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Quarkonia as an OQS

Can we describe how quarkonia propagates through a
medium from first principles?

Open Quantum Systems can help us outline a method to do so.
Can we do it efficiently?

We can try! Taking advantage of the symmetries of the problem.
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Quarkonia

They are bound states of a heavy quark-antiquark pair (QQ)
of the same kind (Olsen et al., 2017) which are stable with
respect to strong decay into open charm/bottom (Sarkar et al.,
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Observations

Experimental evidence (Chatrchyan et al., 2012) of nuclear effects
in the creation and propagation of quarkonia.
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Why quarkonia as a probe

@ Well-known probe. Experimentally, clean signal through dilepton
decays.

© Hard scale: quarkonia mass mgq, mg > Aqcp. Easy to be
described by EFT.

© Small radius: harder to dissociate from color screening than light
quark matter.

(Roland Katz, 2015)




Context
[e]e]e] lelele]

Open Quantum Systems 101

We divide the full quantum system (T) (SAEHs®Hp p)

into well-differentiated parts: the subsys-
tem (S) and the environment (E) (Breuer

and Petruccione, 2002). S, Hs, ps)
The full quantum dynamics of the sub- System

system is kept whereas the environment (EsHg, pp)
is traced out. Environment

Main character (density matrix, p) and observables (O):

p= ZP:’ i) (il — (O) = Tr{pO}.



Context
[e]e]e] lelele]

Open Quantum Systems 101

We divide the full quantum system (T) (SAEHs®Hp p)

into well-differentiated parts: the subsys-
tem (S) and the environment (E) (Breuer

and Petruccione, 2002). S, Hs, ps)
The full quantum dynamics of the sub- System

system is kept whereas the environment (E, Mg, pp)
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Open Quantum Systems 101

We divide the full quantum system (T) (SAEHs®Hp p)

into well-differentiated parts: the subsys-
tem (S) and the environment (E) (Breuer

and Petruccione, 2002). S, Hs, ps)
The full quantum dynamics of the sub- System

system is kept whereas the environment (E, Mg, pp)
is traced out. Environment

Main character (density matrix, p) and observables (O):

p= ZP:’ i) (il — (O) = Tr{pO}.

Reduced density matrix: tre{p7} = ps — (O) = Trs{psO}.

Hamiltonian: Hr = Hs ® [ +1s ® He + H;, where Hy = Vs ® VE.
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Open Quantum Systems for Quarkonia

The explicit form of the full hamiltonian (using LO NRQCD in the
Coulomb gauge) would be:

Hr = T/SnQ — Crasmp + Vi(|xg — xql) ® Ig + Is ® Hgia

(1)
+ / Px[3(x — x)th — 3(x — xg)t2] © gA}(x)
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Open Quantum Systems for Quarkonia

The explicit form of the full hamiltonian (using LO NRQCD in the
Coulomb gauge) would be:

Ht = Tk?né — Crasmp + VX(|XQ — XQ|) RIg+1Is® Hq+A (1)
+ / Px[3(x — xq)th — d(x — xg)t2] © gA3(x)
We know that:

TrE[T[Ag(tlaXl)Ag(tZaXZ)]pE} = —id"A(t; — ty,x1 — X2)
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Open Quantum Systems for Quarkonia

The explicit form of the full hamiltonian (using LO NRQCD in the
Coulomb gauge) would be:

Ht = Tk?né — Crasmp + VX(|XQ — XQ|) RIg+1Is® Hq+A (1)
+ / Px[3(x — xq)th — d(x — xg)t2] © gA3(x)
We know that:
TrE{T[Ag(thXl)Ag(tZ,Xz)]PE} = —i0®A(ty — to, x1 — X2)

We can profit from the fact that propagators of the Ay component
can be linked with real and imaginary potentials like (Blaizot and
Escobedo, 2017):

V()= -ARw=0,r), W(r)=-A%(w=0,r)
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Timescales

These approximations also refer to the characteristic timescales 7;
of the different parts of the system, namely:

s =1/AE, T1e~1/T, 7r~M/T?

Here AE is the energy gap between the energy levels of the bound
state, T is the temperature and M is the particle mass.
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Timescales

These approximations also refer to the characteristic timescales 7;
of the different parts of the system, namely:

s =1/AE, T1e~1/T, 7r~M/T?

Here AE is the energy gap between the energy levels of the bound
state, T is the temperature and M is the particle mass.

We look for the regime where:
Te < TR — Born and Markov approximations,

Te < 75 — Born-Oppenheimer approximation.

These considerations will help out with the algebraic manipulations
to reach the desired and consistent OQS shape of the equation of
evolution.
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Evolution equation.

Starting point: Liouville-von Neumann equation: ‘%T = —i[Hr,p7]

@ Trace over environment degrees of freedom: trg {dﬁlf } .

@ Born, Markov and Born-Oppenheimer approximations — Brownian
motion regime.

