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The stated topic of Parity Violation is huge!
Here is what | wilhot be talking about, but these are no less significant/important:
A Atomic parity violation
A Hadronic PV at low to very low energies
A PVES in nucleon structure physics (form factors, etc.)
A Hadronic PV measurements at higher energies are not discussed (collider physics, e.g. future EIC physic:

A PV measurements on resonances are also not discusseddgtei€olliders, etc.)



Outline

A Introduction / for context
A Introduction to PV / some basic theorg brief summary (make you feel relaxed since you already know all this)
A Motivation (why use PV: BYSM tests, As{pbysics)
A Experiments (historical view)

A Modern PVES experiments
A Basic measurement principle (helicity reversal, detection mode, asymmetries)
A Accelerators and sources (what qualities do we need)
A Basic experimental components (the basics of how to take the measurement)

A Measurement details
A Beam properties and diagnostics
Targets
Spectrometers
Acceptance defining collimators
Detectors
Asymmetries
Tracking
Systematic effects
Analysis

o Joo T T To o T I



Parity Violation @ brief summary

Parity violation in beta decay (Columbia U.):
A T-D. Lee and®l. Yang proposed to test the weak interaction for parity violation (1956)
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.. _ _ _ o , Emission direction
In the decay of nuclei with spins aligned in a strong magnetic field and cooled ta0.01 /
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It was found that electrons were emitted predominantly in direct{a opposite the? © &spin.

If parity were conserved one would expéat and(b)to be equally probable.
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Parity Violation (a brief summary)

Parity violation in beta decay (Columbia U.):

A The intensity of emitted electrons frofm® éwas found to be consistent with the angular distribution:

Vi — o . .
KP) B B H @ 0
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The polarization or helicity is defined as:

= KD K ) g
kT 1o v K

For £ denoting the detector signal intensity for emission parallel and-patallel to the momentum.

PV Experimental amplitudes are formed from a product axial and polar ve@toss:
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Parity Violation @ brief summary

Parity violation in beta decay (Columbia U.):
Experimentally one finds:

. U
Q pAID® O N =
w
and

Q pAEID® O Q =
w

Neutrinos §ettinga mO U ) are fully polarised along the axis of motion with ~ p.

Experimentally fincheutrinosare alwaysQ  p e} 'Left-Handed'

P.

%—h@ v
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> ———

Anti-neutrinos haveQ
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Parity Violation @ brief summary

A model to describe (some of) the observatians

Fermi's theory of Weak P

Interactions (1930s) n

had a pointlike interaction./

Fermi Coupling constants_

MYAIGNBYIGKY 2F GK¢ ) ) A2y

Modern interpretation:

Weak Interaction due t&V" and Z’(not shown) boson exchange. Short range (previously thought
point-like) due to large-80GeV(~100Ge\Vfor 2) mass.
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Parity Violation @ brief summary

A model to describe (some of) the observatians

202509-23

Either no spin transfer

Between initial and final state:

AT=0 1
r 7
>

gy
9¢

\W has momentum but
no angular momentum
- Vector coupling

or there is spin transfer
between initial and final state:

ﬂJ;rl_- J
TF ’

g
ﬁQE

W has momentum and
angular momentum
- Axial Vector coupling

Experimentally it is found that__

- V-A Interaction

Charged current leptons

V+A not ruled out by current Standard Model

SFB 1660 CRC Annual Graduate School (Michael Gericke)



Parity Violation @ brief summary

A model to describe (some of) the observatians

Standard Model of Elementary Particles

interactions / force carri

three generations of matter

(fermions)

124.97 GeVic?

higgs

Maxwell-like Equations, but with

a modified field strength tensor
( Descri bes i delsspingle d
particles)

D

Klein-Gordon Equation
(Describes massive spin 0 particles)

Maxwel |l 6s Equat
(Describes neutral mass-less spin 1

particles)

