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It is important to understand the strong external magnetic field generated at the very beginning of heavy
ion collisions. We study the effect of the magnetic field on the anisotropic charmonium formation in
Pb + Pb collisions at the LHC energy. The time dependent Schrédinger equation is employed to describe
the motion of cc pairs. We compare our model prediction of the non-collective anisotropic parameter v,
of J/vy with CMS data at high transverse momentum.
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It is widely accepted that the strongest magnetic field in na-
ture can be generated in the early stage of relativistic heavy ion
collisions. The peak magnitude of the field can reach eB ~ Sm%
in Au + Au collisions at the Relativistic Heavy Ion Collider (RHIC)
and 70m727 in Pb 4+ Pb collisions at the Large Hadron Collider (LHC)
[1-8], where e is the electron charge and m; the pion mass. When
the magnetic field survives in the hot medium, the interaction
between the field and the medium may change the fundamental
QCD topological structures [9] such as the chiral magnetic effect
[10-13], the chiral magnetic wave [14-16], the chiral separation
effect [13,17,18], the chiral vortical effect [17,19], the chiral elec-
tric separation effect [20], and the enhancement of elliptic flow of
charged particles [21-23]. Recent experimental and theoretical re-
sults on particle production in electromagnetic fields in heavy ion
collisions can respectively be found in Refs. [24] and [25].

While the magnetic field induced QCD chirality in hot medium
is fundamentally interesting, the fast dropping of the initially cre-
ated magnetic field is reduced by at least one-two orders of mag-
nitude before the hot medium formation [6,9,25], and the strongest
magnetic field is most probably only at the very beginning of
nuclear collisions. So far, no experimental determination of this
initial magnetic field has been made. In this Letter, we propose
using the anisotropy parameters of high momentum charmonia to
probe the initial magnetic field. While low momentum charmonia
are produced through initial hard processes and later regenera-
tion [26-29] and strongly suppressed by the medium [30], high
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momentum charmonia are created only in the initial stage. Ex-
cept interaction with the magnetic field, which will be discussed
here, the high momentum charmonia are not affected by the hot
medium and therefore can be used as an ideal tool to probe the
initial magnetic field in high energy nuclear collisions. Note, in
this work we only focus on the magnetic field induced by the
spectators in the initial stage, the effects of the QCD topological
structures and anisotropic heavy quark potential [31] in the later
stage will not change our main conclusions.

Considering the charmonium formation time ty ~ 0.5 fm/c [32],
the magnetic field at the very beginning will mainly affect the
charmonium formation process from a cc pair to its bound state
W = J/¥, ¥, xc,--- and could cause some profound effects on
(i) Charmonium yields: the magnetic field induced force will
change the charmonium fractions |Cy|? in the ¢ pair |cC) = Cy|W)
and thus alters the relative yields among different charmonium
states, and (ii) Charmonium momentum distribution: the specific
direction along the magnetic field breaks down the rotational sym-
metry of the system, which leads to an anisotropic charmonium
production in the transverse plane. Both effects can be experimen-
tally checked.

As charm quarks are heavy enough in comparison with the rel-
ative motion inside a charmonium which is determined by the
J /v radius due to the uncertainty principle, m; ~ 1.3 GeV > p ~
1/r ~1/0.5 fm~! = 0.4 GeV, we can ignore relativistic effects in
considering the inner structure of a cc bound state. The charmo-
nium energy Ey and wave function W(r) are determined by the
Schrodinger equation

HoW = Eq W, (1)
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where Hy is the Hamiltonian of the ¢t bound state without mag-
netic field, including only the Cornell potential together with the
spin-spin interaction [33],

Vi) =—a/r+or+Be V'sc s (2)

By fitting the charmonium spectrum in vacuum, one can fix the
potential parameters as m; = 1.29 GeV, o0 = 0.174 GeV2, o =
0.312, B =1.982 GeV and y =2.06 GeV.

