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The azimuthal anisotropy (v2) of heavy (charm and
bottom) quarks is a good probe for the study of
the quark gluon plasma (QGP). Perturbative QCD
(pQCD) calculations can be applied in the produc-
tion of heavy quark pairs and fragmentation into heavy
quark hadrons. It allows a precise comparison of the
measured v2 of heavy quark hadrons, that of their de-
cay electrons, and theoretical models.
In 2007, v2 of single electrons from c and b hadron

decay was measured, without their separation, in
Au+Au collisions,1) leading to an unexpected discov-
ery of substantial v2. The detailed study of v2 of heavy
quarks, i.e. measurement of v2 with c and b hadron
separation, has been recognized to be important; how-
ever, it is difficult due to their small yields.
A silicon vertex tracker (VTX) consisting of four lay-

ers of silicon detectors was installed in the PHENIX ex-
periment in 2011, in order to separate electrons from
c and b hadrons by using the distance of closest ap-
proach (DCA) method. The tracks of charged parti-
cles in the PHENIX central arm are projected back-
ward from the drift chamber (DC) and associated to
hits in the VTX. The DCA is calculated for each as-
sociated VTX track, to statistically separate electrons
from the semileptonic decays of c and b hadrons, based
on the correlation between the DCA and the lifetime
of the parent hadron. PHENIX collected about 15 bil-
lion minimum bias Au+Au events at

√
sNN = 200 GeV

in 2014. The new dataset should be large enough to
study c and b hadrons with statistical separation.
For the precise v2 measurement utilizing the DCA

method, it is necessary to understand the background
(BG) in the DCA distribution, and to precisely deter-
mine the reaction plane (RP), which is defined as the
plane containing the beam axis and the impact param-
eter vector between the two colliding nuclei.
The BG is expected to include the mismatched com-

ponent (due to mismatching of tracks in DC and
VTX, especially in high-multiplicity events), hadrons
misidentified as electrons, decay electrons from kaons
and quarkonia, and photonic electrons. The study of
the mismatched component is described in this review.
It is estimated with a method called small angle rota-
tion (SAR) using VTX and DC, where each VTX track
is rotated by a small angle. The rotated track is no
longer connected to the true DC track, and can only
be misconnected randomly to resemble the mismatched
component. It has been found through simulation
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studies that this BG contains two subcomponents:
mis-reconstruction of fake tracks and mis-connection of
real tracks. The simulated DCA distribution is shown
in Fig. 1 (left), with the mis-reconstruction due to the
random association of hits in red with a broad tail, and
the mis-connection in blue with a large central peak.
The blue subcomponent shows the possibility that a
VTX track accidentally matches with another real DC
track after the rotation due to the high-multiplicity
environment.
The RP resolution is studied as a function of colli-

sion centrality. The RP is mainly measured with two
forward detectors in PHENIX, the beam beam coun-
ters (BBC), and the forward silicon vertex trackers
(FVTX), on both sides of the nominal collision point
along the beam axis. The observed v2 needs to be cor-
rected for the RP resolution.2) The RP resolution has
been evaluated for the two detectors using the three
sub-event method, from the difference of RPs mea-
sured with three different detectors,2) i.e. the north
and south side of BBC (or FVTX) and the central
arm. The results are shown in Fig. 1 (right), where
the larger the parameter is, the better the RP resolu-
tion is. The black and red points show the RP res-
olutions with BBC and FVTX, respectively. The RP
resolutions with the two detectors have a similar trend,
while that with FVTX is about twice better than that
with BBC. The study will be continued with FVTX,
which is better suited for the v2 measurement.
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Fig. 1. (Left) Simulated DCA distribution of the mis-

matched BG component with SAR method. Red his-

togram shows mis-reconstruction with random hits;

blue shows mis-connection of different tracks; black

shows the total. (Right) RP resolutions with BBC

(black) and FVTX (red).

References
1) A. Adare et al., Phys. Rev. Lett. 98, 172301 (2007).
2) A. M. Poskanzer, S. A. Voloshin, Phys. Rev. C 58, 1671

(1998).

