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Hadronic polarimetry at the EIC
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hadronic beam polarimetry at EIC
* Much shorter, 10 ns bunch spacing (107 ns at RHIC)
(Polarized) ® 3He/I\ beam

Electron
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lon Source

* 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 measure the 3He™ beam averaged absolute polarization at EIC.
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The Atomic Polarized Hydrogen Gas Jet Target (HJET)
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Elastic event isolation:
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Vertically polarized gas jet target, Pjo; =~ 96 + 0.1 %

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

The measured kinetic energy T, time of flight ToF = tp — t,,
and zp coordinate in detectors allows us to isolate the elastic
events.

ToF = /ﬂ— (the time of flight corresponds to the proton’s kinetic energy)

ZR—Zijet T Ey, +m T m . c
ZR”%jet _ | R gl P~ R x (1 + —2L ) (for elastic scattering)

* The HIJET geometry predetermine measurements

in the CNI region

0.0013 < —t < 0.018 GeV?
(0.6 < Ty < 10 MeV)

t = _ZmpTR !
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Polarization measurement of proton beams at HIET

1y . /" The beam (T!) and target (+) single spin asymmetries are
l/ / concurrently measured using 0.5 < Tp < 10 MeV recoil protons.
&/ - = 4
"/ 7”
: Detector

/

Beam direction

The beam polarization can be precisely determined

\/NI;Ni - \/NhN{ with no detailed knowledge of the analyzing power
Apeam — <AN>Pbeam = a
(VN + NN p,  — dbeam ,
beam — jet
ajet

VNEN; — JNgN{
VNENE +NgN{

Ajer = (AN>Pjet =

Ppeam ~ (56 £ 2. 05 £ 0. 35vst )%
Typical results for an 8 hour store cam ~ stat SySt)

in RHIC Run 17 (255 GeV) 03" /Ppeam < 0.5%

Since the background is well controlled, the analyzing power can be precisely measured
Ay (1) = aje(TR) /Pijet [Tgr = —t/2m,)]
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Elastic single spin proton-proton analyzing power Ay(s,t)

* h * h *
2Im[PpEm PN *+pe pS™ *+ e Pt ]
o2
[@3+pEmetoc]

For CNI elastic scattering, analyzing A (t) _
power is defined by the interference N _
of the spin-flip ¢<(s,t) and

non-flip ¢, (s, t) helicity
amplitudes: V-t Kptc/t — 2Is5t;/t — 2R5

A ) = =21 * N N 2 —

Kp = tp —1=1793
t, = —8ma /o = —1.86 X 1073 GeV?
p =—-0.079

6c =0.024 + alnt,/t

(for 100 GeV beam)

The primary goal of the experimental study of the elastic pp analyzing power in the CNI
region is an evaluation of the hadronic spin-flip amplitude, parameterized by
had
my, ¢5° (s,t)

— — 1 ~ 720
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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
of the proton charge radius r, = 0.841 fm were applied

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

5 0
Rs = RER! + (31,45 + 0.8, ) x 1073 Re r. x 10°
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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)

2

o | | |
dtdy o [1+ An(8)sing (P, + Pj) + Ay (D) sin? @ Py, Pj] (at HIET. sin @ = +1)
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How to measure the EIC He beam polarization with HIET

AP, Phys. Rev. 106, 065202 (2022)

Pheas(Ti) = P 222018 24700 2ty - L1798
jet(I'R Ay P(Tg) Kp = Up/Zp — my/my = —1.398
— beam p Kp ~ 21’;" _ ZRghTR/TC + wP(rs Tp) g(z,%Z)l\:f!the breakup,
Qjet Jet Kp — 212”— ZR}SIPTR/TC + whP (r5,TR) h — pd and h - ppn, corrections.

Q

Ploam X (A + &+ & Tg/T,)

The systematic uncertainties in value of P{,‘eam are defined by ¢,

_ hp ph
$o = 2615 /’Ch - 2615 /Kp + dw, One should expect 6w = 0 (the breakup corrections gone if
&1 -can be determined in the measurements t — 0). However, extrapolation of measured P2 ...(Tg) to
P! ..<(0) may result in non-zero value of Sw.

