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Hadronic polarimetry at the EIC
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* A complete analysis of the beam polarization includes measurement of the
polarization profile, polarization decay time, ...

* The main goal of this presentation is to discuss the RHIC Hydrogen Jet Target (HJET)
feasibility to provide absolute calibration of the pT and 3He™ beam polarization at EIC.
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The Atomic Polarized Hydrogen Gas Jet Target (HJET)

HJET was designed to measure absolute polarization of the
proton beams with accuracy <5% in RHIC Spin Program.

It was commissioned in 2005.

The actual performance of HJET significantly surpassed the
design requirements.

The jet target polarization is Pje = 96 + 0.1 %.

The hydrogen gas target allows us to measure spin asymmetry
in CNI region 0.0013 < —t < 0.018 GeV? (where analyzing
power is well predictable) with low background and low
systematic uncertainties.

During RHIC Runs, HJET can operate continuously in parasitic
mode (i.e., without disturbing RHIC beams).
In numerous measurements (for 20 years) with proton pT and
ion (d, 0, Al, Ru, Zr, Au) beams
* transverse analyzing powers Ay(t) for pr and pTA
scattering was measured
* HIJET performance was well studied

A. Zelenski et al., Nucl. Instrum. Meth. A 536, 248 (2005)
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The HJET recoil spectrometer
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J * The vertically polarized proton beams are scattered from the
L ] vertically polarized gas jet target.

The recoil protons are detected in the vertically oriented Si strip

l . ZR—Zjet T
— Ul T * For elastic events I = —R X (1 +
'“JJ (_77;““-_,‘ L1 L Zmp

- « Tg = —t/2m, is (measured) kinetic energy of the recoil proton

The beam polarization can be precisely determined

N — Ni
beam (Tk) ng + N}% v (O)Poeam p (abeam(TR))
~ beam — jet
GeT) = N P .
]je N}-{ + NR e

. P ~(56+2.0 + 0.3 0
Typical results for an 8-hour store beam ( - stat — Syst) %

syst
in RHIC Run 17 (255 GeV) op" /Pheam S 0.5%
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Isolation of the elastic pp events
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The recoil protons with kinetic energy
above 7.8 MeV punch through the Si
detector and only part of the energy is
detected.

* Only few percent of all detected events are elastic recoil protons.

* Nonetheless, for 107 ns bunch spacing at RHIC, the elastic events can be easily
isolated, and background can be properly subtracted.

* However, to validate the method 10 ns bunch spacing at EIC, a special study is needed.
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Reconstruction of the punch-through proton kinetic energy
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Time [ns]

Isolation of the elastic pp events

p 100 GeV, Det. O:

—_
o
T T

Si Strip Number

Kinetic energy T [MeV]

* Toisolate elastic events:
* The measured time-of-flight is compared with ToF corresponding measured Ty
(the detected particle is proton)

* The measured /Ty is compared with /T corresponding to the Si strip
* (the scattered particle is proton)

* Since, for fixed Ty, the background rate is about the same in all strips of the Si detector,

background events can be subtracted (separately for each combination of the beam and jet

spins) from the elastic data. However, the results of the background suppression may be
affected by

* Inelastic events
* Tracking of the recoil protons in the Holding Field magnet.
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Inelastic scattering in HIET

At the HJET, the elastic and inelastic events can be separated by comparing recoil proton energy and
z coordinate (i.e. the Si strip location). For A + p — X + p scattering:

A= MX - MA
— = X [1+ + Epeam is the beam energy per nucleon
L Zmp Ebeam TREbeam

* The inelastic events occupy the area above the elastic line.
* Forthe 100 GeV beam, the inelastic event detection in HJET is strongly suppressed.
* For 255 GeV elastic events are well detected (but not overlapped with the elastic

ones)

proton beam 100 GeV

= 0.5 roy
_ el
R(Tg,zg) = Nypin(Tr, Zg)/Nax é 10 —Q‘é 10
5 0.4 5
= R
Z 03 2
W 0.2 =
15 2.0 2.5 0.1
T, [MeV'"’]
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Recoil proton tracking in the magnetic field
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* Depending on the zje; coordinate of the scattering
point, the recoil proton track bending in the magnetic
field may result in incorrect background subtraction.

