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Energy Dependence of AN

1+13+10� �� ���)���%�����2010�
������� 4�

�"� #&�"#�����*#��
�"!���!'�$!������� �"���#�

���65(�092008�,2002-�

���36(�929�,1976-�

����12����������

����22����������

����200����������

���261(�201�,1991-�

���264(�462�,1991-�

��	��20(000����������

Non-Perturbative cross section Perturbative cross section 

����,2004-�

1+13+10� �� ���)���%�����2010�
������� 4�

�"� #&�"#�����*#��
�"!���!'�$!������� �"���#�

���65(�092008�,2002-�

���36(�929�,1976-�

����12����������

����22����������

����200����������

���261(�201�,1991-�

���264(�462�,1991-�

��	��20(000����������

Non-Perturbative cross section Perturbative cross section 

����,2004-�

1+13+10� �� ���)���%�����2010�
������� 4�

�"� #&�"#�����*#��
�"!���!'�$!������� �"���#�

���65(�092008�,2002-�

���36(�929�,1976-�

����12����������

����22����������

����200����������

���261(�201�,1991-�

���264(�462�,1991-�

��	��20(000����������

Non-Perturbative cross section Perturbative cross section 

����,2004-�

Non-perturbative Perturbative

E704 200GeV beam

RHIC

Asymmetry still 
persists even in 
high energy!
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Initial State Effect Final State Effect
Sivers Mechanism Collins Mechanism

�+ higher twist mechanism

transverse-momentum 
dependence of partons inside 
the transversely-polarized 
nucleon

correlation between transversely-
polarized nucleon and transversely 
polarized partons inside 
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Rapidity Dependence of AN
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4% under the π0 peak and 75% to 41% for the η peak as pT
increases.
To remove a possible background asymmetry, the

weighted asymmetry between a low and high mass region
around the signal peak is determined and subtracted from
the signal region. These regions are defined from 47 to 97
and from 177 to 227 MeV=c2 for the π0, and from 300 to
400 and from 700 to 800 MeV=c2 for the η meson. As a
check, the limits of the background mass regions were
varied and no change in the final result was seen. The signal
asymmetry Asignal

N can be calculated using yields from the
peak region Nincl and from the interpolated background
yields Nbg:

Asignal
N ¼ Aincl

N − rAbg
N

1 − r
; ð5Þ

with the background fraction r ¼ Nbg=Nincl under either
the π0 or η signal. The background asymmetries are all
consistent with zero.

Due to the limited azimuthal acceptance of the mid-
rapidity spectrometer the asymmetries are only measured
from integrated yields in the whole detector hemispheres to
the left and right of the polarization direction. To account
for the cosine modulation of the particle production, the
asymmetries need to be corrected by an average factor f ¼
1=hcosφi taken over the detector acceptance. The asym-
metries are calculated from Eq. (2), and the corresponding
systematic uncertainties are estimated from differences
with Eq. (3).
Both the inclusive and background asymmetries are

determined for each RHIC fill to test for possible variations
with time. The mean values are then used for the calculation
of the final asymmetries for π0 and η mesons as a function
of pT ; see Fig. 11 and Tables IX and X. The figure shows
the asymmetries for the whole detector acceptance
(jηj < 0.35) and for two samples selecting slightly for-
ward/backward going particles (0.2 < jηj < 0.35). It is
important to note that the data in the restrictive pseudor-
apidity ranges are subsamples of the larger inclusive data
set. These very precise results are all consistent with zero
over the observed pT range.

IV. DISCUSSION

The AN of neutral pions and inclusive charged hadrons
have previously been measured with the PHENIX mid-
rapidity spectrometer [17]. Those asymmetries have been
found to be consistent with zero and have been used to
constrain the gluon Sivers function [18] despite their
limited statistical precision. The new results shown in
Fig. 11 exceed the former precision by a factor of 20 for
the π0 transverse asymmetries while extending the pT reach
to above 10 GeV=c. Also, this paper reports on AN of η
mesons at xF ≈ 0 which extends previous results [48] both
in

ffiffiffi
s

p
and pT . Altogether, no significant deviation from

zero can be seen in the results within the statistical
uncertainties in the covered transverse momentum range.
Any difference in the two meson asymmetries would likely
be dominated by fragmentation effects. Either these are
small or suppressed by the contributing transversity
distribution in the covered kinematic range.
In the forward direction, nonvanishing meson asymme-