. rsph and r5ph can be related to the proton-proton 75 (predetermined for the same beam energy per

nucleon). 10—20% theoretical accuracy of such calculation is sufficient to satisfy EIC requirement
oV /P < 1%.

* Since no breakup is possible for t = 0, the breakup corrections are expected to be small in the HJET
measurements
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Hadronic spin-flip amplitude in pTA scattering

According to B. Kopeliovich and T. Trueman, Phys. Rev. D 64, 034004 (2001),
for high energy elastic scattering to a very good approximation

PLLO)/Phf (0 = PO/ (1) W A op L

The result can be easily reproduced in the Glauber theory. For example, elastic proton-deuteron (pd)
scattering can be approximated by the proton- nucleon collisions (pN):

@ =S(3) @ +5(3) @ + 5= | S G +a)f, (3 - a') ?a’

Since the pN spin-flip amplitude is small (at HJET),
fil(@) === fy(@, |f§(@/fv(@)] <0003,

my i+p
to calculate the spin-flip pd amplltude one should replace in the right-hand side

o fi foof and fafy o iy + fufy

pA

I's
ll(q) = Fii(q)

FSf —
(@) = mpl+ppA mpl+p
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More general consideration of the elastic pTA scattering

The hadronic amplitude for a proton-nucleus elastic and/or breakup scattering can be approximated
(R.J Glauber and Matthiae, Nucl. Phys. B21 (1970) 135) by

Fu(ar) =5 [ e 9 ({r}) 1 b5, - sw({r })ﬂd3

and can be calculated if initial ¥; ({ }) and final ‘Pf ({ }) state wave functlons are known.

In Glauber theory, elastic pA amplitude can be expressed via the proton nucleon ones

Fa(q) = z{safa} + Z{sabfafb} + > Sancfafofe} + -

a,b,c

> Gavcfafofe) = [ Sane(@le @y, ADFul@ (@)@ - @~ @) — ADA Ao a1

a,b,c

No knowledge of form factors S, S}, ... is needed to calculate the elastic spin
flip amplitude

_qn 7”5 pA i+ pP?

FSf —_ - F = _ L
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Elastic p + h' - p + h hadronic spin-flip amplitude

The spin-flip proton-nucleon amplitude depends on the nucleon’s polarization

qnrsPy
p ¥ (q) mpl+pf(q)

If all nucleons in a nuclei have the same spatial distributions, i.e., if S;p,  =Sp4.. = Spc,..s
then for unpolarized proton scattering off the polarized nuclei

: A

Ap L+ pp Z P;
r5 — r5 .
i+pPP A

where P; are nucleon polarizations in the nuclei.

Since in a fully polarized helion in the ground S state, B, = 1 and B, = 0,

r’slp =15/3

Considering also S’- and D-wave components , it was found P, =~ 0.88, B,~ —0.02
[J.L. Friar et al., Phys. Rev. C 42, 2310 (1990)]

re? = (0.27 + 0.06)r5
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T's related uncertainties in the SHe beam polarization measurement

PR (Tp) = Qbeam p o Mp 215 —2R5TR/T rs = Rs + il5, is the proton-proton
meas " R Qjet Jet Kp—05415—-054R5TR/T, hadronic spin-flip amplitude
parameter

~ P{)leam X (1 + 60 + El TR/TC)

575 ph 2 —2 2 0.54 2 2\t PP
syst’ beam = &= _61159h @_6115117 D (__ )615 fan) (___)Q < 0.6%

h
Pyeam Kp Kn Kp Kn Kp Kn 3
< 0.2% < 0.5% < 0.2%
e —— rsph i Tshp Measurement of 7= (pp) Possible difference between

pn and pp amplitudes

For 100 GeV/nucleon >He beam, the expectation for the 75 related
systematic uncertainties in measured polarization is in agreement with
the EIC requirement
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p'+A4 - p+ (A, + A, ...) hadronic spin-flip amplitude

For a breakup scattering p'4 — pX (e.g., ph = ppd), the amplitude can be a function of A= My — M,
(and other the breakup internal variables).
It may be convenient to define ratio of the breakup and elastic amplitude,

Wri(q, D) = Fri(q,0)/Fu(q) = |[ri(q, A)|e™ria®,

and (redefine) the spin-flip parameter 75
- Generally, @ # 0
Fei(q) = —-
myl+p

Fri(q)

A breakup pA4 amplitude can be expresses via proton-nucleon amplitudes in the same way as
elastic one, but with some different set of formfactors

Ffi(CI) = Z{gafa} + Z{gabfafb} + z {gabcfafbfc} T ..
a a,b

a,b,c

p'A - pA A,..

