Chinese Physics C  Vol. 46, No. 9 (2022) 094104

Editors’ Suggestion

Dissociation of J/y in hot medium and magnetic field”

Da Teng(ffik)"

Xingyu Guo(3B 2 W)

1,2%

]Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South China Normal University,
Guangzhou 510006, China
2Guamgdong-Hong Kong Joint Laboratory of Quantum Matter, Southern Nuclear Science Computing Center,
South China Normal University, Guangzhou 510006, China

Abstract: Charmonium dissociation is an important probe of the quark—gluon plasma medium in heavy-ion colli-

sions. The magnetic field produced in non-central collisions can affect the charmonia and their dissociation. We

study the c¢ bound state in magnetic field and at finite temperature using the Schrodinger equation. We find that be-

low the dissociation temperature, both the magnetic field and momentum of the charmonia affect the formation or

dissociation of the bound state, forming a non-trivial structure.
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I. INTRODUCTION

In recent decades, heavy-ion collisions have served as
one of the essential methods to study quantum chromody-
namics (QCD). It is widely accepted that when heavy
nuclei collide at high energy, a deconfinement phase
transition takes place and a new state of matter is created,
called quark—gluon plasma (QGP) [1, 2]. The interaction
between quarks and gluons is dominated by the strong in-
teraction, therefore by studying the properties of QGP,
one could gain crucial knowledge of QCD. Various
probes have been proposed for this purpose, including
quarkonium. Heavy quarkonia such as charmonia can
survive the QGP and have interesting phenomena includ-
ing dissociation and recombination while moving in the
fireball. Therefore, they are proposed as one of the sensit-
ive probes of QGP [3].

Nuclei are positively charged, so non-centered colli-
sions produce extremely strong magnetic fields. At the
initial stage of the collision, one would expect a magnet-
ic field at the magnitude of 1 m2 at RHIC and 15m2 at
the LHC [4-9]. Strong magnetic fields will affect the
properties of QGP. Various novel phenomena, including
the chiral magnetic effect (CME), have been proposed.
The quarkonia will also be affected by the magnetic field.
Since some of them are created in initial collisions, they
can carry the information of the magnetic field when it is
strongest [10]. Therefore, it is possible to study the mag-
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netic field using quarkonia if we quantitatively determine
how they are affected by both the hot medium and the
strong magnetic field.

At zero temperature, the interaction between the ¢ and
¢ quark can be described by the Cornell potential. Due to
the mass of the heavy quarks, the relativity correction for
quarkonia is small [11], and one can safely use the
Schrodinger equation to study them [12]. The
Schrédinger equation has been successfully used to study
the dissociation of quarkonium in the hot medium using
the free energy from lattice simulation [13]. It is also used
to study quarkonium properties in strong magnetic fields
[10]. Therefore, it is straightforward to consider these two
at the same time.

II. SCHRODINGER EQUATION WITH A
CONSTANT MAGNETIC FIELD

The Schrédinger equation for a pair of particles in va-
cuum can be expressed as

7 +p_f27+VcD(Rr):[E—2m]CD(Rr) (1)
2my  2my ’ ! o

where the eigenvalue E means the total energy of the sys-
tem, including static mass m,, and the kinetic energy Ej.
Using minimal coupling to introduce an electromagnetic
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field, the Schrédinger equation becomes

— AL —qpAp)*
[(pa qa a) +(Pb db b) +V—[I'B q)(R,l‘)

2my 2my

=|E-2m,|O(R.1), @

where u = 4 (S, —Sp) is the spin magnetic moment. As

the kinetic momentum Pyin = pa+Pyr—qaAa—qgprAp 1s NO
longer conserved in such a system, we should define the
kinetic energy using its expectation value, so the meson

mass here should be defined as m, =E-E;
_ g Pt P GuAa—arAn)*
4m ’

q .
Then we use center-of-mass coordinates and make the
transformation

1 1
R=—-r,+=rp, 3
2" +2rb ( )
r=r,—rp, 4

and the corresponding momentum

P= PatDPp= —i(')R, (5)
7 (6)
p= 2Pa 2Pb = re

For a homogenous and constant magnetic field, we fix the

. 1 .
vector potential as A = EBX r, and the electric charges of

the quark and antiquark are opposite. In this case, we can
derive that

Po=daAa? @ =0AY _ Phn  p?

9’
2my 2my dm, my

(7

1 1
where Py, = P— Equr and p’ = p-— EquR.