tries persist all the way up to
ffiffiffi
s

p
¼ 200 GeV, as shown in

Figs. 3 and 8. While there is no asymmetry in the backward
direction (xF < 0), AN scales almost linearly with positive
xF > 0.2. This behavior is similar to previous experimental
results, as summarized in Fig. 5, where no strong center-of-
mass energy dependence of the asymmetry is observed.
The kinematic coverage of the experiments is not exactly
the same and may account for the small differences in the
data, but it is striking how well the data match between
measurements taken over center-of-mass collision energies
that vary by more than an order of magnitude, from

ffiffiffi
s

p
¼

19.4 to 200 GeV. If the same mechanisms are responsible
across this entire collision energy range, then these
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FIG. 11 (color online). The AN measured at midrapidity
(jηj < 0.35), as a function of pT for π0 (a) and η (b) mesons
(see Tables IX and X). Triangles are slightly forward/backward
going subsamples of the full data set (circles). These are shifted in
pT for better visibility. An additional uncertainty from the beam
polarization (see Table I) is not included.
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FIG. 11 (color online). The AN measured at midrapidity
(jηj < 0.35), as a function of pT for π0 (a) and η (b) mesons
(see Tables IX and X). Triangles are slightly forward/backward
going subsamples of the full data set (circles). These are shifted in
pT for better visibility. An additional uncertainty from the beam
polarization (see Table I) is not included.
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FIG. 11 (color online). The AN measured at midrapidity
(jηj < 0.35), as a function of pT for π0 (a) and η (b) mesons
(see Tables IX and X). Triangles are slightly forward/backward
going subsamples of the full data set (circles). These are shifted in
pT for better visibility. An additional uncertainty from the beam
polarization (see Table I) is not included.
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1 − r
; ð5Þ

with the background fraction r ¼ Nbg=Nincl under either
the π0 or η signal. The background asymmetries are all
consistent with zero.

Due to the limited azimuthal acceptance of the mid-
rapidity spectrometer the asymmetries are only measured
from integrated yields in the whole detector hemispheres to
the left and right of the polarization direction. To account
for the cosine modulation of the particle production, the
asymmetries need to be corrected by an average factor f ¼
1=hcosφi taken over the detector acceptance. The asym-
metries are calculated from Eq. (2), and the corresponding
systematic uncertainties are estimated from differences
with Eq. (3).
Both the inclusive and background asymmetries are

determined for each RHIC fill to test for possible variations
with time. The mean values are then used for the calculation
of the final asymmetries for π0 and η mesons as a function
of pT ; see Fig. 11 and Tables IX and X. The figure shows
the asymmetries for the whole detector acceptance
(jηj < 0.35) and for two samples selecting slightly for-
ward/backward going particles (0.2 < jηj < 0.35). It is
important to note that the data in the restrictive pseudor-
apidity ranges are subsamples of the larger inclusive data
set. These very precise results are all consistent with zero
over the observed pT range.

IV. DISCUSSION

The AN of neutral pions and inclusive charged hadrons
have previously been measured with the PHENIX mid-
rapidity spectrometer [17]. Those asymmetries have been
found to be consistent with zero and have been used to
constrain the gluon Sivers function [18] despite their
limited statistical precision. The new results shown in
Fig. 11 exceed the former precision by a factor of 20 for
the π0 transverse asymmetries while extending the pT reach
to above 10 GeV=c. Also, this paper reports on AN of η
mesons at xF ≈ 0 which extends previous results [48] both
in

ffiffiffi
s

p
and pT . Altogether, no significant deviation from

zero can be seen in the results within the statistical
uncertainties in the covered transverse momentum range.
Any difference in the two meson asymmetries would likely
be dominated by fragmentation effects. Either these are
small or suppressed by the contributing transversity
distribution in the covered kinematic range.
In the forward direction, nonvanishing meson asymme-

