Polarimetry at the EIC
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* Polarized Measurements at EIC (Why and How)
* Creating Polarized Beams
 Maintaining Polarized Beams

 Measuring Polarization
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Understanding Proton Spin

* \Valence quarks do not carry all the spin. More
complex dynamics are at hand:
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https://arxiv.org/abs/2302.00605

Motivation: 3D Tomography

* Polarized DIS: Structure functions dSig, dG

 onward to low x <~0.01 (global fits die
out at that point). EIC can continue
down to x<1e-4, better accessing gluons

e prove whether gluons are a major source
of gluon spin

 SIDIS: flavor-separated du, dubar, etc
 Transverse Momentum Dependent pdfs

e Exclusive: Generalized Parton Distributions
(coord. space), aiming for Lg, Lq.

* For the neutron as well as the proton
* And explore parity-violating BSM
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Figure 6: Comparison of polarized PDFs at Q = 10 GeV obtained from the pDIS+SIDIS base fit and from fits including
projected EIC SIDIS pseudodata for the two beam-energy configurations E. x E, = 5 x 41 GeV? and 18 x 275 GeV?, using
the default hadron-energy cut z > zmin = 0.2.
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Longitudinal Asymmetries

f
c -6t Ac 4
ALL — — =

o T4ott g
Ao = Z Afa/p ® Ao,

Ao = [efAu(x) +- ejAd(x) + eszAs(x) + ] ® Ao,

_ XAu*(x,Q°=10 GeV?)
Ag(x) = G — e , “ NNPDFpolt.t

* Partonic asymmetries can be large

* Ininclusive DIS, all the quarks contribute to the scattered e- data === |

.01~ [ | NNPDFpol1.0

* Combine different targets (p,d,n) and scan Q2 to tease apart et :
underlying pPDFs via global fit N —

X
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https://arxiv.org/abs/1406.5539

Beam Polarization

 For spin-1/2, we define the polarization of a beam in terms of the populations in

N, —N_
each spin state: -1<P<1: P = ——
N, +N_
| , N, —N_
. For spin-1, there are three states. We could write P, = ,
N, + Ny+ N_

- But traditionally we normalize so that: N, + Ny + N_ = 1.
» Vector polarization: P, = N, — N_

e Tensor polarization: PZZ = 1—-3N, (+1:all spins along pol. axis. -2: all spins

transverse to pol axis)

« Unpolarized: N, = Ny = N_ = 1
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Polarized Scattering: Asymmetry

T ~—.1
 The polarized physics is related to the A= 7 - 7 -
asymmetry of the pure-spin cross sections: ol +o07
_ , NT =N~ , | S o . 2 3
» But our beams will not be perfectly polarized: Po=rm7= — N =5(N"+N7)(1+£PF) (andsim.fort /)
 So the observed cross section will mix N+tNtgtt £ NtNigtdt £ N-Nto—T + N-Nig—
contributions from every spin combination in Tmix = (N+ + N-)(NT + N+)
our beams: . . -
(P P — o T-°-O’ i PP o T—(T‘T
e \We can write this in terms of the pure spin o's: Omix( Fe; ) = 2 T LelT 2
(using (+,1)=(-, 1) and (-, T)=(+, 1) by parity)

Gmu("’},e . IJ"I') — J!:ll.\(_})&? PI)

By measuring once with +Pe, once with -Pe, we Aexp = =P Pr PP
T LT ,c~ ,"I’, T Omix\ — )'.:e 1

can make linear combinations of omix terms:

» And our Aexp can be written in terms of - P.Pp(ct" —o™T)

polarization factors and pure cross sections Aexp ot + o1
o io we can ggt thg péljre asyrgmtitry b)ll d.ivicélling ) 1 ( Tenix(+Po, Pr) — G —P.. 1_,,1,))
e measured, mixed asym e polarization: A= . .
y y p 1)1 ’ 1»,"1‘ U:mx(,+1)r~. 1)'1‘} "'Utx:lx(_l—,ul_,"l')
* |n fact, these omix will have many terms in
common 1 n, — Rn_ L,
A= R=_—"
\‘ . . P,-Pr \ n,+Rn_ L_ A\
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Polarized Scattering: Figure of Merit

We are essentially counting the number of
scattering events (with some selection criteria) in
each spin configuration:

We can do standard error prop.:
oA 1 on. | 1 [ 2n A 1 2n, | 1 [-2n,
on, PpP;|(m,+n2| PP\ n2, on_ PPp | (no+n 2| PP\ nl,

The variance on the counts is just \/Z .

If our yields are approximately the same *

Then the uncertainty on our physics observable is

To minimize this, we maximize our Figure of Merit:

S0: Need high statistics and high-polarization
beams.

