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Historical summary

» Froissart and Store calculated the depolarization on spin resonances tor protons [1]

« Bargmann, Michel and Telegdi [2] reformulated the Thomas equation for the spin
procession in arbitrary electron magnetic fields

« Ternov et.al. [3] discovered theoretically the spontaneous polarization of electron in a
magnetic field, which is analysed in detail by Skolov and Ternov [4].

* In 1970, radiative polarization was indeed observed and studied at ACO(Orsay) [5] and at
VEPP-2 at about 0.5 GeV [6]

« Soon after, polarized protons were accelerated up to 12 GeV in the ZGS (Argonne) [7]

« The development of techniques to accelerate polarized beams at higher and higher
energies: AGS 22 GeV, RHIC and SSC have been considered, SLC (46 GeV).

* And in-situ polarization build-up of electron beams circulating in HERA, LEP...
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Summary Table

2 1.1 @A R I .
el HL2E Lt fir ¥ Pk A i
HERA DESY Hamburg, Germany Longitudinal polarized e~ /e™
YVEPP-(2,2M,3,4) BINP Novosibrisk, Russia Transversal polarized ¢ /e
ACO LAL Orsay, France Transversal polarized ¢ /e ™
SPEAR SLAC CaA, USA Transversal polarized e fet
LEP CREN Genewva, Switzerland Transversal polarized e /et
AGS BNL Upton, NY,USA Transversal polarized protons
BITEE o ke % RHIC BNL Upton, NY,USA Longitudinal polarized protons
IUCF Cooler IUCF Bloomingtion, USA Transversal polarized protons/deuterons
AmPS NIKHEF  Amsterdam, Netherlands Transversal/longitudinal polarized ™
SHR MIT-Bates Middleton, MA, USA Transversal/longitudinal polarized ¢~
KEK-PS KEK Tsukuba, Japan Transversal polarized protons/deuterons
SuperKEKB KEK Tsukuba, Japan Longitudinal polarized ¢ /e™
FCC-ee CREN Geneva, Switzerland Transversal polarized ¢ /e
EIC BNL Upton,NY,USA Longitudinal polarized e et protons,deuterons
CEPC IHEP China Transversallongitudinal polarized ¢ /e*
SLC SLAC CA,USA Longitudinal polarized ¢~
ELER T e 2% CEBAF Jlab Newport News, VA, USA Longitudinal polarized e~
ILC KEK Japan Longitudinal polarized ¢ /e*
CLIC CREN Switzerland Longitudinal polarized ¢ /et
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https://www.slac.stanford.edu/pubs/slacpubs/4500/slac-pub-4656.pdf

Why has any effort been expended on the polarized beams?

 The answer, at least in the case of polarized electron beams, is that electron acceleraters
and storage rings have been in recent years achieved sufficient energy to begin to probe
the weak interaction directly.

« The weak interaction distinguishes between left- and right-handed fermionic currents.

« left-handed particles interact in a fundamentally different way than their right-handed
counterparts.

 If the experimenter wishes to explore or exploit this difference, he (or she) must either
prepare the spin state of the incident particles or analyze the spin state of outgoing
particles.



Polarization
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Eig. 17. The electron-positron coordinate system. The electron beam is moving
in the +z direction. The x-axis points in the horizontal direction and the
y-axis in the vertical direction. The electron and positron longitudinal
polarizations are described in terms of a helicity basis. Right-handed
particles (and antiparticles) have P, = +1 and left-handed particles have

P. = —1.

Ref: https://www.slac.stanford.edu/pubs/slacpubs/4500/slac-pub-4656.pdf
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The cross section forete™ — ff
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The cross section for ete™ - ff
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The cross section for ete™ - ff

IR

Using Equation (7.1), we can write the cross section for ete™ — ff in the

[25]
center-of-mass frame as

e = (1= PP )out (P PO)au + PP [orcos® +Gysin®]  (1.)

sERLCANES

~ The Helicity Cross Sections for the Process ete™ — ff

Symbol Helicity Cross Section Matrix Element Structure
Ou Unpolarized ou ~ (|ML|? + |Mr|?)
Oz Longitudinal o~ (IML|? — IMr|?)
oy Real Transverse o ~ Re(Mp M%)
Ot Imaginary Transverse o: ~ Im(MLM%).