Lindblad equation:
dps

1
halatd _ I v al
pm i[Hs, pr] + Ek (CkPSC Q{Cka,PS}>
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Evolution equation.

Starting point: Liouville-von Neumann equation: ‘%T = —i[Hr,p7]

@ Trace over environment degrees of freedom: trg {dﬁlf } .

@ Born, Markov and Born-Oppenheimer approximations — Brownian
motion regime.

Lindblad equation:
dps 1 +
g = 'Hs.pT] Z (CszC {Ck Ck,/)s}>
The task left is solving it! =— QTRAJ1.0
© High computational cost.

@ Current implementation works in the dipole approximation, where
rT <1
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Quantum trajectories: an algorithm to solve Lindblad's.

We redefine the subsystem hamiltonian by adding an immaginary
component coming from the anti-commutators (Akamatsu, 2022;
Blaizot and Escobedo, 2018; Yao and Mehen, 2019).

It becomes a non-hermitian hamiltonian.

i
Heff—Hs—f / CqX Hs — 5T

dps .
—= = —[Hesr(
dt i[Hefr (), ps]

+Z/ qX/)S qx7

The state is evolved in Schrédinger-like way (norm decreases).
When the norm goes below a certain value, a projection (jump) is
performed according to certain selection rules.

QTRAJL.0 (+ 0.1) is a C-based code using this scheme on the
wavefunction in order to retrieve the final population of quarkonia.
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Upgrade of the jump operators with respect to QTRAJ 1.0

We may identify some of the new families of operators with the
previous finite number of operators.

o_ K 0 1 0_ 0 ;NCL,,
¢ = NZ—1" (\/NE— 1 o) — G = (N/CFLq 0 ’

L [(NE=4)k, (0 0 (9 0
Ci - 2(/\/3_1) Fi 0 1 — qu 0 NC2—4Lq ’

0 0
NEW!—>C§:(O Wz)’
q

where




Quantum Trajectories
00@000000

Splitting in the colour basis.

e Splitting in a color basis (singlet-octet).

7 loc) {ocl = po(t)[0) {o] -

average
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Splitting in the colour basis.

e Splitting in a color basis (singlet-octet).

ps(t) = ps(t)[s) (s| + po(t )Z|0c> (oc| =

(N2 —1)p ZNZ loc) (oc| = po(t) |o) (o] -
—,_/

Po

average

We rewrite the previous equation as the system:

d

GZS = —iHgps + ’PsHeff+ CF/ Lgpolq;
dp
dto IH prO + IpOHefI + 55 2N / Lqu

N

2 N _ _
+ Z/Vc /qupoLq_F;/qupoLq
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When is a jump triggered?

Due to the non-hermitian nature of the hamiltonian = the norm
decreases.
A zeroth random number is drawn ry. When the condition:

ro > [((t)| ()],

the jump is triggered and the selection rules come into play.

2 1y1? Gev
I 1 i 2
Lor Norm1=1 Norm2 =1
Temperature = 0.7 GeV | | Temperature = 0.7 GeV/
I /=0 /=0
081 Color = Singlet Color = Octet
Fmed= 0.200241 fm Fmed= 0.200241 fm
H step= 1 step= 1
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When is a jump triggered?

Due to the non-hermitian nature of the hamiltonian = the norm

decreases.

A zeroth random number is drawn ry. When the condition:

ro > [(¥(t)|v(t:)],

the jump is triggered and the selection rules come into play.
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When is a jump triggered?

Due to the non-hermitian nature of the hamiltonian = the norm
decreases.
A zeroth random number is drawn ry. When the condition:

ro > [(¥(t)|v(t:)],

the jump is triggered and the selection rules come into play.
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When is a jump triggered?

Due to the non-hermitian nature of the hamiltonian = the norm

decreases.

A zeroth random number is drawn ry. When the condition:

2 1|2 Gev

1.0~

0.8
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0.4

ro > [(¥(t)|v(t:)],

the jump is triggered and the selection rules come into play.

Wavefunction 1

Norm 1 = 0.699735
Temperature = 0.556834 GeV/
/=0

Color = Singlet

Fmeg= 0.20118 fm

step= 31

Wavefunction 2

Norm 2 = 0.569544
Temperature = 0.556834 GeV
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When is a jump triggered?

Due to the non-hermitian nature of the hamiltonian = the norm
decreases.
A zeroth random number is drawn ry. When the condition:

ro > [(¥(t)|v(t:)],

the jump is triggered and the selection rules come into play.
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When is a jump triggered?

Due to the non-hermitian nature of the hamiltonian = the norm
decreases.
A zeroth random number is drawn ry. When the condition:

ro > [(¥(t)|v(t:)],

the jump is triggered and the selection rules come into play.

