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Abstract

FNAL E704 Collaboration. Measurement of single spin asymmetry in η-meson production in p↑p-
and p̄↑p-interactions in the beam fragmentation region at 200 GeV/c: IHEP Preprint 97-56. –
Protvino, 1997. – p. 10, figs. 7, tables 4, refs.: 6.

We present experimental results on measuring a single spin asymmetry in η-meson production
in the interaction of transversely polarized protons and antiprotons at plab = 200 GeV/c with
a proton target in the region 0.2 < xF < 0.7 for p↑p, 0.3 < xF < 0.7 for p̄↑p and 0.7 < pT <
2.0 GeV/c. Comparison of single spin asymmetries in π- and η-meson production is done.

aNNOTACIQ

kOLLABORACIQ E704, fnal. iZMERENIE ODNOSPINOWOJ ASIMMETRII W OBRAZOWANII η-MEZONA
W p↑p- I p̄↑p-WZAIMODEJSTWIQH W OBLASTI FRAGMENTACII PUˆKA PRI 200 g“w/c: pREPRINT

ifw— 97-56. – pROTWINO, 1997. – 10 S., 7 RIS., 4 TABL., BIBLIOGR.: 6.

pREDSTAWLENY “KSPERIMENTALXNYE REZULXTATY PO IZMERENI@ ODNOSPINOWOJ ASIMMETRII

W OBRAZOWANII η-MEZONA WO WZAIMODEJSTWIQH POPEREˆNO POLQRIZOWANNYH PROTONOW I ANTI-
PROTONOW PRI plab = 200 g“w/c S PROTONNOJ MI[ENX@ W OBLASTI 0.2 < xF < 0.7 DLQ p↑p,
0.3 < xF < 0.7 DLQ p̄↑p I 0.7 < pT < 2.0 g“w/c. dAETSQ SRAWNENIE ODNOSPINOWYH ASIMMETRIJ

W OBRAZOWANII π- I η-MEZONOW.
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Introduction

The experiment E704 was carried out at FNAL and was devoted to the study of polar-
ization effects in p↑p and p̄↑p collisions with transversely and longitudinally polarized pro-
ton and antiproton beams at plab = 200 GeV/c. Significant single spin asymmetries were
observed by this experiment in π0 [1], π± [2] and Λ [3] production in the fragmentation
region of the polarized beams. Now we present the measurements of the xF -dependence
of the single spin asymmetries AN for the reactions

p↑p → ηX (1)

p̄↑p → ηX, (2)

performed in the region 0.2 < xF < 0.7 for reaction (1), 0.3 < xF < 0.7 for reaction (2)
and 0.7 < pT < 2.0 GeV/c for both reactions. The transverse single spin asymmetry is
determined [4] as a relative difference of cross sections of particle production to the left
with up and down alignment of the beam polarization:

AN =
1

Pb

dσ↑ − dσ↓
dσ↑ + dσ↓

,

where Pb is the beam polarization value. Thus, the asymmetry is positive when particles
tend to fly to the left when the beam polarization is directed upward.

The data used for this analysis were stored during the FNAL accelerator run in 1990
and contained about 6.6 · 106 events for p↑p and 3.3 · 106 events for p̄↑p collisions written
on data summary tapes.

The detector configuration is shown in Fig. 1. The Fermilab polarized beam facility
is described elsewhere [5]. The polarized protons were obtained from the decay of Λ
hyperons, and the proton polarization was determined by a tagging system of the particle
trajectory. A set of spin-rotation magnets, a so-called ”Siberian snakes”, was used to
change the polarization direction from the transverse-horizontal to the vertical one. Then
the beam interacted with the 100 cm-long liquid-hydrogen target. Photons were detected
by the electromagnetic calorimeter EC. The detector was assembled of lead-glass counters
in the array of 21 columns by 24 rows. The size of each counter was 38.1×38.1×450 mm3.

1



target
spin-rotation magnets

beam
polarized

EC (21x24)

Fig. 1. The schematic layout of the E704 setup.

The energy resolution of the electromagnetic calorimeter (RMS) was ∆E/E = 0.01 ⊕

0.12/
√
E [GeV]. The detector was positioned at 10 m downstream from the target center

and the beam axis came to the center of the middle counter of the first column. Such a
configuration allowed one to accept the largest xF range.