tries persist all the way up to
ffiffiffi
s

p
¼ 200 GeV, as shown in

Figs. 3 and 8. While there is no asymmetry in the backward
direction (xF < 0), AN scales almost linearly with positive
xF > 0.2. This behavior is similar to previous experimental
results, as summarized in Fig. 5, where no strong center-of-
mass energy dependence of the asymmetry is observed.
The kinematic coverage of the experiments is not exactly
the same and may account for the small differences in the
data, but it is striking how well the data match between
measurements taken over center-of-mass collision energies
that vary by more than an order of magnitude, from

ffiffiffi
s

p
¼

19.4 to 200 GeV. If the same mechanisms are responsible
across this entire collision energy range, then these
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FIG. 11 (color online). The AN measured at midrapidity
(jηj < 0.35), as a function of pT for π0 (a) and η (b) mesons
(see Tables IX and X). Triangles are slightly forward/backward
going subsamples of the full data set (circles). These are shifted in
pT for better visibility. An additional uncertainty from the beam
polarization (see Table I) is not included.
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Single transverse spin asymmetry of forward neutrons
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We calculate the single transverse spin asymmetry ANðtÞ, for inclusive neutron production in pp
collisions at forward rapidities relative to the polarized proton in the energy range of RHIC. Absorptive

corrections to the pion pole generate a relative phase between the spin-flip and nonflip amplitudes, leading

to a transverse spin asymmetry which is found to be far too small to explain the magnitude of AN observed

in the PHENIX experiment. A larger contribution, which does not vanish at high energies, comes from the

interference of pion and a1-Reggeon exchanges. The unnatural parity of a1 guarantees a substantial phase
shift, although the magnitude is strongly suppressed by the smallness of diffractive !p ! a1p cross

section. We replace the Regge a1 pole by the Regge cut corresponding to the !" exchange in the 1þ S
state. The production of such a state, which we treat as an effective pole a, forms a narrow peak in the 3!
invariant mass distribution in diffractive !p interactions. The cross section is large, so one can assume

that this state saturates the spectral function of the axial current and we can determine its coupling to

nucleons via the partially conserved axial-vector-current constraint Goldberger-Treiman relation and the

second Weinberg sum rule. The numerical results of the parameter-free calculation of AN are in excellent

agreement with the PHENIX data.

DOI: 10.1103/PhysRevD.84.114012 PACS numbers: 13.85.Ni, 11.80.Cr, 11.80.Gw, 13.88.+e

I. INTRODUCTION

The single transverse spin asymmetry of neutrons was
measured recently by the PHENIX experiment at RHIC [1]
in pp collisions at energies

ffiffiffi
s

p ¼ 62, 200 and 500 GeV.
The measurements were performed with a transversely
polarized proton beam and the neutron was detected at
very forward and backward rapidities relative to the polar-
ized beam. Preliminary results are depicted in Fig. 1. An
appreciable single transverse spin asymmetry was found in
events with large fractional neutron momenta z. The data
agree with a linear dependence on the neutron transverse
momentum qT , and different energy match well, what
indicates at an energy independent ANðqTÞ.

Usually polarization data are more sensitive to the
mechanisms of reactions than the cross section. Below
we demonstrate that the large magnitude of the single
transverse spin asymmetry of forward neutrons discovered
in [1], reveals a new important mechanism of neutron
production ignored in all previous studies of the reaction
cross section.

At the same time, neutrons produced with xF < 0 show a
small asymmetry, consistent with zero. This fact is ex-
plained by the so called Abarbanel-Gross theorem [2]
which predicts zero transverse spin asymmetry for
particles produced in the fragmentation region of an un-
polarized beam. This statement was proven within the
Regge pole model illustrated in Fig. 2. The amplitude
of the reaction p " þ p ! X þ n squared, Fig. 2(a), is
related by the optical theorem with the triple-Regge graph

in Fig. 2(b). According to Regge factorization the proton

spin can correlates only with the vector product, [ ~k % ~k0],
of the proton momenta in the two conjugated amplitudes,
as is shown in Fig. 2(b). According to the optical theorem

these momenta are equal, ~k ¼ ~k0, so no transverse spin
correlation is possible. Regge cuts shown in Fig. 2(c)
breakdown this statement, but the magnitude of the gained
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FIG. 1 (color online). Single transverse spin asymmetry AN in
the reaction pp ! nX, measured at

ffiffiffi
s

p ¼ 62, 200, 500 GeV [1]
(preliminary data). The asterisks show the result of our calcu-
lation, Eq. (40), which was done point by point, since each
experimental point has a specific value of z (see Table I).
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Data are well reproduced by the interference between p and a1 Reggeon
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where

tan!0;s ¼
Im" 0;sðqT; zÞ
Re" 0;sðqT; zÞ

: (21)

The results are depicted in Fig. 4. It is clear that our
calculations significantly underestimate the PHENIX data
in the range of qT covered by the experiment.