I Ve
55 =2.2 MeV/c? =1.28 GeV/c? =173.1 Gm 0
charge % 24 % 0
spin | % u % C ¥% t
up l charm ' top |
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c?
-3 44 % 0
« » v . @
DII’aC equatlon down l strange bottom l photon
(Describes relativistic <:
. ]/ artl CIeS) =0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeVic2 =91.19 GeVic2
=il -1 0
=PI 7= P QO IN® IF® I @
electron muon tau |L Z boson
7))
Z <1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeVic?
O lo 0 o £1
@ (- |- (| @
o
w electron muon
neutrino neutrino
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tau
neutrino /l! W boson

Graphics adapted from Wikipedia:
Licensed under CC BSA 4.0 via Wikimedia Commons
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Proca Equation (Klein-Gordon
with sources or Maxwell with
mass term) (Describes massive spin 1
particles)
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http://commons.wikimedia.org/wiki/File:Beta_spectrum_of_RaE.jpg#/media/File:Beta_spectrum_of_RaE.jpg

Parity Violation @ brief summary

A model to describe the observations

Experimental fact: The Weak interaction is not invariant under parity transformation. How to put this into the model?

Left and right handedness:

The Dirac equation turns out to have the correct transformation behavior under parity:

”‘4 —( a) ||-A —( A) ||-=| ”—g L ‘ F (||-4 ”‘:I)I- 4k —( A —( Ak

Turns out, thdeft andright-handedLINRE 2 SO A2y a 2F GUKS &2f dzi A 2 vy & behaRiouil KS 5 A NJ O

_ S y° S (Rt ay n
Particles: (% — Pr— = v p MM W
P -P l mp mom|
T Tm p T
S T TP
C L]
Anti-particles |, = —> 3’ s T LT (fmk®) [ (S =k @)
P ‘WL N O — < _4/:{
P -P LT (Ohek®) [ (0h =i @)
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Parity Violation @ brief summary

A model to describe the observations
Experimental fact: The Weak interaction is not invariant under parity transformation. How to put this into the model?

Left and right handedness:

Turns out, thdeft andright-handedLINRE 2 SO A2y a 2F GUKS &2f dzi A 2 v & behaRiouit KS 5 A NJ O

Particles: Anti-Patrticles:
g —( A ty —(C =)
e —(C Ak Fa —(  A)F
by F=C  2) by F=( 8)
F, o F=( 52) by oF—=( 2)
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Parity Violation @ brief summary

A model to describe the observations

Intrinsic Parities of fundamental (Dirac) particles:

Using the Dirac equation one can show that (within that model) all spin %2 particles have opposite parity to spipavtieles

All spin% particles have p: h AW H -
And antiparticles have p: he Py, H -
Also, (@1 &)y m
p T T T
For the Spin 1 bosons: 2 [n0:-- = T 4L L (" p- T ") [
mm p T
T T T p
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Parity Violation (a brief summary)

A model to describe the observations

Particle currents:

One can prove (W. Pauli) that the following bilinear currents are the only ones needed to form any particle interactistypé th
(they are a complete set and form a basis):

Type Form Parity
AScalar FE even
APseudoscalar At odd
Avector FoAh even
APseudovector Fata odd
ATensor F ail even
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Parity Violation (a brief summary)

A model to describe the observations

Parity violating particle currents:

So we can write down the following currents that transform under parity in adefihed way:

Particles® Particles

Anti-Particles® Anti-Particles

Anti-Particles® Particles

Particles® Anti-Particles

202509-23
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Parity Violation (a brief summary)

A model to describe the observations

Parity violating particle currents:

So we can write down the following currents that transform under parity in adefihed way:

Particles® Particles

Anti-Particles® Anti-Particles

Anti-Particles® Particles

Particles® Anti-Particles

d

I__=l ﬁH'I' d —I'_ﬁH'( I )I‘ _>- |'_=| ﬁH'l' =| —I'_ﬁH'(

FoAy —r A A — I—=|ﬁH'I—={ —F AY

I—_ziﬁHl-g -+ A s /= Ay —F A

I-=|ﬁH'I-=| -+ A s T rodhy kA

Onlytheseare observedfor the chargedweakinteractions(d) ) X oK @ (vectorc axialvector)

202509-23
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Parity Violation (a brief summary)