The evolution of a cC pair state ® into a charmonium state W in
a magnetic field is controlled by the time dependent Schrédinger
equation

i9®/ot = HO (3)

with the Hamiltonian operator

A = (pc —qAc)® / @me) + (Pe + 9Az)’ / @me) + Vi, (4)

where A is the magnetic potential, ¢ = 2e/3 the charm quark elec-
tron charge, and V; the cc potential. While V; and V¢ are both the
potentials between c and c, the former is for pre-bound states, and
the latter is for bound states. The charmonium formation mecha-
nism, or the concrete form of V; has been widely discussed in
literatures, see for instance Ref. [34]. By separating the cc wave
function ®(t,r.,rz) into a center-of-mass part and a relative part
@ = drd, with the center-of-mass coordinator R = (r. +rz)/2 and
relative coordinator r =r. — rz, and further expanding the relative
part in terms of the charmonium wave functions W (r),

1 ) ,
D= elPk-R—mfZCq]eflE\yt‘Ij’ (5)
27 S

the probability |Cy (t)|? for the c¢ pair to be in the charmonium
state W satisfies the evolution equation
d

acq, = Zei(E“"EW’)th,//d3r\11*(r)1:1/\1//(1‘) (6)
‘.IJ/

with

Hoy=Ho+ H'(t), H@®) =Hpt)+Vi—Vy,
q2

4m,

q

2
T (B x 1)2. (7)

Ap(t)=—p-B— —— (P, xB) -1+

In deriving the magnetic field term 2| g(t), we have used the rela-
tion B=V x A and a special choice A = (Bz/2,0,—Bx/2) which
leads to a constant magnetic field B = Be, along the y-axis.

Since we introduced a special direction, the direction of B, the
kinetic momentum P, =P — q(A; — A;) with the total momen-
tum P = p. + p¢ is no longer conserved. The conserved part is the
pseudo momentum P, =P + q(Ac — A¢) [35]. The cc pair interac-
tion with the magnetic field is manifested by the three terms in
fg: the first term is the spin-field interaction with the spin mag-
netic moment g = q/mc(s; — Sg), the second term comes from the
Lorentz force which is proportional to the cc momentum, and the
third term is the harmonic potential which is quadratic in gB and
therefore its effect is much smaller in comparison with the first
and second terms which are linear in gB. At high momentum, the
Lorentz force is the dominant magnetic field effect. Note that the
spin-field interaction makes the spin angular momentum no longer
a conserved quantity, the spin singlet 1. will couple with one of
the triplet J/v which carries a zero spin component along the
magnetic field sg =0 [35,36]. On the other hand, the Lorentz force
and the harmonic potential break the rotational symmetry in the
coordinate space.

Let us take the nuclear colliding direction as the z-axis and the
impact parameter b parallel to the x-axis. While the created mag-
netic field in heavy ion collisions depends on the events, and the
magnitude and direction fluctuate in space and time [1-6,8], we
consider here an averaged magnetic field B in the space-time re-
gion determined by the colliding energy and the nuclear geometry,

2.2
vez

b7 <1 (8)

+

Be,, O<t<t x v
B=1 "¢ O<U<Ib G "pne + Gpyp

0, others.

For Pb + Pb collisions with centrality 40% at ./syyv = 2.76 TeV,
the geometry parameters and the Lorentz factor are fixed to be
Rap=6.6 fm, b=28 fm and y, = 1400. From the MC simulation [6]
at LHC, the initial magnetic field is very strong but decays away
quickly. As an average, we take here the magnitude and life time
of the magnetic field eB = 25m?r and tg = 0.2 fm/c.

In general case electromagnetic interaction is much weaker
than strong interaction and is often neglected in the study of QCD.
However, for the strongest magnetic field in nature generated in
the early stage of high energy nuclear collisions, the case is to-
tally different. Let us compare the linear potential in V¢ and the
Lorentz force in Hg. From the parameters shown above and taking
the high charmonium momentum P = 10 GeV/c, the ratio of the
strengths of the two terms o/ (qBP/(2m¢)) ~ 10~! means only a
contribution of 10~2 from the strong interaction to the probability
|Cy|%. The magnetic field effect here is similar to the temperature
or density effect which significantly changes the strong interaction
and controls the QCD phase transitions at finite temperature and
density. Considering this small ratio, the potentials V; and V; and
in turn the difference V; — V¢ in Eq. (7) can safely be neglected
when a strong magnetic field is introduced, and we can take the
approximation H' = Hp.