* For T < 2 MeV, the corresponding systematic error i
value of the polarization may be 1 =~ 3%.

* In the data analysis, the residual background was
simulated.
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Currents in the Helmholtz coils
are adjusted to minimize
alteration of the recoil proton
z-coordinate in the Si detector
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The anticipated “bunch spacing” problem at EIC.

Significant decreasing of the bunch spacing, 107 ns — 10 ns, at EIC may be an issue
due to mixing prompts and elastic pp signals from different bunches.
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HJET performance at EIC
can be easily emulated by
using RHIC experimental
data and shifting the
measured time with 8.9 ns
(107/12) step.

Usage of the reconstructed kinetic energy results in a significant improvement.
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Proton Beam Polarization measurements. EIC vs RHIC.

The emulated (8.9 ns bunch spacing) data was processed using regular HJET software.
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Since the same events are used in two (107 and 8.9 ns bunch spacing) determination of the

beam polarization, only bunch spacing related systematic errors can contribute to the
discrepancy in the two distributions.

2023.09.26 SPIN'23

For T, > 2 MeV, the corresponding errors are small, |6P/P < 0.2%].
In the RHIC measurements, the following kinetic energy cuts were used,

Tr > 0.7 MeV (100 GeV) and Tg > 2.0 MeV (255 GeV)

The Polarized Hydrogen Gas Jet Target. From RHIC to EIC. 11



Prototype of a double-layer detector for HIET

The prompts are usually considered as fast charged particles, Ceramics 1.6 mm
which penetrate the Si detectors. 4gs 488 3mm
To veto prompts, a prototype of a double layer detector was

assembled and tested Active Si 0.5 mm
Although the prototype design was not optimized, a reliable

] Recoil proton
vetoing of the prompts was foreseen.

The prototype did not work as expected.

For the non-vetoed events (about 30-40% of all prompts):

* Time of flight is consistent with speed of light.

 The wave form shape is like that of stopped particles in the Si strip.

My best guess is that non-vetoed prompt events are due to the Si nuclear breakup by ay
(from a ¥ decay) or ultra-fast minimum ionizing charged particles (which are not detected
in the Si strip due to low dE /dx). In this case there may be no correlation between signals in
two detector layers. However, | have no realistic model for such a process and, consequently,
have no proves that the guess is correct.



Elastic single spin proton-proton analyzing power Ay(s,t)

Kp = pp — 1 =1.793
An(Tr = —t/2my) = Gjet(T)/Piet T, = 4ma/m,o; ~ 1 MeV
p=—0.079 (Epeam = 100 GeV)

§c = 0.024+ aInT,/T
my, (TC/TR)Z_Z(,O+6C)TC/TR+1 ; FTT

21z 2R: Th

An(TR) /AR (TR) =1 —
N(TR)/AN" (Tg) k, 1, T,

255 GeV

= = R + 1l
* T V=tImghad(s,t) >
o ASN(TR) is known with high precision, = 30; HIJET
SARN /AR = 0(0.1%) " 20
e Linear dependence of AN/ACNNI on T was verified in g 10
the HJET measurements. The linearity test is essential 100 GeV
. . . . OF @
to identify possible systematic errors. :
e The hadronic spin-flip parameter is small, |7=|~2% -0 s
(measured at HJET) -5 10
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How to measure the EIC >He beam polarization with HJET?

Th
Apeam(TR) Aﬁ (Tg) AP, Phys. Rev. C 106, 065202 (2022)

h —
Pmeas(TR) — Pjet Aioc(TR) hip
jet\I R AN (TR)
Kp=Up—1=1.793
_ Sbeam p  Kp ~ 218" - 2RE"Tg/T. Kn = pUp/Zp —m,/my = —1.398

— Ajet jet Kp — ZIislp_ ZR,slpTR/TC TC ~ 0.7 MeV

K,/kp = —1.283
zP{)leamx(]-_I_E-O_I_é-lT'R/T'C) ’