A model to describe the observations

Parity violating particle currents:

Example: In the relativistic limit, the only possible electtareutrino interactions are:

A = ?e\w

W W
4
Lefthanded Righthanded Left/Righthanded
FoAvy -k A s r_zl A —+ A A r_=| Fes —r A A
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Parity Violation (a brief summary) - ;ﬁ[” o 112 NHI0TR)
QYS n

U j
A model to describe the observations o B
"® 0 /O
Parity violating particle interactions:
A linear combination of axialector and vector current (now with couplings).
7 [ IH [
” % @ +d.5 I-7=r k8 B
y.Z
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% Do) + (@, |=ﬁhﬁ)kl_<|1ru%r |_&
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With a parity transformation we getid —— I1T R I H
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T
= T
N——"
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Parity Violation (a brief summary)

A model to describe the observations

Problems:
1. The left and righthanded fields do not satisfy the Dirac equation separately unless they are massless:

(At o)) —(Fby o) —(Fty O)sr(e) —a( é8y O)F (o)
2. The YMagrangiarfor the vector bosonsi§ hd ) has not mass terms

N A

~(=alln =nT)TERTN =NTH) DGl =allw) 8T T 0B (Tw To)E(TH T

The model so far describesamdés§ 4 4 dzy A OSNBES F2NJ St {1 AYGSNIOGAz2ya X
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Parity Violation (a brief summary)

A model to describe the observations:

U The Weak interaction is not invariant under parity transformation, which takesh#&ftled particles into righhanded particlesand
vice-versa.

U Lefthanded particles are observed to only transform assgmors, while righthanded particles are observed to transform oaby
iso-scalars (charged). The opposite is true for-gatiticles. So there is a clear distinction in nature, between these twapgto

U Left and righthanded fields are givenby -(p [ ) and | -(p )

U But ("Q Tr a )r r  Tr. So the lefthanded and righhanded fieldslo not satisfy the Dirac equation separately, unless the
mass term is zero

U We must keep the Dirac equation if we want to correctly describe spin %2 relativistic point particles

U Butin this case we are then dealing witthaory of massless particle$he fact that the Weak interaction behaves differently for
left-handed and righthanded particles forces us into this situation.

U Lagrangianfor the massive bosons that have added mass terms violate the gauge invariance

U So we have to somehow generate the mass terms differently in the theory.



Parity Violation @ brief summary

G2 a3aISYSN)IGS¢ (GKS YIFraasSa Ay GUKS GKS2NE

Spontaneous Symmetry Braking

: : Not discussed in detail here (see literature)
Higgs Mechanism

. P om - — .o
5 © Tz(i ) (r'e) (rue) Hlel  flol —mnt " —qug""

(r") (rye) —=w @ w:a w —-a w5 -a w (|4 :H)<I||ee|lee! ”H'>

—H
T H \/—_(IIH AW
T H \/—_(IIH W
o L I=
Y N B Neutral Weak boson
6. 1o SEER GRS
H H=T Photon
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Parity Violation (a brief summary)

{2 6S YySSR a2YS ¢gle& (G2 a3ISYSNIGS¢ GKS YIFraasSa Ay GKS (KS2NE
u If we now use the following definitions
x| \/I“J:_EH Neutral Weak vector boson
e
. 12y 1= Photon
e
we get (wonly)
L H
(r'e) (rue) L -FuF™ —w(H —H)( = | )(J_LH>
Somwrt —wO gt —w@l e | )N
U So if we define the masses for the photon 0 1t and the neutral ®boson 0 -1/ Qe "Q , then we finally get
(r'e) (rre)  dowueh Aokt o 30
21
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Parity Violation @ brief summary
SogS YySSR &a2YS gl é& (2 a3aISYSN)rGS¢é¢ (KS YIFraasSa Ay (GUKS GKS2NE H

U The gauge constant® and Qare clearly not independent now (they are coupled by the definitions of the photon and the neutr
weak boson).

It is more convenient to have one neutral electmeak coupling constant and let the other one vary continuously (over alllpessi
values) relative to the first.

