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Abstract: At the Relativistic Heavy Ion Collider (RHIC), the Polarized Atomic Hydrogen Gas Jet

Target polarimeter (HJET) is employed for the precise measurement of the absolute transverse

(vertical) polarization of proton beams, achieving low systematic uncertainties of approximately

σ
syst
P /P ≤ 0.5%. The acquired experimental data not only facilitated the determination of single AN(t)

and double ANN(t) spin analyzing powers for 100 and 255 GeV proton beams, but also revealed

a non-zero Pomeron spin-flip contribution through a Regge fit. Preliminary results obtained for

forward inelastic p↑p and elastic p↑A analyzing powers will be discussed. The success of the HJET at

RHIC suggests its potential application for proton beam polarimetry at the upcoming Electron–Ion

Collider (EIC), aiming for an accuracy of 1%. Moreover, the provided analysis indicates that the

RHIC HJET target can serve as a tool for the precision calibration, with the required accuracy, of the
3He beam polarization at the EIC.

Keywords: RHIC; EIC; polarized hydrogen gas jet target; Coulomb-nuclear interference; absolute p

and 3He beam polarizations; elastic pp and pA analyzing powers; spin-dependent Pomeron; inelastic

pp analyzing power; 3He beam breakup

1. Introduction

The basic requirements for beam polarimetry at the future Electron–Ion Collider [1]
include (i) non-destructive operation with minimal impact on the beam lifetime and (ii) low
systematic uncertainty, as expressed by the condition

σ
syst
P /P ≲ 1%, (1)

in the value of the beam polarization [2]. This paper will focus on the absolute calibration
of the EIC hadron beam polarization.

Hadron polarimetry has been successfully performed on the polarized proton beams
at the Relativistic Heavy Ion Collider (RHIC) for nearly two decades. The absolute polariza-
tion of the proton beam (averaged over the beam profile) is measured using the Polarized
Atomic Hydrogen Gas Jet Target polarimeter (HJET) [3]. This is achieved by experimentally
determining the beam and jet spin asymmetries a = ANP for low-energy (|t| < 0.02 GeV2)
recoil protons. The beam polarization is then related, using

Pbeam = Pjetabeam/ajet, (2)

to the jet polarization Pjet ≈ 0.96, which is monitored with an accuracy of about 0.001 by a
Breit–Rabi polarimeter. For elastic scattering of the proton beam off the jet target proton, the
result is independent of the details of the elastic p↑p transverse analyzing power AN(s, t),
which generally depends on the center-of-mass energy squared s and momentum transfer
squared t.

After an upgrade in 2015 [4], the HJET polarimeter provided the absolute beam profile-

averaged polarization with systematic uncertainties of σ
syst
P /P ≲ 0.5% [5]. Additionally,
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HJET conducted measurements of single AN(t) and double ANN(t) spin-analyzing powers
for 100 and 255 GeV proton beams. A Regge fit indicated a non-zero Pomeron spin-flip
contribution. Preliminary results for forward inelastic p↑p and elastic p↑A (for six nuclei
in the mass range from deuteron to gold) analyzing powers were also obtained. The
effective operation of the HJET at RHIC suggests its potential application for proton beam
polarimetry at the Electron–Ion Collider (EIC) with a targeted systematic accuracy of 1%.

Furthermore, there has been a proposal [6] to utilize the HJET target for measuring
the 3He (h) beam polarization at the EIC. It is recognized that the ratio abeam/ajet used

for calculating the beam polarization needs adjustment based on the ratio of p↑h and h↑p
analyzing powers. In the leading-order Coulomb-nuclear interference (CNI) approximation,

this ratio A
ph
N /A

hp
N = −1.283 is determined solely by the magnetic moments of the proton

and helion [7]. However, it is important to note that considerations for hadronic spin-flip
amplitudes and the potential breakup of 3He in the scattering process are necessary.

Based on the Glauber approach principles, it has been demonstrated that the p↑h
and h↑p hadronic spin-flip amplitudes can be related with sufficient accuracy to the p↑p
amplitude measured at the HJET. The analysis of the breakup effect shows that, while it
can introduce corrections to the spin-flip interference terms of up to 4%, the overall effect
cancels out to a negligible value in the analyzing power ratio. Detailed explanations of
these estimates will be provided.

2. The Polarized Atomic Hydrogen Gas Jet Target

At the HJET (Figure 1), vertically polarized proton beams scatter off the vertically
polarized gas jet target, and the recoil protons are detected in the left/right symmetric,
vertically oriented Si strips. These measurements are carried out continuously during the
RHIC run and concurrently for the blue and yellow beams.
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Hydrogen Jet
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c
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Figure 1. A schematic view of the HJET recoil spectrometer.