Coulomb-nuclear interference effects on forward π0 production in
polarized-proton–nucleus collisions

G. Mitsuka∗1

It was reported from the PHENIX experiment at
BNL-RHIC that the transverse single spin asymme-
try, denoted as AN, for forward neutrons measured in
transversely polarized-proton–nucleus (pA) collisions
at

√
sNN = 200GeV is far different from that in

proton–proton (pp) collisions at
√
s = 200GeV.1)

I presented in Refs. 2–3) that ultra-peripheral pA
collisions (UPCs, also known as Primakoff effects) con-
tribute to the measured AN modestly in pAl collisions
and significantly in pAu collisions, and that UPCs to-
gether with hadronic interactions successfully explain
the PHENIX results. In UPCs, virtual photons (γ∗)
emitted from the relativistic nucleus interact with the
polarized protons and then produce the neutrons and
other particles.
In the Monte Carlo simulations discussed in

Refs. 2–3), electromagnetic effects (UPCs) and hadronic
effects are taken into account independently. How-
ever, the interference between these two effects, called
the Coulomb-nuclear interference (CNI) effects, would
have nonzero amplitudes in the very small momentum-
transfer region. In this report, I present the implemen-
tation of the CNI effects for forward π0s in polarized-
proton–nucleus collisions. Forward π0 production is
described by a simpler mechanism than that for for-
ward neutrons. Natural units h̄ = c = 1 are used
throughout.
The scattering amplitude M for single pion produc-

tion in the CNI effects is given by

M = eiϕ MC +MH , (1)

where ϕ is the Coulomb phase, MC is the Coulomb
scattering amplitude, and MH is the hadronic scatter-
ing amplitude. The Coulomb scattering amplitude via
a one-photon exchange is expressed as

MC = Ze(pb + p2)µ
F (q2)

q2
⟨p1, k|Jµ|pa⟩, (2)

where ⟨p1, k|Jµ|pa⟩ is the γ∗ + p → p + π0 transition
current4) and F (q2) is the form factor. The kinematic
variables are defined in Fig. 1. The hadronic scattering
amplitude via a one-Pomeron exchange5) is obtained
by replacing a virtual photon with a Pomeron in Fig. 1:

MH =FA gπNN FπN∗N (p21f )FIPNN∗(p21f )A
NN
IP (s, q2)/2s

× ū(p1)iγ5SN (s1)γ
µ u(pa)ū(p2)γµu(pb) , (3)

where nuclear effects are taken into account in FA,
gπNN is the pion-nucleon coupling constant, SN is the
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off-shell nucleon propagator, FπN∗N and FIPNN∗ are
the form factors at each vertex, ANN

IP is the IPNN
elastic scattering amplitude, s = (pa + pb)

2, and s1 =
(p1 + k)2.
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Fig. 1. Diagram of the amplitudes driven by the photon

(γ∗) or Pomeron (IP ) exchange in proton-nucleus colli-

sions.

The differential cross section for single π0 production
is expressed with the Källén function λ(x, y, z) ≡ x2 +
y2 + z2 − 2xy − 2yz − 2zx as

dσ

dq2
=

π2|M |2

8λ(s,m2
p,m

2
p)(2π)

5

∫
λ(s1,m

2
p,m

2
π)

1/2

s1
ds1.

(4)

Figure 2 shows the cross section in pAu collisions at√
sNN = 200GeV. The dominant amplitude transits

from Coulomb to hadronic at q2 ∼ 0.02 GeV2. This
indicates that single spin asymmetries for forward π0s,
most likely produced below 0.1 GeV2, are significantly
modified by the interference between the Coulomb and
hadronic interactions.
The estimation of single-spin asymmetries and ex-

tension of the presented framework to forward neu-
trons will be a topic of future investigation.
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Fig. 2. Differential cross sections for Coulomb (blue dot-

ted), hadronic (red dashed), and CNI effects (black

solid).
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