1 n_|_ - n_
A =
2 y
0A 0A
(AA)? = (_> (An,)* + (—) (An_)?
on,,. on_

(AA) =

FOM = N, PPz

N
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Transverse Asymmetries

7 A -~
A . GL( T ) o UR( T ) ,,/” left | \\\\\
y o ,&” I hEN
or(T)+or(T) e o
' - <”’ Sz A of right ,l"
* Not handedness! Literally Leftward and Rightward! Moo <:>/V g
o ,,’
« We only need one transversely polarized object. 5§ X V \\ //’
fully defines Left and Right. TN Jtad
DS 7
» We can follow the same prescription as in Long.: 1= “;Pe P 1—2Pe Sor

 Mixed beams have fractional up and down contributions: 1+ P, 1 —P,
Omix, 1 (+F,) = ( ) or(+)+ < ) or(—)

* So the observed cross section will mix contributions
from every spin combination in our beams:

 and our measured asymmetry will relate to the pure state A - P, (O'L( T)—or(1 )) —PpA

asymmetry: CXp UL( ) + GR( ) ey

\w L A
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Polarized Beams at EIC

e Electrons: 5-18 GeV '
e Protons: 41-275 GeV

Low-Energy Electron Cooler

Bypass

Electron Storage
Ring (ESR)

protons ) asmmmmm  clectrons

(and others)
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Polarized Polarized photo-electric
Electron Source effect

o5V everything!

Booster
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https://indico.jacow.org/event/95/contributions/12369

Producing Polarized Protons: OPPIS

HSR 41 GeV

Bypass Low-Energy Electron Cooler

Electron Storage

Ring (ESR)
'\\ Electr:)b
Possible
— O S VOID s 2" |nteraction Region : :
'mg--vmums A% Rapid Cycling
m e el 2 Synchrotron
"N\ Hadron Storage Electrons
\ Ring (HSR)
P 0 I a r I Ze d lons °f '\&j /7 Beam Accumulator
- P e Ring
I 0 n = Injector
Linac
Polarized

Electron Source

Saurce

Polarized
lon Source HS,,R ?4 Qev :
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O\ E IS \
o )

Plan: Transfer the electron spin from Rb
atoms to H, and to the nucleus

q\\\\ Stony Brook University

e

Booster

11 A. Blednykh, IPAC'26



https://indico.jacow.org/event/95/contributions/12369

Fast Atomic Beam
Source injects beam

Pass through H2 to pick
up e-
Neutral beam enters B

without deflection m

Pass through He to strip

A Electrostatic braking

Pass through Rb to pick
up e!

Neutral beam exits B
without deflection

Pass through Sona
region toswap T to
Pass through Na cell to
pick up e-

Electrostatic acceleration
to ground

H-T 2.5

H-7 35.0
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OPPIS

Neutralizer
H,-cell
» {YRAHAARRFF == === ==nn=ns
— _g ,z’/ g_
7 ‘ 7
Atomic H He-ionizer 'Rb-cell Sona
injector cell transition
HO H+ Ho
H+ | H2 He —_— Rb

https://indico.jlab.org/event/663/contributions/13118/
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Producing Polarized 3He: EBIS

HSR 41 GeV

Bypass Low-Energy Electron Cooler

Electron Storage
Ring (ESR)

EIC

Electr:b

Possible
2" Interaction Region

. Hadron Storage Electrons
\ Ring (HSR)

\ \ lons \:
— - -

Rapid Cycling
Synchrotron

Beam Accumulator
: Ring
p— Injector

Linac
Polarized
\olarized Electron Source
|
S HSR 24 GeV

\ “Warm™ Injection Line

Plan: Pump 3He e- to a spin state and let
HF transfer it to the nucleus
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https://indico.jacow.org/event/95/contributions/12369

3HeO

1l Bottle provides 10 Torr gas

AMEOP Pumping 3He01

Pulsed injection into EBIS

3HaO1
(100um aperture) He

3

A Co_ntact with 10A e- beam 3He++1
strips e-
Collect in Ipngitudinal 3He++1
electrostatic trap

. Eglsed extraction to 3He++1
Injectors

q\\\‘ Stony Brook University

EBIS

/ Superconducting solenoid-1

!
/u
J

f Electron Gun /

..H'Superconducting solenoid-2+

Electron collector, RFQ accelerator-
' |“|

Optically-pumped 3He cell

“ Gun Coil

14

Transition region /

Collector Coil -

Acceleratmg tube

ﬂw@%-

| Sonnne !

’He gas

to vacuum ==
pipe
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MEOP in EBIS

Metastability-Exchange Optical
Pumping:

e Strong field (5T) separates mr+3/2
levels. Laser can address

individual pairssplitting out of laser
bandwidth

 Metastable+ground collisions
exchange entire electronic shell

q\\\\ Stony Brook University
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Interaction State State

RF Plasma Y2, Mny100)100) &l 12,Mn)100)11Ms)

lonization (e-)

HF Mixing o 1551005111 I V5. +1/55100)110)

(Me=+1%)

?r:Fi"_i}j)”lg Vo, +1/2)100)11-1 > 2,-Y2)100110)
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(MF=+5/2)
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Fluorescent Decay
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(and the -%2) 1V2,-Y2)111)111) 1Y2,-Y2)100>111)

Metastability V2 M I00)ITMs) = 12, Mn)100)100)
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(in particular) |Y2,+%2)100)111) Y2,4+%21005100)
@and the -72) |Y/2,-%25100)111) 2,-125100)100)

N
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Producing Polarized Electrons: PES

V 4 e /0
Electron gun

HSR 41 GeV
X N Low-Energy Electron Cooler

Bypass
Electron Storage
Ring (ESR)
\ Electrb.
Possible
v \ 2" Interaction Region Rapid Cycling
k. 2 Synchrotron
| \ Hadron Storage Electrons