T
~PA _
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Inelastic p + h' - p + (p + d);, hadr. spin-flip amplitude

~hp ~h—-pd

Fg =Tg = (O 27 + 5pd)7"5 3He

i

Considering single scattering amplitude with large q d
(to knock-out the nucleon), one finds that the h — pd
breakup can be associated with pp* scattering, that is
~hp-pdp _ _
rs =~—Ts = 6Pd =—1.27 In the ground S state of a polarized
In the same approach,

3He, protons p'and p* are spin
f.fslﬁppn = +re singlet, p" and n'bound state may
be interpreted as deuteron.

Anticipating that for low g the result may be different,
—1.27 < 6pd< 0

will be considered for estimates
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Inelastic scattering in HIET

At the HIJET, 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:

Zp — Z; T m
R jet _ R x |1 + 4
L Zmp Ebeam

At HJET, Zp is discriminated by the Si strip width, 3. 75 mm
the dependence is smeared due to gj¢; ~ 2.5 mm
E 12 I / ]
-E 1oRY = 1.5 — -
= 8v-10— E

. » V - °
E" 6Y = 0. _
e _ |
 — | a
o wh i
i 4 —

) v = 0 (Elastic) ] .
2 .
= - ]
b ol 1 N I R SR B

1.0 1.5 2.0 2.5 3.0

V7, [MeV'?]
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A= MX — mp > meg
Epeam is the beam energy
per nucleon

At HJET, the inelastic events can be
separated from the elastic one's if
v=0.9.

For proton beam, the detected
inelastic rate is very smallifv = 1.4

(E, < 100 GeV)

The inelastic events are not detected
at HIETif v 2 2.5 (E, < 55 GeV).
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T T
Pbeam T Djet — Xpeam T Djet

R(Tg, zg) = Npin(Tr, 2g) /N ax

For the inelastic scattering
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Proton-nucleus Scattering at HIET

X oF T

N— T — .o°.oo.. i
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0.005 0.010 0.015
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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 — M_) Tgp+ p, /m—R, where p, is the target nucleon transverse momentum A
A p
: : e =20y
Assuming the following p, distribution, fBW(px, ap) = MT ffBW(px, ap)dpx =1,
one finds for a two-body breakup (for given Tj)
AN /dA o faw(A — Ao, an) P, (D), Ao= (1 —m,/My)Tr, op = 0, \[2Tg/m,
d?op_,q(Tg,A) my |A— AR
—pd\" R 2 2 L] thr
= Tp,A)|“w(Tp,A) = A— Ay, 0
Aoy, (To) db [Y(Tg, D) |*w(Tg,A) = |P|*fpw( 0,04) 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.
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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

= 121 e N
beam energies 10, 20, 31, and 100 GeV/n. —é’ o - : .
= L
In the HJET analysis, the breakup eventsd - p +n é s—
(Afhr= 2.2 MeV) were isolated for 10, 20, and 31 GeV data. S, -
The breakup was evaluated for 2.8 < T, < 4.2 MeV B
In the data fit, the d — pd breakup fraction w(Tx, A) was B Z%T— [Mez\/s]
parameterized, !
|Y| = 5.6, 0, = 35MeV
Zor Tr ~(«T3.)5 MeV, the breakup fraction was evaluated to be % oo i " e 'Douteron beam ]
T4 S
do-‘;—)% — wd—>pn(TR) g C A Gold beam
X 0.2H Y .
— Y 110 GeV
= |Y]? [ dA wypn(Tr,A) = 5.0 + 1.4% - e
< 01 e -
G N . 20Gev 51 Gov i
o r e ]
Soof T+ S e o]
The result obtained strongly depends on the used 030 40 80 80
parametrization and, thus, a verification is needed. A [MeV]
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d — pn breakup in the hydrogen bubble chamber

B. S. Aladashviliet al., ). Phys. G 3, 1225 (1977).

— | — |
do/dt @ —t = 2.0_0265 ﬁae\‘/f L ool { dp - ppn 1
(Tr = 3.5MeV) 2 (Epeam = 2.1 GeV/n)
15+? mb/GeV?  Theory o
8+ 2 mb/GeV?  Experiment Igl
14 +4 mb/GeV? From the HJET deuteron
w 50
beam measurements S
AN
©
N
00 02 04 '0.62
~t [GeV?]

