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Introduction

e The PAX project at GSI Darmstadt plans to polarize an antiproton
beam by repeated interaction with a hydrogen target in a storage ring.

e Many of the beam particles are required to remain within the ring after
interaction with the target so small scattering angles are important.
Hence we concentrate on low momentum transfer (small ¢).

e Electromagnetic effects dominate the hadronic effects in this low ¢
region of interest. Thus we calculate all Electromagnetic Helicity
amplitudes and Spin Observables for elastic pp and pe scattering, to

first order in QED.

e A beam of polarized electrons with energy sufficient to provide
scattering of antiprotons beyond ring acceptance may polarize an
antiproton beam by spin filtering.

e The spin observables are then used to estimate the rate of buildup of
polarization of an antiproton beam.
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The GSI Facility
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The Future GSI Facility

ECT* Trento Italy Donie O’Brien donie@maths.tcd.ie 3



The Future Accelerator Layout

-- Existing Facility
- Mew Facility
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1 Normalization

We investigate the general two particle elastic process with spin

A(pla 51)+B(]92, 52) —>A(]03, 53)—|-B(;04, 54)

where it is assumed that the beam particles (A) of mass M are antiprotons

and the target particles (B) of mass m are electrons or protons .

The target is initially polarized and the beam is initially unpolarized,

we seek to model the buildup of polarization of the antiproton beam.

eT — ]STe

p
pp' — p'p
pd — p'd
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Define electromagnetic form factors £ (g?) and F5(g?), with normalization
F1(0) =1 and F5(0) = u — 1, the anomalous magnetic moment, where

qg> =t We use the Sach's electric and magnetic form factors
t
Gy =Fy+ Fy,and Gg = Fy + Ve 5 respectively.

The differential cross section is related to the helicity amplitudes
M(AN N5 AN by
do 1
TdQ "~ (82

1
S IM XA NP

AN AN

where A\, A and )\, A’ are the helicities of the initial and final particles
respectively. The electron current is

j'u — ea(plla )\/) ’7““(192; )\) )

and the antiproton current, after Gordon decomposition is

- N+ I
JH = ep u(ps, A') (GMW’ — I p22Mp4 ) u(p1, A).
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1 The Electromagnetic Helicity Amplitudes
and Spin Observables
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1.1 The Generic Calculation

The generic equation for polarization effects in elastic spin 1/2 - spin
1/2 scattering to first order in QED is

16(g)4\/\/l\2:

€

Tr | (ot m) (175 82) (9nr” + Fr) (P m) (1475 82) (gmer® +F74) | X
Tr | (p,+M) (1475 81) (Garv + FR,) (Pt M) (14 95 $3) (Gary + FR,)|

where the electromagnetic form factors Gy = F1 + F5, g = f1 + [o,
F=—F/2M and f = — fo/2m; also R* = p{" + ps', r* = ps 4+ py.
This generic equation can thus be used to calculate all helicity amplitudes
and spin observables etc. by substituting specific values for the spin (.5;)
and momenta (p;) vectors. The result has been obtained for this equation
with the traces computed and contracted, using Mathematica.
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Centre-of-Mass Momenta vectors

P = (F1,0,0, k) p3 = (FEq, ksind, 0, k cosf)
Py = (FE5, 0,0, —k) ps = (Fo, —ksinf, 0, —k cos@)
Centre-of-Mass Normal spin vectors

S = (0,0,1,0) G = (0,0,1,0)

5 = (0,0,1,0) g = (0,0,1,0)
Centre-of-Mass Transverse spin vectors

g = (0,1,0,0) 54 = (0, cosf, 0, —sinh)

St = (0,1,0,0) St = (0, —cosd, 0, sinf)
Centre-of-Mass Longitudinal spin vectors

St = % (k,0,0,EBy) | S& = % (k, By sin6, 0, E; cos0)

SL = % (k. 0,0, —E) | S& = % (k. —E, sinf, 0, — B cosd)
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Polacization Transfer K .

‘Jj#E
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1.2 Helicity Amplitudes

The notation of the helicity amplitudes M( A B"; A,B) is
M(+,+; £, 4+) where the arguments are + if the spin vector is as
S% above (polarized along the direction of motion) and — if the spin
vector is minus S above (polarized opposite to the direction of motion).
After using T and P invariance there are 6 independent helicity amplitudes
for the scattering of two non-identical spin 1/2 particles.

¢1 = M(+7+7+7+) ¢2 — M(+7+;_7_)
¢3 = M(+7_7+7_) ¢4 — M(+7_7_7+)
o5 = M(+,+;+,—) g = M(+,+;—,+)

Note for pp, pp and pp scattering ¢g = —¢s5, so there are only 5
independent helicity amplitudes.
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1.3 Helicity Amplitudes - 1st order QED results

s—m2—M2 t t
% — (1+4—]<:2)f1F1—f1F1—f2F1 J1 2——f2F2(1_4—kg)
P2

M k s—m2—M?—2k? t
( fl__f2>( Fl_MFQ) + TPV (1+4—k2) J2 I

1
2
P3 [s—m _M2f1F1—|—f2F2] (1+L)

Q 2 4 k2

Gy =
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2 Spin Observables

e All the electromagnetic spin observables of a reaction (polarization
transfer K,;;, depolarization (1 — D;;) and asymmetries A;; where
i,j,k € {X,Y,Z}) can now be obtained by direct computation. See
D.O'B. and N. H. Buttimore hep-ph/0609233 for complete results.