Ring (HSR)

\ \ lons QP@

Beam| \ccumulator
Ring

Polarized
Electron Source

Polarized

*Actually, this was taking in the basement of this building lon Source WAL

\ “Warm” Injection Line

Plan: Use a strong laser and an complex
cathode to directly produce e’ 1
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Polarized Electron Source

Strained GaAs photocathode provides
e- in split valence band

Circularly polarized IR laser excites only
one spin state to conduction band

Bunching and extraction to the Pre-
Injector Linac

q\\\\ Stony Brook University

eT
(conduction)

el 320.0
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HV Feedthrough :

NEG modules

#1.7| Electrode

Triple-point shields

B
I \ Biased Anode

= " | GaAs Cathode

‘ LaSer

e-bean,
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The Strained GaAs Photocathode

o Structured crystal to help the electrons escape

e but also to improve photon quantum efficiency!

Purpose

Negative Electron Affinity

Highly doped layer slopes energy bands down in
this direction

Superlattice layers mechanically strain each other.
e- excited in uniform spin state

Tuned spacing to set up Fabry-Perot resonance

"Distributed Bragg Reflector”: tuned to reflect
the IR laser

Stable block with desired spacing

Step slowly toward the spacing of our desired
material w/ more P (x=0—x=0.35)

Flatten the substrate

q\\\\ Stony Brook University

Layer

Cs or other

GaAs

GaAs/GaAsP
GaAso.65P0.35

GaAsP/AlInP

GaAso.65P0.35

Graded
GaAs Px

Thickness

snm

(3.8/2.8 nm)
x14

750nm

(54/64 nm)
x12

2.5um
6um

500nm

18

p-Doping

5x 101° /cms

5x 1017 /cm3
5 x 1018 /cms

5x 1017 /cm3

5x 1018 /cm3
5 x 1018 /cms

2 x 1018 /cm?3

IR Photons

1S

ﬁ
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Keeping Beams _

acceleration N
F=e(E+ v XB)

 We need to keep the particles in a

closed orbilt. dipole
magnets

e Beam has a size and momentum

spread. injecW experiment ()

e Particles oscillate around the closed

orbit (betatron oscillation). other
magnets
« FODO: Focus-drift-Defocus-drift to
keep the beam in an envelope (Can't D0 et st ot e
magnetically focus in both axes at o
once) Kt /:/ i P .
q\\\‘ Stony Brook University | o {j |
19 Adapted from Frank Rathman's CFNS 2024 Summer School slides venter for Fomlers




Keeping Beams _

acceleration S5 > >
F=e(E+ v X B)

 We want to avoid getting into a beat pattern with magnetic defects:

 Beam particles should not be in the same transverse position

each time they pass the defect dinole
I
* Nor every nth time. Nor should their x and z positions be P ¢
correlated. mMagnets
* Avoid integers m,n,p: mQ + I’ZQ = p
X Z iniecti experiment ()
Injection
Optical resonances up to 3rd order rﬁ
Vertical Tune: How many N —
- - - - + N
vertical oscillations in m X i 7
other
one lap
magnets
Q,
O FODO lattice g 1d orbit envelope (B)"2
i 7 Aworking point. N\
Horizontal Tune /L MOTNG BO
m

/ /
/ / \ \
/ / \ \
/ / \ \
/ / \ \
/ / \ \

\\

Y

\\‘ Stony BrOOk UniverSity Center for Frontiers
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Keeping Polarized Beams

. | orentz Force:
acceleration N

 Magnetic moment S precesses per orbit (and so does the beam F = e(f + 7 X 73))
velocity vector):
_)
dS e —> | —> TS')
do e \> _, magnets
—=—|—)B XU
dt ym |
 Beam particles should not be in the same spin orientation each / experlment ()
time they pass the defect ==
'Flat' spin t | t tunable: = yG -
o 'Flat' spin tune is not tunable: Q. =y other
]/G — k G: Anomalous Mag. Mom. magnets
P: Ring Periodicity (4 here)
Intrinsic: — 4 y: (relativistic y)
[ [ }/G kP — QZ k: an integer FODO lattice & d orbit envelope O

.
e
N

\ L e 1 N
\\\ Stony BrOOk UnlverSIty . . _anter for Frontiers
21 Adapted from Frank Rathman's CFNS 2024 Summer School slides in Nuclear Science



Keeping Polarized Beams

acceleration S5 > >
F=e(E+ v X B)

» 'Flat' spin tune is not tunable: Q, = yG

» Intrinsic: adjust Qz when we get near a g:gofets
resonance J
e Imperfection? Manually precess the / experiment ()
spin with a Siberian Snake =
]/G — k G: Anomalous Mag. Mom.