The systematic uncertainties in value of P{’., . are defined by &,
— hp ph

§o = 2015 [Kcp — 261%" [k,

&4 -can be determined in the measurements

: [+pPA
Since TspA = rspp LAY rsp'p [ B. Kopeliovich and T. Trueman, Phys. Rev. D 64, 034004 (2001) ],

i+pPP
ph _ _pp
ry =713
hp _ _.pp DD

Systematic error in the >He beam polarization measurement:
t
O';ys /P = O- 5%1.15717 @ O. Z%theor
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‘He breakup

AP, Phys. Rev. C 106, 065203 (2022)

A counter-intuitive observation in the HJET measurements with 3.8-100 GeV/n Au beams:
no evidence (<0.5% of elastic rate)of Au breakup were found in the data analysis

d
For incoherent proton-nucleus scattering, a simple kinematical *He __aw P
. . S Y Loy Ll L
: \ AL
consideration gives: C—
\
m 2TR \ p (recoil)
A=(1-3-)Tg+ps |22 :
MA R px mpl -

where A= My — My is missing mass excess, m" = m,, and p, is
the target nucleon transverse momentum.

Since Ty and, consequently, A are small at HJET, the breakup is strongly suppressed
by the phase space factor.

Assuming the following p, distribution,

13
fBW(px; O'p) = T;ch_l_zzo-zp' ffBW(px: Up)dpx =1,

Op

one finds for a two-body breakup (for given Tj)
dN/dA o fegw(A — Ay, ap) D, (), Ao= (1 —m*/My)Tg, 0p = 0p /2Tg/ M,

If the elastic and breakup events cannot be separated in the data:

doprk(TRA
0o (Tg) > dog (Tg) + [ dA 22k TRD o (T A) = do, () X [1 + w(TR)]

dA
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AP, Phys. Rev. C 108, 025202 (2023)

Experimental evaluation of w(Tp)

B S. Aladashvili et al., J Phys G3 1225 (1977).

&

>
In the deuteron measurements at HJET, it was QO
found w, (T = 3.5 MeV) = 5.0 + 1.4%, and an 'g
extrapolation to the SHe breakup, —
(wp)1—-10 Mev = 2.4 + 0.4%, had been done. <
The estimates were found to be in reasonable o~
agreement with the hydrogen bubble chamber %
measurements in Dubna.

2023.09.26 SPIN'23

S “dp - ppn -
100 (Epeam = 2.1 GeV/n) |

| hp—>pdp é’ '="."-?-‘ﬁP*->PPﬂP
100. Ebeam = 4.6 GeV/n = & -

My—m, [MeV]
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Breakup corrections to the SHe beam polarization

AP, Phys. Rev. C 108, 025202 (2023)

The breakup corrections,
1 + wine(TR), Wint € {ww w?r er (Ulc; wl ) }
can also modify the interference terms in the analyzing power ratio
K, — 21" — 2RE" TR /T, 1|1+ 0l — 218" [1+ wP] — 2RE*[1 + w?| Tr/T,
—

Kkp — 21,7 — 2RI Ty /T, k|1 + wlf] — 212P[1 + wP] — 2REP[1 + W} Tr/T,
. . S 4L m(Ti) %, N
An incoherent scattering of proton from 3He can be -4 @ (i:
approximated by scattering off a nucleon (m* = mp) % ] ~ \.' -
or di-nucleon (m* = 2mp). Thus, the breakup P e T
C T 2m\ TR w7
corrections (to the interference terms) are limited by: % - ..:" . p-
] - gV_‘ B - R
02m(Tr) < 01 (Tr) < 0 (Tp) B, = (1-gg et 58
T
Iz [MeV]

Assuming linear fit of the measured polarization P..<(Tr), Tr > 2 MeV, the
following estimate can be done :

T
|P£eaS(TR)/Pl§leam - 1| < |wp(T) — w2 (TR)/2 = —0.11% + O.13%T—f

In a more accurate fit, the breakup correction can be reduced to a negligible level
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Summary

* Systematic uncertainties a;ySt/P in the absolute calibration of the proton and 3He beam
polarization at EIC were estimated (predicted) as
P ¢ 0.6% meas
3
He: 0.6% meas @ 0.5% rPP