IV. OTHER SOURCES OF SPIN
EFFECTS: a1 REGGEON?

In addition to pion exchange, other Regge poles R ¼ #,
a2, !, a1, etc. and Regge cuts can contribute to the pp !
nX reaction. We should remind that the total collision
energy is shared by the reaction $ þ p ! R þ p depicted
in the upper blob of the diagram Fig. 5, and by the rapidity
gap, rather unequally: while the former can be very large,
M2

X ¼ ð1 % zÞs at high energies, the c.m. energy for pion
exchange is rather small, s0 ¼ s0=ð1 % zÞ, and independent
of s.

Summing over different produced states X and using
completeness one arrives at the imaginary part of the
amplitude of the process $ þ p ! R þ p at c.m. energy
M2

X. The production of natural parity states, like #, a2, etc.
can proceed only via reggeon exchange, therefore these
amplitudes are strongly suppressed at RHIC energies by a
power of MX (dependent on the Regge intercept) and can
be safely neglected everywhere, except at the region of
very small ð1 % zÞ & s0=s, unreachable experimentally.

Only the unnatural parity states, which can be diffrac-
tively produced by a pion, like the a1 meson, or #-$ in the
axial-vector or pseudoscalar states, contribute to the inter-
ference term in the neutron production cross section at high
energies.

The a1NN vertex is known to be pure non spin-flip
[11,12]. Therefore, it should be added to the first term in
Eq. (15),

Aa1
p!nðqT; zÞ ¼ eL% !n&5&%p ¼ 2m NqLffiffiffiffiffi

jtj
p " a

0ðqT; zÞ !'n(3'p;

(22)

where the longitudinal polarization vector of a1 reads [13],

eL% ¼ 1
ffiffiffiffiffi
jtj

p
" ffiffiffiffiffiffiffiffiffiffiffiffiffi

q20 % t
q

; 0; 0; q0

#
; (23)

and the transferred energy

q0 ¼ Ep % En ¼ qL þ Oðm N=
ffiffiffi
s

p Þ: (24)

In the Born approximation,

" a
0ðqT; zÞ ¼

)0
a1

8
Gaþ pnðtÞ*a1ðtÞð1 % zÞ% )a1

ðtÞAaþ1 p!XðM2
XÞ;

(25)

and

*a1ðtÞ ¼ % i % tg
$
$)a1ðtÞ

2

%
: (26)

The amplitude (22) contains three unknowns, to be fixed
before numerical evaluation:
(i) The amplitude Aaþ1 p!XðM2

XÞ;
(ii) The a1-nucleon vertex Gaþ1 pn

ðtÞ;
(iii) The Regge trajectory )a1ðtÞ.
Notice that the general structure of the amplitude

Eq. (25) is valid for any axial-vector state. In what follows
we find the a1 pole to be quite a weak singularity, and
conclude that the spectral function of the axial current is
dominated by the contribution of $# pair in the 1þ S state.
So we will replace the weak a1 pole by an effective
singularity a.

A. Diffractive production of a1 meson and
nonresonant !"ð1þ SÞ pairs

The amplitude Aaþ1 p!XðM2
XÞ is normalized as,

X

X

Ay
aþ1 p!X

ðM2
XÞA$p!XðM2

XÞ

¼ 4
ffiffiffiffi
$

p
M2

X '
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d(ð$p ! a1pÞ=dp2

TjpT¼0

q
(27)