P: Ring Periodicity (4 here)
Intrinsic: }/G — kP + QZ y: (relativistic y)

K: an integer

.
st
-

‘ . . o ' ik \ B \\
Stony Brook Universit . .
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Siberian Snake

» Set of dipoles with alternating “W
field directions rotates the spin f’

Cector 180° ZmS

—,

* Oversimplified: Precession flips
sign each time it goes through,
so all resonances cancel out

 Paired: We need a pair, one in
s, one in X (with dipole in y)

 Better: At high E, resonances
accumulate within a ring
period. Use multiple pairs, so
that we pass through them
faster than the betatron tunes.

| |
180° QS_;‘¢1_¢2‘_5

a $1=0 ¢, =90

Siberian Snakes: Ya. S. Derbenev, A.M. Kondratenko “Polarization
\ . . kinematics of particles in storage rings.” Sov. Phys. JETP 37 (1973) \\
Stony Brook University —
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Yellow Ring Blue Ring

« Imperfection resonances

R. « G,=yG=n
R+
o~ R. * integern
R+
R-. Siberian -
R+ snakes |*® Intrinsic resonances
oy ¢
g - G,=yG=kP=x(G,
R _ P
- °
) . integer
\V .
@v Spin Rotators *  superperiodicity P
4 ,
PHENIX ¥ o e vertical betatron tune Gy

L
R¥
Lr
R

Spin Rotators
++++

LRLR

@

/ - STAR '\

Blue injection” 3+t RLR

\\ Stony Brook University

L A
o
Siberian R~
Snakes R+ v
R. R
R , R+
R.
R+

Yellow injection

24

Spin Resonances in RHIC

B = 10m. Orbit Error = 0.155mm

0.040

0.030

0.020

Strength

0.010 |

0.000
0 100 200 300

Energy [GeV]

| Emittance 10.0 pi

0.4

Resonance strength

0.1

.

50 100 150 200 250
Gamma

0.0

Adapted from Frank Rathman's CFNS 2024 Summer School slides
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Keeping Polarized Electrons

o Static Tune: Fixed E, so design spin and vertical tune to avoid all resonances
« Stochastic Depolarization: Electrons emit random synchrotron light P < E*/p

e (Siberian Snakes won't work. The deflections are nondeterministic, so we can't
invert them.)

* Re-inject individual bunches at =1Hz (but two spin states do not decay equally)
P(0)=+85

100 | . . .
80 |

Pav = 80%

|

40
20
0
-20
-40
P(0)=-85 -60
-80

-100

P(%)

0 I -

\
\
\, |
\ '-

1

PR L b e
1 2 3 4 S

\‘ . . t{min] A
q\\ Stony Brook University S
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Polarization Management at EIC

G max |Gy| No. of Resonances

1.7928 525 1575

p
BN 01430 21 63
41842 819 2457 /

SN 01818 27 81 I
N 15196 191 573 . EIC

BN 0.0011 0

HSR 41 GeV

Bypass Low-Energy Electron Cooler

Electron Storage
Ring (ESR)

Electr:)b

Possible
P ' 2" Interaction Region Rapid Cycling
e 7 Synchrotron
* Six Siberian Snakes (one in each side of the Q) Mecron Slarage s
hexagon) to maintain Q. = 1/2 at all E. \ &

v | Beam Accumulator
Ring

S \ lons QH@

AR S

 Polarimeters operate during ramp and across full ' — e
energy ranges (50GeV<Ep<275GeV), g
(5GeV< Ee<1 8GeV) Polarized ey Electron Source

lon Source | g .
“Warm™ Injection Line

* Polarimeters in booster stages to track evolution

 Polarimeters at experimental hall

q\\\\ Stony Brook University
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EIC Polarimetry Requirements

Conditions:

q\\\‘ Stony Brook University

Measure electron beam polarization
5GeV<Ee<18GeV.

Measure proton beam polarization
50GeV<Epx<275GeV.

Each store may be 8 hours long.
Polarimetry should be non-destructive.

The beams are bunched and will have
alternating polarization states to reduce
time-dependent systematic uncertainties.

Bunch spacing is around 10ns (about 1300
bunches in each ring).

27

Measure:

* Absolute beam polarization w/

AP/P ~ 1%

 Time-dependence (polarization decay)

* Bunch-by-bunch polarization
* Polarization profile of bunches

* Polarization during ramp
(acceleration)

* Polarization vector at experiment

A

Center for Frontiers
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Measuring Polarization

 S0. We need a detector that can take a TN
group of particles in and tell us how many ol \7
are spinning one way vs another. el N
e A? B? ,¢S’, A v >

LDz >y
« What interactions could we use? . é}/ V e
\\\ S v ,¢”

* What detectors would we need? Y gl

* (We need a non-destructive N -
measurement, but that can mean just
'don't interact with too many')

\w L A
Stony Brook University " Genter for Frontiers
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Measuring Transverse Polarization

 We need a spin-dependent interaction. Mott
Scattering has a spin term:

40 0. ) = O(1+SO) P, n
d_Q( 9¢)_0Mott,0( )( + 5(0) e°n)

 71is normal to the scattering plane (= the
plane our e- is traveling in),

9 0.0) = oy @|1 + PS5O
—=(0.4) = 3(0) |1 + P,SO)cos ¢

. Left: ®=0° Right: ¢p=180°

» Qur detectors each integrate over a d€2 patch

\w L A
Stony Brook University " Genter for Frontiers
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Measuring Transverse Polarization

* |f our detectors are symmetric, we would expect
events rates:

N, =K. aMott,O(é’)(l + S(H)Py) |
N,=K- aMott,O(é’)<1 _ S(H)Py>
e S0 our left-right asymmetry is;:

N, =Nz Kopool(1 +5(0)P) — (1 = S5(O)P))] <

N

A= —
N+ Ng Koy ol(1 +50)P)) + (1 = S(0)P,)]