For the detected events, whether elastic or inelastic, the momentum transfer squared t
can be straightforwardly expressed in terms of the recoil proton kinetic energy TR and its
mass mp as

−t = 2mpTR, (3)

and it is constrained by the following CNI range defined by the Si detector geometry:

0.0013 < −t < 0.018 GeV2. (4)

To confirm that the detected particle is a proton, the measured time of flight is matched
with that derived from the measured TR. For elastic events, the z-coordinate (along the
beam) of the recoil proton in the detector, zR, is given by

zR − zjet

L
=

√
TR

2mp
× Ebeam + mp

Ebeam − mp + TR
, (5)
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where zjet is the coordinate of the scattering point, L is the distance from the scattering
point to the detector, and Ebeam is the beam energy. This equation allows for the isolation
of elastic events. The remaining background, which is of only a few percent after applying
the event selection cuts, can be reduced to a negligible level, as described in Ref. [5].

The beam and jet spin asymmetries can be derived from the counted numbers of
events in Si detectors [5] as functions of the recoil proton energy TR (or, equivalently, the
momentum transfer squared t), and they can be related to the beam and jet polarizations
as follows:

abeam(TR) = AN(s, t)× Pbeam, ajet(TR) = AN(s, t)× Pjet. (6)

As the same events are used for calculating both the beam and jet asymmetries, the
values ⟨abeam(TR)⟩ and ⟨ajet(TR)⟩, averaged over the entire range of TR, can be substituted
into Equation (2) to determine the beam polarization. In this scenario, no prior knowledge
of AN(s, t) is necessary.

However, the analyzing power AN(s, t) for s = 2mp(Ebeam + mp) can still be precisely
derived from the measured ajet(TR).

3. Single Spin Analyzing Power AN(s, t)

Omitting some small terms, the high-energy forward elastic p↑p analyzing power can
be expressed [8–10] via single spin-flip φ5(t) and non-flip φ+ helicity amplitudes as

AN(t) =
−2Im(φ∗

5 φ+)

|φ+|2
=

2Im
[
φem

5 φh
+
∗
+ φh

5 φem
+

∗ + φh
5 φh

+
∗]

∣∣φh
+ + φem

+ eiδC
∣∣2

, (7)

where φh and φem are the hadronic and electromagnetic parts of the amplitudes, respec-
tively, and δC is a Coulomb phase [11,12]. In Ref. [10], AN(t) was rewritten in a form
convenient for the experimental data analysis as

AN(t) =

√
−t

mp
× κp(1 − ρδC)tc/t − 2(I5 − R5δC)tc/t − 2(R5 − ρI5)

(tc/t)2 − 2(ρ + δC)tc/t + 1 + ρ2
, (8)

where κp = 1.793 is the anomalous magnetic moment of the proton, ρ = Re φh
+(t)/Im φh

+(0),
and R5 and I5 are the real and imaginary parts of the hadronic spin-flip amplitude parame-
ter [10]

r5 =
mpφh

5 (t)√
−tIm φh

+(0)
= R5 + iI5. (9)

The electromagnetic amplitudes can be easily identified by the tc/t factor where, follow-
ing the optical theorem, tc is related to the total cross-section as −tc = 8πα/σtot. For a
100 GeV proton beam, ρ = −0.079, −tc = 1.86 × 10−3 GeV2, δC = 0.024 + α ln(tc/t). The
precision measurement of AN(t) may allow one to experimentally determine the hadronic
spin-flip amplitude. At the HJET, it was found that [13] |r5|∼0.02 at RHIC energies (see
Equations (12)–(15)).

Equation (8) was standardly used in the experimental data analysis [14–16]. However,
it was noted [17,18] that, for already achieved experimental accuracy, neglecting the differ-
ence between hadronic and electromagnetic form factors in Equation (8) may lead to the
misinterpretation of the experimental results. A possible alteration of STAR [16] and recent
HJET [13] values of r5 are due to this,

tc/t → tc/t + r2
E/3 − B/2, (10)

and some other small corrections were evaluated in Ref. [19]. B = 11.2 GeV2 [20] (for the
100 GeV beam) is the non-flip differential cross-section slope and rE = 0.841 fm [21] is the
rms charge radius of the proton.
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It was also underlined in Refs. [17,18] that, due to the absorption, the effective charge
radius of the proton in high energy pp scattering differs from that [21] found in electron–
proton scattering and other lepton–proton interactions. In Equation (8), the absorption
corrections can be accounted for [18,22] by replacing

R5 → R5 −
ακp

2

B

B + 2r2
M/3

≈ R5 − 0.003, (11)

where rM = 0.851 ± 0.026 fm [23] is the rms magnetic radius of the proton.
The single-spin proton–proton analyzing powers, measured at the HJET [13], for

100 GeV (
√

s = 13.76 GeV) and 255 GeV (
√

s = 21.92 GeV) proton beams are displayed
in Figure 2. Fitting AN(t), one finds non-zero hadronic spin-flip amplitudes for both
beam energies:

√
s = 13.76 GeV R5 =

(
−12.5 ± 0.8stat ± 1.5syst

)
× 10−3, (12)

I5 =
(
−5.3 ± 2.9stat ± 4.7syst

)
× 10−3, (13)

√
s = 21.92 GeV R5 =

(
−3.9 ± 0.5stat ± 0.8syst

)
× 10−3, (14)

I5 =
(
19.4 ± 2.5stat ± 2.5syst

)
× 10−3. (15)

Here, compared to the original publication [13], the absorption corrections (11) were applied
and an updated value of rE [21] was used. The increase in |I5| and |r5| as well as that of the
beam energy may be interpreted [13] as evidence of Pomeron contribution to r5.

