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Strong AGS Snake

HJET Polarimeter at RHIC
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As part of the RHIC Spin Program, the Polarized Atomic Hydrogen Gas Jet 
Target (HJET) is employed for precise calibration of  proton beam polarization.

HJET



The HJET Recoil Spectrometer

• The target is a vertically polarized gas jet with polarization
𝑷𝑷𝐣𝐣𝐣𝐣𝐣𝐣 ≈ 𝟗𝟗𝟗𝟗 ± 𝟎𝟎.𝟏𝟏 %

• Vertical polarizations of the RHIC proton beams (blue and 
yellow) are measured concurrently and continuously by 
detecting recoil protons using left-right symmetric silicon 
detectors with vertically oriented strips.

• Polarization measurements are performed in the Coulomb-
nuclear interference (CNI) region:

𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 < −𝒕𝒕 < 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 𝐆𝐆𝐆𝐆𝐆𝐆𝟐𝟐
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𝑷𝑷𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 =
𝒂𝒂𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛
𝒂𝒂𝐣𝐣𝐣𝐣𝐣𝐣

𝑷𝑷𝐣𝐣𝐣𝐣𝐣𝐣}𝒂𝒂𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 = 𝑨𝑨𝐍𝐍 𝑷𝑷𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 ⇒
𝑵𝑵𝑹𝑹
↑ 𝑵𝑵𝑳𝑳

↓− 𝑵𝑵𝑹𝑹
↓ 𝑵𝑵𝑳𝑳

↑

𝑵𝑵𝑹𝑹
↑ 𝑵𝑵𝑳𝑳

↓+ 𝑵𝑵𝑹𝑹
↓ 𝑵𝑵𝑳𝑳

↑

𝒂𝒂𝐣𝐣𝐣𝐣𝐣𝐣 = 𝑨𝑨𝐍𝐍 𝑷𝑷𝐣𝐣𝐣𝐣𝐣𝐣 ⇒
𝑵𝑵𝑹𝑹
+𝑵𝑵𝑳𝑳

−− 𝑵𝑵𝑹𝑹
−𝑵𝑵𝑳𝑳

+

𝑵𝑵𝑹𝑹
+𝑵𝑵𝑳𝑳

−+ 𝑵𝑵𝑹𝑹
−𝑵𝑵𝑳𝑳

+

𝑷𝑷𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 ≈ 𝟓𝟓𝟓𝟓 ± 𝟐𝟐.𝟎𝟎𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 ± 𝟎𝟎.𝟑𝟑𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 %

�𝝈𝝈𝑷𝑷
𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 𝑷𝑷𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 ≲ 𝟎𝟎.𝟓𝟓𝟓

Typical results for an 
8-hour store in RHIC 
Run 17 (255 GeV)

• Beam polarization can be determined 
with high precision without requiring 
detailed knowledge of the analyzing 
power 𝐴𝐴𝑁𝑁(𝑡𝑡) .

• Nevertheless, 𝐴𝐴𝑁𝑁(𝑡𝑡) can still be 
extracted reliably from these 
measurements.



Elastic Single Spin 𝒑𝒑𝒑𝒑 Analyzing Power 𝑨𝑨𝐍𝐍 𝒔𝒔, 𝒕𝒕

Defined via helicity amplitudes:
𝜙𝜙5 𝑠𝑠, 𝑡𝑡 (spin-flip) and  
𝜙𝜙+ 𝑠𝑠, 𝑡𝑡 (non-flip)