~ (1+SO)P) - (1 - SOP,)

(1+S@)P,) + (1 -SO)P) Y

» S(0) is the Sherman function, which we can

(mostly) calculate:
E \\

EE————

Center for Frontiers
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Measuring Transverse Polarization

n =
c 0.2E
'-03 0.1:—
c =
o O
= =
® —-0.1
@
= E 40 deg
n —0.3F - 65 deg
- == 90 deg
_0.4} -= 115 deg
- - 140 deg
—0.5F 165 deg
wat S NN U U N TN N NN NN TN UM N TN UNNN WY UM N TN U TN U AN WY U TN WO T U U U UM N U NN NN UNN NN NN NN M RN AN
* 0 500 1000 1500 2000 2500 3000 3500 4000
c O
e »
2 -0.1F
= r
& —0.2
£ = (b)
.QC, _03:_ 360 keV
7 - —693 keV
~ == 1044 keV
-0.4- _ 57 kzv
- —2364 keV
-0.5p —wov S * What should we fix?
\\ St 0 20 40 60 80 100 120 140 160 180 D
on Scattering angle 6 [ded] Center for Frontiers
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Measuring Transverse Polarization

e Want backwards!

¢ A

meas

« S5(0) is our analyzing power A

= S(O)P,

= AP,

meas

e Ay tells us how big an asymmetry it is possible to
measure. Ay =0 means we have no sensitivity

q\\\\ Ston

Sherman function S

-0.1

o — —

(b)

360 keV

- 693 keV

= 1044 keV
- 1571 keV
w2364 keV

3500 keV

Nﬂer here:

N\

&

0

O |
20

PO TN TN T NN NN TR W N TR N WO T NN WO T NN U TN WO N TN RN TN NN U NN AN M
40 60 80 100 120 140 160 180
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Electron Mott Polarimeters

—— Electric lens

 Gold foil (probably), so it eats
the whole electron beam.

o Useful to calibrate our gun, but
can't use it all the time.

 Two at the injector:

o 20keV immediately after gun

* 300keV before electrons get 300keV Mott & b %
bunChed 9’%\;‘ /’."’." View\eT;ndionpump
| &J 3 ‘%:. justabl
B G e

‘ _ W o .
Dump lon pump T~/
. . and NEG Target ladder - \
q\\\ Stony Brook University {/Center —

33 in Nuclear Science




Measuring Longitudinal Polarization

e \We could also have chosen B:

e Polarized Compton Scattering modifies

the Klein-Nishina formula: P
do do , el

= (= (1 + PP Ak ))
dk’ dk' ] o .

\\ Z .
where P, is the circular polarization of the ™ el
photon. N 7

 But here we don't have right-left.What \\//

interactions could we use?

e \What detectors would we need?

\ . .
q\\\ Stony Brook University S
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Measuring Longitudinal Polarization

e \We could also have chosen B:

* Polarized Compton Scattering modifies the Klein-Nishina
formula:

do do
— (1 L PP Ac(k’)>
dk' ~ \dk'), ?

where P}, IS the circular polarization of the photon.

* Flip laser helicity and count at a single detector as a function
of helicity:

do
N, =K. ( (1 4 PePyAc(k’)>
di’)

N =K. (ZZ)O (1 - PePyAC(k’)>

* We form the asymmetry like before, and get lots of . /
cancellation like before: A = PP yAc(k )

P
\w L A
St()ny BI'OOk UHIVBTSlty _anter for Frontiers
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Electron Compton Polarimeters

This Is completely analytic:

Photon detector

Backscattering gives us the the largest
photon energy: p = k'/k_,.. and
largest analyzing power.

Magnet bends the electrons out of the
recolling photons' way: the beam can
continue into the ring

Count the photons (or just the total
light) as a function of laser polarization

Some of the electrons lose enough
energy that they leave the beam

q\\\‘ Stony Brook University
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Electron
detector

7’ s
”
”

/ 7
¢ o7 Scattered electrons

0.7

0.6

0.5—

0.4 —

AIong

Longitudinal electron polarization

e beam E=5 GeV
e beam E=10 GeV

e beam E=18 GeV
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Electron Compton Polarimeters

¢
Dipole e

e Walit! There's a transverse
analyzing power too! What can
we do here?

da do_ / / ol /S ttered elect
[1 + P P A (K) + PP, Ai(K', p)cos gb] % cattered electrons
0

Electron beam

Transverse electron polarization

e beam E=5GeV

dkdp ~ \ dk'dg

Electron
detector

0.15—

e beam E=10GeV

e beam E=18GeV

\\\

Crab Cavity  Photon Electron Weak dipoles
detector detector 05=1.5 mr

l

[ ‘l\ ‘l

21y 08 06 04 02 0 _ _ 02 04 06 08 1
vertical position [cm]

Laser IP

ﬁ

\\ L { D
StOny BI'OOk UIllVGI'Slty _anter for Frontiers
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Compton Polarimeter

* Design based on JLab Hall C (scaled |
power requirements) * Photon detectors designed for

» Analyzing power depends on the tough environment:

photon energy: Gain-switched seed o Separate the Signa| from
laser (1064 nm) with frequency nearby beam

doubling system (532 nm)