1. Algorithm of extracting η from data

All combinations of photon pairs plotted against the pair mass show a distinguished
peak from the π0-meson. But, due to the abundance of π0’s in each event in comparison
with η’s, the combinatorial background contaminates very much the peak in γγ-spectrum
at the η-meson mass, 547 MeV/c2. The first step to have a clearer η-signal is to remove
showers in the EC caused by hadrons which can be performed by the shower shape.
Hadrons produce showers in a calorimeter with much larger fluctuations than photons do.
As a criterium of a ”good” electromagnetic shower a minimization of the parameter ρ, a
type of χ2, was used:

ρ =
(
∑

(Eexp − E0))
2∑

Eexp
,

where the sum is given over all cells of the calorimeter, Eexp is a measured deposited
energy in each lead-glass counter, and E0 is the predicted deposited energy in each cell
based on the average shower shape. Using the energy resolution of the calorimeter we can
obtain the mean 〈ρ〉 = 0.014 GeV for electromagnetic particles. We exclude all showers
with ρ > 0.05 GeV from the data analysis as responses from hadrons. The rest of the
showers are considered to be electromagnetic showers, or responses from photons.

To exclude the kinematical region with low asymmetry, we limit the transverse mo-
mentum of a shower pair by 0.7 < pT < 2.0 GeV/c. The mass-spectrum of the remaining
shower pairs still has a large background under the η-peak. At the next step of the analy-
sis, the photons originated from π0-mesons are removed from further consideration. The
π0 candidates are chosen in the following way. For any photon pair the variable xF is
determined; for this xF the minimum distance between photons from η-meson decay on
the face of EC is determined as ∆min = 2ztargMη/xFplab, where ztarg is a distance between
the target center and the detector and Mη = 0.547 GeV/c2. All γ-pairs with the distance
∆ < 0.6∆min are taken as π0 candidates and omitted from further analysis. While no
γ-pair from an η-meson has a distance on the EC face less than ∆, this algorithm of π0

elimination rules out some number of η-mesons along with π0’s, because in the vicinity of
γ from η a photon from π0 can exist. Nevertheless, as it will be shown later, this method

2



does not change the measured asymmetry, and the combinations of the remained showers
give a spectrum with a significantly improved peak at the η-meson mass. The unpolarized
spectra of the two-photon masses in pp collisions at different xF intervals are shown in
Fig. 2; the specrta in p̄p collisions look analogously, but about 3 to 4 times lower.
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Fig. 2. The unpolarized two-photon spectra in p↑p collisions after π
0 rejection at different xF

intervals and 0.7 < pT < 2.0 GeV/c.

2. Asymmetry in η-meson production.

To measure the spin asymmetry, two samples of events with opposite signs of the
beam polarization P = ±(0.35 to 0.65) with the average polarization 〈P 〉 = ±0.46
were taken. The distribution of the beam polarization is shown in Fig. 3, the dark
area denotes the polarization used for the asymmetry measurement. The spin asym-
metry was determined as a relative difference of cross-sections of these two sam-
ples. Simultaneously a check for systematic errors of the spin asymmetry was per-
formed by determining the false asymmetry. The false asymmetry was determined
with two other samples of events: having been integrated over the beam polariza-
tion P = −0.35 to + 0.35 to obtain zero-polarization samples, events were split by
the so-called ”beam-spin-reversal-states”, i. e. by two independent states of the spin-
rotation magnets. Since these event samples are not correlated with the beam po-
larization, the false asymmetry should be zero in the absence of systematic errors.
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Fig. 3. Beam polarization distribution. The
dark area shows the polarization
used at the asymmetry measure-
ment.

The cross section of photon-pair produc-
tion with the invariant mass consistent
with that of η-meson at fixed direction of
the beam polarization is defined by the sum
of the cross section of the η-meson itself
and of the photon-pairs coming from the
non-resonant background:

σ±γγ = σ0η(1± Aη) + σ0b(1±Ab),

where σ0η and σ0b are unpolarized cross
sections of η-meson and background, and
Aη and Ab stand for their asymmetries.
Hence, the asymmetry in η-meson produc-
tion can be determined from the asymme-
try Araw of γγ pairs with masses includ-
ing the η-peak in the mass spectra, the
asymmetry Ab, and the ratio B of unpolar-
ized cross sections of the background two-
photon pairs and the η-meson production
(B = σ0b/σ

0
η):

Aη = (1 +B)Araw −BAb.

Since the left-right asymmetry of particle production is proportional to the cosine of
the azimuth angle φ, the data were split in 5 φ-bins, and the asymmetry parameter was
defined as a proportionality coefficient between cosφ and AN (φ).

