;0) pr(P1,71;0)=H(p, )o(rL)
. - .gm lativ ter-of-
Singlet survival probability: o T
~AN2 1
1 Ng 1 chFegq_tS Iarge NC B qeq(j 3 4 3 2p2
ps(t) = RE + N? exp ( 240, > > Ps(t) = exp ( 19 t NG t. = ( 02 ) 92(1 = E—;‘
9%qq
1 I \ \ \ \
| G =1.5 GeV?/fm
0.8 te ) ... Or rewritten as

0.6 -

0>
o \\\ | P t — qq
oy \\\: S ( ) CXP 92 (t)
0.4} \‘.\ i
- - - Large-N, E \\ =
A — Ful%—NC E \ * (9(2: — Cjtg

—

O | | | Ll | | e I i

OMH




Solutions: colour decoherence

We want to investigate the quantum behaviour of colour decoherence:



Solutions: colour decoherence

We want to investigate the quantum behaviour of colour decoherence:

q
N . r7) + [bb) + |99) q €1
Initial col let state: 0)) =
nitial colour singlet state 14(0)) 7 N<<q cje{
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Solutions: colour decoherence

We want to investigate the quantum behaviour of colour decoherence:

Initial colour singlet state:

() (r7

bb) (r7

\|9g) (7]

0

r7) (bb|
bb) (bb|

gg) (bb]

4(0))

0
0

_|r7) + [b) + lgg)
V3

r7) (93] )

bb) (99

199) (99 /

14




Solutions: colour decoherence

We want to investigate the quantum behaviour of colour decoherence:

Initial colour singlet state:

() (r7

— p(0) = | [bD) (r7]
0

\|9g) (7]

Colour decoherence: suppression of
the off-diagonal elements (coherences)

r7) (bb|
bb) (bb|

gg) (bb]

4(0))

0
0

r7) (93] )

bb) (99

_Ir) + I9B) + lgg) N< g€ {Ir).19),b)}
oaedln a1}

199) (99 /

1
I (|r7) (o7 \
© \ go2. rg) (rg] 0
19 7b) (b
. > o) (b7|
fime O
evolution
t — 00 \ -

Colour equilibration: total randomization
of the colour of the dipole

14



Solutions: colour decoherence

We want to investigate the quantum behaviour of colour decoherence:

q
. : r7) + |bb) + |gg) q € {7“>, g>7 b>}
Initial colour singlet state: 1(0)) = _ _
V3 N<q ae {1,191}
1
(el ) @) (gl o= (=) i 0 \
() () c (jggq rg) (rgl
— p0) = [ BBy (il B [h) og » A
0 0 time 0 v
\l9g) (7l log) 0B l9g) (g3l evolution \ .
t — o0 '
Colour decoherence: suppression of Colour equilibration: total randomization
the off-diagonal elements (coherences) of the colour of the dipole
Physical picture:
X
330 q
gauge (eeee q %auge Q090 f i
boson OsoL
’W\I‘ﬁ Oug  |rs
g q &999/ NS,

14



Master equation: center-of-mass diffusion

Let’'s now consider the motion of the center-of-mass too:
kinetic term CoM diffusion colour transitions

0 [ ps 1 1 ps\ 4 0 O . —2Cr 2Cfp\ , O
0t (m) N (Em Ve A gt 1t vl”> (po) - 4CF {(O Nc) vqﬁL( N L\ g

15



Master equation: center-of-mass diffusion

Let’'s now consider the motion of the center-of-mass too:
kinetic term CoM diffusion colour transitions

0 [ ps 1 1 ps\ 4 0 O . —2Cr 2Cfp\ , O
0t (/00) N (Em Ve A gt 1t vl”> (po) - 4CF {(O Nc) vqﬁL( N L\ g

Solve with method of characteristics in Fourier space q, — B B
b, - Q.

15



Master equation: center-of-mass diffusion

Let’'s now consider the motion of the center-of-mass too:
kinetic term CoM diffusion colour transitions

0 [ ps 1 1 ps\ 4 0 O . —2Cr 2Cfp\ , O
0t (/00) N (Em Ve A gt 1t vl”> (po) - 4CF {(O Nc) vqﬁL( N v L\ g

1 1 1

. T . =ty ¢ =k k]
Solve with method of characteristics in Fourier space g, — B, Bk
i : . . bJ_ — QJ_ hard facfor: !oroduction
Initial Wigner function (colour singlet): oftheq;pa.r

pr(P1;71;0) = H(p)o(rL)