Main goal in CNI region: extract hadronic spin-flip amplitude

𝑟𝑟5 = 𝑚𝑚𝑝𝑝 𝜙𝜙5
had 𝑠𝑠,𝑡𝑡

−𝑡𝑡 Im𝜙𝜙+had 𝑠𝑠,𝑡𝑡
= 𝑅𝑅5 + 𝑖𝑖𝐼𝐼5

𝐴𝐴𝑁𝑁 𝑡𝑡 = 2Im 𝝓𝝓𝟓𝟓
𝐞𝐞𝐞𝐞𝝓𝝓+𝐡𝐡 ∗+𝜙𝜙5

ℎ𝜙𝜙+𝑒𝑒𝑒𝑒 ∗+𝜙𝜙5
ℎ𝜙𝜙+ℎ ∗

𝜙𝜙+h+𝜙𝜙+em𝑒𝑒𝑖𝑖𝛿𝛿𝐶𝐶
2

= −𝑡𝑡
𝑚𝑚𝑝𝑝

𝜿𝜿𝒑𝒑 ⁄𝒕𝒕𝒄𝒄 𝒕𝒕 − 2𝐼𝐼5 ⁄𝑡𝑡𝑐𝑐 𝑡𝑡 − 2𝑅𝑅5
⁄𝑡𝑡𝑐𝑐 𝑡𝑡 2−2 𝜌𝜌+𝛿𝛿𝐶𝐶 ⁄𝑡𝑡𝑐𝑐 𝑡𝑡+1
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𝜅𝜅𝑝𝑝 = 𝜇𝜇𝑝𝑝 − 1 = 1.793
𝑡𝑡𝑐𝑐 = ⁄−8𝜋𝜋𝜋𝜋𝜋𝜋 𝜎𝜎tot
𝜌𝜌 = ⁄Re 𝜙𝜙+ℎ 𝑡𝑡 Re 𝜙𝜙+ℎ 𝑡𝑡
𝛿𝛿𝐶𝐶 𝑡𝑡 is the Coulomb phase

For a 100 GeV proton beam (lab. )
𝑡𝑡𝑐𝑐 = −1.86 × 10−3 GeV2

𝜌𝜌 = −0.079
𝛿𝛿𝐶𝐶 = 0.024 + 𝛼𝛼 ln ⁄𝑡𝑡𝑐𝑐 𝑡𝑡
𝐵𝐵𝑁𝑁 = 11.2 GeV−2

𝐵𝐵𝐶𝐶 = 12.1 GeV−2

𝑟𝑟5 = −0.0164 − 𝑖𝑖𝑖.0053

If the hadronic and electromagnetic form factors differ:

𝑡𝑡𝑐𝑐
𝑡𝑡
→
𝑡𝑡𝑐𝑐
𝑡𝑡
𝑒𝑒𝐵𝐵𝐶𝐶𝑡𝑡/2

𝑒𝑒𝐵𝐵𝑁𝑁𝑡𝑡/2



Measurements of the 𝒑𝒑𝒑𝒑 Elastic Analyzing Powers at HJET
AP et al., Phys. Rev. Lett. 123, 162001 (2019) 
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𝝈𝝈𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬
𝝈𝝈𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬+𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬

• Precision measurements of the single-spin 𝐴𝐴𝑁𝑁(𝑡𝑡) and double-spin 𝐴𝐴𝑁𝑁𝑁𝑁(𝑡𝑡) elastic 𝑝𝑝𝑝𝑝 analyzing 
powers were performed at two beam energies: 100 and 255 GeV.

• From these data, the hadronic spin-flip amplitudes were extracted:  𝑟𝑟5 (single spin) and 𝑟𝑟2 (double 
spin).

• A Regge fit to the results indicates non-zero single- and double-spin Pomeron couplings.

https://arxiv.org/pdf/1909.11135


Proton-Nucleus Scattering at HJET
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Since HJET also operated effectively with nuclear beams, the proton–nucleus analyzing power 𝐴𝐴𝑁𝑁
𝑝𝑝𝑝𝑝 𝑡𝑡

was routinely measured in parasitic mode during RHIC heavy-ion runs.

The parametrization of 𝐴𝐴𝑁𝑁
𝑝𝑝𝑝𝑝 𝑡𝑡 is similar to that of 𝐴𝐴𝑁𝑁

𝑝𝑝𝑝𝑝 𝑡𝑡 , but with additional complications:

• Non-exponential nuclear and electromagnetic form factors.

• Strong Coulomb corrections at large 𝑍𝑍, which may require all-order calculations in 𝛼𝛼.

• Substantial absorption corrections to the spin-flip electromagnetic amplitude.

Preliminary Preliminary



Preliminary Estimates of the 𝒑𝒑↑𝐀𝐀𝐀𝐀 Analyzing Power
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• The proton–gold analyzing power measured at HJET was found to disagree with the earlier 
theoretical estimate from 1998. 

