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Single transverse spin asymmetry of forward neutrons
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Departamento de Fı́sica, Universidad Técnica Federico Santa Marı́a; and Instituto de estudios avanzados en ciencias en ingeniera;

and Centro Cientı́fico-Tecnológico de Valparaı́so; Casilla 110-V, Valparaı́so, Chile

J. Soffer
Department of Physics, Temple University, Philadelphia, Pennsylvania 19122-6082, USA

(Received 13 September 2011; published 14 December 2011)

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 1þS
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 " þp ! 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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What is going on ? �

•  Isospin Symmetry 
•  Surface Structure of 

Nucleus 
•  QED Process 
•  Gluon Saturation 
•  Else… 

# of proton� # of neutron �

p� 1 � 0 �
Al� 13 � 14 �
Au � 79 � 118 �
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The LHCf experiment
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• Inclusive photons 
• Inclusive π0 
• Inclusive neutron 

at the zero degree of collisions 
for testing  hadron interaction 
models used in CR air shower 
simulation.
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Scattering Angle Distribution of Neutrons 
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High concentration of 
neutrons, seen in LHCf 

data is well reproduced by 
MC of UPCs, especially  
p+Pb→Δ+Pb→n+π+ + Pb 

For testing interaction models, 
QDC contribution must be extracted from the measured results.  
    UPC <= Background, factor 10 higher than signal at 0 degree. 
    How it can be rejected (reduced) experimentally ?
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Abstract We present a hadron production study in the for-
ward rapidity region in ultra-peripheral proton–lead (p+Pb)
collisions at the LHC and proton–gold (p + Au) collisions
at RHIC. The present paper is based on the Monte Carlo
simulations of the interactions of a virtual photon emitted by
a fast moving nucleus with a proton beam. The simulation
consists of two stages: the starlight event generator sim-
ulates the virtual photon flux, which is then coupled to the
sophia, dpmjet, and pythia event generators for the simula-
tion of particle production. According to these Monte Carlo
simulations, we find large cross sections for ultra-peripheral
collisions particle production, especially in the very forward
region. We show the rapidity distributions for charged and
neutral particles, and the momentum distributions for neutral
pions and neutrons at high rapidities. These processes lead to
substantial background contributions to the investigations of
collective nuclear effects and spin physics. Finally we pro-
pose a general method to distinguish between proton–nucleus
(p+ A) inelastic interactions and ultra-peripheral collisions
which implements selection cuts based on charged-particles
multiplicity at mid-rapidity and/or neutron activity at nega-
tive forward rapidity.

1 Introduction

High-energy p + A collisions can be classified into the fol-
lowing two categories depending on the impact parameter b.
In the first category, p + A collisions occur with geometri-
cal overlap of the colliding proton and nucleus, where the
impact parameter is smaller than the sum of the radii of each
particle, namely, b < Rp + RA (Rp and RA are the radius of
the proton and nucleus, respectively).

In the second category instead, the impact parameter
exceeds the sum of the two radii, b > Rp + RA, thus there
is no geometrical overlap between the colliding hadrons and
hadronic interactions are strongly suppressed. Nevertheless,

a e-mail: gaku.mitsuka@cern.ch

virtual photons emitted from one of the two colliding hadrons
may anyway interact with another hadron. This process is
usually referred to as ultra-peripheral collision (UPC, see
Ref. [1,2] for a review).

UPCs, so far, have been used for the determination of
the gluon distribution in protons and nuclei. For example,
photoproduction of quarkonium in ultra-peripheral p + A
collisions can probe a high, or possibly saturated, parton
density in protons at small Bjorken-x (i.e., small parton
momentum fraction of the momentum of protons). Indeed
measurements already exist of exclusive J/ψ photoproduc-
tion at the CERN Large Hadron Collider (LHC), namely,
p + Pb → p + Pb + J/ψ [3]. Conversely, less attention
has been paid, in UPCs, to particle production in general
photon–proton interactions, i.e., γ + p → X , but neverthe-
less such particle production should be considered as well
in the investigation of collective nuclear effects. Because a
large cross section is expected, this process in UPCs pro-
vides significant background events to pure p + A inelastic
interaction events (hereafter “hadronic interaction”, unless
otherwise noted) used for such investigations. Indeed, a siz-
able cross section was found for hadron production in ultra-
peripheral d + Au collisions [4], which amounted to ∼10 %
of the d + Au inelastic cross section. However, in Ref. [4],
only the cross section for UPCs was presented, and the dis-
cussion of the rapidity and momentum distributions of the
UPC induced events was unfortunately neglected.