The asymmetry Araw is measured directly from the two-photon mass spectra as the
asymmetry in the γγ-pair production with masses 480 < Mγγ < 640 MeV/c2. The
asymmetry Ab can be estimated by interpolating the asymmetries of nonresonant two-
photon pairs around the η-meson mass into the mass region under the η-peak. The two
first columns of the Table 1 and 2 show the true asymmetries in p↑p and p̄↑p collisions
of two-photon pairs with masses 480 < Mγγ < 640 MeV/c2 (Araw) and two-photon pairs
with masses around the η peak, 250 < Mγγ < 420 MeV/c2 and 640 < Mγγ < 900 MeV/c2

(Ab) versus (xF , pT )-point.
The background ratio B is defined from the unpolarized mass spectra of two-photon

combinations (Fig. 2). The spectra are fitted by the sum of the Gaussian distribution and
the second-order polynomial

f(m) = A exp

(
−

(m− m̄)2

2σ2

)
+ a0 + a1m+ a2m

2,

where the Gaussian describes γγ-pairs from the η-meson and the polynomial describes
nonresonant γγ-pairs. The background B is the ratio of the two parts of the mass dis-
tribution integrated over the mass interval 480 < Mγγ < 640 MeV/c2. The numerical
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values of background ratios versus xF for p↑p and p̄↑p are represented in the third column
of Tables 1 and 2.

Table 1. True asymmetries of γγ-pairs Araw, Ab, background ratio B, true and false asymme-
tries in η-meson production Atrueη and Afalseη versus (xF , pT ) in p↑p collisions.

xF -range 〈xF 〉 〈pT 〉 GeV/c Araw, % Ab, % B Atrueη , % Afalseη , %
0.2− 0.3 0.247 1.03 −1.4±1.4 −0.7±1.2 1.33±0.09 −5±8 0±7
0.3− 0.4 0.345 1.05 −0.5±1.7 −2.8±1.6 0.71±0.07 2±7 −1±6
0.4− 0.5 0.444 1.08 3.8±2.2 −2.2±2.4 0.40±0.07 13±7 −21±6
0.5− 0.7 0.562 1.09 8.0±3.2 −4.9±3.7 0.28±0.08 25±9 −12±8

Table 2. True asymmetries of γγ-pairs Araw, Ab, background ratio B, true and false asymme-
tries in η-meson production Atrueη and Afalseη versus (xF , pT ) in p̄↑p collisions.

xF -range 〈xF 〉 〈pT 〉 GeV/c Araw, % Ab, % B Atrueη , % Afalseη , %

0.3− 0.4 0.346 1.00 0.6±2.5 −4.5±2.2 0.71±0.09 9±10 5±9
0.4− 0.5 0.444 1.00 3.0±3.6 −1.4±3.8 0.54±0.11 12±13 −12±11
0.5− 0.7 0.560 1.03 −5.2±5.9 6.3±6.3 0.31±0.15 −19±17 24±16

The defined values of the raw and background asymmetries and the background ratio
now allow one to obtain the final result on the asymmetry in η-meson production. The
true and false η-meson asymmetries Atrueη and Afalseη in terms of xF are shown in Fig. 4 for
p↑p collisions and Fig. 5 for p̄↑p collisions; for convenience false asymmetries are shifted in
xF . The numerical values of Atrueη are given in the fourth column of Tables 1 and 2, those
of Afalseη are shown in the last columns.
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Fig. 4. True (solid lines) and false (dashed
lines) asymmetries in η-meson pro-
duction in p↑p collisions versus xF
at 0.7 < pT < 2.0 GeV/c.
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Fig. 5. True (solid lines) and false (dashed
lines) asymmetries in η-meson pro-
duction in p̄↑p collisions versus xF
at 0.7 < pT < 2.0 GeV/c.
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To prove the validity of the algorithm chosen to extract η-meson spectra described
in Section 1, we compare the result of these spectra and asymmetries before (set 1) and
after (set 2) π0 elimination. Tables 3 and 4 show the number of η-mesons Nη, background
ratios B and asymmetry Aη of these two data sets in p↑p and p̄↑p collisions. Here the
number of η-mesons is found as an integral under the Gaussian peak of the unpolarized
mass-spectra in Fig. 2. From this Table it follows that a significant number of η-mesons
are lost after π0-removal for xF < 0.5 while the background is subtracted more by this
algorithm. The asymmetry remains the same within the error bars.

Table 3. Number of η-mesons Nη, background ratio B and asymmetry Aη for data sets before
(set 1) and after (set 2) π0 elimination in p↑p collisions.

xF -range Nη B Aη, %
set 1 set 2 set 1 set 2 set 1 set 2

0.2− 0.3 (25.6±0.9) · 103 (9.3±0.3) · 103 3.68±0.14 1.33±0.09 −3±6 −5±8
0.3− 0.4 (18.6±0.7) · 103 (9.6±0.3) · 103 1.97±0.49 0.71±0.07 −2±6 2±7
0.4− 0.5 (10.5±0.3) · 103 (7.0±0.2) · 103 0.90±0.07 0.40±0.07 12±6 13±7
0.5− 0.7 (4.9±0.2) · 103 (3.9±0.1) · 103 0.41±0.08 0.28±0.08 17±8 25±9