To solve the dynamical equation (6) for the probability mag-
nitude Cy(t), we need the initial value Cy (0) or the initial wave
function ®,(0). Suppose the relative motion of the cc pair is ini-
tially described by a compact Gaussian wave package

_ @-rp)?

o (0)~e T . (9)

Since the azimuth angles of the averaged relative coordinate rp =
ro(sin g cos ¢y, sin g sin ¢, cosp) are randomly distributed before
the magnetic field is introduced, we should do ensemble average
over 6y and ¢ in the final state. The remaining two parameters rg
and oy can be fixed by fitting the charmonium fractions in p 4+ p
collisions where there is no magnetic field. Inspired from the re-
pulsive interaction between the ¢ and c, an initial point-like wave
function 8(r — ') is supposed to develop as e~®~™%/(V’) with a
constant expansion velocity v. Therefore, the initial Gaussian wave
package evolves as

_ ' —rg)?

d>r(t)~/d3r’e B e 2 ~e O (10)

It is still a Gaussian wave package but with a time dependent
width 02 = o + v2t%. Calculating the probability |Cy(t)|* =
[(¥|®,(t))|? and taking the experimentally observed decay branch
ratios B(¥ — J/v) [37], we obtain the J/v fractions from direct
production and feed down from the excited states,

ICeOPBW — J/¥)
2w [CuOPBW — J/)

with the definition of B(J/¥ — J/¥) = 1. Taking R,y (tf) = 60%,
Ry/(tf) =10% and Ry (tf) = 30% from the recent p 4+ p data at

Ry () = (11)
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Pb+Pb Collisions at s, =2.76 TeV

F — T T T 5

0.7 F : direct J/y —

L — ]

0.6 : 1

= 050 , E

o P eB=25m2, t =0.2fm/c, b=8fm
[ C —| = —

S o4l y=0, P.=10GeV/c, ¢=0 ]

© F E

g :

w O3 =00 - 7T T T T — —]

[ \I - ]

> = N -

S o02F H feed downfromx 1

0.1 e s s e o o e e e e e e e e =2

C feed down from ]

£ Ll i Ll Ll

0'OO 0.1 0.2 0.3 04 0.5

Evolution Time t (fm/c)

Fig. 1. (Color online.) The time evolution of /v fractions for direct production
(solid lines) and feed down from v’ (dashed lines) and x. (dot-dashed lines). The
thick and thin lines are the results with and without magnetic filed, respectively. As
indicated by the vertical short-dashed line, the magnetic field only lasts during the
time t <tg =0.2 fm/c.

LHC energy [38-40] and the charmonium formation time ty =
0.5 fm/c [32], we obtain rp = 0.68 fm and op = 0.02 fm, which
correspond to the expansion velocity v = 0.72c and the final width
ot; =0.38 fm.

With the known initial wave function ®,(0) or the initial prob-
ability magnitudes Cj,y (0) : Cy/(0) : C5.(0) =1:0.5:1.2, we can
solve the evolution equation (6) for Cy(t) in the time region
0 <t < tg when the magnetic field is turned on. After that the
wave function evolves according to the expansion rule (10) with
&, (tg,r) as the initial condition,

_@-r)?
<I>r(t,r)~/d3r’<1>r(t3,r’)e vie-tp)? t>tg. (12)

We now show our numerical results for the magnetic field ef-
fect on the charmonium formation in heavy ion collisions. We
focus on the central rapidity region in Pb + Pb collisions with im-
pact parameter b = 8 fm at LHC energy /sy = 2.76 TeV. In the
calculation, the initial cc pairs which are determined by the collid-
ing energy and the nuclear geometry are assumed to be distributed
homogeneously in the overlapping region of the two colliding nu-
clei. In solving the equation (6) for Cy(t), we take a cutoff in the
sum over the charmonium eigenstate W: the main quantum num-
ber n <6 and the orbital angular momentum number [ < 7. This
choice guarantees the precise of 10~ for the probabilities |Cy |2.