Evaluation of the ratio of the forward diffractive-to-
elastic cross sections in this expression is a subtle problem.
The cross section of diffractive a1 production is so small
that it has been escaping detection for a long time.
Eventually a1 production was observed in $þ p!3$þ p
performing a phase shift analysis of high-statistics data
[14,15]. The a1 resonance was only detected in this process
as a fast variation of the relative phase of 1þ S.
The #$ð1þ SÞ mass distribution depicted in Fig. 6 forms

a strong and narrow peak, related mainly to the Deck
mechanism [16]. The data [15] combined for lab energies
63 and 94 GeV were taken with the small-qT trigger. We
normalize this distribution on the measured cross section in
the invariant mass interval 1:0<M3$ < 1:2 GeV which is
54 ( 8 %band 48 ( 7 %bat 63 and 94 GeV, respectively.
With the measured p2

T-slope B ¼ 14:3 ( 0:17 GeV% 2 we
can evaluate the forward cross section for this mass interval
at d(=dp2

TjpT¼0 ¼ 0:73 ( 0:07 mb=GeV2 averaged for
the two energies.
In order to normalize the mass distribution plotted in

Fig. 6 to this cross section, we fitted the data with a simple
Gaussian parametrization,

RR

Rπ

X

X

Σ

A(  p        p)

nn pp

pp

ππ

nn pp

pp

FIG. 5. Graphical representation for the interference between
the amplitudes with pion and Reggeon exchanges.
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Fig. 1. L90% distribution in Arm1 for the events with the reconstructed energy 
between 1.1 and 1.2 TeV. The black points represent the experimental data with 
statistical error bars. The red and blue colored lines correspond to the template dis-
tributions obtained from the MC simulation for photons and hadrons, respectively. 
The black line represents the total of the template distributions. These distributions 
were normalized by the results of the template fitting. (For interpretation of the 
colors in the figure(s), the reader is referred to the web version of this article.)

the PID estimator, L90%, defined as the longitudinal depth, in 
units of radiation length (X0), at which the integral of the 
energy deposition in a calorimeter reached 90% of the total. 
As a criterion of the selection of the photon component, we 
set an energy-dependent criterion L90%,thr , which defines the 
L90% value to maintain a 90% efficiency of photon selection in 
the MC simulations. Fig. 1 presents the L90% distribution of 
Arm1-Region A for the reconstructed energy range between 1.1 
and 1.2 TeV. The red and blue lines in Fig. 1, obtained from the 
MC simulation dataset of QGSJET II-04, indicate the template 
distributions for the pure photon and pure hadron samples, 
respectively. These distributions were produced with normal-
ization obtained from the template-fit result. According to the 
template-fit results, the hadron contamination, typically 10%, 
can be estimated as a function of energy and it is corrected 
together with the 90% efficiency in the analysis.

• Multi-hit correction
Because the mis-reconstruction of multi-hit events as single-
hit events makes the measured spectra more complex, multi-
hit events were rejected from the analysis. In order to iden-
tify multi-hit events, a lateral shower profile measured by the 
position-sensitive layers was fitted by an empirical function. 
The difference in the goodness-of-fit between the single and 
double peak assumptions, the distance between two peaks, 
and the ratio between two peak heights were used to iden-
tify multi-hit events. These criteria were adjusted to achieve a 
high efficiency of multi-hit detection while maintaining a rea-
sonably low incidence of single-hit-event mis-reconstructions 
as multi-hit events.
The consistency of the multi-hit identification efficiencies ex-
hibited by the data and MC simulation was tested using ‘ar-
tificial’ multi-hit event sets. These artificial multi-hit events 
were created by merging two independent single-hit events. 
The combinations of single-hit events were selected to repre-
sent the distributions of photon-pair energies and hit-position 
distances in the true multi-hit events of QGSJET II-04. The 
same procedure was performed for the MC simulation also. 
The multi-hit detection efficiency exceeds 85% across the full 
energy range and reaches nearly 100% above 2 TeV, while in-
consistencies between the data and MC are less than approx-

imately 5% and 10% for Arm1 and Arm2, respectively. In the 
high-energy range, most of the multi-hit events are caused by 
photon pairs from π0 decay. In these events, the separation 
between photons is kinematically limited above 5.8 mm. This 
makes the identification of multi-hits simpler.
About 4% of the total triggered events were identified as multi-
hit events. Two corrections were applied to the measured 
cross-section:
1. ‘Multi-hit performance’ correction:

The contamination of multi-hit events misidentified as 
single-hits and the loss of single-hit events misidentified 
as multi-hits are corrected with an energy-dependent fac-
tor based on the MC dataset of QGSJET II-04. This correction 
factor depends mostly on the detector performance, while 
it depends weakly on the model chosen to generate the 
dataset.