]. 2 2 212
: T bJ_ 0) = €
relative center-of-mass pr(q.1,b130) 2

15



Master equation: center-of-mass diffusion

Let’s now consider the motion of the center-of-mass too:

kinetic term CoM diffusion  colour transitions
A, _|_ e ’ v'r i ) v — v _|_ T
ot (/00) (Epj_ 1 q—l— q, bJ_) (,00) 4OF { (O Nc) q ( ]\1[6 . ]\1[6 1 0,
izi_l_i- q+:k++k+
Solve with method of characteristics in Fourier space g, — By E kK LT
e . . . bJ_ — QJ_ hard factor: production
Initial Wigner function (colour singlet): oftheq/@pair

pr(P1;71;0) = H(p)o(rL)

]. 2 2 212
ooooooooooooooooooo . _qJ_/A _A bJ_
: T bJ_ 0) = —e
relative center-of-mass pr(q.1,b130) 2

By integrating over the coordinates r, and b, : broken factorization

dP 1 a0z’ L0 (t—s)? _a0gie-o® 4% 20
(A — 0) B w« e 5 ds 4 — g — 5 02 _ 2P
dQPJ_dqu_ (pJ_) T {6 (qJ_) +A S 88 € €

singlet octet

15



Solutions: transverse momentum broadening

We compute the CoM transverse momentum distribution:

t =L
Mean Ag3 for a g7 dipole
2
2 _ 2 _ 2P]
Qs =4qL D e e Qqq L2
g2 — L
c q\Lg

(Ag)|. = (Ak11?) + (Ak2l®) = 2Q7

05r CA/ICP
— singlet
initial {| _ 35
0= T 100 10T 1

16



Solutions: transverse momentum broadening

We compute the CoM transverse momentum distribution:

t =L
55 __ Mean Aq] fora g7 dipole 2
2 . 2p
Qs = qL ) O E—zL
qL>
1.0t
(A1) eon, = (Ak11”) + (Ak21”) 051 Casce
initial {| — o
=10 T 100 10T 102
B4/ Oc
Non-trivial check of known Wilson lines-like Clarify hypothesis behind the - initial factorization
calculations with OQSs same results neglect diffusion term

Possible pheno applications: even higher Casimirs

16



Solutions: kinematical decoherence

> |nitial colour singlet state

L g2 /a2-a%2

pr(q.,b1;0) = ﬁe_

(Gaussian with width A)

Numbers:

A =500 MeV

g = 1.5 GeV*/fm
g™ =50 GeV

0, = 0.4

- ¢ =g, —Q.1/2 gL =lq, +9Q./2

0.25

A colour

020 te = <q92) decoherence
015 E occurs (inside the
010 ~ 0.87 tm medlum)

0.05

W

L =4 tm medium length

0.0020
0.010

0.008 0.0015

0.006 _ —{1.0 0.0010 (q+)2 1/3 kinematical
_— ty = ( e ) decoherence

0.0005 occurs (outside
0.002 ~ 10 tfm

the medium)

0.0000

17



Master equation: perturbative relative diffusion

Perturbative scheme for the relative transverse momentum diffusion term:

large-IV..

Analytical solution:

9
ot \ b,

kinetic term

Ps

{69

CoM diffusion colour transitions

Gaussian ansatz (scan of widths)

Perturbative expansion

)Jr(m.vaqu.va) ('?S)

Po

—1 0
1 O

T

-9 |

K

2

+00
y(t) = p_y" (6K

up to O(k%)

18

4

— plug into the equation —

Rescaled master equation

closed system of equations
for the Oth, 1st, 2nd moments



Master equation: perturbative relative diffusion

Singlet survival probability:

L pormemermms s K = ]_
0.8 | dotted = diffusionless
. [
N

0.4

0.2

------ classical |

— 050 =1

— 0p0=09 |
| — 050 =10
“t 0-2570 — 20

19

In our kinematical configuration
E > P, >q

neglecting the relative diffusion
term is a good approximation

checked also for higher
moments (variances,...)



Master equation: perturbative relative diffusion

Singlet survival probability:

In our kinematical configuration
E > P, >q

neglecting the relative diffusion
term is a good approximation

checked also for higher
moments (variances,...)