2GeV  t−
0.000 0.005 0.010 0.015

0.01

0.02

0.03

0.04

(t)NA  = 100 GeVbeamE

=05=r
C

δ=ρCNI
NA

2GeV  t−
0.000 0.005 0.010 0.015

0.01

0.02

0.03

0.04

(t)NA  = 255 GeVbeamE

 50× stat+systσ
 50× systσ

Figure 2. Single-spin analyzing powers for elastic pp scattering measured at HJET [13]. The filled

areas represent 50-fold systematic and total (stat + syst) errors in the measurements. Dashed lines

specify the theoretical predictions [8] for the Coulomb-nuclear interference only, i.e., neglecting ρ, δC,

and r5 in Equation (8).

Energy Dependence of the Hadronic Single Spin-Flip Amplitude

It is well known that, for unpolarized proton–proton scattering, the elastic amplitude’s
dependence on the center-of-mass energy squared s can be approximated by

σtot(s)× [i + ρ(s)] = P(s, αF) + R+(s, α+) + R−(s, α−), (16)

where Regge poles

R±(s, α±) ∝
[
1 ± e−iπα±

](
s/4m2

p

)α±−1
(17)

are encoded as R+ for ( f2, a2) and R− for (ω, ρ), and a Froissaron parametrization is used
for the Pomeron contribution

P(s, αF) ∝ παF ln (s/4m2
p) + i

[
1 + αF ln2 (s/4m2

p)
]
. (18)
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In Ref. [13], to assess the energy dependence of the hadronic spin-flip amplitude,
Equation (16) was reformulated as

σtot(s)× r5(s) = f P
5 P(s, αF) + f+5 R+(s, α+) + f−5 R−(s, α−), (19)

where f P,±
5 are spin-flip couplings independent of s. The parametrization of functions P(s)

and R±(s) (αF = 0.0090, α+ = 0.65, α− = 0.45) was adopted from Ref. [24]. The Regge pole
intercepts α± are assumed to be the same for spin-flip and non-flip amplitudes. However,
for the Pomeron, the effective intercepts of its spin-flip and non-flip components may be
rather different [18,25], potentially invalidating Equation (19). Nevertheless, due to the
limited number of experimental spin-flip entries, this approximation was employed to
evaluate the couplings.

The fit of the updated values of r5 (12)–(15) yields

f P
5 = 0.054 ± 0.002stat ± 0.003syst, χ2/ndf = 0.7/1. (20)

This result suggests an unambiguous Pomeron contribution to the spin-flip amplitudes.
The obtained value of χ2 clearly indicates that any improvements to Equation (19) would
be statistically insignificant. However, given that a hypothetical alteration of (19) could
potentially change the value of f P

5 , a more conservative conclusion should be drawn: the
result of the r5(s) fit is inconsistent with the contribution from R±(s) alone.

Using the spin-flip couplings determined in the fit, the value of r5 was evaluated at√
s = 200 GeV (see Figure 3), enabling a comparison between the HJET and STAR [16]

results. To assess the extrapolation dependence on the model used in the fit, the same
analysis was conducted for a simple pole fit with “standard” intercepts, α± = 0.5 and
αP = 1.10. The discrepancy between the two extrapolations may be considered insignificant
if the resulting value of r5 at

√
s = 200 GeV is compared either with 0 (to test for the

Pomeron component) or with the STAR measurement.

3 10× 5rRe
10− 0 10

3
 1

0
× 

5r
Im

0

20

40

60

1

2

4

3

5 6

Figure 3. Experimental 1-sigma contours (stat + syst) for r5. The HJET results are marked as “1”

(
√

s = 13.76 GeV) and “2” (21.92 GeV). The Regge fit extrapolations to 200 GeV are labeled as “3”

for Froissaron and “4” for simple pole Pomeron. The labels “5” and “6” represent the STAR value

(200 GeV) [16] before and after applying the absorption and rE-related corrections.

Within experimental uncertainties, the HJET measurements align well with the value
published [16] by the STAR Collaboration. However, after applying corrections (10) and (11),
the STAR value was shifted, and consistency between HJET and STAR results may be
characterized by χ2/ndf = 4.8/3, which is statistically equivalent to 1.8 standard deviations.
It must be emphasized that the corrections applied do not include any revision of the
analyzing power experimentally determined at STAR.