2. ‘Multi-hit cut’ correction:
As the single-photon cross-section is measured by the de-
tector, another correction factor based on the same MC 
dataset was applied to correct for the multi-hit cut and re-
cover the inclusive production cross-section. This correction 
factor ranged within ± 50%, which was the largest contribu-
tion among the corrections and was strongly dependent on 
the choice of event-generation model in the MC simulation. 
This is because the multi-hit rate is related to the cross-
section of high-energy π0 production, as discussed above.

Both multi-hit corrections were performed inside the unfold-
ing algorithm, which is described below.

• Unfolding:
We corrected for detector biases (as energy resolution and 
multi-hit effects) in the obtained cross-section by perform-
ing an unfolding technique based on the iterative Bayesian 
method [25] provided by the RooUnfold package [26 ]. The MC 
simulation dataset with 108 inelastic collisions generated by 
the QGSJET II-04 model was used as a training sample.

• Decay correction:
The photons detected by the LHCf experiment mainly come 
from the decay of short-lifetime particles such as π0 and η
mesons, which decay near the interaction point. Particles with 
a longer lifetime (such as K 0, K ± and #) can decay along the 
beam pipe between the interaction point and detector and can 
contribute to the photon yield. In order to remove the con-
tribution of long-lifetime particles, an energy-dependent cor-
rection was estimated with MC simulations by comparing the 
photon production cross-section at the interaction point with 
that after transportation along the beam pipe to the detector 
(i.e. after step ‘2’ described in Sec. 3). The correction reaches a 
maximum of about 15% in the lowest-energy bin and becomes 
less than 1% above 2 TeV.

5. Systematic uncertainties

We considered the following contributions as systematic uncer-
tainties of the measured production cross-section. Fig. 2 shows the 
estimated systematic uncertainties for each detector and each re-
gion as a function of photon energy.

5.1. Energy scale

Energy scale errors are attributable to a) the absolute gain cal-
ibration of each sampling layer, b) uniformity, c) relative gain cali-
bration of the photomultiplier tubes (PMTs) used for the readout of 
scintillator lights, and d) the Landau–Pomeranchuk–Migdal (LPM) 
effect [27 ,28]. The first two contributions were studied in beam 
tests and are described in Ref. [17 ]. The third source of errors is re-
lated to the differences in the high-voltage configurations of PMTs 
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V. ANALYSIS FRAMEWORK

A. π0 event reconstruction and selection

The standard reconstruction algorithms consist of four
steps: hit position reconstruction, energy reconstruction,
particle identification, and π0 event selection.

1. Position reconstruction

Hit position reconstruction starts with a search for
multihit and single-hit events. A multihit event is defined
to have more than one photon registered in a single
calorimeter. A single-hit event is defined to have a single
hit in each of the two calorimeters in a given detector, Arm1
or Arm2.
Therefore, multihit event candidates should have two or

more distinct peaks in the lateral-shower-impact distribu-
tion of a given calorimeter and are then identified using the
TSpectrum algorithm [42] implemented in ROOT [43].
TSpectrum provided the basic functionality for peak find-
ing in a spectrum with a continuous background and
statistical fluctuations.
The MC simulation estimated efficiencies for identifying

multihit events are larger than 70% and 90% for Arm1 and
Arm2, respectively [25]. Given the list of shower peak
position candidates that have been obtained above, the
lateral distributions are fit to a Lorenzian function [44] to
obtain more precise estimates of the shower peak positions,
heights, and widths. In the case of multihit events, two
peaks are fit using superimposed Lorenzian functions.
Multihit events with three or more peaks are rejected from
the analysis. Conversely, single-hit events, not having two
or more identifiable peaks in a single calorimeter but
having a single hit in each calorimeter are correctly selected
with an efficiency better than 98% for true single-photon
events with energy greater than 100 GeV for both Arm1
and Arm2.