In this paper, we discuss the effects of particle production
by γ + p interaction in ultra-peripheral p+A collisions com-
pared to the measurements of hadronic interactions in terms
of the rapidity and momentum distributions, especially in for-
ward rapidity regions at the LHC and the BNL Relativistic
Heavy Ion Collider (RHIC). Concerning p + Pb collisions
at

√
sNN = 5.02 TeV at the LHC, we perform the calcula-

tions assuming that the measurements of π0s and neutrons
are made with zero-degree calorimeters (ZDCs, for example,
the ATLAS-ZDCs [5]) and the LHCf detector [6], which are

123
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AN ~ had *had + had *EM +EM *had +EM *EM

BBC Tagging and Vetoing�
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Fractions�
p+p � p+Al� p+Au �

Inclusive� 36 %	
 34 %	
 13 %	
 
BBC veto � 24 %	
 31 %	
 67 %	
 
BBC tag � 36 %	
 34 %	
 13 %	
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AN ~ had *had + had *EM +EM *had +EM *EM

Coulomb-‐‑‒Nuclear Interference �
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Elastic AN at Coulomb Nuclear Interference 
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Analyzing Power: 𝐴𝑁(�⃗� + 𝐴) 23 

Atomic hydrogen polarization 𝑃 = 96% 

Molecular component 𝑅𝐻2 = 3% (by mass) 

Global uncertainty from target polarization not included 

−𝑡-range can be extended with punch-through protons 

Plot from Oleg Eyser (The 2015 PSTP workshop) �

Forward Neutron 
0.02 < -t < 0.5 (Gev/
c)2 

Run15 Au,Al beam + p target �↑�

p+p �↑�

Al+p �↑�

Au+p �↑�

•  Strong A-Dependence 
•  Flips sign of  AN in Au+p 
•  0.002 < -t < 0.014 (Gev/c)2 
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Underlying Mechanism Comparison �
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AN ~ had *had + had *EM +EM *had +EM *EM

Coulomb-‐‑‒Nuclear Interference in 
Forward Neutron Production �
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AN ~ had *had + had *EM +EM *had +EM *EM
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Summary�
•  Observed large asymmetry in very forward neutron 

AN in p+A collision. 
•  Strong A-dependence in neutron + BBC vetoed 

events and flips the sign of  AN between p+p and p
+Al. 

•  Indication of  EM from related experiments 
–  LHCf  observed Primakoff  Peak in p+Pb->n+X 
–  Primakoff  MC indicates EM is relatively enhanced in 

BBC veto events where large positive AN is observed. 
–  Elastic p+p, p+C at high energy also shows AN<5% 

due to interference between EM and strong force.  
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LETTERS TO TH E E D I TOR

Walter and Barratt' examined and identified the absorption
spectra of Li~, Na~, Ks, Rbs, Css, LiK, LiRb, LiCs, NaK, NaRb,
NaCs, KRb, RbCs, and KCs.
The identification of a NaLi molecule is complicated by the

existence of Na~ and Lis band systems in the regions of the visible,
near infrared and ultraviolet. Since the probability of molecular
formation is a function of the product of the concentration of
the atoms involved, it seemed possible that one component of a
sodium-lithium mixture might be held at a low vapor pressure
and the other at a high vapor pressure to increase the probability
of observing the NaLi molecule.
In our experiment the lithium metal was placed in an absorption

cell constructed of nickel and having water-cooled quartz windows.
A nickel side tube was connected to the absorption cell to contain
the sodium. Heating units were arranged around the absorption
cell and side tube to control the temperature of the sodium and
lithium metals independently.
The lithium metal was maintained at 850'C. A series of absorp-

tion spectrograms was then taken with the sodium at tempera-
tures of 435, 460, 485, and 510'C, respectively. A similar procedure
was used for maintaining constant high sodium with increasing
lithium vapor pressures.
The results of this experiment confirm the previous work of

Walter and Barratt. No bands attributable to a NaLi molecule
were observed in the region 3000 to 8000A. No explanation is
available, particularly as it is the only member not observed of
the complete set of binary molecular systems obtainable with the
alkali metals.
~ Contribution No. 10, Department of Physics, Kansas State College,

Manhattan, Kansas.

~

~ ~

~ ~ ~ ~

~

~

~
~

~ ~

Now at Airport Station, Weather Bureau, Memphis, Tennessee.
Now at South Dakota State College, Brookings, South Dakota.

~ J.M. Walter and S. Barratt, Proc. Roy. Soc. (London) A119, 257 (1928).

Photo-Production of Neutral Mesons in Nuclear
Electric Fields and the Mean Life of

the Neutral Meson*
H. PRIMAXOFPf'

Laboratory for Nuclear Science and Engineering, Massachusetts
Institute of Technology, Catnbridge, Massachusetts

January 2, 1951

T has now been well established experimentally that neutral
- ~ ~-mesons {H) decay into two photons. ' Theoretically, this
two-photon type of decay implies zero x spin;s in addition, the
decay has been interpreted as proceeding through the mechanism
of the creation and subsequent radiative recombination of a
virtual proton anti-proton pair. 3 Whatever the actual mechanism
of the {two-photon} decay, its mere existence implies an eGective
interaction between the x' wave field, y, and the electromagnetic
wave field, E, H, representable in the form:

Interaction Energy Density =q(k/ps)(kc) &q E H. (1)
Here y has been assumed pseudoscalar, the factors k/tltc and
(kc} & are introduced for dimensional reasons (p,—=rest mass of x ),

and q is a dimensionless constant determined by the decay
mechanism. '
One can obtain g immediately (by a first-order perturbation

calculation) in terms of the mean life, ~, of a neutral ~-meson at
rest, viz.

v '= x'g'ttc'/2k. (2)

{3)cr =32m' Z ————,for k]c«kk =etc
CT etc 3 pc

,k/pc, e' k (2Z)l p,c
o =32+'- Z' ——,for E(k—~)= —&&1. (4)

Cr kC pC 2 kk

In Eqs. (3) and (4), M, k~=kk/1 —(pc/kk) s|& are, respectively,
the momenta of the incident photon and produced neutral
~-meson; the angular distribution of the mesons is strongly
collimated about the direction of the incident photon if kk»pc.
In deducing Eq. {3),it has been supposed that the nuclear protons
remain approximately at rest during time intervals of the order
of several periods of the incident electromagnetic wave t since
p pop $c and (ck} '«k/ttc'j, and that the probability of finding
any pair of protons a distance r apart is proportional to exp(—r/E},
where R=k(2Z)l/pc is the nuclear radius. It is seen from Eqs.
{3) and {4) that the electric fields of the Z protons contribute
"coherently" to the x production, once the photon energy
exceeds $(2Z) &talc'.
Thus, if v is less than, say, 10 "sec, Eq. {4)indicates that a Z'

term should be observable in the total cross section for production
of neutral m-mesons in photon-nucleus collisions. Since no such
term has so far been experimentally detected, one can set a very
rough lower limit on 7": TO'5&10 "sec. An approximate upper
limit of 5X10 "sec seems to be indicated by cosmic-ray data. s

*Assisted by the joint program of the ONR and AEC.t On leave from Washington University, St. Louis, Missouri.
~ Steinberger, Panofsky, and Steller, Phys. Rev. V8, 802 (1950);Panofsky,

Aamodt, Hadley, and Phillips, Phys. Rev. 80, 94 (1950).
~ C. N. Yang, Phys. Rev. VV, 243 (1950); D. C. Peaslee, Helv. Phys.

Acta 23, 845 (1950); we exclude the possibility of the H spin being )1.
I J. Steinberger, Phys. Rev. V6, 1180 (1949), and other references quoted

there.
4 Marshak, Tamor, and Wightman, Phys. Rev. 80, 765, 766 (1950);

K. Brueckner, Phys. Rev. VQ, 641, 187 (1950).
~ The mechanism of H decay via interaction with virtual proton anti-

proton pairs gives, if for example ye coupling is used between the meson
and nucleon wave fields, r ~=(yc~/16~'P)(pe~/Mkc)~(g~/Sc) (reference 3),
so that in this case, g =(y/8&~~M) (g~/Ac)&(e~/Ac).I Another possible process predicted from Eq. (1) involves the one-
photon decay of a H in an external (nuclear) elertric field. If r' is the mean
life of this decay, one obtains (with N as the number of nuclei per unit
volume, and using Eq. (4))

r/v =rcNa2k~ le+(yca/k) ~] ~ =64~HZ~(e~/Ac) (5/p, c)~N &&1.
~ Observations of Steinberger, Panofsky, and Steller quoted by R. F.

Mozley, Phys. Rev. 80, 493 (1950).
s Carlson, Hooper, and King, Phil. Mag. 41, 701 (1950).

The effective interaction of Eq. {1) can now be used for a
calculation of the probability of the inverse process: H production
in photon-photon collisions, or, for the calculation of the proba-
bility of the more interesting process: m production in the collision
of a photon with an external, approximately static electric field;
e.g., the Coulomb field of a (slowly recoiling) nucleus. The total
cross section o. for this last process is, from a first-order perturba-
tion treatment of Eq. (1), proportional to gs, i.e., to v ', one
obtains'

30�Henry Primakoff, Phys. Rev. 81, 899 (1951).  
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The First Experiment: PrimEx-I (2004)  
 Theoretical angular distributions smeared with experimental    
resolutions are fit to the data on two nuclear targets to 
extract Γ(π0�γγ)  
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Primakoff  Summary�
•  Photon pick up from the Coulomb  

 field of  nucleus 
•  Out-going products through Primakoff  

effect has strongly forward boosted. 
•  Primakoff  effect is suppressed rapidly 

as a function of  emission angle or 
momentum transfers. 

•  Primakoff  effect gets stronger as a 
function of  Z. 
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The analyzing power (spin-dependent azimuthal symmetry) has been observed for the first time in the
nuclear Coulomb coherent production process, the "Primakoff process, " with the use of the newly con-
structed 185-GeV/c Fermilab polarized proton beam. We have observed a large asymmetry of this pro-
cess in the regions of ~t'~ &0.001 (GeV/c) and 1.36&M(tr p) &1.52 GeV/c', where the Coulomb
process is predominant. The measured asymmetry is consistent with the analyzing power of the existing
low-energy y+p m +p data.