Interplay of two timescales:

wide dipole

1
0.8
. 0.6
oy
0.4 classical
— op0 =1
| = 0p,0 = 3)
0.2 0,0 =10
O _‘0-157‘0‘22‘0‘\\\ |1
10~2 10~1 109

[ [ [ ] \\ [ [ [ \\ | | | | [ 1
T T k=1 classical |
......... ’ — 050 = 1
0.8 | dotted = diffusionless Tp,0 =9 |
— 0'23,0 = 10
/ — 0p,0 — 20
Q0.6 fresrsrs s -
A |
04l plain = exact (num) ) -
dashed = w/ first order
0.2 —
0 - — ——
102 101 10° 10!

narrow dipole

g im

19

— 0p0 = 1
— 0p0 =9

T 0p,0 — 20

classical |

—0'15’0 =10 ||

L 04q/0c = 1/10




Summary

We have derived a master equation for the gg evolution with the OQS formalism

The collisions with the medium cause colour decoherence
colour transitions (singlet-octet)
diagonalization of the density matrix in the colour-anticolour basis
colour equilibration

the broadening of the center-of-mass transverse momentum, breaking factorisation

— interest also in future application with higher Casimirs, e.g. g¢ dipole

kinematical decoherence in momentum space (if not already outside the QGP)

perturbatively solved the full master equation equipped of the relative transverse momentum
diffusion term: mild corrections

Work in progress to apply this framework also on radiation-related phenomena

20



Summary

* We have derived a master equation for the gg evolution with the OQS formalism

> The collisions with the medium cause colour decoherence
- colour transitions (singlet-octet)
- diagonalization of the density matrix in the colour-anticolour basis
- colour equilibration

> the broadening of the center-of-mass transverse momentum, breaking factorisation

— interest also in future application with higher Casimirs, e.g. g¢ dipole

> kinematical decoherence in momentum space (if not already outside the QGP)

~ perturbatively solved the full master equation equipped of the relative transverse momentum
diffusion term: mild corrections

* Work in progress to apply this framework also on radiation-related phenomena

Thank you for your attention!







Modelling of the QGP: colour field

Light-cone coordinates:

— + A Xt~z
£z £z \/§
2
t — 2
T = ~ ()
2
AT =0 light-cone gauge V2
A ~ AHHHT as one can see from boost of static colour field

t
A

> 7

22



Non-relativistic Hamiltonian in (2+1)-dim.

High energy gluon inside a medium A ™:

we want to find the propagator from the quadratic term of the action (kinetic term):

1
Sywm|at + AP| = ~ /d% tr £, F'*

Splat; A7 | = /d4:13 {aﬂ (GH)~! ay}

1

23

- < Solal; A7 | = 5 /d4x [ai (—Dz) a’ +W
G — 59 / can be shown that it is sub-leading
u diagonal: scalar y ~ 1 ~ i
2 © MV + M— 2 (p—l—)Q E?
D? =g,,D'D" =20"D~ — V3
4 )
B Vi _ _ e + -+ ° + +15(2)
10 Y gA (x)| Gz, x5y, y1;p" ) = i0(xT —yT )0 (wL —yL)
\ Y



Derivation of the master equation

dp
C_H

Von Neumann equation

From the Von Neumann equation we have carried out the following
approximations:

Double iteration of the equation by integrating it and insert the solution back

0 () = —ig [H' (1), (0)] — / at' [ (1), [H'(¢), " ()]

Born approximation: the state remains factorized at all times (weak coupling) p(t) = ps(t) ® pg

Markov approximation: we impose locality in time thanks to the weak coupling ¢g

d

t
— Redfield equation: — pL(t) = —¢? / dt' Trg [HY(t), [H' ('), p5(t) @ pi]]
0

Locality is not enough for Markovianity: the equation still depends on the initial condition at t' = (0

24
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Derivation of the master equation

—~

If we assume that the environment correlation time 7. is much smaller than the system relaxation
time 75 than, the information on the specific initial state at #' = () becomes irrelevant

— we extend the integration domain from ¢’ € [0,¢] to [— o0, t]. Then, after a change of variables
we obtain

d

+ 00
Epé(t) — _92/0 dt'Trg [H'(t), [H' (t —t'), p5(t) @ pg]]

Now, one has just to substitute the factorized structure of the Hamiltonian and keep within the partial
trace just the environment contributions

— two-point correlators of the environment part of the interaction

25



Derivation of the master equation

d . 1 o y y
C,iOtS i Ho, ps] = —// {n(r (), pgt — 20 (r') ) psi®(r )] N

2
— ~ frictionterm + ...

this approximation is related to the Quantum Brownian Regime: high-energy limit

in the Schrodinger picture, the number density operators evolve with an
evolution operator .
P U()(T) :e_ZHOT ~ 1—%

for Hom <1 Hor < p; L Z_E <1 Igrger for quarl;‘;nia where
™
‘\D f - IS the mass

Imaginary potential:
W(ry)=Im(Aw=0,r1))

Alw,r)) = / dte"™ ' A(t,r )

— OO

<T (A; (t, TJ_)Ab_ (O, OJ_))> — —i5abA(t, TJ_)

pl
in quarkonia the real component (screening) is relevant too...