• A significant, though incomplete, improvement was obtained by including the contribution of 
ultraperipheral collisions to the electromagnetic spin-flip amplitude. 

• This effect was subsequently interpreted as an absorptive correction to the electromagnetic 
spin-flip amplitude.

Boris Kopeliovich, talk at 
the Nagoya Workshop, 2017  



Proton-Nucleus (𝒑𝒑𝒑𝒑) Form Factors
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B. Kopeliovich, M. Krelina, I. Potashnikova, Universe 10, 63 (2024).
B. Kopeliovich, I. Potashnikova, I. Schmidt, Phys. Rev. C 73, 034901 (2006).

Assuming Woods-Saxon nuclear density distribution, 𝜌𝜌𝐴𝐴 𝑟𝑟 ∝ 1 + exp 𝑟𝑟−𝑅𝑅𝐴𝐴
𝑎𝑎

−1
, ∫𝑑𝑑3𝑟𝑟 𝜌𝜌𝐴𝐴 𝑟𝑟 = 𝐴𝐴, 

the nuclear thickness function is defined as 𝑇𝑇𝐴𝐴 𝑏𝑏 = ∫−∞
∞ 𝑑𝑑𝑑𝑑 𝜌𝜌𝐴𝐴 𝑏𝑏, 𝑧𝑧 .

If elastic 𝑝𝑝𝑝𝑝 (𝑝𝑝𝑝𝑝) amplitude is well parameterized, the total 𝑝𝑝𝑝𝑝 cross-section and the hadronic form 
factor can be evaluated within the Glauber approximation:

𝜎𝜎tot
𝑝𝑝𝑝𝑝 = 2Im∫𝑑𝑑2𝑏𝑏 𝑖𝑖 1 − 1 + 𝑖𝑖 𝜎𝜎tot

𝑝𝑝𝑝𝑝 𝑖𝑖+𝜌𝜌𝑝𝑝𝑝𝑝
2𝐴𝐴

𝑇𝑇𝐴𝐴ℎ 𝑏𝑏
𝐴𝐴

𝐹𝐹𝑝𝑝𝐴𝐴ℎ 𝑞𝑞𝑇𝑇 = 2𝑖𝑖
𝜎𝜎tot
𝑝𝑝𝑝𝑝 ∫ 𝑑𝑑2𝑏𝑏 𝑒𝑒𝑖𝑖𝑞𝑞𝑇𝑇𝑏𝑏 1 − 1 + 𝑖𝑖 𝜎𝜎tot

𝑝𝑝𝑝𝑝 𝑖𝑖+𝜌𝜌𝑝𝑝𝑝𝑝
2𝐴𝐴

𝑇𝑇𝐴𝐴ℎ 𝑏𝑏
𝐴𝐴

The 𝑝𝑝𝑝𝑝 electromagnetic form factor is give by:

𝐹𝐹𝑝𝑝𝐴𝐴𝑒𝑒𝑒𝑒 𝑞𝑞𝑇𝑇 = 𝐹𝐹𝐴𝐴𝑒𝑒𝑒𝑒 𝑞𝑞𝑇𝑇 𝐹𝐹𝑝𝑝𝑒𝑒𝑒𝑒 𝑞𝑞𝑇𝑇 = 1
𝐴𝐴 ∫ 𝑑𝑑

2𝑏𝑏 𝑒𝑒𝑖𝑖𝑞𝑞𝑇𝑇𝑏𝑏 𝑇𝑇𝐴𝐴 𝑏𝑏 × 𝑒𝑒−𝐵𝐵𝐶𝐶
𝑝𝑝𝑝𝑝𝑞𝑞𝑇𝑇

2
/2

Here, 𝑇𝑇𝐴𝐴ℎ 𝑏𝑏 denotes the 
nuclear thickness function 
convoluted with elastic 𝑝𝑝𝑝𝑝
amplitude.