SinceQis already used to define the mass of theboson, we keep it as theindamental weak couplingonstant and let the
20KSNJ 2yS OFNE gAGK NBaLISOUuU G2 Aldd ¢KAA A& R2yS o0& RSTA

U Weak mixing angle (also called the Weinberg anglq)’l 'I—(TD?) II—

0  With this we havei—H I “* |€EH ) | L ||H"HT(1EP?) =l i(ﬁbf)

Vi =1 —

’ E |=H~ Ho T =HE®RD)
i = |
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Parity Violation @ brief summary
SogS YySSR &a2YS gl é& (2 a3aISYSN)rGS¢é¢ (KS YIFraasSa Ay (GUKS GKS2NE H

U Coupling the matter fields to the Weak bosons happens in a similar way (example-faridéd isespinors):

o | . A S 11 RAYE h 4 . 4
Iy © Tl (b, P (— S0t An (r if:> gL A A

Charged Current ‘? I I—\/_F_hfbﬁH( A )k gt I—\/_F_fbﬁHI( 2 )F nge
Vhrly ho = P 4y
T4 J_j@L F F
HITp" /b L h H I LA
— —
Neutral Current | s gt %DI—(E_F)F A ! - |(ﬁ?) Fam( 0 Yo
Il YR &AYAfTFNI & F2NJ ljdzr NJ a X oK 1 B Q(th_? K D i
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Parity Violation @ brief summary

SogS YySSR &a2YS gl é& (2 a3aISYSN)rGS¢é¢ (KS YIFraasSa Ay (GUKS GKS2NE H
U Neutral Current Weak charges:
0 — v 0
I I T R r ==
H
5. & (Ir 1=~ )Fl I: — v -
I T T =
I= \4 L= =
[ | i .
%? A \z L= QWeak , P2@Mainz
L= = O .
F 1 I PREX/CREKIREX@Mainz
L \4 L8 MOLLER
r S Tr
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PVES Measurements (focus on BSM tests)
The Weak Mixing Angle

0.245 RGE Running
Particle Threshold

J.Erler(JGU), reproduced with permission

Measurements
Proposed
SLAC-E158 NuTeV
0.24 -
- I__ . \ E
—_ Qweak
= ' APV eDIS N'\ '
i‘?-{ 0235k -~
= |
LEP 1 .
1 Tevatron sLC * LHC i
0.23F = MOLLER =
- - ——— -
r P2 1SolID
. i
0.225
107 107° 1072 107" 1 10 10° 10°
Ll [GeV]
202509-23

The weak mixing angle is a central parameter of the

electroweak part of the Standard Model:

0 (%

%v(?é_)ﬂ (L)

SU(2): Gauge field® M R ) and coupling®

U(1): Gauge field and couplingGe

GhiKSEf ¢

Vi

& 3{f OKSYS¢
constants:

v
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PVES Measurements (focus on BSM tests)
The Weak Mixing Angle

J.Erler(JGU), reproduced with permission

¢KS 6SI1 YAEAY3I Iy3aftsS OKIy3

0.245 .
RGE Running .
Peticlo Throshold energy €.g.momentum transfer), due to:
Measuremenis
Proposed
SLAC-E158 NuTeV
0.24 -
' ~ ' etc.
—_ Qweakl_- \
E’: APV eDIS N'\
ilm"' 0.235 -
o
LEP 1
Tevatron sLC * LHC
0.23F = MOLLER =
] ) 1SolID |
r P2 I}
. i etc.
0.225
107 107° 1072 107" 1 10 10° 10° 10°
LL [GeV]

Different radiative correction apply to different particle
interactions €.g.electron with electrons vs. electron with
guarks).