PACS numbers: 13,88.+e, 13.60.Le, 13.85.Hd, 25.40.Ve

As was first suggested by Primakoff and co-workers'
the radiative decay width of hadron resonances can be
related to the cross section for resonance production for
hadrons interacting in the Coulomb field of a nucleus.
The photoproduction of n is related to the Coulomb
coherent production by a proton incident on a high-Z nu-
cleus, p+Z t5/N*+Z tr +p+Z. The general for-
mula for this relationship, including spin observables, has
been described by Margolis and Thomas. The
differential cross section with an incident polarized pro-
ton beam can be described in terms of the low-energy
photoproduction cross section with a polarized target as

der aZ F(t) t do(yp '—n'p)
dM'dtdy tr M' —m' t'

&& [1+T(8)Ptt cosP],

where M is the invariant mass of the m -p system, m is
the proton mass, t is the square of the momentum
transfer carried by the virtual photon, t'=t —(M—m ) /4PL, F(t) is a form factor for the target nu-
cleus, T(8) is the analyzing power (target azimuthal
asymmetry) for photoproduction of tr from a polarized
proton target at c.m. polar angle 8, p is the azimuthal
angle, and Pg and PL are the transverse polarization and
the momentum of the incident protons, respectively. The
photoproduction of z from a polarized target has been
studied at low energies. The observed asymmetry varies
with both photon energy and scattering angle. It is al-
most zero at the h(1232) resonance, but rises to —90%
in the photon energies ranging between 500 and 800
MeU. This kinematic region corresponds to a z -p
invariant-mass region between 1.36 and 1.52 GeV. Ac-
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cording to Eq. (1), the asymmetry seen in photoproduc-
tion due to the interference between 6 and N* is expect-
ed in coherent Coulomb n production by polarized pro-
tons, using the same region of the n -p invariant mass.
Therefore this process may be used to measure the polar-
ization of the proton at high energies. Until now, there
has been no measurement of the asymmetry in the nu-
clear coherent process.
The cross section for the Coulomb coherent process

(1) has a sharp peak at t'-10 (GeV/c) and de-
creases rapidly as t'/r . The "width" of the Coulomb
peak is determined by the detector resolution. Diff'rac-
tive dissociation due to the strong interaction is also
present, but it has a much slower t' dependence.
We have measured the analyzing power (azimuthal

asymmetry) of nuclear Coulomb coherent production
from a Pb target by using the newly constructed 185-
GeV/c Fermilab polarized proton beam. The beam po-
larization is 45% and this is further described in Ref. 7.
To reduce certain systematic errors, the spin direction of
the incident proton was flipped every 10 min using a
spin-rotator system.
The setup of the experiment is shown in Fig. 1. The

apparatus consists of a 3-mm-thick Pb target surrounded
by veto counters, a lead-glass calorimeter for z detec-
tion, and a magnetic spectrometer for the scattered pro-
tons. The scattered-proton momentum resolution is
measured to be 1.1% (rms) at 135 GeV/c. The overall
resolution of the scattering angle is about 0.08 mrad,
with the predominant contribution due to multiple
scattering in the Pb target. Helium bags were placed
along the scattered proton trajectory to reduce multiple
scattering in air.
The two photons from the z decay are detected with

a finely segmented lead-glass calorimeter. The calorime-
ter consists of 156 lead-glass blocks arranged as shown in
Fig. 1. A square hole in the center allows the scattered
protons and noninteracting beam particles to pass
through. Each rectangular block has a cross section of
3.8X3.8 cm and a depth of 45 cm, corresponding to
19.1 radiation lengths. The stability of the calorimeter is
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FIG. l. Schematic view of the experimental setup. The di-
mensions transverse to the beam are not scale.

monitored to a 1/o accuracy with a xenon-flash-tube sys-
tem. A 30-GeV positron beam was used to calibrate the
calorimeter. The measured energy resolution is 3%
(rms) at 30 GeV and the position resolution is 2 mm
(rms). The measured m energies in this experiment
ranged from 25 to 75 GeV.
A set of thin plastic scintillation counters (Tpl) is

placed downstream of the magnet and provides the
trigger for the scattered protons. The set consists of four
counters arranged to distinguish protons scattered to the
left, right, up, and down. The calorimeter also has left,
right, up, and down sections, and signals from each sec-
tion are summed for the trigger. In the coherent process
where t' is almost zero, the n and scattered protons are
coplanar. Thus the trigger logic is such that the energy
deposit is larger than 25 GeV in the left half of the
calorimeter, less than 5 GeV in the right half, and a pro-
ton hits the right segment of TP1. There are four such
combinations to cover the whole range of azimuthal an-
gles. To reject the events which have any extra particle
besides a proton and n, veto counters are included in the
trigger logic.
The data were taken at an intensity of 10 protons per