Polarized Proton-Nucleus 𝒑𝒑↑𝑨𝑨 Amplitude
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𝑓𝑓nf
𝑝𝑝A 𝒒𝒒 = 𝜎𝜎tot

𝑝𝑝𝑝𝑝

4𝜋𝜋
× 𝑖𝑖𝐹𝐹Im

𝑝𝑝𝑝𝑝 𝑞𝑞2 + 𝜌𝜌𝑝𝑝𝑝𝑝𝐹𝐹Re
𝑝𝑝𝑝𝑝 𝑞𝑞2 − 2𝛼𝛼𝛼𝛼

𝑞𝑞2
𝐹𝐹C
𝑝𝑝𝑝𝑝 𝑞𝑞2

𝑓𝑓sf
𝑝𝑝A 𝒒𝒒 =

𝜎𝜎tot
𝑝𝑝𝑝𝑝

4𝜋𝜋
×

𝑟𝑟5
𝑝𝑝𝑝𝑝

𝑖𝑖 + 𝜌𝜌𝑝𝑝𝑝𝑝
𝑖𝑖𝐹𝐹Im

𝑝𝑝𝑝𝑝 𝑞𝑞2 + 𝜌𝜌𝑝𝑝𝑝𝑝𝐹𝐹Re
𝑝𝑝𝑝𝑝 𝑞𝑞2 −

𝛼𝛼𝛼𝛼𝜅𝜅𝑝𝑝
𝑞𝑞

𝐹𝐹C
𝑝𝑝𝑝𝑝 𝑞𝑞2 ×

𝒏𝒏 � 𝒒𝒒
𝑚𝑚𝑝𝑝

• 𝒏𝒏 is a unit vector orthogonal to both the 
proton beam momentum and spin directions.

• 𝜅𝜅𝑝𝑝 = 1.793 is the anomalous magnetic 
moment of the proton.

• It has been argued (Kopeliovich and Trueman, 
Phys. Rev. D 64, 034004 (2001); A.P., Phys. 
Rev. C 108, 025202 (2023)) that

𝑟𝑟5
𝑝𝑝𝑝𝑝 = 𝑟𝑟5

𝑝𝑝𝑝𝑝 = −0.0164 + 𝑖𝑖𝑖.0053,

• where the value of 𝑟𝑟5
𝑝𝑝𝑝𝑝 (for a 100 GeV beam)    

was directly measured at HJET.



Coulomb corrections. The Eikonal Approach
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The Coulomb phases can be calculated in the eikonal approach. Considering hadronic non-flip 
𝑁𝑁 and spin-flip 𝑆𝑆 amplitudes, as well as electromagnetic non-flip 𝐶𝐶 and spin-flip 
𝑀𝑀 amplitudes, the scattering amplitude can be written as the inverse Fourier transform of the 

eikonal functions:

𝐹𝐹 𝑞𝑞 =
1

2𝜋𝜋
�𝑑𝑑2𝑏𝑏 𝒆𝒆−𝑖𝑖𝒒𝒒𝒒𝒒 𝑖𝑖 1 − 𝑒𝑒𝑖𝑖𝜒𝜒𝐶𝐶 𝑏𝑏 + 𝛾𝛾𝑁𝑁 𝑏𝑏 + 𝛾𝛾𝑆𝑆 𝑏𝑏 + 𝛾𝛾𝑀𝑀 𝑏𝑏 + 𝑖𝑖𝛾𝛾𝑁𝑁 𝑏𝑏 𝛾𝛾𝑀𝑀 𝑏𝑏 𝑒𝑒𝑖𝑖𝜒𝜒𝐶𝐶 𝑏𝑏

where the impact parameter functions 𝜒𝜒𝐶𝐶 𝑏𝑏 , 𝛾𝛾𝑀𝑀 𝑏𝑏 , 𝛾𝛾𝑁𝑁 𝑏𝑏 , 𝛾𝛾𝑆𝑆 𝑏𝑏 are derived from the 
corresponding Born amplitudes.

The factor 𝑒𝑒𝑖𝑖𝜒𝜒𝐶𝐶 𝑏𝑏 represents multiple soft-photon exchange. Since 𝜒𝜒𝐶𝐶 ∝ 𝛼𝛼𝑍𝑍, for 𝑝𝑝𝑝𝑝 scattering 
it can be expanded as 𝑒𝑒𝑖𝑖𝜒𝜒𝐶𝐶 = 1 + 𝑖𝑖𝜒𝜒𝐶𝐶 + …, but for large 𝑍𝑍 all orders in  𝛼𝛼 must be retained.