It is easy to prove that

1
P+§qur,H =0.

1
P+§qB><r,p']:O:>

This shows that the quantity called pseudo-mo-
1 .
mentum P, =P+ Equr = Pxin+gBxr [14]1s a con-

served quantity. Using this, we can separate the R de-
pendence from the wave function, and find that [15]

W(R.r) = e 2 aB Ry ), )
PR, ) =B py ), 9)
PRYR,r) = OO R gy ), (10)

Separating out the R-dependent part, the Schrodinger
equation becomes

p>+myV—q(S,—Sy)- B+
2P, XB-r+g*(Bxr)*> |y(r)
4
2
_ 2 ps
= |mgE = 2mg = —= (), (1D

and the kinetic energy can be expressed in a simpler form

E, = (Piin)® _ (Pps —gBxr)y '
. g 4my

Hamiltonian still depends on P,,, or equivalently P. This

is because the translational symmetry is broken by the

magnetic field. From the equation one can see that the ef-

fects of magnetic field include three terms. The term

One can see that the

—i(S,l —S8p)- B is the interaction between the magnetic

mortnent and the magnetic field. The term —gP,; X B - r re-
flects the Lorentz force on the two quarks. It's easy to
imagine that due to the opposite charge, the effect of this

term is pulling apart the quark—antiquark pair. The last
2

term 4‘1—(B><r)2 effectively adds an extra constraining
ni

potentialqon the plane perpendicular to the magnetic field
and keeps the pair from running far away. We define
P, as the projection of P, perpendicular to B. We set
the z axis as the direction of the magnetic field, and x ax-
is the direction of P, . It turns out that (r) = (y)e,, and
(Pxin) = Pps +qB(y)e;.

There are two competing effects from B and P,,. The
first term, —qP,; x B -r can be viewed as an effective re-
pulsive potential, tending to break the cc pair. The other

1 . . .
term, —¢>(Bxr)’ is an attractive potential. Also, the re-

pulsive term depends on both the magnetic field and the
total momentum, while the attractive term only depends
on the magnetic field. Therefore, we expect that the mag-
netic field can both strengthen or weaken the bound state,
depending on its magnitude, but the momentum will only
weaken it. The interplay of these two effects could cause
interesting results, forming a new effective 3— D "phase
structure".

With the external magnetic field, the angular mo-
mentum is no longer conserved. As a consequence, we
cannot directly simplify the 3-dimensional equation into a
1-dimensional radial equation as usual. Nevertheless, the
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orbital and spin angular momentum eigenstates still form
an orthogonal basis set, so we choose to expand our wave
functions on them.

1+ =1 N Iy m
() = U () = ) dl 01, (Y] (O.0). (12)

Lm

1
$O0r) ==y ) = ) a0, (Y] (0.¢)

Im

+ Z ayo S (NY](0,9). (13)
I,m

This procedure will simplify the later numerical cal-

The interaction matrices U, V, W are defined as

U =Ul+1)0106mm» (17)

V =u1m611 Oy — VimOi+2,0 O
—V1=2,m01-2,1 Oy » (18)

W =wi_1,—m-101-1,0Oms1,m — WimO1+1,0 Ot 1m0

Wit m=101-10Om—1m = Wi—mO1+1,0Om-1m>»  (19)
where
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== - 7 2
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D2 =2 2 2
v = i VLA D2 =210 +2)2 — ] N
21+3 QI+ 1)(21+5)
_ \/(l+m+1)(l+m+2). 22)

S T D2+ 3)

culation by converting a 3-dimensional array problem to
an N-coupled one-dimensional array problem. Also, the
physical meaning of the wave function is clearer when we
study the behavior of different orbital angular mo-
mentum components. The spin —magnetic interaction
makes the singlet and spin-zero triplet no longer eigen-
states of the Hamiltonian, which yields the mixing of dif-
ferent spin components, e.g., n. and J/y [16, 17]. It is
worth noting that the triplet states whose S, = =1 are still
eigenstates, while the S, =0 triplet will couple with the
singlet and they are no longer eigenstates. In a practical
case, we cannot solve eigenfunctions with infinite dimen-
sions, we should always make a cut-off that we just con-
sider terms with [ < [ .
We can write the Schrédinger equation as

d? 1 1 B 5 qBPp. 1.

_ﬁ+mqVC+ quV5+r—2U+ 1 r'V+ 3 rW—-2A|¢"(r) =0, (14)
d? 1 1 ¢*B> ,  qBPp, 1.0 “

>—@+mch+quVs+r—2U+ 1 r'V+ 2 rW—/l‘qﬁ (r)—gqB¢*™(r)=0, (15)
d? 3 1 q¢*B? qBP s . 1 .

e +mch—quVs+r—2U+ y) PV + 2" W —2|¢*°(r) - gB™(r) = 0. (16)

[
For convenience, we denote m,E —2m; — P, /4= A.