20-s spill, integrated to a total number of 1.8x10' pro-
tons on the Pb target. Some data were taken with car-
bon and copper targets to study the A dependence of the
diA'ractive process. Data were also taken without a tar-
get in place, in order to estimate the background events
mainly due to scattering from the air around the target
position.
In the analysis, a proton track is reconstructed to

evaluate its scattering angle and momentum. The ener-
gy and position of a photon are reconstructed into a n
with the use of a shower table obtained from the positron
calibration data. The measured mass resolution of the
reconstructed x 's is 8.4 MeV/c (rms), which is con-
sistent with the results of a Monte Carlo simulation.
Since the Coulomb coherent process has only one pro-

ton and one n in the final state, the following criteria
are applied for the event selection: (a) There is a single
proton track with momentum from 100 to 160 GeV/c;
(b) the interaction point is within 50 cm for the target;
(c) there is no electromagnetic energy in the calorimeter
other than the ~; and (d) the sum of the longitudinal
momenta of proton and x is equal to the beam momen-
tum within ~ 10 GeV/c.
The measured invariant-mass distribution for the p-x

system at
~
t'~ & 10 (GeV/c) is shown in Fig. 2. The

prominent peak is the 6+ (1232) resonance and the
second bump is due to the N (1520) resonance. Both
resonances have rather large radiative decay widths.
The selected region of the momentum transfer is
~
r'~ & 10 (GeV/c), since the expected r' resolution

by Monte Carlo simulation is about 4&&10 (GeV/c)
and most of the Coulomb process is included in this re-
gion. Even at such a small region of t', the contribution
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cording to Eq. (1), the asymmetry seen in photoproduc-
tion due to the interference between 6 and N* is expect-
ed in coherent Coulomb n production by polarized pro-
tons, using the same region of the n -p invariant mass.
Therefore this process may be used to measure the polar-
ization of the proton at high energies. Until now, there
has been no measurement of the asymmetry in the nu-
clear coherent process.
The cross section for the Coulomb coherent process

(1) has a sharp peak at t'-10 (GeV/c) and de-
creases rapidly as t'/r . The "width" of the Coulomb
peak is determined by the detector resolution. Diff'rac-
tive dissociation due to the strong interaction is also
present, but it has a much slower t' dependence.
We have measured the analyzing power (azimuthal

asymmetry) of nuclear Coulomb coherent production
from a Pb target by using the newly constructed 185-
GeV/c Fermilab polarized proton beam. The beam po-
larization is 45% and this is further described in Ref. 7.
To reduce certain systematic errors, the spin direction of
the incident proton was flipped every 10 min using a
spin-rotator system.
The setup of the experiment is shown in Fig. 1. The

apparatus consists of a 3-mm-thick Pb target surrounded
by veto counters, a lead-glass calorimeter for z detec-
tion, and a magnetic spectrometer for the scattered pro-
tons. The scattered-proton momentum resolution is
measured to be 1.1% (rms) at 135 GeV/c. The overall
resolution of the scattering angle is about 0.08 mrad,
with the predominant contribution due to multiple
scattering in the Pb target. Helium bags were placed
along the scattered proton trajectory to reduce multiple
scattering in air.
The two photons from the z decay are detected with

a finely segmented lead-glass calorimeter. The calorime-
ter consists of 156 lead-glass blocks arranged as shown in
Fig. 1. A square hole in the center allows the scattered
protons and noninteracting beam particles to pass
through. Each rectangular block has a cross section of
3.8X3.8 cm and a depth of 45 cm, corresponding to
19.1 radiation lengths. The stability of the calorimeter is
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monitored to a 1/o accuracy with a xenon-flash-tube sys-
tem. A 30-GeV positron beam was used to calibrate the
calorimeter. The measured energy resolution is 3%
(rms) at 30 GeV and the position resolution is 2 mm
(rms). The measured m energies in this experiment
ranged from 25 to 75 GeV.
A set of thin plastic scintillation counters (Tpl) is

placed downstream of the magnet and provides the
trigger for the scattered protons. The set consists of four
counters arranged to distinguish protons scattered to the
left, right, up, and down. The calorimeter also has left,
right, up, and down sections, and signals from each sec-
tion are summed for the trigger. In the coherent process
where t' is almost zero, the n and scattered protons are
coplanar. Thus the trigger logic is such that the energy
deposit is larger than 25 GeV in the left half of the
calorimeter, less than 5 GeV in the right half, and a pro-
ton hits the right segment of TP1. There are four such
combinations to cover the whole range of azimuthal an-
gles. To reject the events which have any extra particle
besides a proton and n, veto counters are included in the
trigger logic.
The data were taken at an intensity of 10 protons per