2. Energy reconstruction

The photon energy is reconstructed using the measured
energy deposited in the LHCf calorimeters. The charge
information in each scintillation layer is first converted to a
deposited energy by using the calibration coefficients
obtained from the electron test beam data taken at the
Super Proton Synchrotron (SPS) below 200 GeV [26]. The
sum of the energy deposited in the 2nd to 13th scintillation
layers is then converted to the primary photon energy using
an empirical function. The coefficients of the function are
determined from the response of the calorimeters to single
photons using MC simulations. Corrections for shower
leakage effects and the light-yield collection efficiency of
the scintillation layers are carried out during the energy
reconstruction process [20]. In the case of multihit events,
the reconstructed energy based on the measured energy
deposited is split into two energies, primary and secondary.
Fractions of the energy for the primary and secondary hits

are determined according to the peak height and width of
the corresponding distinct peaks in the lateral-shower-
impact distribution.

3. Particle identification

Particle identification (PID) is applied in order to
efficiently select pure electromagnetic showers and to
reduce hadron (predominantly neutron) contamination.
PID in the study of this paper depends only on the
parameter L90%. L90% is defined as the longitudinal dis-
tance, in units of radiation length (X0), measured from the
first tungsten layer of the calorimeter to the position where
the energy deposition integral reaches 90% of the total
shower energy deposition. Events with an electromagnetic
shower generally have a L90% value smaller than 20 X0,
while events with a hadronic shower generally have L90%

larger than 20 X0. The threshold L90% value as a function of
the photon energy is defined in order to keep the π0

selection efficiency at 90% over the entire energy range of
the individual photons. PID criteria are determined by MC
simulations for each calorimeter.

4. π0 event selection

The π0 are then identified by their decay into two
photons, leading to the distinct peak in the invariant mass
distribution around the π0 rest mass. The invariant mass of
the two photons is calculated using the reconstructed
photon energies and incident positions. The π0 events used
in the analysis of this paper are classified into two
categories: Type-I π0 and Type-II π0 events. AType-I event
is defined as having a single photon in each of the two
calorimeters of Arm1 or Arm2 (the left panel of Fig. 1). A
Type-II event is defined as having two photons in the same
calorimeter (the right panel of Fig. 1). Note that Type-II
events were not used in the previous analyses [18,19] and
thus are taken into account for the first time in this paper.
As detailed in Sec. V B, the phase spaces covered by Type-I
and Type-II events are complementary. In particular, the
inclusion of Type-II events extends the pT upper limit for
analysis from 0.6 GeV in the previous analyses to 1.0 GeV.

FIG. 1. Observation of π0 decay by a LHCf detector. Left:
Type-I π0 event having one photon entering each calorimeter.
Right: Type-II π0 event having two photons entering one
calorimeter, here entering the small calorimeter.
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C. Background subtraction

Background contamination of two-photon !0 events by
hadron events and the accidental coincidence of two pho-
tons not coming from the decay of a single !0 are sub-
tracted using the so-called ‘‘sideband’’ method.

Figure 4 shows an example of the reconstructed two-
photon invariant mass distribution of the experimental data
of Arm1 in the rapidity range from 9.0 to 9.2. The energy
scale correction discussed in the previous section has been
applied. The sharp peak around 135 MeV is due to !0

events. The solid curve represents the best fit of a compos-
ite physics model to the invariant mass distribution of the
data. The model consists of an asymmetric Gaussian dis-
tribution (also known as a bifurcated Gaussian distribution)
for the signal component and a third-order Chebyshev
polynomial function for the background component. The
dashed curve indicates the background component.

Using the expected mean (m̂) and 1" deviations ("l for
lower side and "u for upper side) of the signal component,
the signal window is defined as the invariant mass region
within the two solid arrows shown in Fig. 4, where the
lower and upper limits are given by m̂! 3"l and m̂þ 3"u,
respectively. The background window is constructed
from the two sideband regions, ½m̂! 6"l; m̂! 3"l$ and
½m̂þ 3"u; m̂þ 6"u$, that are defined as the invariant mass
regions within the dashed arrows in Fig. 4.