Although the discrepancy between HJET extrapolation and STAR measurement is not
deemed significant, it suggests exploring other possible contributions to the model (19),
e.g., from the Odderon.
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For the combined HJET and STAR data, a simple pole Pomeron fit (19), with the
Pomeron intercept αsf

P as a free parameter, yields

αsf
P = 1.13+0.04

−0.03, χ2/ndf = 2.8/2, (21)

which agrees with the unpolarized αnf
P = 1.096+0.012

−0.009 [26].
Regardless of HJET measurements being conducted at relatively low energies,√

s = 14–22 GeV, the result proved to be sensitive to the Pomeron contribution to the
proton–proton amplitude. It is also worth noting that the HJET value of r5 extrapolated to√

s = 200 GeV and the corrected STAR result disagree with recent theoretical evaluations
for spin-dependent Pomeron [27–29].

4. Double-Spin Analyzing Power ANN(s, t)

For a vertically polarized proton beam and target, the azimuthal distribution of the
recoil protons is given [30] by

d2σ

dtdϕ
∝
{

1 + AN(t) sin ϕ
(

Pbeam + Pjet

)
+

[
ANN(t) sin2 ϕ + ASS(t) cos2 ϕ

]
PbeamPjet

}
(22)

where the angle ϕ = 0 corresponds to the upward direction. Since for HJET detectors,
sin ϕ = ±1, the measurements are insensitive to the double-spin analyzing power ASS(t).
Results of the measurement of ANN(t) at the HJET are displayed in Figure 4. One can
observe that the double spin-flip hadronic amplitude φ2(t), parameterized by

r2(s) =
φh

2 (s, t)

2Im φh
+(s, 0)

, (23)

is experimentally well-determined. Using the same approach (19) as for r5(s), the Regge fit
of r2(s) gives

f P
2 = 0.0020 ± 0.0002stat, χ2/ndf = 1.6/1, (24)

i.e., the double spin-flip Pomeron component is statistically well-established.

2GeV  t−
0.000 0.005 0.010 0.015

0.000

0.001

0.002

0.003

0.004
(t)NNA

 = 100 GeVbeamE

 = 255 GeVbeamE

310 × 2rRe
4− 3− 2− 1− 0

3
1

0
 ×  

2r
Im

0.6−

0.4−

0.2−

0.0

 100 GeV

 255 GeV

Figure 4. Left: Double spin elastic p↑p analyzing power ANN(t) measured at HJET for 100 and

255 GeV proton beams. Right: Double spin-flip amplitude parameters, derived from the measured

ANN(t). The experimental uncertainties are mainly statistical.

The sensitivity of ANN(t) to the Odderon was discussed in Ref. [31]. The measured
ANN(t) noticeably disagrees with a theoretical estimate [32] without Odderon contribution.
However, no detailed analysis of the possible Odderon contribution to ANN(t), measured
at the HJET, has been conducted yet.

5. Inelastic Proton–Proton Scattering

Although the scattered beam particle is not detected at the HJET, the measured zR

coordinate of the recoil proton in the Si detector provides some control over the missing
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mass MX . For inelastic scattering of an ion beam in HJET, the zR dependence on the missing
mass excess

∆ = (M2
X − M2)/2M ≈ MX − M (25)

may be approximated by

zR − zjet

L
≈

√
TR

2mp
×

[
1 +

m2
p

MEbeam
+

mp∆

TREbeam

]
, (26)

where M is the ion mass, and Ebeam is the beam energy per nucleon. For elastic (∆ = 0)
scattering of a proton (M = mp) beam, this equation, depicted in Figure 5, is consistent
with the exact Formula (5) with an accuracy of ∼ (mp/Ebeam)2.

]1/2[MeV  RT
1.0 1.5 2.0 2.5 3.0
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 n
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]
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 = ν

Figure 5. The recoil proton zR(TR, ∆) coordinate in the Si detector dependence on the kinetic energy

TR and missing mass excess ∆. In terms of ν = ∆/Ebeam, the distribution zR(TR, ν) is almost

independent of the RHIC beam energy Ebeam per nucleon. Due to the jet thickness, all lines drawn

should be smeared with σz ≈ 0.7 strip width.

For large values of ∆ (ν ≳ 2.5), inelastic events cannot be detected at the HJET. On the
other hand, for ν ≲ 0.9, inelastic events cannot be separated from the elastic ones.

Figure 6 illustrates the detection of inelastic events for the proton beams. In pp
scattering, the inelastic threshold is defined by the pion mass, ∆ > mπ . Near this threshold,
the event rate is suppressed by the phase space factor, resulting in only a very small fraction
of inelastic events being observed in the 100 GeV data. However, for the 255 GeV beam, the
inelastic rate is significantly larger due to a 2.5 times lower value of ν corresponding to mπ .
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Figure 6. Inelastic event rates (above dashed lines) for 100 and 255 GeV proton beams. The displayed

event rate R(TR, zR) is normalized by the maximal elastic rate per histogram bin. On the histograms,

the rates are cut off at 0.5% and 5% for 100 and 255 GeV, respectively.