PVES Crossections

Parity Violating Crossections: Interference between indistinguishalda) and o ‘Q dbamplitudes

a°Hel [H§] Hil (|i TR T “ij -~ a a

Y
PV Signal

J.l = JJ = -I-|_=I L) A-: H o " A~: |_|I ) X \
A P2 @ Mesa: || T ITged A £5°5 A o
oves: il WU r e wers ¢ dmers E -

Al T|=| = A s g \E—\{
Awmoer i i T ° e mEe J

~

A New Physics? am
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The Weak Mixing Angle and New Physics

Adapted from MarciandDavoudiaslLee (2014)

] I T T I

0.242

- ,plg dakz =100 MeV 1 The running of the weak mixing angle away from tHeale
02401 macz = 200MeV 1 would change with the addition new physics models.
. 0238" Dark matter Z bosons with different mass would produce
Ql different levels of deviation from the Standard Model predictiol
Q? 0.236 10_1 i R | Jm
ol CHAR P e —— = <
E AA WY // V. :
Z 0.234 N i 0
| - </ vy e n B
L . .></ x :?"é Y 4 P %
L APV(Cs) d / \‘:\ 3 ~ —//4” ;/ ,,.’,,.;/ 7‘;’/— o
I ' : {"HC ] Ve e y 2
0230+ Proposed:  Moller § § P2 } SOLID SLAC ] 1072 7N / A ™
L | “\ ,/ ’,/ ’f." ;‘<
| | L 1 | 1 | 1 L | 1 1 1 1 | 1 1 1 1 1 ! I 1 1 | 1 L 1 | Co M \\ J /Il /;./; —_
-3 -2 ~1 0 1 2 3 S T
\_\>< y ;;,/, B
Log,, Q [GeV] ANGY LB, S =
- gt — = MOLLER proj. @
-—;i’c‘z;_(p,f93=)’ 1 —— APV+Qweak [04)
HP_)  Amvii(P_) vl " 5=10" 2
v mn ( r mn r 10 m 5.10-3 =
e :g-
e F 102 107 1 510
= £ # £ <4FP-) |- (RP —
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Parity Violating measurements for Astrophysics

The nuclear matteequation of state (EOS) is the pressure as a function of den:ﬂitg:
Basisfor understanding:

A Nuclear structure/matter stability

A Formation of elements

A Star collapse (neutron star or black hole)

A Neutron star structure

Present nuclear data does not yet constrain (symmetry energy density dependence):

LR

A Strong correlation between and the neutron skin thickness, 4 _
A =| . not yet well measured with previous methods
L j

‘ Measure neutral weak forafactors_. in PVES = s LHr=|T
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PVES Measurements in Time

A Long and active history of PVES measurements
A Asymmetries and errors now push on the (sub) ppb level

A Percentlevel relative errors now allow for beyond twoop
level investigations of the SM and potential new physics

A Making such measurements requires:
A High luminosity (beam and higiower targets)
A Parity quality beam:
High polarization with high beam stability and
systematic control

A High precision beam polarimetry measurements

A Better and betterdetector systems with faster readout

202509-23
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Parity violation measurements
}Imét never work out exactly the way

you plan them!
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The P2 Experiment (Mainz MESA Facitity S S

uperconducting
solenoid

Scattering

chamber T~ ¢

Main Observable:
PV asymmetry with detectors
Weak Charge of the proton

202509-23

al faS P At TSN
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fl
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« Y0
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The MOLLER experiment (Jefferson Lab)

e e
9,2
e e
@) p POQ W
O U O

0 WT T P
0 oqQ1 N
16 1NN
0 p Tl Q&
Main Observable: "O i 08 Y0 c8 b
PV asymmetry with detectors 0 a O —U
Weak Charge of the electron “ W0 we 3 Qe THP
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Basic Experimental Components

Critical factors in experimental design for PV experiments:

A A stable, high intensity, highly polarized beam, optimized
for asymmetry measurements

A A highly stable target that maximizes luminosity and
simultaneously minimizes excess noisg(a long LH2
cryogenic target)

: : ) Target
A A set of precise collimators that define the acceptance.
U, o . - . Beam .
Al YI3ySid aeaidsSy 6 aaLllSOod NP Y-S5
I OOS LIl yOSsY o6dzi ofS G2 a¥20dza

system of detectors

A A set of detectors capable of deadtisess precision
measurements at extreme rates

A A set of detectors for tracking individual scattered
electrons to characterize the experimental performance

A A set of detectors to determine sources of background
and characterize beam conditiorns.g.polarization)

202509-23

Generic Fixed Target Experiment

~
FEY

H_J

Tracking
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Particle ID,
Counting,
Calorimetry
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Basic Experimental Components

Example: QWeak

Target :
Tracking Focal Plane /
‘ Detectors . Main Detectors

P Tracking =
m Detectors 7
T Collimators el
4 =
,iL :
A I

b oy K1
A Al LNE }E ﬂ T .