20-s spill, integrated to a total number of 1.8x10' pro-
tons on the Pb target. Some data were taken with car-
bon and copper targets to study the A dependence of the
diA'ractive process. Data were also taken without a tar-
get in place, in order to estimate the background events
mainly due to scattering from the air around the target
position.
In the analysis, a proton track is reconstructed to

evaluate its scattering angle and momentum. The ener-
gy and position of a photon are reconstructed into a n
with the use of a shower table obtained from the positron
calibration data. The measured mass resolution of the
reconstructed x 's is 8.4 MeV/c (rms), which is con-
sistent with the results of a Monte Carlo simulation.
Since the Coulomb coherent process has only one pro-

ton and one n in the final state, the following criteria
are applied for the event selection: (a) There is a single
proton track with momentum from 100 to 160 GeV/c;
(b) the interaction point is within 50 cm for the target;
(c) there is no electromagnetic energy in the calorimeter
other than the ~; and (d) the sum of the longitudinal
momenta of proton and x is equal to the beam momen-
tum within ~ 10 GeV/c.
The measured invariant-mass distribution for the p-x

system at
~
t'~ & 10 (GeV/c) is shown in Fig. 2. The

prominent peak is the 6+ (1232) resonance and the
second bump is due to the N (1520) resonance. Both
resonances have rather large radiative decay widths.
The selected region of the momentum transfer is
~
r'~ & 10 (GeV/c), since the expected r' resolution

by Monte Carlo simulation is about 4&&10 (GeV/c)
and most of the Coulomb process is included in this re-
gion. Even at such a small region of t', the contribution
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The analyzing power (spin-dependent azimuthal symmetry) has been observed for the first time in the
nuclear Coulomb coherent production process, the "Primakoff process, " with the use of the newly con-
structed 185-GeV/c Fermilab polarized proton beam. We have observed a large asymmetry of this pro-
cess in the regions of ~t'~ &0.001 (GeV/c) and 1.36&M(tr p) &1.52 GeV/c', where the Coulomb
process is predominant. The measured asymmetry is consistent with the analyzing power of the existing
low-energy y+p m +p data.

PACS numbers: 13,88.+e, 13.60.Le, 13.85.Hd, 25.40.Ve

As was first suggested by Primakoff and co-workers'
the radiative decay width of hadron resonances can be
related to the cross section for resonance production for
hadrons interacting in the Coulomb field of a nucleus.
The photoproduction of n is related to the Coulomb
coherent production by a proton incident on a high-Z nu-
cleus, p+Z t5/N*+Z tr +p+Z. The general for-
mula for this relationship, including spin observables, has
been described by Margolis and Thomas. The
differential cross section with an incident polarized pro-
ton beam can be described in terms of the low-energy
photoproduction cross section with a polarized target as

der aZ F(t) t do(yp '—n'p)
dM'dtdy tr M' —m' t'

&& [1+T(8)Ptt cosP],

where M is the invariant mass of the m -p system, m is
the proton mass, t is the square of the momentum
transfer carried by the virtual photon, t'=t —(M—m ) /4PL, F(t) is a form factor for the target nu-
cleus, T(8) is the analyzing power (target azimuthal
asymmetry) for photoproduction of tr from a polarized
proton target at c.m. polar angle 8, p is the azimuthal
angle, and Pg and PL are the transverse polarization and
the momentum of the incident protons, respectively. The
photoproduction of z from a polarized target has been
studied at low energies. The observed asymmetry varies
with both photon energy and scattering angle. It is al-
most zero at the h(1232) resonance, but rises to —90%
in the photon energies ranging between 500 and 800
MeU. This kinematic region corresponds to a z -p
invariant-mass region between 1.36 and 1.52 GeV. Ac-
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FIG. 2. The invariant-mass spectrum of the z -p system in
p+Pb xo+p+Pb for tr't &1&10 ' (GeV/c) . Peaks due
to the 6+(1232) and N*(1520) resonances are shown. Re-
gions I and II are defined in the text.

of the diffractive dissociation process is not negligible.
The analyzing power of this process is expected to be
zero, because the single Pomeron exchange with dia-
grams known as the Deck effect dominates the process.
The observed p-angle dependence of the coherent n pro-
duction process may be expressed as 1+[fT(8)Ps]cos(s,
where the parameter f is a dilution factor due to the
diffractive dissociation. The raw asymmetry at p is given
as

A(y) [N'(y) —N'(y)]/[N (p)+N ((s)]
=fT(8)Ps cosp e cosp, (2)

t

where Nt(p) and N'(p) are the number of events at (s

for the up and down spin directions of the incident pro-
ton, respectively.
The asymmetry parameter e is obtained by fitting the

observed values of A ((s) with the functional form
A(p) =ecosp. The fit was made for two regions of the
e -p mass: (I) 5 region, m & 1.36 GeV/c and (II) in-
terference region, 1.36 &m & 1.52 GeV/c . The asym-
metry in region I was found to be —0.005+ 0.017, and
is consistent with T(8) almost zero in this region. In re-
gion II, we obtained e —0.14+.0.03, with a g per de-
gree of freedom of 0.83.
In order to confirm that the observed asymmetry is

due to the Coulomb coherent process, the following two
checks were made. First, the asymmetry of the same
mass region at 2.5&10 & t