 REBEA-AFEHEEAEM, B4 EKRILAIEER —E non-zero

« BJHAYER FIR/IEBF R FEDboth beamsZ\ 5 K14

G500 ozBYF > B E

« R Fboth beams are polarized , A <=9 Transverse polarization effect



The cross section for ete™ - ff

« [RiRete™ - ff{X{XHphoton and Z° exchange only
« %Kf&, each of the four helicity cross sections £35:
© Y-RHRI
o« Z°-3THRIN
« Y- Z°BENTHIM

In general, the helicity cross sections depend upon: v and a, the vector and

N

- HBE, ﬁ? axial vector couplings of the Z° to the electron; vy and ay, the vector and axial
\/_. E ~
e KB E vector couplings of the Z° to the fermionic current; Qy, the electric charge of the

T

fermion (in units of e); I'(s), the normalized Z° propagator (I'(s) = s/[s — M2 +

_tMzT'z]); and ¢, the cosine of the polar angle of the outgoing fermion. We have

chosen the following definition for the vector and axial vector coupling constants,

vy = 44 — 2Qsin4,,)/ sin 26,,
ay = — I /sin 20,

= B e B 35R A

(7.4)

where I’g’,is the third component of fermion weak isospin andsin®8,, is the well-

known electroweak mixing parameter. The following section lists the tree-level



The tree-level terms of the four helicity cross section
MR/ ETE S B m

1. The unpolarized cross section can be decomposed as follows: 2. The longitudinal cross section can also be decomposed into three parts:

0w =00 +01% +oZ, 0y =0) +07% + 02, (7.6)
o) = Q?(l + c2) a';f =0
z _ 2
G:I = 2QIRE{I‘(8)} [(1 +c )va + 2Cﬁﬂf] G_;rz — ZQfRe{I‘\(S)} [(1 + cz)avf +2C'Uaf]
zZ __ 2 2 2 2 2 2
o, = [T(s)* [(1 + ¢?)(v* + a®) (v} + a}) + Bevavyay] . oZ = —|T(s)|? [2(1 -l—cz)va.(v? +a:}) + 4e(v? + a®)vsay] .

3. The real transverse cross section can be decomposed as follows: 4. The imaginary transverse cross section can be decomposed as follows:

of = Q31— c?) _ | - 57 =0

Z
o7 = —2Q Re{T(s)H(1 - H)ovy 577 = 2m{T(e)} (1 — ?)avy
of = —|T(s)|?(1 — ¢?)(v? — az)(v} +a%). gZ =o.
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Polarization-dependent cross section for ete™ - ff at the Z° pole

Most of our discussion will involve the remarkable properties of polarized Z°
pfoduction. At the Z° pole, the various helicity cross sections can be simplified
considerably. The pure photon exchange terms (denoted by ¢7) are quite small
as compared with the pure Z° exchange terms (denoted by 0Z). Most of the

electroweak interference terms (denoted by o74) are proportional to the real

part of the Z° propagator

mass. This term is therefore very small. The complete, polarization-dependent
cross section for ete~ — ff at the Z° pole can thus be written as

do a? s

a1~ 4 (s— MZ)? + M2TL
{(1 - PFP1) [(1 + cz)(*u2 + az)(vf, + a.?p) + 8cvavfaf]
- (P =P)) [2(1 + cz)va(vf; + af,] + de(v? + ﬂg)t;‘faf]

+ PP cos ®(1 — ¢®)(v? — a?)(vF + a?)}.

(7.9)
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Coupling Constants



Coupling constant

It is often quite convenient to transform the vector and axial vector coupling

constants to a left- and right-handed helicity basis.” The definitions of the left-
and right-handed couplings to the Z° current are

g = vy —ay = (21 — 2Qsin?0,,)/ sin 20,,

f 5 ) (7.10)
gr = vf +ay = —2Qsin“d,,/ sin 26,,,.

- To get a feeling for the magnitude of the couplings of the various fermions to the Z° , Equations (7.4)
and (7.10) are evaluated in Table Il for a complete quark and lepton generation.