In Fig. 1, the J/v fractions Ry (t) from different channels are
shown as functions of the cc evolution time at fixed transverse
momentum P = 10 GeV/c. In case without considering the mag-
netic field (thin lines), the fractions are almost constants during
the evolution. When the magnetic field is turned on (thick lines),
the cc motion becomes anisotropic, we have fixed in Fig. 1 the
cc azimuthal angle in the transverse plane ¢ = arctan(Py/Pyx) =0
where the magnetic field effect is expected to be the strongest.
In the time period t < tp, the external magnetic field serves as a
stimulator that enhances the quantum mechanics allowed transi-
tion from x. to J/v and ¥’ and from v/ to J/v. After the field is
off at t > tp, the variation of all the fractions with time becomes
mild again. At the formation time t; = 0.5 fm/c, the relative en-
hancements for both direct /¢ production and feed down from
¥’ are found to be 10%, and the contribution from x. decay is rel-
atively suppressed by 23%.

Having discussed the different contributions to J/¢ production,
we now look at the yields for J/v, ¥’ and .. For ]/, the ratio

Pb+Pb Collisions at \'s, =2.76 TeV
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Fig. 2. (Color online.) The anisotropic J/¢ fractions Ry in the transverse plane at
the charmonium formation time ty = 0.5 fm/c.

between the yields Nﬁ)n// and N(]O/)W with and without the magnetic

field can be expressed in terms of the probabilities |C$3) (tf)l2 and
|C$))(tf)|2 and the fractions R$)(tf),

NIV ED _ Sy IC2 ) PBE — J/9)

NOLE) X, |C(O)(tf)|23(‘l’ S
_ (tf)| RO ¢ 3
Z IC(O)(tf)|2 Ry (t5). (13)

Using the above calculated probabilities and fractions at LHC
energy, the maximum J/i¢ enhancement at ¢ =0 and Pr =
10 GeV/c is 13%. For the excited states, neglecting the feed down
from the higher eigenstates of Ho, we have the yield ratios
N“”(t )/N“’)(tf) =129 for y' and N (t5)/NY)(tf) = 0.84 for
Xc, which mean, due to the magnetic field, a relative enhancement
of 29% for v’ and suppression of 16% for ..

Fig. 2 shows the magnetic field induced anisotropic J/¢ frac-
tions Ry(ty) at fixed transverse momentum Py = 10 GeV/c. The
strength of the Lorentz force acting on the cc pairs is most strong
at ¢ =0 and drops down monotonously with increasing azimuthal
angle ¢. Finally at ¢ = 71 /2, the force disappears and only the
weak harmonic potential exists, and the fractions approach to their
vacuum values.

We now show in Fig. 3 the magnetic field induced transverse
momentum dependence of the J/y fractions Ry(tf). We again
fix the angle ¢ =0 to see the maximum magnetic field effect. At
Pt = 0 the Lorentz force disappears, the slight deviation of the
fractions from the vacuum values comes from the weak harmonic
potential. Since the strength of the Lorentz force is proportional
to the cc pair momentum, the change of the fractions increases
with Pr in the beginning. However, when the cc pairs move very
fast, the time they experienced in the magnetic field may become
shorter than the life time tp of the magnetic field. This leakage
effect leads to the saturation of the fractions at high transverse
momentum, shown in Fig. 3.

