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Abstract. The extraordinary strong magnetic field generated in ultrarelativistic
heavy ion collisions makes it possible to investigate many novel effects in the
hot QCD matter, and a direct probe of it thus becomes an urgent task in the
field. Here we report a new way to probe it, where the leptonic invariant mass
distribution of Z° boson will be modified in the presence of the magnetic field
due to the Lorentz force on the lepton pairs from the decay of Z° boson. It
is found that the magnetic field can decrease the mean value of Z° leptonic
invariant mass and increase its width, and both shifts approximately depend on
the integral of the magnetic field over its time duration quadratically.

1 Introduction

The presence of a strong magnetic field in ultrarelativistic heavy ion collisions can induce
many novel effects, such as the chiral magnetic effect (CME) which can probe the local par-
ity (P) and charge conjugation parity (CP) violations of QCD [1, 2] and the magnetic field
dependence of the chiral condensate [3]. However, there are quite a lot of disagreements
in the calculation of the time evolution of the magnetic field due to the uncertainty of the
electrical conductivity of QGP [4, 5] as well as the difficulty in numerically solving magne-
tohydrodynamics or transport approach coupled to the Maxwell equations. This inspired the
studies to search for a direct probe of the strong electromagnetic (e.m.) fields, and it is pro-
posed that the directed flow v; = (p,/pr) splitting between positively and negatively charged
light hadrons [6, 7] as well as heavy meson pairs [8—13] can serve the purpose. Here we re-
port a new and cleaner probe of the strong e.m. fields proposed in our recent manuscript [14]
via the invariant mass distribution of Z° boson reconstructed from its decaying lepton pairs,
since the momenta of these leptons should be modified by e.m. fields. It is significantly eas-
ier to measure the leptonic invariant mass distribution of Z° boson than the v; splitting, thus
opening up a more accessible experimental probe.
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2 7" boson in ultrarelativistic heavy ion collisions and the transport
of leptons from the decay of Z° boson

The initial conditions of the lepton pairs decaying from Z° boson in heavy ion collisions
inherit from the distribution of Z° boson in the 4-D momentum and coordinate spaces. In
momentum space, the transverse momenta py and rapidity y. dependences of Z° boson are
given by fitting the experimental measurements on Z° boson in pp collisions at the same
collision energies, and the energy of Z° boson is given by E, = /M? + p2. Here the mass
distribution of Z° is given by a Breit-Wigner form:

M) = 1 r/2
P = T~ MR + T2
with My = 91.1876 GeV and I' = 2.4952 GeV[15]. In coordinate space, the transverse
coordinate distribution of Z° boson is given by the profile of the binary nucleon-nucleon
collisions, while the longitudinal coordinate and time are given by z = 7z sinhy, and ¢ =
720 coshy, with 70 = hi/mzp = 0.0022 fm/c. This indicates that the space-time rapidity
ns of Z° boson is assumed to be equal to its rapidity. Finally one can obtain the spacetime
coordinate of lepton pairs from their mother Z° that moves in a straight line, where the decay

ey

time follows a distribution p(Af) o e , with y, being the Lorentz contraction factor.

The lepton pairs not only interact with e.m. fields after their production, but also interact
with the charged quarks due to the lepton-quark scattering in the quark-gluon plasma (QGP)
phase, though the effect of the latter one may be small. To consider both effects, the Langevin
equations are employed:

a’x:B
E

dp = —ypdt + & \[2D,dt + g(E + v X B), 3)

dt, @)

where the momentum diffusion coefficient D), is related to the drag coefficient y, energy of
leptons E, and the local temperature T by D, = yET, and each component of £ is a real
number randomly sampled from a normal distribution with (¢£;) = 0 and (££;) = 6;;. The
value of D, can be calculated by the lepton-quark scattering, see details in Ref. [14].
For the space and time dependence of e.m. fields, a general parametrization of them used
in several studies is adopted in this study, knowing the large uncertainty in calculating e.m.
fields:
2 y
eBy(x.y.7) = —eB(D)pp(x. y). pp(x.y) = expl=7— = 551, eB(r) = eBo/(1 + /)Y, 4
(O O'y
where eBy, o and o, are usually given by the estimates of e.m. fields in the vacuum in
AA collisions at t = 0 [16], and 75 and a are the parameters that control the lifetime and the
specific manner of decay of e.m. fields, respectively. The electric field eE, is then determined
by solving the Faraday’s Law V X E = —dB/0t:

UN ,
eEx(ta XY, 775) =PB(X,H)L dXB ( ) ! (5)

coshy ) coshy’

After the modification on the momenta by e.m. fields and lepton-quark scattering, the invari-
ant mass of Z° boson is reconstructed from these lepton pairs.