The coupling constants of various fermions to the Z°. The value of
sin?0,, is assumed to be 0.230. All coupling constants are listed in units

. IERMERIE R TR of sin20.,] .
e, ELIYete - fF BOFE _
FEEFEREIE., XEBERIARS Fermion e v 9L IR
K TR AR T RIFNHMT Neutrino 05 | o5 10 0
XJ, HalLAE2E XY, Charged Lepton 0.5 -0.04 -0.54 0.46
u Type Quark -0.5 0.19 0.69 -0.31
d Type Quark 0.5 -0.35 -0.85 0.15
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Asymmetry
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Asymmetry

« REEIERT, ete - ff IERMHMOBEBEAFIHRTIS, FFUBEAD HBIR,

TERACRERE
- EZ° SREOEERHE R L NIRRT A0 HERRERE LR F R
- At MRS BEREHEMA(nG,)IBUKE L
» MEARMasymmetryZieWIRERERN—MFR, FHHIVEN—FFEK
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8.1 The unpolarized forward-backward asymmetry

ANEMUET R A TR (forward-backward asymmetry) o] je BREE 55
FIHIN ., SfFete™ - ffidFe, forward-backward asymmetryE)‘(ﬁgA{;B

faddﬂ f dc

Af ) =
Fﬂ(-'") f—xd d:

x RN antE X E e iR R1E,

NEAIEBHEENA:

do 2 _ s

(44
dQ " 4 (s— MZ)Z + M2TZ

{1= P2P) [+ )0 + @) (0} + a3) + Sevanyay (7.9)

— (P =P) [2(1 + cﬂ)va(uf; + a;?;) + dc(v? + az)t}faf]
+ PP cos ®(1 — 1[:2)(1;;2 - uz)(u?é + af«)}.
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8.1 The unpolarized forward-backward asymmetry

EIE=S o 3ava v
Af F fYr
F5(z) = (*’5) (a2_+_v2)(a2 +‘U_?e)

2

3 (97 QR)(QL "QR)
= F(zx) . -
) 4 (g2 +9p)ol + ok

where the function F(z) is

Since F(1) = 1, we choose to define the symbol A% ;

(1) = Af 5.
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We can make several observations about the forward-backward asymmetry.

« forward-backward asymmetry[E B BUR T B FHEXTF 520585,

« HTFEFietiKRIEMERBFNE, BT EEMERAYF (REFBHIFHATEREF) N4t
FEHNE,

o XFERFRSHIforward-backward asymmetry;gEE /N, RIFRFEEEMR, FPA:

AFp = (a? + v2)2
~ 2% (at sin®d,, = 0.230).




8.2 The left-right polarization asymmetry

» The longitudinal helicity cross section is violates parity

P —P7

® BHRMERR A UOBUEDEX D Py = i

& ETHRTA:

f f_ dc%Z (Pg = 1) fm de2Z(P, = —1)
App(z) = d .

& DUA—1IRIR 3R, BB EERAHIEDMIET— S, R THRT A

% x (1+ ¢*)[(v? + a®) (v} + a}) — P,2va(v} + a})]
+c|:8uaufaf — Pg-iv_faf(vz + az)].

—2va g% — g%
(v2+a?) g +0%

Peore

A{,R(-T] =




We can make several observations about the left-right asymmetry.

—2va g% — g2
A L (z) = =g =K
LR( ] (ﬂﬂ‘i‘ﬂ:) gi+ygﬂ

Peres

1. Left-right asymmetry MK T RS TF AR FRIFHEES, XIXSVSBEFHBEE X,
2. AR THRNSFNEZE,
3. BFREMNIESELME, Blleft-right asymmetryttforward-backward asymmetry KR %,

Tl L= - w = - —— - —— - - - -

forward-backward asymmetry. At sin%6, = 0.230, the left-right asymmetry is
0.16 which is about eight times larger than AL .
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Sensitivity to B3R &1H/Asin?0

o E-BARIFFRM(left-right asymmetry, A z)FE ISR EHA(SIn?0,)B—NIEFEHE
IR R

© FIAARMIRME R B IR EHEA(sin?0,) N — M EEBURMEREL, TEsin®0,— MR/
TN FEIEAR ENEREMNL

The left-right asymmetry has a very simple dependence on the electroweak

mixing parameter singﬂw,

2(1 — 4sin®4,,)
1+ (1 —4sin?4,,)?

ArLr = (8.10)

The asymmetry is a very sensitive function of sin’6,,. Small changes in sin?4,,

lead to very large changes in Ay R,

0ArR =~ Bésinzaw.
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