2 12 Gev

Wavefunction 1 Wavefunction 2

1.0F Norm 1 = 0.555019 Norm2=1
Temperature = 0.494202 GeV Temperature = 0.497486 GeV
/=0 /=0

0.8 Color = Singlet Color = Octet
meg= 0.219131 fm Fmeg= 0.647927 fm
step= 57 step= 57
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0.0 \ - . - - 4 1 (fm)
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Selection rules.

QTRAJ 1.0 — 2 Selection rules independent of the wavefunction.
p(s—>o0)=1, p(o—s)=2/7.
QTRAJ 1.1 — 4 selection rules depending on the shape of the
wavefunction.
@ Color state: singlet/octet — ry.
@ Maximum angular momentum exchanged, t— r.

© Angular momentum of the final state— r3.

@ Linear impulse exchanged by the propagator— r;.

The probability of jumping to a specific final state depends on
p(l — f) = P(r1> rn, s, r4)-
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1 Color state: singlet/octet, [5; T =T 4% 4 [%,
O
rO

Draw a first random number, r;. Choose i to be the lowest value for
which the following is satisfied:

p(s—>0)=1, pilo—x)= where x = {s, 0}.

O<pr<prt+p2<prt+p2t+tp3=1.

We will call the chosen decay width, generically, .

_<_> r017 P1

r027 %)

r037 p3
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2 Maximum angular momentum exchanged, t, of Lg and Lg, v.g::
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3 Angular momentum of the final state.

> ;. @y (6505 2t 41,0167, 0) |(€s, mi; 2t + 1, m|ér, my) |

p(f,'*)&f): 5 3
1ot gt ! (9P 1) ZI7012t 1706,7 £;7 ,,2t ].7 /6,, !
S ottt ey 100205 26 4 1,010, O) {65, mi 28 + 1, 'y, )|
Lr
<Y p(d—10).
£=0

4 Linear impulse exchanged by the propagator (modulus).

PDF — Z; = G?A<(q)(4t + 3) [2e1(qF/2))?

Qchosen = CDF_I(M)-

The order of these steps may in principle be exchanged (currently
under testing).
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Cg |’¢old>
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Final state
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Final state

Cg |’¢old >
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Final state
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Final state
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Conclusions.

@ The inclusion of less restrictive potentials allows the expansion
the regime of validity of the simulations to rT ~ 1.

@ A whole new family of operators is included. These, in
contrast to previous implementations, allow transitions
preserving the parity of the initial state.

© The repulsive nature of the octet potential, the radius of the
couple tends to be increased, favouring the appearance of
transitions of A¢ > 1, which before were forbidden.
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Approximations: Born approximation

It is a weak coupling between the subsystem and the environment,
H <« 1.

,OT(t) = pS(t) ® PE(t) + pcorr(t) ~ ps(t) & ,OE(t)7

where pcorr is the correlation component between the environment
and the subsystem.

dpr,(t

dt) ~ — /Ot d7[H(t), [Hi(7), ps,(T) ® pe,i(0)]]
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Approximations: Markov approximation

Taking into account only the current step in order to obtain the
next one ps (7) — ps,i(t). We will perform the change of

variable 7 — 7/ =t — T so:
e7=0—7=t—-7=t
oeT7=t—7=t—7=0
@ Since the correlation time of the environment is much less
than the average relaxation time of the system we can take

t — o0.
If we also trace over the environment, we get:

silt) . | dr ere{[H(0). (Mt = 7). ps(6) @ pea (O}

Redfield equation.
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Approximations: Born-Oppenheimer approximation

The environmental degrees of freedom move much faster than the
quarkonium so effectively they instantly change to any changes
that the quarkonium may induce.

dVs(t)

Ve(t —s) ~ Vo(t) —
s(t—s)~ Vs(t) —s p”

= Vs(t) — is[Hs, Vs(t)] + ...

Gradient expansion for Brownian motion.
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@ Projecting ps(t) into spherical harmonics.
@ Also, split into the singlet-octet colour basis.

sing,s _oct,s sing,p oct7p)

ps(t) = diag(ps ™, ps ", ps ¥y pe

Great computational advantage: 3D — 1D - Y. (6, ¢).
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Quark-gluon plasma

It is a deconfined phase on the QCD phase diagram [11].

e |
l RHI( Energy Scan

nuclear neuLron stars deconfinement 15z
saturation
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Comparisson with other theorical developments.

For a weakly-coupled plasma (Brambilla et al., 2017) :

0 _  [2(ue)T [2ip  Ne(l/ao)r 01
0= /ST [+ 2] (5

0

1

0 0 L,
cy = \/2N,
Cl—  [4Cwe) T [_@ n Nc(l/ao)r,»] ( 0 ) vV Crlg 0
i = 3 M 2r 0
, 2 [(M=#)uea)T (0 0 , (0 0
C,- = M TP: 0 1 — Cq - O I\fN—4 Lq ’

0
NEW!HCﬁ(O \/sz),
q
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