* 10-20W laser power to match beam * Avoid synchrotron background

intensity and meet the statistical  Use a combination of tracking
demand. with calorimetryhe synchrotron
« Must pulse at RF frequency of radiation background

electron beam (25 and 100 MHz) and

s * Tungsten converter in front of
resolve individual bunches

diamond strips

\ o .
Q\\\ Stony Brook University S
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Hadron Polarization

 Hadrons are tougher: We can't do the QCD calculations the way we can
QED.

e Elastic scattering in Coulomb-Nuclear Interference (CNI):
2
0 X |MCoulomb T MNuclear ‘

2 2
0 X ‘MCoulomb |~ + ‘MNuclear‘ +2- Re(Méoulomb ' MNuclear)

 Near t~0.003 GeV?), ~few % analyzing power:
Abeam — AN - P beam ©F Atar. — A]/V - P tar.
 Hydrogen Jet

e proton-carbon scattering

\w L A
Stony Brook University " Genter for Frontiers
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I

Hydrogen Jet Polarimete

J

 Because we have identical particles (pp), the
analyzing power of each really is the same
term. Detector positions etc exactly cancel

P
- . o D 2%
* Abeam — AN P beam ©F A et AN P jet .~ v 480

*
3
*
.
.
3
3
3
3
3
‘e
3

.
.
.
.
.
3
*
.
.
.
.
.
«*
.

out!
0.07 f_ o \5=13.7 GeV
E Irg| =0
Abeam B AN . Pbeam Z'zzg ....... (Rers,l;1r5)=(-0.0008, -0.015)
Ajet Ay - Pjet z 0.04 =
0.03
0.02 —
A -
beam -
jet 0t ] ' '

—i
o
w
—
o
N

. . -t (GeV/c) N
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Hydrogen Jet Polarimeter

S0 measure the jet polarization separately (we do) and measure the asymmetry wrt beam and
jet, and we have an absolute polarimeter:

* Polarized target

cold head

* Continuous operation : doocine
* H, source
*» AP/IP~05+4+2% per8 |, ‘ . Dissociator
hours of operation = : h . RE unit
:8: o : six-pozs ¢ _|O|d|ng f|€|d
RFt:\sitions e Detectors
holding field
. : magnet
:l . ‘. . }Zi‘lgi;ocr;o r;coil
0 N
™— RHIC beam
2
£- .
&

arxiv:2212.08628
q\\\\ Stony Brook Universit {j
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Hydrogen Jet Polarimeter

= (0.7 cm

e Polarized atomic hydrogen
jet target (HJET)

e Set of eight Hamamatsu Si
strip detectors

e 12 vertical strips

*3.75mm pitch

e 500 um thick
e Uniform dead layer ~1.5um

e Both RHIC beams present

\\

EE————

Adapted from Oleg Eyser's CFNS 2025 Summer School slides E ﬁ,"',{,‘j;,gfg‘;?glfgﬁ




Hydrogen Jet Polarimeter

=0.7cm pHIC:
120 bunches

spacing 106ns Q
length 3.5ns

Tq (%eV)
o
=
|

" protons

0.012

L 0.01

1 0.008

0.006

1(

0.004
1(

0.002

1

o’III|III||II|III|III|III|III|I

K=}

-
...
.
g

wd OT=

Simulation @ EIC

w

5

1320 bunches
spacing 9.6ns
length 0.3ns

o’
%

Punch through region
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Carbon Fiber Polarimeter

 CNI polarimeter. Tiny Q2: C recoil at 90°. 6 g [CEEGaon
ribbon Target
e Ultra-thin ribbon moves rapidly across the (5 ug/em?)

beam 5

e ~10um x 100nm Si strip detectors
(TOF, E¢)

* manageable heat

* negligible beam loss

* negligible Pol loss

« AP/P =~ 4 % per sweep
* Target holder inside the beam pipe
« pCzpp, so needs external calibration

* Normalize to Hjet data

\ L | N A
q\\\ Stony Brook University S
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Carbon Fiber Polarimeter

65

II'I‘

* Fiber correlates (x,P,l): We can get a
polarization profile and intensity profile in
one go!

.

 Monitor P losses as a function of position
==> Improved luminosity-weighter
polarization 00 02 04 06 08 10 12

Time in Fill, hours

Polarization P (%)

‘IIII‘IIII‘IIHI‘IIII‘II'II

— For Gaussian profgles "
(\ , o IddeP(X, y> IB<X, y)Iy(x, Y) 0.8 :_I _ Ip;ak . e—ﬁ’?/ﬂz
v [dxdyIg(x,y)Iy(x,y) w« 0B P=P, oo o
= - A
= 04— % '
fdxdyP(x, y) IB(x, y) O - /
Pior = - 02A
fdxdyIB(x, J’) C |
- Profile parameter R = —
[dyP(y)Ig(y) 02 )
Psweep — — i
[dyIg(y) 00 02 04 06 08 10 12
Time in Fill, hours N

Center for Frontiers
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Carbon Fiber Polarimeter

 EIC's high-intensity, high-E environment will put stress
on the fiber target:

 More beam energy deposited in the fiber

e More electrostatic attraction = more mechanical
stress

 More wakefield induction on target ends

» Targets will have a limited lifetime ﬁ
<
q\\\‘ Stony Brook University . {T:. A
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* To investigate the spin structure of p
(d, n, ...) we need polarized beams.

e EIC wants precision: higher intensity,
higher polarization, and more precise
measurement of polarization

 Polarized sources: OPPIS, EBIS, PES™:
Prototypes or more exist for each

 Jechnigues to accelerate and preserve
beams: reuse and expand on RHIC

e ep Polarimetry (analyzing power):
reuse and improve.

q\\\\ Stony Brook University
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Beam

H+

SHet++ 2E+11 >80% structure

tensor nuclear "
(s=1) structure

d

gluons orbital motion

Bunch injection

intensity Pol %

+ 2E+11 ~90%

1.7E+11
e-

6.3E+10

2E+11 ~80%

~

low-X proton
structure

neutron

Y28 everything!

