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AN of forward neutron production in
√

s=200 GeV polarized

proton-nucleus collisions in the PHENIX expermient

M. Kim∗1,∗2 for the PHENIX collaboration

The first attempt to collide a polarized proton and a
nucleus was executed at RHIC in Run15. This provides
a unique opportunity to study the totally unexplored
reaction mechanism of p↑+A at high energy. We report
the first asymmetry measurement of forward (6.8 <
η < 8.8) neutron results from p + Al, and p + Au.
The observed asymmetries showed unexpectedly large
values and strong A-dependence.

The single transverse spin asymmetry, AN , is writ-
ten as

AN =
dσ↑ − dσ↓

dσ↑ + dσ↓
(1)

where ↑ and ↓ represent the spin directions of incident
protons. In terms of scattering amplitudes, the condi-
tion for nonzero AN is

AN ∝ Im{φ∗
filpφnonfilpsinδ} �= 0 (2)

where φ∗
filp(φnonfilp) is the spin flip (nonfilp) amplitude,

and δ is a relative phase between the two amplitudes.
In 2011, a one pion exchange (OPE) model that well

describes the cross section and AN of forward neutron
production from the PHENIX data1) for

√
s=200 GeV

p+p collision was published2). The model describes the
spin flip amplitude by pion exchange and the non-spin
flip amplitude mainly by the a1-Reggeon exchange. As
a consequence, the model satisfactory reproduced the
experimental AN data.
Fig. 1 shows a preliminary plot of the Run15 forward

neutron AN results.The red points are AN of ZDC
(zero degree calorimeter, a neutron detector) inclusive
measurements. They show unexpectedly strong mass

number (A) dependence; Ap↑+Au
N is 3 times larger than

Ap↑+p
N , and they have opposite sign.
The observed A dependence immediately eliminates

naive expectations such as isospin symmetric effects,
which do not change the sign of AN with increasing
number of protons and neutrons.

Although electromagnetic interaction was not even
considered in p+p, it may not be ignorable in p+A be-
cause of the smallness of the −t range (< 0.5GeV/c2)
of the measurements. Without full description, equa-
tion 2 is thus modified as

AN ∝ φEM∗
filp φEM

nonfilpsinδ1 + φEM∗
filp φhad

nonfilpsinδ2

+ φhad∗
filp φEM

nonfilpsinδ3 + φhad∗
filp φhad

nonfilpsinδ4
(3)

where “EM” stands for electromagnetic interactions,
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Fig. 1. Forward neutron AN ploted as a function of atomic

mass number with BBC correlations in
√

s = 200 GeV

p+ p, p+Al, and p+Au collisions.

“had” stands for strong interaction, and from δ1 to δ4
are relative phases. The majority of the elecromag-
netic process should be given by γ∗p → ∆+ → n+ π+

where γ∗ is supplied from the EM field of the nucleus.
The second and third terms are known as Coulomb
nuclear interference (CNI), which is observed to cause
� 5% asymmetry in the elastic scattering in p+p, and
p + C processes3). According to an MC simulation,
∆+ decay products are predicted to be more forward
boosted as compared to hadronic interactions4). In or-
der to suppress competing effects, a correlation study
was carried out using beam beam counters (BBCs,
3.1 < η < 3.9). Since the most of neutron and pion
pairs decayed from ∆+ via the EM process events pass
through the BBC hole, requiring/vetoing activities in
BBC can suppress/enhance contributions from the EM
terms in equation 3. The green points in Fig. 1 denote
AN with BBC activities, and the blue points denote
AN without BBC activity. We can see a clear correla-
tion between the AN and BBC activities.
There can be other processes that are not discussed

here. Theoretical development is underway to explain
this interesting discovery.
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Search for the deeply bound K−pp state from the semi-inclusive
forward-neutron spectrum in the in-flight K− reaction on helium-3†
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The existence of a strongly attractive force between
antikaons (K̄) and nucleons in isospin 0 channels leads
to the prediction of the formation of deeply bound
kaonic-nuclei.1) The investigation of these exotic states
will provide unique information that will reveal the
sub-threshold K̄N interaction. However, their exis-
tence has not been conclusively established to date.

The simplest kaonic nucleus is theoretically consid-
ered to be the so-called K−pp state, consisting of a
negative kaon and two protons.a) We searched for this
state by using an in-flight K− reaction in the J-PARC
E15 experiment at the K1.8BR beam line.2) The first
physics data acquisition was performed in May 2013,
with 5 × 109 kaons at 1 GeV/c on a liquid 3He target.
Figure 1 shows the semi-inclusive neutron spectrum

at θlabn = 0◦. Forward neutrons were detected with a
plastic scintillation counter array placed ∼ 15 m away
from the target and their momenta were reconstructed
by the time-of-flight method. At least one charged par-
ticle was tagged in a cylindrical detector system (CDS)
surrounding the target to determine the reaction ver-
tex. The K0-tagged spectrum, shown in the inset of
Fig. 1, is attributed to the quasi-free charge-exchange
reaction, and demonstrates that the detector resolu-
tion and the missing-mass scale are well understood.

The observed yield in the deeply bound region, cor-
responding to K−pp binding energies greater than 80
MeV, was in good agreement with the evaluated back-
grounds originating from 1) accidental hits and neu-
tral particles other than neutrons, 2) reactions on the
target cell, and 3) neutrons produced via charged Σ
decay. Therefore, mass-dependent upper limits on
the production cross section were determined in the
missing-mass range from 2.06 to 2.29 GeV/c2 for a
K−pp → Λp isotropic decay. They were determined
to be 30–180, 70–250, and 100–270 µb/sr, for natural
widths of 20, 60, and 100 MeV, respectively, at 95%
confidence levels. The upper limits obtained were one-
order-of-magnitude smaller than the theoretical calcu-
lation performed by Koike and Harada for the deeply
bound K−pp case.3) The ratios of the upper limits to
the cross sections of the quasi-elastic channels are (0.5–
5)% (K−n → K−n) and (0.3–3)% (K−p → K0n).
These ratios are rather small compared to the sticking
probability of the usual hypernucleus formation.

† Condensed from the article in Prog. Theor. Exp. Phys.
(2015) 061D01
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a) More generally, it is expressed as [K̄⊗{NN}I=1,S=0]I=1/2

with Jπ=0−.

Fig. 1. 3He(K−, n)X semi-inclusive missing-mass distribu-

tion (below) and experimental resolution (above). The

CDS tagging acceptance (ACDS) is not corrected. The

K−pp binding threshold is indicated by a dotted line

and other related mass thresholds are indicated by solid

lines. The inset shows the K0
s -tagged spectrum com-

pared with the simulation (blue dotted line).

In the loosely bound region, we observed a large
yield which cannot be explained elementally processes.
The cross section of this excess above the background
is ∼ 1 mb/sr, assuming loosely bound K−pp forma-
tion. This is about the same yield as that given by
Koike and Harada,3) but much greater than the value
given by Yamagata-Sekihara et al.4) In spite of the
observed large yield, the structure near the threshold
suggested in the theoretical spectral functions cannot
be identified from only this semi-inclusive measure-
ment. For further investigation of the origin of the
sub-threshold structure, an exclusive analysis of the
forthcoming dataset is required.
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