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HJET Polarimeter at RHIC

) N A
RHIC pC Polarimeters

C‘ «+—— Siberian Snakes

@), PHENIX (p) Spin flipper__
-
DD STAR (p)
) 1y

Spin Rotators
(longitudinal polarization)

1y

i

Spih Rotators

Solenoid Partial Siberian Snake| (longitudinal polarization)
LINAC

BOOSTER 72)
Pol. H Source > «— Helical Partial
A < Siberian Snake

—
200 MeV Polarimeter

"AGS pC Polarimeter

HJET

Atomic Beam Source

Breit-Rabi Polarimeter

cold head

dissociator

isolation
valve

b six-pole magnets

RF transitions

holding field
|~ magnet

Recoil
Il spectrometer

™~ RHIC beam

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

New Trends in HEP 2025.09.18

Measurements of the proton-nucleus Ay (t) with the HIET



The HJET Recoil Spectrometer

M= 0.7 cm (FWHM) <>
| }‘L-_Wc * The target is a vertically polarized gas jet with polarization
< M 4 Piet ~ 96 £ 0.1 %
11| - J * Vertical polarizations of the RHIC proton beams (b/lue and
inEr— T, LU € yellow) are measured concurrently and continuously by
T ﬁ"ﬁﬂi | § detecting recoil protons using left-right symmetric silicon
1] l T detectors with vertically oriented strips.
‘::"“2:*1] * Polarization measurements are performed in the Coulomb-
"1 ' Jet Target ™+ nuclear interference (CNI) region:

-

0.0013 < —t < 0.018 GeV?

INLNS - INEN]
Apeam — (AN>Pbeam => =
[NRN}+ [NEN] abeam

Ajer = (AN)Pjer = S et
NENT + /N,;N{

* Beam polarization can be determined
with high precision without requiring
detailed knowledge of the analyzing

Typical results foran ~ Ppeam = (56 T 2. Og¢ar £ 0. ?’syst)o/0 power Ay (t) .

8-hour store in RHIC syst * Nevertheless, Ay (t) can still be

Run 17 (255 GeV) Op /Pbeam < 0.5% extracted reliably from these
measurements.
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Elastic Single Spin pp Analyzing Power Ay (s, t)

Defined via helicity amplitudes:
¢ (s, t) (spin-flip) and
¢ (s, t) (non-flip)

Kp = Wp —1=1.793
t. = —8maZ /oyt

p = Re¢plt(t)/Re ¢} (1)
dc(t) is the Coulomb phase

For a 100 GeV proton beam (lab. )

te —1.86 x 1073 GeV?
p =-0.079

6¢ =0.024+alnt./t
By =11.2GeV~2

B, = 12.1 GeV~2

rs = —0.0164 —i0.0053
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Ay (t) =

my (tc/D)2=2(p+8c)tc/t+1

If the hadronic and electromagnetic form factors differ:

t tc eBCt/Z

be tee”®'”
t t eBNt/Z

Main goal in CNI region: extract hadronic spin-flip amplitude
mp d)lgad(sit)

Te =
W Imqbl_ﬁad(s,t)

:R5+l15
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Measurements of the pp Elastic Analyzing Powers at HIET

AP et al., Phys. Rev. Lett. 123, 162001 (2019)
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* Precision measurements of the single-spin Ay (t) and double-spin Ayy(t) elastic pp analyzing
powers were performed at two beam energies: 100 and 255 GeV.

* From these data, the hadronic spin-flip amplitudes were extracted: 75 (single spin) and r, (double
spin).

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

New Trends in HEP 2025.09.18 Measurements of the proton-nucleus Ay (t) with the HIET 5


https://arxiv.org/pdf/1909.11135

Proton-Nucleus Scattering at HIET

Since HJET also operated effectively with nuclear beams, the proton—nucleus analyzing power A%A (t)
was routinely measured in parasitic mode during RHIC heavy-ion runs.
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The parametrization of A%A(t) is similar to that of Azp (t), but with additional complications:
* Non-exponential nuclear and electromagnetic form factors.
e Strong Coulomb corrections at large Z, which may require all-order calculations in «.

* Substantial absorption corrections to the spin-flip electromagnetic amplitude.
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Preliminary Estimates of the pTAu 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.
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Proton-Nucleus (pA) Form Factors

B. Kopeliovich, M. Krelina, |. Potashnikova, Universe 10, 63 (2024).
B. Kopeliovich, I. Potashnikova, |. Schmidt, Phys. Rev. C 73, 034901 (2006).

_ -1
Assuming Woods-Saxon nuclear density distribution, p,(r) < [1 + exp (T aRA)] , [ d3r pa(r) = A4,
the nuclear thickness function is defined as T, (b) = f_oooo dz p,(b,z).

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

A
_ 2 M
Gtot 2Im [ d?b i [ <1 ti T (b)> ] Here, T/'(b) denotes the

nuclear thickness function
convoluted with elastic pp

A
A(CIT) = pAfdzb eldrb |1 — <1.|_ MT (b)) ] amplitude.

Otot

The pA electromagnetic form factor is give by:

Fsm(ar) = F§™(qr)Es™(qr) = 7 [ d2b e T, (b) x e

_BPP

QT/Z
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Polarized Proton-Nucleus (pTA) Amplitude

Ja (q)—ﬂ [z (q2>+ppAF£e(q2>] LR (@)

pPA
pAc -y — Jtot o 2 DA DA, 2 aZKp a . o n-q
for (@) = 47-[ _|_ pp [l (q ) + pPFge (q )] q F (q )}X—mp

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

K, = 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

pAu Form Factors

008 010
—t [GeV?]