AG + Ly + L,

fldx AZ(x,Qz)
=

rojections == DSSV 2014
with 90% C L. band

DSSV 2008
90% C.L. band

Polarimeter

CNI: HJET,
pC

HJET?

Mott,
Compton

Source Principle

laser polarize e-,
HF transfer to
nucleus

laser polarize e-,
HF transfer to
nucleus

Stern-Gerlach
(not in these slides)

Polarized photo-
electric effect

N
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What's Next?

 Compton Polarimeter for the Rapid Cycling Synchrotron
* Investigate depolarization in Hjet due to beam waketfield
 More resilient carbon fibers

* Polarimetry for the other ions?

\\ . . A
\ Stony Brook University S
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Light lon Polarimetry at EIC

| | | threshold for pp — ppn

* Polarized d and h beams are not part of the EIC baseline design.

/Iastujéesses
p - (p+n) X

* Absolute polarization will (likely) require a polarized target.
* Elastic scattering needed for sign-flip of An

Energy (MeV)
S

* Breakup energy is only 5.5 MeV: problematic if beam breaks up

3He (h) — pd 8 é
* Or intentionally break it up in HJET and detect products (pp — ppr) 2: ppﬁ(p; n)i N(1440)p
» Tag/veto breakup products downstream of the polarimeter s
* [dentical particle target? N I Sy e S
0 20 40 60 80 100 120 14
p:elm=1 6 (mrad)
»  h:ielm=2/3
, ‘ d:elm=1/2
h target
® n:elm=70

strong dipole magnet drift space calorimeter

q\\\w Stony Brook University h
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Polarized Scattering Minutiae

+ Four a partieular spin M o [a(p', ')y u(p, o)) [alp, s} u(@, o)
configuration, the matrix ‘

element Is:

Xs
u(p, s) — \/E = m ( op ) (T = (0‘.,., Ty 0’,.:)

E+m Xs

 \Where u(p,s) is a four-
component vector:

e SO at rest we have solutions
liIke this:

. 1 0
e and the bar is the adjoint.
| u(0,1) =vam |0 «®(0) = vam |°
 (and there are also two more solutions where 0 1
the nonzero element is in the bottom two. 0 0
These correspond to the negative-energy
solutions -- in which holes are antiparticles.)
i = ulyY

\\ . . A
\ Stony Brook University S
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Polarized Scattering: Gritty Detalils

I'm not a theorist but | play one on TV

 |f the initial and final states are completely

4 2
known, ep—e'X: do o< § (p+ P — P — px )M
e matrix element is*: M = [(u(p', s")(—ier")u(p, s)] —;%uu (X | Jhad |1 5 S)
SO do is zero or propto: IM|? = Z_i[ﬂ(plasl)Vuu(p’ s)a(p, s)y*u®',8)] - [(P, S| J,, pad |X) (X[ |Ja, [P, S)"]

e Decompose into Leptonic and Wadronic
’ P Lya(s, ) = [a(@, s')y"u(p, s)a(p, s)y*u(@/, )

tensors:

* if we knew initial and final states entlrely,, WHe (S, X) = [(P,S] J,, pat |X) (X| Ju. |P, S)"]
we could measure M2, factor out Lua(s;s), \
hand sets of W (5, X) functions over to 5 € I\ 117
theorists and let them compare to QCD M|" = q_4Lﬂ0‘(8’ s )WHE(S, X)

calculations, but...

\\ L A
Stony Brook University " Genter for Frontiers
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Polarized Scattering: Grittier Details

The final state is not completely known.

e Sum over the unknowns: In inclusive

do < ) *(p+P—p —px) M
DIS, we take all possible final states. .

4 2
* And generally can't tell the e- spin state do Z Z 0“*(p+ P —p —px)|M|
s’ X
e |n practice we absorb these sums into L,a(s) = Z [a(p’, s )yuu(p, s)] [a(p, s)vau(p',s)]
the tensors s’

Wk (S) =) 6*(p+P—p —px)[(P,S|Ju|X) (X| Ja|P,S)]

do < |IM|?