For inelastic pp events detectable at the HJET, only the beam proton is fragmented.

Therefore, the beam Abeam
N (s, t, ∆) and target A

jet
N (s, t, ∆) spin-analyzing powers, which can

also depend on ∆, are not necessarily the same in this case.
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Preliminary results [33] for the beam and target (jet) analyzing powers at 255 GeV are
depicted in Figure 7. Only bins with an event rate R > 0.4% relative to the elastic maximum
(i.e., bins displayed in Figure 6) were considered. It is evident that, for any value of TR

at which inelastic analyzing powers are evaluated, A
jet
N (t) ≲ Aelastic

N (t) ≲ Abeam
N (t). The

inelastic analyzing power increases with decreasing ∆. For the beam spin analyzing power,
values of up to 20% are observed in the data.
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Figure 7. Inelastic (above dashed lines) beam and jet single-spin analyzing powers for the measured

255 GeV polarized beam scattering of the polarized jet target.

Similar conclusions regarding the beam and jet analyzing powers can be drawn for
the 100 GeV beam, as illustrated in Figure 8. Since events with lower values of ∆ can be
separated from the elastic data in comparison to the 255 GeV measurements, the observed
beam spin analyzing power is somewhat larger, reaching up to 30%. However, the statistical
significance is considerably smaller, and the measurements are less accurate.
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Figure 8. The same as in Figure 7 but for the 100 GeV proton beam.

6. Elastic Proton–Nucleus Analyzing Power

Since 2015, the HJET has been routinely operated during RHIC Heavy Ion Runs,
demonstrating consistent performance with both ion and proton beams. This operational

stability enables the precise measurements of the proton–nucleus analyzing power A
pA
N (t).

A study of the analyzing powers has been conducted for six ions (2H+, 16O8+, 27Al12+,
96Zr40+, 96Ru44+, and 197Au79+), including beam energy scans for Au and deuteron (d)
beams. Preliminary results [33] are presented in Figure 9. Notably, systematic uncertainties
in the measurements were not assessed in this analysis.

For the 100 GeV/nucleon Au beam, experimental data were compared with theoretical
predictions in Ref. [17]. The study emphasized the importance of absorption corrections in

calculating A
pAu
N (t). However, not all notable discrepancies between the data and theory

were fully resolved. A new theoretical analysis of the p↑A analyzing power at 100 GeV is
presented in Ref. [34].
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From a kinematic perspective, ion beam breakup events can be effectively isolated in
the conducted studies due to the low threshold for the missing mass excess, ∆ ≲ 10 MeV.
However, across numerous measurements spanning a wide range of beam energies, no evi-
dence of breakup events was found in the data, except for a small admixture, approximately
1%, observed in the elastic data for deuteron beams at lower energies, ≤30 GeV/nucleon.
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Figure 9. Dependence of the proton–nucleus elastic analyzing power A
pA
N (t) on the beam ion (left)

and the beam energy (right). The measured analyzing powers are normalized by the proton–proton

one calculated for Ebeam = 100 GeV, assuming no hadronic single spin-flip (r5 = 0).

To experimentally assess the fraction of breakup events in the gold beam measure-
ments, a dedicated study was conducted using single RHIC beams at energies of 3.85 and
26.5 GeV/nucleon, with the HJET holding field magnet turned off. This configuration
significantly reduced background-related uncertainties. For the recoil proton energy range
1.3 <

√
TR < 2.1 MeV1/2 (0.003 < −t < 0.009 GeV2), the following preliminary estimates

of the breakup fraction ⟨σpAu
brk /σ

pAu
el ⟩ in the detected events, averaged over TR and ∆, were

obtained [35]:

3.85 GeV: 0.20 ± 0.12% [3.6 < ∆ < 8.5 MeV], (27)

26.5 GeV: − 0.08 ± 0.06% [20 < ∆ < 60 MeV]. (28)

An explanation of the obtained result will be provided below.
Also, taking into account that, for a breakup p↑A amplitude, the spin-flip parameter

r5 is expected to be the same as for the elastic amplitude [36], one should conclude that the
p↑A analyzing power measured at the HJET should be mainly interpreted as elastic.

7. 3He Beam Polarization Measurement

Polarized 3He (Zh = 2, Ah = 3) beams are planned at the EIC. The possibility of
measuring the beam polarization with the required accuracy (1) was investigated in
Refs. [36–38]. Since HJET operation in ion beams is already well understood, it was sug-
gested to measure the helion beam polarization in the same way as it was done (2) for the
proton beam. In this case, however, analyzing powers for p↑h and h↑p scattering are not

the same. Consequently, the A
ph
N (t)/A

hp
N (t) ratio factor should be added to the right-hand

side of Equation (2), leading to

Ph
meas(TR) = Pjet

abeam(TR)

ajet(TR)
× κp − 2I

ph
5 − 2R

ph
5 TR/Tc

κh − 2I
hp
5 − 2R

hp
5 TR/Tc

, (29)