The term 𝑖𝑖𝛾𝛾𝑁𝑁 𝑏𝑏 𝛾𝛾𝑀𝑀 𝑏𝑏 , referred to as the absorptive correction (B. Kopeliovich), corresponds to 
the soft magnetic-photon correction to the non-flip hadronic amplitude. For large 𝑍𝑍, this effect 
can substantially modify the hadronic spin-flip amplitude.

For forward 𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝 scattering, the soft photon corrections 
can noticeably modify the scattering amplitude, e.g.,
𝑓𝑓𝐶𝐶 𝑡𝑡 = 2𝛼𝛼𝛼𝛼

𝑡𝑡
𝑒𝑒𝐵𝐵𝐶𝐶𝑡𝑡/2 ⟹ 𝑓𝑓𝐶𝐶 𝑡𝑡 𝑒𝑒𝑖𝑖𝛷𝛷𝐶𝐶 𝑡𝑡

𝑓𝑓𝑁𝑁 𝑡𝑡 = 𝜎𝜎tot
4𝜋𝜋

𝑒𝑒𝐵𝐵𝑁𝑁𝑡𝑡/2 ⟹ 𝑓𝑓𝑁𝑁 𝑡𝑡 𝑒𝑒𝑖𝑖Φ𝑁𝑁 𝑡𝑡



The Absorptive Correction
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The absorptive amplitude can be obtained by inverse Fourier integration of 𝑖𝑖𝛾𝛾𝑁𝑁 𝑏𝑏 𝛾𝛾𝑀𝑀 𝑏𝑏 :

𝑓𝑓abs 𝑞𝑞2 = 𝛼𝛼𝛼𝛼𝜅𝜅𝑝𝑝 1 − 𝑖𝑖𝑖𝑖 𝜎𝜎tot
4𝜋𝜋

𝒏𝒏𝒏𝒏
𝑚𝑚𝑝𝑝

𝑒𝑒− ⁄𝐵𝐵𝑁𝑁𝑞𝑞2 2 ×
exp 𝐵𝐵𝑁𝑁𝑞𝑞2

2
𝐵𝐵𝑀𝑀

𝐵𝐵+𝐵𝐵𝑀𝑀
−1

𝐵𝐵𝑁𝑁𝑞𝑞2
,

and can be treated in two equivalent ways:

As a correction to the electromagnetic spin-flip amplitude

𝜅𝜅𝑝𝑝 → 𝜅𝜅𝑝𝑝eff = 𝜅𝜅𝑝𝑝 × 1 − 𝛼𝛼𝛼𝛼
2

𝑡𝑡
𝑡𝑡𝑐𝑐

,

Or as an effective correction to the hadronic spin-flip amplitude 

𝑟𝑟5 → 𝑟𝑟5eff = 𝑟𝑟5 + 𝛼𝛼𝛼𝛼𝜅𝜅𝑝𝑝
4

.

For proton-proton scattering (𝑍𝑍 = 1), the correction is small, but non-negligible:

Re 𝑟𝑟5
𝑝𝑝𝑝𝑝 → Re 𝑟𝑟5

𝑝𝑝𝑝𝑝 + 0.003.

For proton–gold scattering (𝑍𝑍 = 79), however, the absorptive correction has a significant 
impact on the analyzing power 𝐴𝐴𝑁𝑁

𝑝𝑝Au 𝑡𝑡 .   

𝑓𝑓𝐶𝐶sf 𝑞𝑞 =
𝜅𝜅𝑝𝑝
2

𝒏𝒏𝒏𝒏
𝑚𝑚𝑝𝑝

−2𝛼𝛼𝛼𝛼
𝑞𝑞2

𝑒𝑒− ⁄𝐵𝐵𝑀𝑀𝑞𝑞2 2

𝑓𝑓𝑁𝑁sf 𝑞𝑞 = 𝑟𝑟5
𝒏𝒏𝒏𝒏
𝑚𝑚𝑝𝑝

𝜎𝜎tot
4𝜋𝜋

𝑒𝑒− ⁄𝐵𝐵𝑁𝑁𝑞𝑞2 2



Calculation of the Coulomb corrections. 
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A.P., Phys. Rev. D 112, 016023 (2025).