I't &5X 10 (GeV/c),
where the diffractive process is dominant, was measured
to be 0.012~ 0.028. This result is consistent with the as-
sumption that the diffractive-dissociation process has no
polarization asymmetry. Second, the asymmetry in re-
gion II was measured to be —0.002 ~ 0.022 with an un-
polarized proton beam. These two null results confirm
that the present asymmetry result is free from systematic
bias within the errors quoted above.
The dilution factor f in Eq. (2) is estimated by fitting

the t' distribution of the events, assuming the observed
cross section is a sum of the Coulomb process and the
diffractive process, as smeared by the detector resolution.
The t' distribution is the sum of two cross sections,
do/dr day/dt+daD'/dt, where doc/dt and dcxD/dt are
the Coulomb and diffractive cross sections, respectively,
plus a possible interference term which should be small
due to the approximate 90 relative phase. By including
the r resolution of the detector (ht' hP, ), the observ-
able distribution is calculated numerically from a convo-
lution integral,

1
Nob, (t') exp2~aP'

(P, -P, )'
2h,P C, +D d Pr

dcrc daD
dr' ch' (3)

where P, and P, are the exact and smeared momentum
transfers, respectively, and C and D are normalization
coefficients. The observed r' distribution, N,b, (t'),
behaves as exp( bt') for t

1't & I X—10 (GeV/c); this
is due almost entirely to detector resolution. Above t t't
of 3 x 10 (GeV/c ), the Coulomb part N~ (r ') of
N», (t') behaves approximately as t F(t) t / t t t . The
diffraction part, ND(t'), alone may be expressed as
ND(t') =Dexp( bDt'), where bD—=(I/bD+2API )
and bD is the slope parameter of the diffractive process.
After subtracting the background events due to air by
using the data taken without a target in place, the t' dis-
tribution of the events for the Pb target was fitted with
the form N(t'), where the free parameters are AP„bD,
C, and D. During fitting we allowed an interference
term with the amplitudes of the two processes and vari-
able phase. No significant change in fit quality due to
interference was found within experimental errors. The

t' distributions of the events together with the best-fit
values for both Nc(t') and ND(t') are given in Fig. 3.
The values obtained for the fit parameters for the region
of M,o 1.36-1.52 GeV/c are the following: hP,
18.4+ 2.4 MeV/c, bD 503+t23 (GeV/c), andf 0.55+on j7o for t

t'
t & I & 10 (GeV/c), with

g /NDF 0.7.
The value found for AP, is consistent with the simula-

tion calculations. The slope parameter of the diffractive
process depends on the mass of the x p system and on
the nuclear radius. ' Empirically it is expressed as
bD =R,tr/4, where R,n is the sum of the interaction ra-
dius of the elementary process from a nucleon target and
the rms radius of a nucleus. The value obtained for bD is
slightly larger than the value calculated by the empirical
formula. The t' distributions were obtained using carbon
and copper targets and were also fitted in the same way.
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The t' distribution of the p+Pb p+n +Pb, at
(a) M „0(1.36 GeV/c' and (b) M,o 1.36-1.52 GeV/c'.
The curves are obtained by fitting the data. The dashed and
dotted lines show the diAractive process and the amount of
background events, respectively, and the solid curve represents
the Coulomb process. The arrow indicates the position of the t'
cut.

The values of bD at the same mass region are 77.7 ~6
and 172~ 48 (GeV/c) for carbon and copper, respec-
tively, and they are consistent with the calculation. We
conclude that the fit is adequate to deduce the Coulomb
process within the statistical accuracy of the measure-
ments.
The analyzing power T(8) of the Coulomb coherent

process is —0.57 ~0.12(statistical) —+n'ls(scale error due
to the dilution factor) in the z -p mass region of
1.36-1.52 GeV/c and 8„0 =60'-120'. The analyzing
power of n photoproduction average over the same
kinematical region is —0.65+0.04. These results are
consistent with each other within the accuracy of the
measurements, and provide empirical evidence that the
relationship [see Eq. (I)] between the low-energy pho-
toproduction and the nuclear Coulomb coherent produc-
tion at high energy can be applied in the case of polar-
ized protons. Because of the invariance of the elec-
tromagnetic interaction under charge conjugation, the
same magnitude of analyzing power is expected in the
Coulomb coherent production by polarized antiprotons.
We therefore have established a method to measure the
polarization of protons and of antiprotons at high ener-
gies.
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Fermi Experiment Summary�
•  Large asymmetry observed in Fermi 

forward pi0 production in pol(p)+Pb.  
•  Large asymmetry is observed by selecting 

Primakoff  kinematics (Small –t). 

•  The asymmetry is known in photo pion 
production as a consequence of  
interference between Delta and N*. 
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FIG. 2. The invariant-mass spectrum of the z -p system in
p+Pb xo+p+Pb for tr't &1&10 ' (GeV/c) . Peaks due
to the 6+(1232) and N*(1520) resonances are shown. Re-
gions I and II are defined in the text.

of the diffractive dissociation process is not negligible.
The analyzing power of this process is expected to be
zero, because the single Pomeron exchange with dia-
grams known as the Deck effect dominates the process.
The observed p-angle dependence of the coherent n pro-
duction process may be expressed as 1+[fT(8)Ps]cos(s,
where the parameter f is a dilution factor due to the
diffractive dissociation. The raw asymmetry at p is given
as