 And keep the matrix element tidy

64

M| = q—4Lua(8)W““(5)

\w . A
StOny BTOOk UHIVGTSlty GCenter for Frontiers
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Polarized Scattering: Grittier Details

The initial state is also not known Z ‘ — %
i) - +m)(1 + 7
* \We handle this with a spin density matrix pe = b W ]A pi # 525)
* And replace our pure matrix with the new one; |
o o Lmix =" ﬂ(p', 5') Y, (Zp.q u(p, s)a(p. )) Yau(p, s)
 Use the QFT identity (and let S pick | |
longitudinally polarized): r. = 5 +m.)(1 +P°)
e Just some math now: L;‘}C‘i‘ — Z (P s")ur(p', s)( z‘p)kz 5 (}5* m,)(1 + Pv”) (Al"cx)ij
L < Jd (2

-~y
S

 Rearrange (remember u, ubar are row and
column matrices!) and spot the complete

Set Of StateS ;uj (p',s')ﬁk(p', 8') S (}J/ T 7ne,)jk Lzu: — |:(? 1+ m. ) |:1 (}J +m, )(1 + Pa‘,.-‘r’)- . ’T(;
» Apply trace rules and distribute (me~0) -

mix N , 1 !/ D
. We have a symmetric (spin-independent) and ~ Zue = 51T P Vuprel + 5P T P VY Vo
antisymmetric (spin-dependent) part:
Lml\ LS 4+ LA

‘ [LCx fLCx LCx N
q\\\ Stony Brook University {Emr —
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Polarized Scattering: Putting it Together

* We can do the same sort of thing p= sz\vz (Wi| = )
with the hadronic tensor, but the .
Dirac identities aren't valid here WHE( 25 P —p' —px) (P, 5], |X) (X| Jo | P, S)]
* S0 we insert the density matrix, Wiz =3 |5+ P~ — px) (sz— P,S,) (P, Sil) 71 X) (X Jo
X )

e ... and then get stuck.

Q _ O 776!
e Since we can't go from first WHE(S) = W™ + Wy

principles, let's work backward from Z. - S.q _
the most general W we can have: WR* = 5 —€"“7q, | Sog1(x, Q%) + (So 5 an) g2(x, Q%)

 We can't just separate terms, but
we can access these terms by

measuring, then measuring again do(P., Py) Lo = LiaWs“a n Lﬁa(Pe)WKa(Ph)
with a flipped spin, and comparing.

\ o .
q\\\ Stony Brook University S
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Polarized Scattering: Asymmetry

* In our +helicity mixed state beam there are do(P,, Pp) x L, = LmeS“‘" - L;}Q(Pe)WK“(Ph)
some e- in the wrong direction.

Nt - N~ o L A
* Define Average Beam Polarization Pe: Fe = N+ + N- Neow = N7+ N
» We can tease out the N+ and N- Nt — %Nwt(l +P) and N~ = %Nmt(l _p)
 The olbfferved Xs depends on the o N+tot 1 N—g-
population mix = AT AT
 But we can write it in terms of its pure- 1 1 ot + o™ 5t — o—
helicity xs Omix = 5 (14 Pe)o™ + 5(1 = Pe)o™ = ( 2 ) 5 ( 2 )

 Consider two mixed states. One with pol
Pe, one with -Pe.

* We can connect these back to the pure Omix(+Fe) + Omix(—Fe) = (7 +07)
states, and back to the structure functions

. Gmix(_"Pe) — Umix(_Pe) . U+ — 0 L g1 (:B, Qz)
 Must measure polarization! Araw = Omix(+P:) + Omix(—P.) Fe ot +o0— FePr - fD(y) Fi(z,Q?)

* QOverall uncertainty scales with Pe, PT unc.

\w L A
Stony Brook University " Genter for Frontiers
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Describing Large TSSAs

* Two frameworks to describe large TSSAs:

1. nonperturbative Transverse Momentum Dependent
Functions:

e explicit dependence on Kkt

e need access to both Q and k1 in observables

2. Higher-twist effects:

* Collinear: Single hard scale, pT ,
™™ 0000000 [
 Twist-3: ~'NLO'. Matrix Element contains K’“Z?&” -
interference between two- parton and three-parton ]
interactions. Q
(eg Efremov, Teryaev, Qiu, Sterman)
° I . k
Some success relating these two approaches: —fdzkl' L1 £ (6, k) |sipis = Ty r(x, %)

EE————

Center for Frontiers
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Transversity
chiral-odd PDF

®

(spin-spin correlation)

ST
}Eoﬂms !unc!mn\

chiral-odd FF

q\\\\ Stony Brook University

TMDs

= chiral-even factor
1In cross section

Table of TMD PDFs

¢ ® ®@ quark kr

nucleon (N)

unpolarized
quark (Q)

nucleon spin

—®» quark spin

ﬁ
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Graphics from Caroline Riedl's APS 2016¢6/
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RHIC Ring

Absolute Polarimeter (H1 jet) pC Polarimeters

pC Polarimeters - ‘ ‘

~_ Spin flipper

Spin flipper @

N\

Absolute Polarimeter (H1 jet)

s
g \ Siberian Snakes Siberian Snakes

7 PHENIX @ \ =)

J
@D

D STAR
Spin R tatbrs @® (Y

(longitudinal polarization) “wy D

N Spin Rotators (longitudinal polarization)

'\ Siberian Snakes Siberian Snakes \
PHENIX @

STAR

LINAC 5.9% Helical Partial

BOOSTER Siberian Snake {
(O N, .
Polﬁ H™ Source . Int. Polarimeter Spln R t'ar6;s : :
/ — (longitudinal polarization)

200 MeV Polarimeter T :
— pC Polarimeter

@

‘N Spin Rotators (longitudinal polarization)

10-25% Helical Partial Siberian Snake
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