where κh = µh/Zh − mp/mh = −1.398, µh is the magnetic moment of 3He, and

Tc = 4παZh/mpσ
ph
tot ≈ 0.7 MeV. For simplicity, only the dominant components of the

interference terms (7) are shown in Equation (29).
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Anticipating errors in values of r
ph
5 and r

hp
5 , one can expect dependence of the mea-

sured polarization on the recoil proton energy

Ph
meas(TR) = Ph

beam × [1 + ξ0 + ξ1TR/Tc + . . . ], (30)

where Ph
beam is the actual 3He beam polarization, and ξ0,1 parameterize systematic uncer-

tainties in the polarization measurement. Thus, the extrapolation of Th
beam(TR) to TR → 0

allows one to eliminate the effect of the systematic uncertainties in real parts (which are
enhanced by a factor of TR/Tc) of the hadronic spin-flip amplitudes.

7.1. Analyzing Power for p↑h and h↑p Scattering

In Ref. [39], it was shown that, at high energy, to a very good approximation, the ratio
of the spin-flip to the non-flip parts of the elastic proton–nucleus amplitude is the same as
for proton–nucleon scattering, i.e.,

r
pA
5 =

i + ρpA

i + ρpp r5 ≈ r5, (31)

where ρpA and ρpp are the real-to-imaginary ratios for elastic pA and pp scattering, respec-
tively. This result can be readily derived considering the polarized proton scattering of an
unpolarized nucleus in Glauber (diffraction) approximation [40,41].

For proton–deuteron small-angle scattering, the elastic pd amplitude Fii can be approx-
imated [42] by combining the proton–proton fp and proton–neutron fn ones as

Fii(q) = S(q/2) fn(q) + S(q/2) fp(q) +
i

2πk

∫
S(q′) fn(q/2 + q′) fp(q/2 − q′)d2q′, (32)

where S(q) can be interpreted as a deuteron form factor.
To calculate the p↑d spin-flip amplitude Fsf

ii , one can utilize the proton–nucleon one,

f sf
N(q), which, according to the definition of r5 (9), is

f sf
N(q) =

qn

mp

r
pp
5

i + ρpp fN(q) = qnr̂
pp
5 f (q). (33)

Since |rpp
5 |q/mp ≲ 0.003 in the HJET measurements, only one non-flip amplitude fN in

each term of Equation (32) should be replaced by its spin-flip counterpart f sf
N . In particular,

fp fn →
[
(q/2 + q′)n fp fn + fp(q/2 − q′)n fn

]
r̂

pp
5 = qnr̂

pp
5 fp fn. (34)

Due to the fact that each term on the right side of Equation (32) acquires a factor qnr̂5,
one can readily arrive at Equation (31) for the deuteron. The proof is easily extendable
for an arbitrary nucleus [36], and for elastic p↑h scattering, one finds, with good accuracy,

r
ph
5 = r

pp
5 .

In the case of unpolarized proton elastic scattering from a fully polarized spin-1/2
nucleus with a space-symmetric distribution of nucleons (e.g., from 3He), the proton-
nucleus spin-flip parameter is evidently proportional to the average polarization of the

nucleons, r
Ap
5

∼= r5 ∑ Pi/A. Assuming that 3He nuclei are in a space-symmetric 1S0

state, with the helion spin carried by the neutron (i.e., Pn = 1 and Pp = 0), one obtains

r
hp
5 = r

pp
5 /Ah [43].

In a more detailed analysis [37], the following estimates were obtained:

r
ph
5 = r

pp
5 ± 0.001 ± i0.001, r

hp
5 = 0.27 r

pp
5 ± 0.001 ± i0.001. (35)
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These results give rise to systematic uncertainties in the measured 3He beam polarization
as follows:

Ph
beam = Ph

meas(0)×
[
1 ± 0.006syst ± 0.005r5 ± 0.002mod

]
. (36)

Here, the subscript “syst” denotes systematic uncertainty in the measured abeam/ajet asym-

metry ratio, “r5” accounts for experimental error in the pre-determined proton-proton r
pp
5 ,

and “mod” specifies the model-dependent theoretical accuracy of the relations between
proton–proton and helion–proton values of r5.

7.2. Breakup Corrections for the Measured 3He Beam Polarization

Potentially, results of the 3He beam polarization measurement may also be affected by
the helion breakup in the scattering. Since the 3He binding energy is only 5.5 MeV and the
EIC beam energy will be of the order of 100 GeV, a naive expectation is that the elastic data
in the polarization measurements will be strongly contaminated by the breakup events.

However, as mentioned earlier, no evidence of breakup events was found in numerous
HJET measurements with ion beams, except for deuteron beams at the 10–30 GeV/nucleon.
In this specific case, the breakup fraction, which can be experimentally isolated at the HJET,
is only about 1% compared to the elastic event statistics.