The rapidity and pT distributions of the signal
[fðy; pTÞSig ] are then obtained by subtracting the back-
ground distribution [fðy; pTÞBG], estimated by the back-
ground window, from the signal-rich distribution
[fðy; pTÞSigþBG] selected from the signal window. The
fraction of the background component included in the

signal window can be estimated using the likelihood func-
tion [LBGðy; pT; m##Þ] characterized by the best-fit third-
order Chebyshev polynomial function. For simplicity,
LBGðy; pT; m##Þ is shortened as LBG in the following
text. Thus the signal distribution with background sub-
tracted is given by

fðy;pTÞSig ¼ fðy;pTÞSigþBG!Rðy;pT;m̂;"l;"uÞfðy;pTÞBG;
(4)

where Rðy; pT; m̂;"l;"uÞ is the normalization for the back-
ground distribution and written as

Rðy;pT;m̂;"l;"uÞ ¼
Rm̂þ3"u
m̂!3"l

LBGdm##Rm̂!3"l
m̂!6"l

LBGdm##þ
Rm̂þ6"u
m̂þ3"u

LBGdm##

:

(5)

D. Unfolding of spectra

The raw rapidity–pT distributions must be corrected for
unavoidable reconstruction inefficiency and for the smear-
ing caused by finite position and energy resolutions. An
iterative Bayesian method [39,40] is used to simulta-
neously correct for both effects. The advantages of an
iterative Bayesian method with respect to other unfolding
algorithms are discussed in another report [39]. The un-
folding procedure for the data is organized as follows.
First, the response of the LHCf detectors to single !0

events is simulated by toy MC calculations. In the toy MC
simulations, two photons from the decay of !0s and low
energy background particles such as those originating in a
prompt photon event or a beam pipe interaction are traced
through the detector and then reconstructed with the event
reconstruction algorithm introduced above. Note that the
single !0 kinematics that are simulated within the allowed
phase space are independent of the particular interaction
model that is being used. The background particles are
simulated by a hadronic interaction model, which is dis-
cussed later, since the amount of background particles is
not directly measured by the LHCf detector.
The detector response to !0 events depends on rapidity

and pT, since the performance of the particle identification
algorithm and the selection efficiency of events with a
single-photon hit in both calorimeters depend upon the
energy and the incident position of a particle. The recon-
structed rapidity—pT distributions for given true rapidity—
pT distributions then lead to the calculation of the response
function. Then the reconstructed rapidity and pT spectra
are corrected with the response function that is equivalent
to the likelihood function in Bayes’s theorem. The correc-
tions are carried out iteratively whereby the starting point
of the current iteration is the ending point of the previous
iteration. Statistical uncertainty is also propagated from
the first iteration to the last. Iteration is stopped at or
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FIG. 4 (color online). Reconstructed invariant mass distribu-
tion within the rapidity range from 9.0 to 9.2. Solid curve shows
the best-fit composite physics model to the invariant mass
distribution. Dashed curve indicates the background component.
Solid and dashed curves indicate the signal and background
windows, respectively.
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RHICf Experimental Setup
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Explore the proton spin in diffractive and transition to pQCD regime.
Table 4: Number of neutrons and statistical accuracy to determine the asymmetry obtained
in 12 hours of operation at positions-1, 2 and 3.

pT (GeV ) N (×103) δA
0.0–0.1 2,310 0.0013
0.1–0.2 2,570 0.0012
0.2–0.3 1,710 0.0015
0.3–0.4 2,190 0.0014
0.4–0.5 1,210 0.0018
0.5–0.6 1,130 0.0019
0.6–0.7 402 0.0032
0.7–0.8 260 0.0039
0.8–1.2 104 0.0062

Figure 18: RHICf expected spectra in the small calorimeter at position-0.
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Summary
• Forward transverse single spin asymmetry has been 

considered to be sensitive to the orbital angular momentum.
• Forward p AN has been studied in pQCD framework, but 

recent data indicate possibility of soft process may be 
(partially) playing a role. 

• New p0 results showed large asymmetry pT<1GeV where
diffractive process expected to dominate.

• RHICf experiment is expected to interconnect asymmetries 
between hard (pQCD) and soft (diffractive) nature.
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Goal of RHICf Spin
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Measure transverse single spin asymmetry of p0

and neutron at zero degree. Explore the proton 
spin in diffractive and transition to pQCD regime.
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Goal of RHICf Spin
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and neutron at zero degree. Explore the proton 
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