Table 4. Number of η-mesons Nη, background ratio B and asymmetry Aη for data sets before
(set 1) and after (set 2) π0 elimination in p̄↑p collisions.

xF -range Nη B Aη, %
set 1 set 2 set 1 set 2 set 1 set 2

0.3− 0.4 (7.5±0.3) · 103 (4.6±0.2) · 103 1.80±0.12 0.71±0.09 5±9 9±10
0.4− 0.5 (3.3±0.2) · 103 (2.5±0.1) · 103 1.06±0.13 0.54±0.11 14±12 12±13
0.5− 0.7 (1.5±0.1) · 103 (1.2±0.1) · 103 0.47±0.16 0.31±0.15 −12±16 −19±17

Really, the method of the asymmetry measurement discussed above is irrelevant to
the background level because the raw η-meson asymmetry is corrected by the background
asymmetry. Both algorithms give almost equal results with equal errors. The comparison
of the asymmetries of the two data sets indicates the stability of the asymmetry against
the method of analysis. An alternative method of the asymmetry calculation based on
the direct measurement of the η-meson cross section by fitting the polarized two-photon
mass spectra results in the same values of the asymmetry but with higher errors, because
the fit of poor-statistics mass spectra with an unknown form of the background has much
higher errors than the statistical ones.

3. Discussion

The asymmetries in η-meson production have been measured. The asymmetry in η-
meson production in p↑p interactions shows the tendency to be positive and growing in
the range 0.3 < xF < 0.7 and 0.7 < pT < 2.0 GeV/c. The averaged asymmetry over the
region 0.4 < xF < 0.7, where the asymmetry deviates from zero-value by more than one
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standard error, is AN = 17 ± 5%. This result is proved by the consistency of the false
asymmetry with zero.

The asymmetry in p̄↑p interactions does not permit to make a strict conclusion about
its behaviour because of poor statistics. The average asymmetry over the region 0.4 <
xF < 0.7, 0.7 < pT < 2.0 GeV/c is AN = 2± 10%.

The systematic error of the asymmetry is significantly reduced due to the frequent
change of the beam polarization. The main source of the systematic error is an uncer-
tainty in the polarization measurement which results in the relative error of the asymmetry
δAN/AN = 0.12. Another systematic error arises from the background ratio B determi-
nation. This error is smaller and it adds not more than 2% to the absolute error of the
asymmetry.
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Fig. 6. The comparison plot of single spin
asymmetries in the polarized proton
beam fragmentation region.

-40

-20

0

20

40

60

0 0.2 0.4 0.6 0.8
xF

A
N

, %

p
–
 p → π0 X

p
–
 p → π+ X

p
–
 p → π- X

p
–
 p → η X

Fig. 7. The comparison plot of single spin
asymmetries in the polarized antipro-
ton beam fragmentation region.

As was mentioned earlier, the experiment E704 had measured single spin asymmetries
in π-meson and Λ-hyperon production in the same kinematical region. Figs. 6 and 7 show
the comparison plots of measured spin asymmetries in π0, π± and η production in the
fragmentation region of the polarized proton and antiproton beams. The asymmetries in
π-meson production are much more statistically reliable. Nevertheless, one can say that
the asymmetry of η-meson qualitatively behaves like that of π0 and π+ in p↑p-collisions.
All the asymmetries are consistent with zero at small xF , become non-zero at moderate
xF and grow towards the fragmentation region.

A successful description of the previous data on single spin asymmetries for pions and
Λ-hyperons is given by the Berliner relativistic quark model [6]. The model is based on
assumptions that most particles in the fragmentation region are formed by the valence
quarks of the projectile; that the valence quarks are polarized in a polarized hadron;
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and that the surface effect plays an important role in inclusive production processes.
This model predicts also that the sign of the single spin asymmetry in inclusive η-meson
production in the fragmentation region of the polarized projectile proton should be the
same as that for π0 and π+, i. e. positive. This prediction is confirmed by the experimental
measurement presented in the current publication.

Conclusion

We have presented the new result on the transverse single spin asymmetry mea-
surement in η-meson production in p↑p and p̄↑p interactions at plab = 200 GeV/c at
0.2 < xF < 0.7 and 0.3 < xF < 0.7 respectively and pT near 1 GeV/c. The result indi-
cates that the asymmetry in p↑p-collisions is positive. The average value of the asymmetry
over the xF -region 0.4 < xF < 0.7 is AN = 17 ± 5%. The asymmetry in p̄↑p-interactions
is consistent with zero. Within the error bars, the experimental result is consistent with
the prediction of the Berliner model.
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