This phenomenon can be explained using a simple model [38]. If the breakup, in a
high-energy proton beam scattering of a nucleus target, is caused by incoherent scattering
of a nucleon in the nucleus or, more generally, off a nucleon cluster with mass m∗, a simple
kinematical consideration gives for the missing mass excess ∆,

∆ =

(
1 − m∗

MA

)
TR + px

√
2TR

mp
(37)

where px is the transverse momentum of the cluster due to internal motion of nucleons in
the nucleus. If px has a Breit–Wigner distribution

dN/dpx ∝ fBW(px, σp) =
π−1

√
2σp

p2
x + 2σ2

p
, (38)

then the breakup event rate dependence on ∆ may be approximated by

dN/d∆ ∝ fBW(∆ − ∆0, σ∆)Φ2(∆), (39)

where ∆0 = (1 − m∗/MA)TR, σ∆ = σp
√

2TR/mp, and Φ2(∆) is a phase space factor
(here, for the 2-body breakup, since other modes are more strongly suppressed for small
∆ ≪ MA).

The model was successfully tested [36,38] using HJET data obtained with 10–30 GeV
(per nucleon) deuteron beams, and a value of σp ≈ 30 MeV was found for the deuteron.

Since only low-energy events with TR < 10 MeV (−t < 0.02 GeV2) occur in the
HJET, the missing mass excess for the breakup events is constrained by ∆ ≲ 10 MeV.
Consequently, (i) the detection rate of breakup events is significantly suppressed by the
space phase factor, (ii) for the 3He breakups observable in the HJET, the 2-body mode
h → pd (see Figure 10) dominates prominently, and (iii) with the 100 GeV/nucleon helion
beam, practical separation of breakup events from elastic ones is not achievable [44].
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𝟑𝟑𝐇𝐇𝐇𝐇 𝒅𝒅
𝒑𝒑

𝒑𝒑 𝐫𝐫𝐇𝐇𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫
Figure 10. Dominant breakup mode h → pd for the EIC 3He beam scattering, detectable at the HJET.

If the detection of the scattered 3He beam is unavailable, the breakup can be identified
by an effective alteration of the elastic cross-section:

(dσ/dt)el → (dσ/dt)el × [1 + ω(t)] (40)

where ω(t) represents the breakup fraction in the elastic data. Since ω(0) = 0 (unless the
nucleus can spontaneously decay), one can expect that ω(t) linearly depends on t (or TR)
for small momentum transfer squared. Based on the deuteron beam breakup study at
HJET [36,38], the function ω(TR) was evaluated (see Figure 11) for the 100 GeV 3He beam,
taking into account the elastic event selection cuts and the discreteness of the zR coordinate
determined by the Si strip number. The obtained ωm(TR) should be interpreted [36] as an
upper limit for the 3He breakup fraction in the HJET measurements.
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Figure 11. Anticipated 3He beam breakup fraction in the HJET measurements at EIC. The esti-

mates, based on the experimental study of the deuteron beam breakup, have been carried out for

σp = 30 MeV and two values of the nucleon cluster mass [Equation (37)], m∗ = mp and m∗ = 2mp.

In Equation (29), analogous breakup corrections ω, generically denoted as ωint(TR),
should be applied to each interference term

κp − 2I
ph
5 − 2R

ph
5 TR/Tc

κh − 2I
hp
5 − 2R

hp
5 TR/Tc

→ κp[1 + ω
p
κ ]− 2I

ph
5 [1 + ω

p
I ]− 2R

ph
5 [1 + ω

p
R]TR/Tc

κh[1 + ωh
κ ]− 2I

hp
5 [1 + ωh

I ]− 2R
hp
5 [1 + ωh

R]TR/Tc

. (41)

Since these corrections vanish as TR → 0, in accordance with Equation (30), they should
not impact the measured polarization. However, if the hadron beam polarization can be
measured only for TR > 2 MeV [45], an analysis of the extrapolation of the measured values
of Ph

meas(TR) to TR = 0 becomes necessary.
Substituting t and M2

X by TR and ∆, a breakup amplitude can be written as

φbrk(TR, ∆) = φel(TR)φBW(TR, ∆)φ̃(TR, ∆) = φel(TR)φBW(TR, ∆)φ̃0, (42)
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where φel(TR) is the corresponding elastic amplitude, and

|φBW(TR, ∆)|2 = fBW(∆ − ∆0, σ∆). (43)

Since the momentum transfer squared dependence of φbrk is defined by φel(TR) and the
dependence on ∆ is given by φBW(TR, ∆), for the HJET measurements, one can expect only
a weak dependence of φ̃ on TR and ∆. Therefore, φ̃(TR, ∆) can be replaced by a constant
φ̃0 = φ̃(0, 0).