The standard calculation of the eikonal phase 𝜒𝜒𝐶𝐶 𝑏𝑏 = −2𝛼𝛼𝛼𝛼 ∫𝑞𝑞𝑞𝑞𝑞𝑞 𝐽𝐽0 𝑏𝑏𝑏𝑏
𝑒𝑒−𝐵𝐵𝐶𝐶𝑞𝑞

2/2

𝑞𝑞2+𝜆𝜆2

requires introducing a small fictitious photon mass  𝜆𝜆 to regularize the integral. This makes 
the evaluation of the Coulomb phase technically challenging.

In this work, the approach was slightly modified to simplify the numerical calculations:

• For the spin-flip electromagnetic amplitude with an exponential form factor, the 
Coulomb phase was calculated to all orders in 𝛼𝛼 using only analytical expressions and 
simple integration (the integration range is finite, and the integrand has no singularities).

• Such a calculated Coulomb phase is also directly applicable to the non-flip 
electromagnetic amplitude (with the same form factor).

• In this framework, Coulomb phases for all other considered amplitudes, as well as 
corrections arising from non-exponential form factors, can also be obtained using only 
simple integration.



Coulomb phases in 𝒑𝒑↑𝐀𝐀𝐀𝐀 scattering 
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𝐈𝐈𝐈𝐈

𝐑𝐑𝐑𝐑

𝐑𝐑𝐑𝐑
𝐑𝐑𝐑𝐑

𝐈𝐈𝐈𝐈

𝐈𝐈𝐈𝐈



Calculation of the 𝑨𝑨𝑵𝑵
𝒑𝒑𝐀𝐀𝐀𝐀 𝒒𝒒𝟐𝟐 vs Measurements 
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• The blue line represents a calculation rather than a fit.

• Given the complexity of the calculation, the level of consistency with the measurements can be 
regarded as reasonable.

• Nevertheless, a more detailed analysis is required.



Beam Au Breakup/Excitation 
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R.J. Glauber and G. Matthiae (1970)

• In 𝑝𝑝Au scattering, the inelastic (breakup) correction to the 
cross section becomes significant near the diffraction 
minimum at 𝑡𝑡 ≈ 0.010 GeV2.

• The breakup contribution, calculated within the Glauber 
approach as a function of the scattering angle 𝜗𝜗 (or 
equivalently, the transverse momentum 𝑞𝑞𝑇𝑇 = 𝑝𝑝beam 𝜗𝜗) 
cannot be directly applied to the analysis of HJET data, 
which are expressed in terms of the squared momentum 
transfer 𝑡𝑡. While for forward elastic events one has        
𝑡𝑡 = −𝑞𝑞𝑇𝑇2, this relation does not generally hold for inelastic 
scattering.

• To account for the breakup effect, the differential cross 
section was modified with two adjustable parameters, 𝑝𝑝1
and 𝑝𝑝2:

⁄𝑑𝑑𝜎𝜎 𝑑𝑑𝑑𝑑 ∝ fnf 2 + fsf 2 ⟹ 𝑓𝑓nf 2 + 𝑓𝑓sf 2 + 𝑝𝑝1𝑡𝑡 𝑒𝑒𝑝𝑝2𝑡𝑡

• A possible contribution of the breakup to the spin 
dependent interference Im 𝐹𝐹sf𝐹𝐹nf∗ has not yet been 
considered.



Fit of the Measured 𝒑𝒑𝐀𝐀𝐀𝐀 Analyzing Power
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The fit: ⁄𝜒𝜒2 ndf = ⁄37.1 40
⁄𝐹𝐹𝐴𝐴 𝐴𝐴1/3 = 1.091 ± 0.013 fm ,   

𝑎𝑎 = 0.645 ± 0.039 fm
Re 𝑟𝑟5 = 0.0425 ± 0.0009
Im 𝑟𝑟5 = 0.0590 ± 0.0017

• The HJET experimental data are in good agreement 
with the model (Woods–Saxon density, Coulomb 
corrections, and absorptive corrections).