P4 =1rPP = —0.0164 +i0.0053,

where the value of rspp (for a 100 GeV beam)
was directly measured at HJET.
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Coulomb corrections. The Eikonal Approach

(N (NC)

For forward pp (pA) scattering, the soft photon corrections (C)

can noticeably modify the scattering amplitude, e.g.,
fo®) = 5P ? = fo(r) e!Pe®

fn(®) :%QBNUZ = fy(t) e!®n®

The Coulomb phases can be calculated in the eikonal approach. Considering hadronic non-flip
(N) and spin-flip (S) amplitudes, as well as electromagnetic non-flip (C) and spin-flip

(M) amplitudes, the scattering amplitude can be written as the inverse Fourier transform of the
eikonal functions:

1 . . .
Flg) = f d?b e='b {i[1 — e'Xc®)] + [y (b) + vs5(b) + yu(B) + ivy (D)yy] e}

where the impact parameter functions y.(b), i (b), yn(b), ys(b) are derived from the
corresponding Born amplitudes.

The factor e'xc(®) represents multiple soft-photon exchange. Since y. « aZ, for pp scattering
it can be expanded as e'X¢ = 1 + iy, + ..., but for large Z all orders in a must be retained.

The term iyy (b)Y m(p), referred to as the absorptive correction (B. Kopeliovich), corresponds to

the soft magnetic-photon correction to the non-flip hadronic amplitude. For large Z, this effect
can substantially modify the hadronic spin-flip amplitude.
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The Absorptive Correction

The absorptive amplitude can be obtained by inverse Fourier integration of iy (b)yy (b):

Bng? By )_1

_ . N Otot Q) _p . a2 eXp( 2 B+B
fabS(qz) o aZKP(l - lp)4t_ntm_pe HELE X Bnq? =

Vi

and can be treated in two equivalent ways:

As a correction to the electromagnetic spin-flip amplitude

p Q) 202 g, 02/ K

sf —
f¢'(q) = 2 m, 7z 14

Zt
Kp = Kp 1 2 o)

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

(nq) otor - azZk
¥(q) = 7y Dot BN rs = 1t =15 + =L

For proton-proton scattering (Z = 1), the correction is small, but non-negligible:
Rerl? - Rers? + 0.003.

For proton—gold scattering (Z = 79), however, the absorptive correction has a significant
impact on the analyzing power A%Au(t).
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Calculation of the Coulomb corrections.

A.P.,, Phys. Rev. D 112, 016023 (2025).

—Brq%/2
The standard calculation of the eikonal phase y-(b) = —2aZ [ qdq J,(bq) %

requires introducing a small fictitious photon mass A 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 « using only analytical expressions and
simple integration (the integration range is finite, and the integrand has no singularities).

e 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.
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Coulomb phases in p' Au scattering
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Calculation of the AZA“ (qz) vs Measurements

-
S—
ﬂ:z
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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.
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Beam Au Breakup/Excitation

. R.J. Glauber and G. Matthiae (1970)
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* InpAu scattering, the inelastic (breakup) correction to the
cross section becomes significant near the diffraction
minimum at t = 0.010 GeV?.

* The breakup contribution, calculated within the Glauber
approach as a function of the scattering angle 9 (or
equivalently, the transverse momentum qr = Ppeam 9)
cannot be directly applied to the analysis of HIET data,
which are expressed in terms of the squared momentum
transfer t. While for forward elastic events one has
t = —q%, 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, p;
and py:

do/dt o |fuel® + Ifsel®> = |fuel® + |fsel® + pit eP?t

* A possible contribution of the breakup to the spin
dependent interference Im(Fg¢Fy ) has not yet been
considered.
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Fit of the Measured pAu Analyzing Power

The fit:  y?/ndf = 37.1/40

F,/AY? =1.091 + 0.013 fm,
a = 0.645 + 0.039 fm

Re r5 = 0.0425 + 0.0009

Im 75 = 0.0590 + 0.0017

The HIET experimental data are in good agreement
with the model (Woods—Saxon density, Coulomb

corrections, and absorptive corrections).

However, the extracted value of 75 differs significantly

from expectations.

A reliable conclusion on the value of 75 requires
further study—particularly a more accurate

assessment of systematic uncertainties

The electromagnetic spin flip amplitude y;,(b) and
the absorptive correction iy, (b)yy(b) contribute
substantially (and quite differently) to the proton—gold
asymmetry Ay (t) . Nevertheless, the combined
contribution of these terms is in good agreement with

the measured Ay (t).
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F, = 1.094'/3 mb,

Calculations vs. Measurements

rs =P = —0.0164 — i 0.0053

No adjustable parameters
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a = 0.65 mb

For all studied nuclei, a clear systematic

discrepancy is observed between the
calculations and the measurements.
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Fit of the experimental data

F, = 1.0914Y3 mb, a = 0.645 mb

rs and the breakup corrections (for Zr,
Ru, and Au) are free variables in the fit.
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Good consistency between the calculations and
the measurements can be achieved through fitting;
however, the extracted values of 75 disagree with
the expected value (£’ = —0.016 + i0.005)
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Summary

The proton-nucleus analyzing powers AZA (t) 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 75 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 ¢ are inconsistent with expectations based on the
pp analyzing power measurements at HJET.

To obtain a reliable interpretation of 75, a more accurate analysis of the HJET data is
required, including:

e 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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