For the h → pd breakup, a value of φ̃0 is defined by helion and proton–deuteron
wave functions in rest. Therefore, it should be the same for all considered amplitudes,
spin-flip/non-flip, and hadronic/electromagnetic. For example, since fBW(TR, ∆) is the
same for spin-flip and non-flip hadronic p↑h amplitudes, the inelastic spin-flip parameter
rbrk

5 , if it is defined

φbrk
5 =

√
−t

mp

rbrk
5

i + ρel
φbrk
+ (44)

using the elastic value of the real-to-imaginary ratio ρel, should be equal to the elastic r
ph
5 ,

and, consequently, ω
p
R(TR) = ω(TR). Such a conclusion can also be derived directly from

Equation (32). Since this equation is also valid for the breakup amplitude Fi f (but with
some different form factor(s) S(q)), the same analysis as that carried out for the elastic

amplitude also leads to r
ph(brk)
5 = r

ph(el)
5 .

In a more general case, fBW(TR, ∆) may depend on the amplitude type. For instance,
the electromagnetic spin-flip amplitude for p↑h scattering involves the beam proton in-
teracting with two protons in 3He. In contrast, for unpolarized proton scattering of a
polarized helion, the amplitude is defined by interaction with the polarized neutron in 3He.
Nevertheless, given that the sum of px for all nucleons in the nucleus must be zero, one can
expect that, for 3He, with a symmetric wave function, the px distribution for a di-nucleon
is the same as for any nucleon. If so, all ωint(TR) are expected to be constrained by the
breakup fraction functions calculated for m∗ = mp and m∗ = 2mp:

ω2m(TR) ≤ ωint(TR) ≤ ωm(TR). (45)

Due to there being only a small difference between ωm(TR) and ω2m(TR) (see Figure 11), the
breakup corrections should essentially cancel in the 3He beam polarization measurement
at the HJET.

For a test, the impact of potential discrepancies between ωint(TR) values can be
emphasized by setting ωint = ωm for p↑h scattering and ωint = ω2m for h↑p. In this scenario,
a linear fit of the breakup corrections in the recoil proton energy range of 2 < TR < 10 MeV
yields the following errors in

Pmeas(TR) = Ph
beam ×

[
1 − 0.11% + 0.13%

TR

Tc

]
. (46)

The relatively large value of the systematic error at TR = 0 (irrespective of whether it
satisfies requirement (1)) can be attributed to the strong non-linearity of ωint(TR)TR/Tc. In
a more accurate data processing [36], this systematic error can be mitigated.

Therefore, although the breakup correction to the interference terms in Equation (2)
may be as large as 4% (relative), the effect strongly cancels in the p↑h and h↑p analyzing
power ratio. Consequently, it is expected to be negligible in the EIC 3He beam polarization
measurement with HJET.

8. Summary

The Polarized Atomic Hydrogen Gas Jet Target (HJET) polarimeter was initially
designed to measure the absolute proton beam polarization at RHIC with an accuracy better



Universe 2024, 10, 32 14 of 16

than 5%. Over two decades of operation, the HJET demonstrated superior performance,
achieving systematic errors in proton beam polarization measurements of σP/P ≲ 0.5%.

The well-controlled background and low systematic uncertainties in the measurements
facilitated a precision experimental study of the forward elastic proton–proton single AN(t)
and double ANN(t) spin analyzing powers at two incident beam energies, 100 and 255 GeV.
The hadronic spin-flip amplitudes were reliably isolated in these measurements, and the
subsequent Regge fit revealed the Pomeron contribution to both single and double spin-flip
amplitudes.

Preliminary results for single-spin analyzing powers in inelastic pp scattering (at low
momentum transfer squared t and missing mass excess ∆) indicate a significant increase in
the beam spin analyzing power with decreasing ∆.

The intensive operation of HJET in ion beams provided p↑A analyzing power mea-
surements for six nuclei (deuterium, oxygen, aluminum, zirconium, ruthenium, and gold)
at the 100 GeV/nucleon, as well as energy scans for deuterium (10–100 GeV/nucleon) and
gold (3.8–100 GeV/nucleon) beams.

Overall, the performance of the HJET in both proton and ion beams suggests its
potential for proton and 3He beam polarimetry at the EIC with low systematic uncertainties,
σP/P < 1%.

Nevertheless, to complete the HJET experimental data analysis, the following theoreti-
cal calculations and studies are still needed:

– Theoretical evaluation, including normalization, of functions for Regge poles R±(s),
Pomeron/Froissaron P(s), and Odderon O(s), which can be used for a Regge fit study-
ing the energy dependence of single r5(s) and double r2(s) spin-flip pp amplitudes at
low t;

– Beam and target analyzing power parametrization for inelastic pp scattering (consid-
ering beam proton fragmentation and detection of the target proton) at low t and ∆;

– Parametrization (ready to use in data analysis) for the forward p↑A analyzing power
AN(t, s, A) for |t| < 0.02 GeV, 2 < A < 200, and proton beam energy 4 < Ep <

100 GeV.

To decide on employing the HJET for 3He beam polarimetry, additional and highly
detailed theoretical analyses of the proton–helion hadronic spin-flip amplitudes and the
breakup corrections to the measured beam polarization may be critically important.
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