* For the helion beams with energy <100 GeV/n , proton-proton
pre-determined before the 3He beam polarization measurement
* To improve the data analysis (including the development of the calibration methods), the
following can (should) be considered:
e Optimization of the reconstruction of the punch-through recoil proton kinetic
energy
* More accurate analysis of the recoil proton tracking in the magnetic field.
e Optimization of the detector geometry for better evaluation of the background.
e Understanding of the prompts.
* More accurate theoretical analysis of the breakup corrections to the 3He beam
polarization measurements

P may be needed to be

From the analysis done, it follows that

HJET, as it was designed for RHIC Spin Program, has a capability to precisely, a;’ySt/P < 1%,
measure absolute polarization of the proton and helion beams at EIC.

2023.09.26 SPIN'23 The Polarized Hydrogen Gas Jet Target. From RHIC to EIC. 18
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Calibration Using Alpha-sources
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Event Selection Cuts.

1. Recoil proton kinetic energy Tp.
The measured kinetic energy range (0.5 = 11 MeV) is limited by the
detector geometry and the trigger threshold )

2. “Recoil mass cut”: 8t = t,, — t,(A)
ty (4) is the expected proton signal time for the measured amplitude
A. It depends on gain, dead-layer and time offset which are found in

calibrations.
The 6t distribution is defined by the beam bunch longitudinal profile.

3. “Missing mass cut”: 6,/Tg = /Tr — \/Tstrip
Tstrip is the energy corresponding to the strip center. It is determined

in the geometry alignment. The §,/Tr distribution is defined by the
jet density profile.

-1 2
. . do d“N . .
For elastic scattering, the (E‘/TR) PPN distribution

is the same for all Si strips.

Two sets of cuts used in Run 2017 analysis

Minimum statistical error cuts Minimum systematic error cuts
0.6 <Tp <10 MeV 3.2<Tr <7.6MeV
—7< 6t<7 ns —7< 6t<7 ns

—0.4 < 6,/Tz < 0.4 MeV'/2 —0.18 < 6,/T < 0.3 MeV?/2
17 October 2017 PSTP 2017. HIJET in RHIC Run17.

dN/dvE

Time [WFD units]

Events / bin

jet Chan 5 (Si6) IYU.07 |

H

B f

. b :

200

L'EI:'! i
300
Amplitude [WFD units]

x“IOS‘ . _ .
67 Ch. 90 (Si91) OBD.07
2 &H
O'f”ﬂmm:i:ﬁ L"RL

= ‘71‘0| — (I) — ‘10‘ I

t- to(A) [WFD units]
x10°

" Ch. 6 (Si7) IYU.06]

A

50

\

‘1.0. -

15

20 25

T30

VEun [Mev'

21



Background subtraction

Superposition of the dN /d./Tg
for all Si strips.

: Legend

10
* Elasticpp

* Inelastic pp
* Background

Si svid number

3
VT_R M eV]m

* The background subtraction is based on the 12
assumption that background dN/d\/T_R - Detector 0, T'p = 1.8 MeV / .
distribution is the same for all Si strips.

* In the data analysis, the background is 108
determined/subtracted independently for

> every detector

> every /Ty bin

> every combination of beam/jet spins (to
properly account background analyzing

power if any) 0 5 10
Si strip number

10°

17 October 2017 PSTP 2017. HIJET in RHIC Run17. 22



Measurements of Ay(t) in Runs 15 (100 GeV) & 17 (255 GeV)

AP et al., Phys. Rev. Lett. 123, 162001 (2019)

R A' e The filled areas specify 1o
0.04f AN(t)—: 0.04[- N(t) . experimental uncertainties,
- ] i stat.+syst., scaled by x50.