26



Harmonic approximation

F(-’L'J_):/ 2(1—613L L) 5 2D >
(27) k' (k7 +mp)

2 do o de* 27" 44
g CFF(ZUL) — ZmL In 5 9 "’O(|33L| mD) for |$¢\ < 1/mD
L T,

Redefining ¢ = g ln(462_2”E Q2/m%)

q do 1
FCer@s) =Tt + Dot () + Ofe )

27



Initial state

Motivation of relative - c.0.m factorisation:

probability of producing a gg dipole in vacuum from a virtual photon

dP CVemj\fc (Z% -+ Z%)
d2p , d2q, — A sz X 0(q ) E>p >qi

at LO in areyy, and Qg

28



Perturbative scheme: rescaling the m. eq.

L
Oqq ~ 0. %pL Ve ~O(1) —q, - Ve, ~O(1)
t ~ L D, ~ £ 9L~ QL 1 ! \/QLS
-E t 1 /C_?LS ’T'J_N—qAL bJ_N q_|_+
— . /G L3 __ q _ i h, — q
8 ps _ — /05
ar ‘|‘(P¢ Vi, ‘|‘QL'VEL) 205 _ Qs bag
Ot Do Do K = — 22 %
96 pJ_ HC




Smallness of the perturbative parameter «

transverse momentum gained by a single

Scales hierarChy: E> PJ_ > q ) QS ~ N/ C}L parton in a QGP with length L
(1> 0,; > 0,)

| | 20 s 0.
Where does the diffusion term V2 become small? perturbative constant £ = — - = g— X -
c 1 C
1
BRI - \d\iffusion regime color transition regime with
\\\9\61\(1 \/§PJ_ .
5. Vst = opening angle
0.1 ; Ty Y L
HL S HC N HC _ ?
N ~. A /qL3
e T
0.01 ty > L SR 0s = E
1
0 =
v EL
0.001 100 1,000

E [GeV]
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Master equation: perturbative relative diffusion

(Gaussian ansatz:

_ a(0)3(0 _ _ _
prs (7020 = "0 oy [La@F - BOB - 6D + (DB
+ey (t) Py +C (1) 7]
1 1 : 1 2 .1 1
Q= 9 8%2727 5_7:_5/{’2527 7—204:—%757 525/{25_%%2‘6L‘27
. 1 - 1
e, =—C, —-KPer, ¢ =—KveL
2 4
o 1 02072 4+ 020p% — 2¢7 56T 0P, -
pR,S(pJ_er_;E): 5 o5 o ©XP 2 9 9 0
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Master equation: perturbative relative diffusion

Zeroth moment (singlet survival probability)

First moments
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Master equation: perturbative relative diffusion

B LN RN N IR L ‘ 2 - T T T 11 T T T —
B N _0'23,0:20 10 5 | | %
0'13,0:10 i
0'137():5
10t | —_ 130:1 %
5 s | 2 =
© B
% | * 0=20}
\, op0 =10 |
100 S
10_1 Lo ] 7‘ — B L1 L1 B
102 101 10° 10~2 101 10°
t t t
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In-medium gluon radiation project

We want to apply the OQS framework to study the effects of in-medium gluon radiation

Generalisation w.r.t. the first part of the project:

1- and 2- particles Fock space

2-particles Hilbert space . (g = gg, g — gg), and more...

no creation/annihilation
possibility to radiate: splittings (and annihilations)

In light-cone quantisation: vacuum is the same at each front x™, no need of asymptotic
states: real-(light-cone)time evolution

A A Applications in QCD

jet quenching in QGP and cold
nuclear matter

We - and glasma

with quantum computing
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Towards a master equation with radiation

First steps with a massive scalar ¢3 toy model: with light-cone quantisation
Hipy = /dgfb’ {g6° ® 1k + pg® @ x}
¢ g
vacuum / g \
b radiation —
k \ !
environment ’
vacuum radiation: 453 splittings i i
- P 9 — transitions between states with
a different number of particles
in-medium modifications: ¢2 & y scatterings — modifications to vacuum radiation

not directly producing transitions

match with the previous “radiation
free” cases (single particle, dipole,...)
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Towards a master equation with radiation