e For electromagnetic interactions to first order the double spin
asymmetries equal the polarization transfer observables (A4;; = K;;)
and all the single and triple spin asymmetries are zero (A4; = A;;r = 0).

e Spin filtering requires evaluation of the angular integration of the
product of the observables A;; = K;; and (1 — D;;) with do/df).
Azimuthal averaging indicates that the observables with single X (i.e.
Kx7, Kyx, Dxz and sz) do not contribute to spin filtering. The
quantities (KXX + Kyy) /2, (DXX 7 Dyy) /2, Kyyz and D7y play the
important role, we now present results for these.
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2 Antiproton-proton scattering

To look at the case of antiproton-proton scattering set the form factors
and masses of each particle equal (f1 — Fi, fo — F5 and m — M) in
the generic equation. We obtain the results to leading order in small ¢:

KXX"‘KYY do
2 d ()

(1 — DX)() 2l (1 — Dyy) do
2 d )

do
Koy ——
27 70

do
(1 — Dzz) -0
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2.1 Antiproton-electron scattering

To look at the case of antiproton-electron scattering set the form factors
of the second particle to be structureless (f; — 1 and fo — 0) in the
generic equation. We obtain the results to leading order in small %:

Kxx + Kyy do
2 d ()

(1 — Dxx) an (1 — Dyy) do
2 d ()

do
d )

Kzz

do

1 — Dyy) ——
( 22) dQ
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Antiproton-proton spin observables

JoBExXx =

o Kyy =

qBzz =

d_UKXZ = d_UKZX =
dQ dQ

Z—g(l_DXX) ~

3—5(1_DYY) =

3—;(1—1722) R

3—;(1—sz) ~
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Antiproton-electron spin observables
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3 The PAX Project

e There has been much recent debate as to whether electrons in the
hydrogen target will transfer polarization to the antiproton beam.

e We're investigating if a beam of polarized electrons with sufficiently
high density could be used to polarize an antiproton beam.
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3.1 Scattering is within the ring for stationary electrons

Plot of scattering angle 6 verses t for stationary electrons

-100 280 ~40 20

-60
t (MeV/c)?
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Effect of electron beam momentum (1)

Electron beam momentum 1 MeV/c

~1800-1600-1400- 1200 1000 890 ~600 -400 -200
t (MeV/c)
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Effect of electron beam momentum (1)

Electron beam momentum 3 MeV/c
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Effect of electron beam momentum (l11)

Electron beam momentum 10 MeV/c

01  -0.08 -0.06_ -0.04 -0.02
t (GeV/c)?
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4 Polarization buildup

When circulating at frequency v through a polarized target of areal density
n and polarization P, oriented normal to the ring plane,

d N Iout Pe Aout N

dt | g P.Aui—P. Ky  Iai— D J

describes the rate of change of the number of beam particles V and their
total spin J.

These coupled differential equations involve angular integration of the
spin observables presented earlier.
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Transverse polarization requires

Longitudinal polarization requires

" do " do .
Iout = 27 /acc d—Q sin 6 df Iout = 27 /aCC d—Q sin 6 dO
A —/W(A FAv) 2T sin0dn | Ay = 2 /WA 49 inodo
out — 70 N XX YY d0 S111 out — &« T . LL dQ S1
A /W(A Av) Y Gingdo | Ay = 2 /WA 19 Gin 0 do
all — —— S1n all = & T o~
11— o XX YY 40 11 o LL d0
K /Q(K +Kyy) 2 ingdo | Ky = 2 " kn 47 o do
in = —— Sin in — 2T ~ o S
@ o XX YY dQ " LL dQ
Oacc do Oace do
Din:W/HO (Dxx+Dvyvy) FTy) sinfdf | Dy, = 2 . Dr1 70 sin 6 df
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4.1 Solution of the system

The time dependence of the polarization of the beam is given by
solving the coupled system of differential equations, leading to
J(t) . Aall — Ki

P(t) =—= =—F
(t) N (t) Lin + Lq coth (Lgnvt)

where the discriminant of the quadratic equation for the eigenvalues is

Lq = \/ BE Ao (Alam — BGg) 1 Lii

and Liyy = (Lin — Din) /2 is the loss of polarization quantity. The
approximate rate of change of polarization for sufficiently short times, and
the limit of the polarization for large times are respectively:

dP . A — K;
- _ % - Pe Aa - Ki ]. P t — _Pe .
p nv P, (Aan ) A (t) Lo+ La
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Further work

e Complete this analysis and obtain a numerical estimate for the
polarization buildup rate, with a hydrogen gas target and also with
an electron beam.

e Similarly calculate all electromagnetic helicity amplitudes and spin
observables for antiproton-deuteron scattering, to first order in QED.
Estimate the polarization buildup rate for antiprotons scattering off a
polarized deuteron target.
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Conclusions

e All Helicity Amplitudes and Spin Observables for elastic spin 1/2 - spin
1/2 scattering have been presented to first order in QED.

e A beam of polarized electrons could be used to increase the polarization
of an antiproton beam by spin filtering.

e Using the spin observables a numerical estimate for the rate of build up
of polarization of an antiproton beam is being obtained for the PAX
project.

Queries/Comments please email: donie@maths.tcd.ie
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