0-03:_ E =100 GeV 0-03; E =255 GeV

beam beam

|
|

0.02- 71 * Hadronic spin-flip amplitude
o xS0 x50 parameter

00l mdstat+syst % oot ﬁ——’/ had
N i - : m (s, t)
C ] B ] g = P ¢5 = R5 + iIS

000 == g 00O e s V=t Img"?(s, 1)
Ty =—1/2m, [MeV] T, =—t/2m, [MeV]

0.02f

The measured hadronic spin flip amplitudes:

o I
=) -
_ 30
Vs =13.76 GeV Rs = (—12.5 + 0.8, + 1.5455) X 1073 ‘)‘(‘ : 255 GeV
Is = ( —5.3+2.9g, + 4 75) X 1073 o 20 ®
Vs =21.92GeV Rs=( —3.9 % 0.5 + 0.84y,) X 1073 é i

Is = ( 19.4 % 2.55, + 2.555) x 1073 - 100 GeV

@

The corrections due to absorption and the updated value

—h
T T T
1| | I - | | I ‘ | I ‘ I ‘ 11

of the proton charge radius 1, = 0.841 fm were applied 5 0
- 3
Rs = RER! + (31,45 + 0.8, ) x 1073 Re r. x 10
HEP23 2023.01.12 On the possibility of measuring the polarization of the 3He beam at 23

EIC by the HIET


https://arxiv.org/pdf/1909.11135

Double spin-flip analyzing power Ay (S, t)

A.A. Poblaguev et al., Phys. Rev. Lett. 123, 162001 (2019)
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Proton-nucleus Scattering at HIET
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In the Au beam measurements at HIET
(A= 4 MeV, 3.8 < Epeam < 100 GeV/n),
no evidence of the breakup fraction in the

elastic data was found.
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A model used to search for the d — pn breakup events at HIET

For incoherent proton-nucleus scattering, The jet proton

a simple kinematical consideration gives:

2T
A= (1 — —) Tgp+ p, /m—R, where p, is the target nucleon transverse momentum A
P

M4
7'[\/_0

Assuming the following p, distribution, fBW(px, ap) = MT

ffBW(px: Gp)dpx =1,
one finds for a two-body breakup (for given Tj)
dN/dA  faw(A = Ay, 1), (B), A= (1 —mp/Ma)Tr, 0p = 0p \[2Tr/my

= |(Tg, 1) |>w(Tg, A) = |2 fpw (A — Ay, = o
Aoy, (To) db [P (TRr, L) |*@(Tg, D) = |[YP|*faw( 0,01) 41tmh —

* The breakup fraction w (T, A) dependence is pre-defined by the nucleon momentum
distribution in a nuclei.

* Inthe HJET measurements, A< 50 MeV is small.

*  The breakup to elastic amplitude ratio, ¥ (Tg, A), is about independent of the Ty and A.

» The h — pd breakup is strongly suppressed by the phase space factor w(Tp, A) < /A Athr

2
* Forthe h — ppn breakup the suppression is much stronger w(Tg, A) < (A Athr) :
* The electromagnetic ph amplitudes are nearly the same for elastic and breakup scattering.

On the possibility of measuring the polarization of the 3He beam at
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Deuteron beam measurements at HJET
AP, Phys. Rev. 106, 065203 (2022)

In RHIC Run 16, deuteron-gold scattering was studied at

12~ — T —
. S [ T = -
beam energies 10, 20, 31, and 100 GeV/n. —é’ of - : -
= L
= L
In the HJET analysis, the breakup eventsd - p +n & 8-
(Afhr= 2.2 MeV) were isolated for 10, 20, and 31 GeV data. 7 6 -
The breakup was evaluated for 2.8 < Ty < 4.2 MeV B
In the data fit, the d — pd breakup fraction w(Tg, A) was 1 2'%— [Mez\',s]
parameterized, g
|Y| = 5.6, 0, = 35MeV
Zor Tx ~(«T3.)5 MeV, the breakup fraction was evaluated to be % oo 7 " b'ear:n_:
Od— R SRR
ﬁ = wd—>pn(TR) g I A Gold beam
X 02H VN N
— Y 110 GeV
= |Y]? [ dA wgpn(Tr,A) = 5.0 + 1.4% - e
< 01 e J
S N .. 20GeV i
S Sl e OV :
Soof T+ S e o]
The result obtained strongly depends on the used 0 B0 40 60 80
parametrization and, thus, a verification is needed. A [MeV]
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