Von Neumann’s equation - partial trace
vacuum radiation

I / - [ @ {3 6w, e 0]

2 ([62(2), 62 (2)p" (@)] (X (@)X + [0 ()62 ('), 62(@)] (X)X (@) }

iIn-medium modifications
tructu f
samtehz ;écdi;eolaes or / l
- N
(F| - |[F)  with  |[F)= H (ki ho 1)
l n- partlcle Fock state
truncate Fock space up to 2-particles states (extendable)
(1, {k} - [1,{k'}) (L Ak - 12,1k, k2}) (2, {k1, k2}| - |2, {k1, k3 })

evaluate matrix elements of fields (automated in Mathematica)
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Vacuum radiation: splittings ¢’ =1

2-particles probability: (2, {k1,k2}| p|2, {k1, k2})

prob
14
obtained by applying a 12,
“strict” perturbation 1.0/
expansion A
—> iterate by insertinginthe [\ A~~~
equation the solution B
04 _A/\/WM'AVAv — —
p(z™) = p(0) + O(g) "
2 4 6 16

1-particle + 2-particles probability = 1
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z, ki)

1 -2,k

e = o / 5@).0' @] - / / i da"t{g” [¢°(@), [6° (). o @)]] ..
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In-medium scatterings ¢«

dp’ ()
dx™

= 4 B2 ([62(@), 0 (@) ()] (X@)X(E)) s + [0 ()07 (@), %(2)] (x(2)X () i) |

Medium correlator: (x(z",z,)x(z'",2'))),, =d(z" — 2’ T(x, —x)) (Markovianity)
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In-medium scatterings ¢«

V) ([, ) @] X @XE s + [0 @6 @), @) (1l (@)or) )
Medium correlator: (x(z",z,)x(z'",2'))),, =d(z" — 2’ T(x, —x)) (Markovianity)

(L Lk - 11L&}

() —— )

oo suitable change of variables

d PN RN,
(h;—+,01,1(lbmb$ ) +

L |

Pl )

lJ_,CBJ_,.CC

— 2#2/ ’y(qJ_) [equ‘.wJ' — 1] ,01,1(lJ_75’3J_733+)7
q

L
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In-medium scatterings ¢«

dp’ ()
= 22 ([0°(@), ¢ @) (@)] (@)@ g + [0 (2)6%(@), 6% ()] (@)X (@), |
Medium correlator: (x(z",z,)x(z'",2'))),, =d(z" — 2’ T(x, —x)) (Markovianity)
(1, {k} - [1,{K'}) (2, {k1, k2}| - [2,{K], ka})
) ——— p——
:)( :% suitable change of variables "X 'y
d (Lo 1o o o) —
%ﬂm(lmewﬂ—l— lLQ'k?er prall,xzy,zh) = g P22 (P T L1, DL )+<Epl Ve T340 V’M) ZEIVIRLERE IRLIRERD
2 §z2 %5 —zlzg—1 2 2 Az — 2o : -
_ 2,LL2/ V(C]J_) [eiql'wL o 1] pl,l(lJ_,CUJ_,CC+), = 128u {(2( L+ 23) 2) Vp, +4Vg, 4( WVaq, VPL}

+ X P2,2 (pJ_arL;qJ_abJ_;x—l_)
(with harmonic approximation)
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In-medium scatterings ¢«

dp’ ()
= 22 ([0°(@), ¢ @) (@)] (@)@ g + [0 (2)6%(@), 6% ()] (@)X (@), |
Medium correlator: (x(z",z,)x(z'",2'))),, =d(z" — 2’ T(x, —x)) (Markovianity)
(1, {k} - [1,{K'}) (2, {k1, k2}| - [2,{K], ka})
) ——— p——
:)( :% suitable change of variables "X 'y
d (Lo 1o o o) —
%ﬂm(lmewﬂ—l— lLQ'k?er prall,xzy,zh) = g P22 (P T L1, DL )+<Epl Ve T340 V’M) ZEIVIRLERE IRLIRERD
2 §z2 %5 —zlzg—1 2 2 Az — 2o : -
_ 2,LL2/ V(C]J_) [eiql'wL o 1] pl,l(lJ_,CUJ_,CC+), = 128u {(2( L+ 23) 2) Vp, +4Vg, 4( WVaq, VPL}

+ X P2,2 (pJ_arL;qJ_abJ_;x—l_)
(with harmonic approximation)

colourless |limit of previously investigated cases:

single quark master equation quark-antiquark dipole master equation
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