A(y) [N'(y) —N'(y)]/[N (p)+N ((s)]
=fT(8)Ps cosp e cosp, (2)

t

where Nt(p) and N'(p) are the number of events at (s

for the up and down spin directions of the incident pro-
ton, respectively.
The asymmetry parameter e is obtained by fitting the

observed values of A ((s) with the functional form
A(p) =ecosp. The fit was made for two regions of the
e -p mass: (I) 5 region, m & 1.36 GeV/c and (II) in-
terference region, 1.36 &m & 1.52 GeV/c . The asym-
metry in region I was found to be —0.005+ 0.017, and
is consistent with T(8) almost zero in this region. In re-
gion II, we obtained e —0.14+.0.03, with a g per de-
gree of freedom of 0.83.
In order to confirm that the observed asymmetry is

due to the Coulomb coherent process, the following two
checks were made. First, the asymmetry of the same
mass region at 2.5&10 & t

I't &5X 10 (GeV/c),
where the diffractive process is dominant, was measured
to be 0.012~ 0.028. This result is consistent with the as-
sumption that the diffractive-dissociation process has no
polarization asymmetry. Second, the asymmetry in re-
gion II was measured to be —0.002 ~ 0.022 with an un-
polarized proton beam. These two null results confirm
that the present asymmetry result is free from systematic
bias within the errors quoted above.
The dilution factor f in Eq. (2) is estimated by fitting

the t' distribution of the events, assuming the observed
cross section is a sum of the Coulomb process and the
diffractive process, as smeared by the detector resolution.
The t' distribution is the sum of two cross sections,
do/dr day/dt+daD'/dt, where doc/dt and dcxD/dt are
the Coulomb and diffractive cross sections, respectively,
plus a possible interference term which should be small
due to the approximate 90 relative phase. By including
the r resolution of the detector (ht' hP, ), the observ-
able distribution is calculated numerically from a convo-
lution integral,

1
Nob, (t') exp2~aP'

(P, -P, )'
2h,P C, +D d Pr

dcrc daD
dr' ch' (3)

where P, and P, are the exact and smeared momentum
transfers, respectively, and C and D are normalization
coefficients. The observed r' distribution, N,b, (t'),
behaves as exp( bt') for t

1't & I X—10 (GeV/c); this
is due almost entirely to detector resolution. Above t t't
of 3 x 10 (GeV/c ), the Coulomb part N~ (r ') of
N», (t') behaves approximately as t F(t) t / t t t . The
diffraction part, ND(t'), alone may be expressed as
ND(t') =Dexp( bDt'), where bD—=(I/bD+2API )
and bD is the slope parameter of the diffractive process.
After subtracting the background events due to air by
using the data taken without a target in place, the t' dis-
tribution of the events for the Pb target was fitted with
the form N(t'), where the free parameters are AP„bD,
C, and D. During fitting we allowed an interference
term with the amplitudes of the two processes and vari-
able phase. No significant change in fit quality due to
interference was found within experimental errors. The

t' distributions of the events together with the best-fit
values for both Nc(t') and ND(t') are given in Fig. 3.
The values obtained for the fit parameters for the region
of M,o 1.36-1.52 GeV/c are the following: hP,
18.4+ 2.4 MeV/c, bD 503+t23 (GeV/c), andf 0.55+on j7o for t

t'
t & I & 10 (GeV/c), with

g /NDF 0.7.
The value found for AP, is consistent with the simula-

tion calculations. The slope parameter of the diffractive
process depends on the mass of the x p system and on
the nuclear radius. ' Empirically it is expressed as
bD =R,tr/4, where R,n is the sum of the interaction ra-
dius of the elementary process from a nucleon target and
the rms radius of a nucleus. The value obtained for bD is
slightly larger than the value calculated by the empirical
formula. The t' distributions were obtained using carbon
and copper targets and were also fitted in the same way.
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What we can learn from Fermi Exp.?�
•  If  we consider the difference between PHENIX 

neutron and p+pi0 as just a difference in the 
decay channels from Delta and N*, then both 
mechanisms are similar. 

•  PHENIX –t is expected to be larger than Fermi, 
so CNI may be important in PHENIX. 
–  Although Fermi claims AN is zero at CNI, it may be 

just because of  accident? 
–  Not straight forward to perform kinematic 

decomposition in PHENIX data. 
•  Sign of  AN are opposite between two 

experiments. Are we measuring the same AN? 
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Comparison between two �
Fermi � PHENIX� STAR17�

Beam Energy 
[GeV] � 185� 100� 255�

√s [GeV] � 19.5� 200� 22�
Target � Pb � Au � Al/Sn/Au �
Observables�

p + π0� n ( + charged) � n ( + charged) �
π0 ?�

t' � < 0.001� 0.02 < -t < 0.5�
M� 1.36 < M(π0p)<1.52 � ?� ?�
AN� - 0.57 ± (0.12)sta+ 

0.21 - 0.18 �
 +  0.27 ± 0.003 

(BBC veto) �
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Primakoff  Diagrams�
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Neuclear/Nucleon Photo-Excitation �
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