• However, the extracted value of 𝑟𝑟5 differs significantly  
from expectations.

• A reliable conclusion on the value of 𝑟𝑟5 requires 
further study—particularly a more accurate 
assessment of systematic uncertainties

• The electromagnetic spin flip amplitude 𝜒𝜒𝑀𝑀(𝑏𝑏) and 
the absorptive correction 𝑖𝑖𝜒𝜒𝑀𝑀(𝑏𝑏)𝛾𝛾𝑁𝑁(𝑏𝑏) contribute 
substantially (and quite differently) to the proton–gold 
asymmetry 𝐴𝐴𝑁𝑁(𝑡𝑡) . Nevertheless, the combined 
contribution of these terms is in good agreement with 
the measured 𝐴𝐴𝑁𝑁(𝑡𝑡). 

𝜒𝜒𝑀𝑀(𝑏𝑏)

𝑖𝑖𝜒𝜒𝑀𝑀(𝑏𝑏)𝛾𝛾𝑁𝑁(𝑏𝑏)

Im 𝑟𝑟5

Re 𝑟𝑟5



Calculations vs. Measurements
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Woods-Saxon density 
is not applicable

𝐹𝐹𝐴𝐴 = 1.09𝐴𝐴1/3 mb, 𝑎𝑎 = 0.65 mb
𝑟𝑟5 = 𝑟𝑟5

𝑝𝑝𝑝𝑝 = −0.0164 − 𝑖𝑖 0.0053

No adjustable parameters

For all studied nuclei, a clear systematic 
discrepancy is observed between the 
calculations and the measurements.



Fit of the experimental data
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𝒓𝒓𝟓𝟓 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 + 𝒊𝒊𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 𝒓𝒓𝟓𝟓 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 + 𝒊𝒊𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 𝒓𝒓𝟓𝟓 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 + 𝒊𝒊𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎

𝒓𝒓𝟓𝟓 = −𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 + 𝒊𝒊𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏 𝒓𝒓𝟓𝟓 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 + 𝒊𝒊𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 𝒓𝒓𝟓𝟓 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 + 𝒊𝒊𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎

Woods-Saxon density 
is not applicable

𝐹𝐹𝐴𝐴 = 1.091𝐴𝐴1/3 mb, 𝑎𝑎 = 0.645 mb

𝑟𝑟5 and the breakup corrections  (for 𝑍𝑍𝑍𝑍, 
𝑅𝑅𝑅𝑅, and 𝐴𝐴𝐴𝐴) are free variables in the fit.

Good consistency between the calculations and 
the measurements can be achieved through fitting; 
however, the extracted values of 𝒓𝒓𝟓𝟓 disagree with 
the expected value 𝒓𝒓𝟓𝟓

𝒑𝒑𝒑𝒑 = −𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 + 𝒊𝒊𝒊𝒊.𝟎𝟎𝟎𝟎𝟎𝟎



Summary
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• The proton-nucleus analyzing powers  𝐴𝐴𝑁𝑁
𝑝𝑝𝑝𝑝 𝑡𝑡 measured with the HJET polarimeter 

were compared with Glauber-model calculations, which incorporate the Woods–
Saxon approximation for nuclear density and a numerical evaluation of Coulomb 
corrections within the eikonal approach.

• Good agreement between data and theory can be achieved if the hadronic spin–flip 
parameter 𝑟𝑟5 is treated as a free parameter in the fit, and if the differential cross 
section for heavy ions (Zr, Ru, Au) is corrected for breakup effects.

• However, the extracted values of 𝑟𝑟5 are inconsistent with expectations based on the 
𝑝𝑝𝑝𝑝 analyzing power measurements at HJET. 

• To obtain a reliable interpretation of 𝑟𝑟5, a more accurate analysis of the HJET data is 
required, including:

• verification of systematic uncertainties in the measurements,

• reassessment of possible systematic effects in the Glauber approach and Woods–
Saxon parametrization,

• and precise evaluation of breakup corrections, including their contribution to the 
spin–sensitive interference term.
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