The modification of Z° boson leptonic invariant mass is investigated primarily on systems
of PbPb collisions at 5.02 TeV due to the large number of Z° production events. In this
colliding system at centrality 20-30%, corresponding to impact parameter » = 7.5 fm, the
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parameters in Eq. (4) are found to be eBy = 73 m,zr, oy =3 fmand o, = 4 fm [11], where
eBy is the magnitude of magnetic field estimated in the vacuum at ¢ = 0. To have a general
investigation eBj is varied by 5 times, 7p is varied by 8 times and a is varied by 3 times in
this study. In Fig.1 we show the time evolution of e¢B(7) with four parameter sets of eBy, Tp
and a,and it should be noted that the parameter set eBy = 73 m,zr, 73 = 0.4fm/canda = 1 can

reproduce the ALICE measurement on the v; splitting between (DO,EO).

3 Numerical results

To the effect of the lepton-quark scattering in the QGP, the modification is found to be ex-
tremely small. To quantitatively characterize the modification of Z° leptonic invariant mass,
we define its mean value shift A(M) and width shift Ao~ as

My — (M¢))? M; — (M;))?
M) = M)~ (M. = ry -y = || 2T JRMZ P

It is found that A(M) is about -1.9 MeV due to the drag of QGP and Ao is about 0.2 MeV,
though both shifts are beyond the experimental determination. On the other hand, as shown
by the red solid lines in the left, middle and right panels of Fig.2, the parameter set eBy =
73m2, 3 = 0.4 fm/c and @ = 1 can modify largely Z° leptonic invariant mass compared
to the black solid lines, where (M) decreases by 246 MeV and o increases by 305 MeV.
Moreover, if one decreases the accumulation of e.m. fields by decreasing eBy or 7 or by
increasing a, the modification becomes smaller as shown in Fig. 2.
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Figure 2. (Color online) The eBy, 75 and a dependences of Z° invariant mass distribution at midrapidity
ly.] < 0.5 reconstructed by lepton pairs after interacting with e.m. fields. Left: eBy varies from 73 m2/5
to 73 mﬁ; Middle: 75 varies from 0.05 fm/c to 0.4 fm/c; Right: a varies from 1 to 3.

Since the momenta change of leptons is directly related to the accumulation of e.m. fields
XB = fT Z' dteB(t1), where 7y and 7 are the formation time of leptons and the time when they
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leave e.m. fields, we further check the relation between A(M) (Ac) and yp. It is found [14]
that Ao depends on yp quadratically no matter one varies eBy, Tp or a. Since the invariant
mass is symmetric with charge conjugation, it should depend on the square of yp at leading
order if one varies the electric and magnetic fields by the same factor. A(M) thus should
depend on yp quadratically when one varies eBy, which is what is found in Ref. [14]. On the
other hand, though A(M) does not depend on the y 5 quadratically when one varies 73 or a, it
still depends on the power of it. The power is found to be 2.12 or 2.33, which is still close to
2.

4 Conclusion

The Z° leptonic invariant mass in ultrarelativistic heavy ion collisions is investigated with
Langevin equations at LHC energy. It is found that lepton-quark scattering modifies Z° lep-
tonic invariant mass extremely small while e.m. fields can modify both its mean value and
width by few hundred MeV, thus providing a cleaner probe of e.m. fields in ultrarelativistic
heavy ion collisions. With the current statistics on the Z° boson in PbPb collisions, it is possi-
ble to experimentally detect this modification of a few hundred MeV in the invariant mass of
Z° boson. It is also found that both its mean value and width depend approximately on the in-
tegral of the magnetic field over its time duration quadratically, which makes a measurement
on the modification of Z° leptonic invariant mass a direct probe of the time accumulation of
magnetic field.
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