Usually, the observed anisotropy v, is discussed in the frame-
work of hydrodynamics, representing the collective motion of the
medium [41-43]. At LHC, J/v¥ v, has been reported in the re-
gion of Pt < 10 GeV/c [44]. Since the collective motion is domi-
nated by the bulk interactions in relatively low momentum region,
those high Pr charmonia generated in the initial stage are not ex-
pected to be sensitive to the nature of the hot medium. However,
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Pb+Pb Collisions at \'s, = 2.76 TeV
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Fig. 3. (Color online.) The transverse momentum dependence of the ]/ fractions
Ry at the charmonium formation time t; = 0.5 fm/c.
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Fig. 4. (Color online.) The transverse momentum dependence of [/ v,. The solid
and dashed lines are the non-collective /vy v, at charmonium formation time
ty = 0.5 fm with and without magnetic field, and the data at high Pr are from
the CMS Collaboration [45]. As a comparison, the collective J/v v, from a trans-
port model [41] is shown as the dot-dashed line.

the Lorentz force induced anisotropic production in the transverse
plane, shown in Fig. 2, may result in a non-collective J/v¥ v, at
high Pr. The J/v v, as a function of rapidity and transverse mo-
mentum is defined as

Jo7 Nyjy (1, Pr, ) cos(2¢)dg
ST Ny, P, @)de

The numerical result is shown in Fig. 4. In calculation without
magnetic field [41-43], the initial J/vs are isotropically produced
with vy =0 (dashed line). However, due to the Lorentz force, the
high Pt J/vs acquire sizable non-collective v, (solid line), which
explains reasonably well the CMS data [45] for prompt J/vs in
the high Pr region. As a comparison, we show in Fig. 4 also the
collective v, (dot-dashed line) calculated from a dynamical trans-
port model [41]. Different from the collective flow which comes
from the J/y regeneration at low and intermediate Pr, the non-
collective v, induced by the magnetic field is mainly in high Pt
region. As one can see in Figs. 1, 2 and 3, the J/v and v’ enhance-
ment is accompanied by the . suppression. Hence it is interesting

va(, Pr) = (14)

to point out that if the observed non-collective v, for J/v is pos-
itive, the high P v, for x. should be negative. One should note
that the magnetic field effect on charmonium production before
the quark gluon plasma formation is probably not the only source
for J/y elliptic flow at high Pr. For instance, the path length dif-
ference in non-central heavy ion collisions will introduce finite
non-collective anisotropy, see discussions in [46] and references
therein. On the other hand, the anisotropy of the quark gluon
plasma in the early stage leads to anisotropic distribution of high
Pr gluons, and therefore, those J/¢s from the gluon fragmenta-
tion carry anisotropic transverse momentum. Since the absorption
of the gluons in-plane should be weaker than out-of-plane, the el-
liptic flow of these J/vs is positive too. However, by comparing
with the elliptic flow of the excited state x., one may distinguish
between these mechanisms. If the flow is induced by the initial
magnetic field, x. should have negative v,, as we emphasized
above. If the flow is resulted from the path length difference or
anisotropic fragmentation, x. should have positive v, too. A com-
bined analysis of the non-collective v;, originated from the more
conventional source and the novel mechanism put forward in this
Letter, will be important and necessary for a quantitatively deter-
mination on the strength of the magnetic field.

In summary, the strongest magnetic field at the very beginning
of high energy nuclear collisions affects mainly the charmonium
formation process. As a consequence, the relative yields between
different charmonium states are sizeably changed and the char-
monium production becomes anisotropic. By solving the time de-
pendent Schrodinger equation for the cc pairs, we studied the
effect of the initially created magnetic field on the charmonium
yields and momentum distributions in Pb + Pb collisions at LHC.
We found (i) the directly produced and v’ decayed J/vs are en-
hanced by 13% and 29%, respectively, while the . decayed J/vs
are suppressed by 16%, and (ii) the non-collective J/¢ v, at large
transverse momentum, Py > 8 GeV/c, is as large as 4% and com-
parable with the CMS data, while the x. v, becomes negative in
the high P region. We wish to point out that in high energy
nuclear collisions the initial magnetic field is related to several im-
portant measurements reflecting the intrinsic structure of the QCD.
The measurement of a J/ anisotropy at large Pt can be used to
diagnose the magnetic filed in such collisions.
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