The static potential between a cc pair in a QGP is cal-
culated by lattice simulation and can be described by the
color screening model [13]

_o| a4 \ur 2
ViD= | BrrGray BTG [ter ]]’
Vo(r,T) = —% [ +pur], 23)

where y is the temperature-dependent screening mass. By
fitting the lattice data [18], an analytical formula is ac-
quired. The other parameters are m. = 1.25 GeV, +o =
0.445 GeV and a = nr/12 for charmonium.

We make a final simplification to our simulation pro-
cess. At each temperature, we first solve the eigenstates at
B =0. The resulting eigenfunctions ¢’, serve as another
orthogonal basis set for the radial wavefunction. At any
finite magnetic field, the Hamiltonian can be quantified
into the following matrix form,

2 (P S (S 4 |H |65, Y7")- (24)
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Fig. 1. (color online) (From top to bottom)J/y dissociation

conditions at 17, 1.05T,, 1.1 T.. The blue region is where
J/y is dissociated.

In the actual computation, it is found that at moderate
temperatures, n <2, [ <7 can achieve quite a good accur-
acy. So the matrix size is of the order of 102 and can be
solved by conventional methods. However, at higher tem-
peratures, most states become scattering states, forming a
very dense spectrum. Many of them will have a consider-
able transition amplitude with the ground state, so they
should all be taken into consideration. For example, at
around 1.15 T, the cutoff should be extended to n < 10 or
higher. In principle, with a large enough cutoff, our meth-
od can work at even higher temperatures, although the ef-
ficiency will keep decreasing. One may instead choose to
use more fundamental numerical approaches, such as in a
recent related work [19], in which the authors use the
same framework to study the gluon-dissociation of char-
monium. Their results show that for P,, =0 and a moder-
ate B, charmonium can survive at a higher temperature.
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Fig. 2.  (color online) Average radius of the bound state as

function of B at T =1.05T,,P,s; =1 GeV.

III. RESULTS

For simplicity, here we calculate the ground state of
the S, =+1 components of the spin triplet, namely J/¥,
whose spin is in the direction of the magnetic field.

Now we have three independent variables: the tem-
perature, the magnetic field, and momentum. It is known
that increasing temperature will cause the charmonia to
dissolve. When the temperature approaches the dissoci-
ation temperature, the binding of the pair weakens and its
average radius grows rapidly. In our calculation, without
magnetic field, the dissociation temperature 7, is found
to be around 1.16 T, where T, is the deconfinement crit-
ical temperature.

As discussed above, the magnetic field has both bind-
ing and breaking effects on charmonia and momentum
has only the breaking effect. At different temperatures,
we complete the calculation at different B and P, and
check whether the charmonium is dissolved. By doing so
we can draw the phase diagrams at different temperat-
ures, as shown in Fig. 1. The blue region is where the J/y
is dissociated.

We can see that, when increasing the magnetic field,
the J/w will first dissolve at relatively small B, but will
form a bound state again when the magnetic field is
strong enough. On the other hand, increasing momentum
will only cause the J/y to dissolve. We can also notice
that with increasing temperature, the region of dissoci-
ated phase expands as the J/y is bound more and more

094104-4



Dissociation of J/y in hot medium and magnetic field

Chin. Phys. C 46, 094104 (2022)

loosely. This matches our expectations. In addition, we
check how the average radius of the bound state changes
whenitreachesdissociation,asshowninFig.2. Wekeep T =
1.05T, P,s =1 GeV, and change the magnetic field. The
average radius keeps almost constant for a wide range of
B while growing rapidly when B approaches the trans-
ition value. When B reaches the second transition value,
the average radius will drop sharply back to almost the
same value. This rapid change of average radius is con-
sistent with the previous result along temperature axes
[11].

From the results above, it is clear that below T,, with
a finite magnetic field, J/y are generally more likely to
dissolve compared to the B =0 situation. We believe this
conclusion also applies to other charmonium bound states
because the mechanics are similar. This would cause an

additional suppression of charmonium production in non-
central nuclear—nuclear collisions. The quantitative effect
remains to be calculated in the future, taking into consid-
eration realistic fireball configurations.

IV. CONCLUSION

We simulated the charmonium dissociation condi-
tions in a magnetic field using the Schrodinger equation.
The dissociation of charmonium depends on temperature,
magnetic field, and momentum. We plotted the phase dia-
gram of dissociation at different temperatures. The mo-
mentum always tends to break the bound state; at lower
temperatures, a strong enough magnetic field helps to
bind the c¢¢ pair, but when the temperature raises, no new
bound state can be formed due to the magnetic field.
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