 The HJET measurement of the deuteron beam breakup is in reasonable
agreement with the bubble chamber measurements

 The model used satisfactory describes the HIET measurements (within the
experimental accuracy.

e Only a small fraction, ~1.5%, of d — pn breakups can be detected at HJET.



Extrapolation to the ‘He beam breakup at HIET

§ ]
o i
.9 .
o -
< ]
e )
% 7
- ]
< ]
) ]
S i
aa .
]
10
Iz [MeV]

Using the model parametrization, || = 5.6, ap = 35 MeV, evaluated with the deuteron
beam, the breakup rate for the 100 GeV/n helion beam was evaluated.
For1 < Tp < 10 MeV, the following h — pd breakup fraction was calculated
(dah%pd/dael) =2.4 i 0. 4%
Considering event selection cuts at HJET, the breakup fraction as a function of T was found
dah—)pd(TR) _ _ 2
T lE = w(Tg) = [YI2 [ dA w(Tg, 0)
@(Tg) = Y| [ dA w(Tg,A) = w(Tg)/ ||
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SHe breakup measurements in the hydrogen bubble chamber
Epeam = 4.6 GeV/n

V.V. Glagolev et al., C 60, 421 (1993)

Ol = 24.24+1.0mb
Ohopd = 7.2910.14mb
Ohoppn = 6.90 £ 0.14 mb

J. Stepaniak , Acta Phys. Polon. B 27, 2971 (1996) #

My—m, [MeV]

N
o
(=)

The effective cross sections in HIET measurements: 4
HJET _
elastic ™ 11 mb
HJET
Ui, 0.02 mb (bubble chamber)
oy, ~ 0.15mb (bubble chamber) §
JS]_FPT 4 ~0.25mb (deuteron beam in HJET) 1 400-
S [
I
<
% 200
The 3He breakup rates @(Tg) and &(TR) < g
ol
0.

derived from the deuteron beam measurements
at HJET can be interpreted as upper limits.
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The breakup corrections in the SHe beam polarization measurements
with HIET

ph (TR) _ Apeam P.. x Kp — 215 _ 2RS TR/TC
meas QGior " Ky — 0.5415 — 0.54 R Tr/T,

jet

For the kinetic energy range 2 < Tp < 10 MeV,
@& (Tx) ~ 0.23% + 0.05% Tr /T,

The corrections:

kK - Kk X [1+ @&(Tg) cos @]
Is > Is + @(TR) X [Is cos ¢ + Rs sin ¢] w(TR) Tr/Te = wo + w1 Tr/T¢

@

R5 - R5 + (U(TR) X ES = —6.7% + 4.5% TR/TC

< < 0.2%

0.54 2 .
kn K Wolts

SonsiPream _ 2(0.27 + 8pa) 2 o
~ K, i, 0fts

h
Pbeam

A better result can be obtained in non-linear fit of the measured polarization:

P’rileas(TR) = P{)leam X [1 + 51 TR/Tc + Ewwcalc(TR) TR/TC]
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Summary

Feasibility for precisely measuring the EIC 100 GeV >He beam polarization
with the RHIC Polarized Atomic Hydrogen Gas Jet Target polarimeter was
considered.

Knowledge of the pTh and th analyzing power ratio is needed for such a
measurement.

Although the ratio is well defined by values of the proton and helion magnetic
moments with accuracy of a few percent, the correction due to the proton-
helion hadronic spin-flip amplitudes and due to the possible beam 3He
breakup should be considered.

The hadronic spin-flip amplitudes for pTh and th scattering can be derived,
with sufficient accuracy, from proton-proton value of rsmeasured at HJET.
The breakup corrections were found to be small and can be neglected in the
polarization measurements.

It was found that the EIC 3He beam polarization can be measured with HJET
with low systematic uncertainties satisfying the EIC requirement

o /P < 1%
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