Jefferson Lab Continuous Electron Beam Accelerator Facility JLaQWeakExperiment
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The P2 Experiment (Mainz MESA Factiityee Talk by Kurt Aulenbacher P2@MESA

Particular beanproperties that are important include:
A High luminosity

A Parity quality beam: High polarization with high beam stability
and systematic control

A Highest precision beam polarimetry measurements
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Integration Mode Asymmetry Measurements

Parity violating elastic scattering of polarized electrons:

Too Joo oo To To

Prepare electron beam with a given helicity (spin)
Scatter electrons and measure cresection

Flip spin and measure cresection again

Calculate the difference for the period of measurement
Extract an asymmetry:

The rest is all about picking the right kinematics and controlling
backgrounds and systematic effects

hlilé& peSskka X a2 gKIGQa (0KS LINRBof SY KK

LOQa 2dzad StrFradAdo aolFadiaSNAy3a X

e (om)




Integration Mode Asymmetry Measurements

The experiments measure the asymmetry in the number of scattered electrons as a function of beam helicity.

e 0 (‘O PP)
Right Helicity (R) o/
_aa oo _Aq.
@ Q Left Helicity (L) n (0 OFf)
® n (O
A (o i)

At high rates (to collect enough statistics) the measured flux is integrated (both spati~'-

and in time) over the helicity window, to form the measured asymmetry at the pair, v
guartet, or octet level (see later).

Detector Signal

] ] Helicity States +i-i-i+ -i+i+i- +i-i-i+
All systematic effect must b@ken into account _ Y A Y o y iy
& A, A, o ./An
AL AL
= v T ra|B=te =) Sato =:ove e
Bd Bw =
Then there are additional experimental factors to go fréh? d —
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Integration Mode Asymmetry Measurements

Measurement Methodology

We need multiple pieces of instrumentation, before the target.

A

Helicity GeneratorEverything is synched to this frequency,
defining the integration window.

Laser and Pockels ceAllowing rapid reversal of helicity,
preferably with minimum deadtime (ringing) between stable
helicity states.

Source Photocathodéedigh efficiency electron souragbeam
spot movable.

Helicity ReversalSeveral ways to reverse the beam helicity (fas
and slow).

Beam Monitoring:Beam position (BPM) and beam current (BC!
measurements.

Beam Modulation and Feedbacklove (modulate) the beam to

study false asymmetries. Feedback on BM data to stabilize beam.

Detectors

<

Electron Beam

W,

Polarimeters

Beam Helicity Pattern
+--4+0r-++-

Helicity

Generator

Position Modulation

Magnets

Position Feedback
Magnets

Y

GaAs
Photocathode

N
Y

Laser +
Pockels Cell

Wien Filter

AR
7/
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Integration Mode Asymmetry Measurements

Measurement Methodology

We ideally have three independent techniques for helicity
reversal of a longitudinally polarized beam:

A Rapid pseudeaandom reversal{(~ 1 kHz).
wSa2S0dta [Inw GFNBSIO ao02AfAy3

A IHWP at ~&our intervals:Mechanical action unable to
induce electrical or magnetic induced false asymmetries.

A Wien filter at monthly intervals:Rejection of beam size
(or focus) modulation induced false asymmetry and
suppression of slow drifts in apparatus linearity.

A Alsoas check construct NUL&:2 0#LJK I & S ¢ |j dz y U
from the two slow reversal techniques to bound
unaccounted for false asymmetries.
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Integration Mode Asymmetry Measurements

Measurement Methodology

Main experimental components:

A

Target:High power capable (high beam currents) LH2 target
with low target boiling.

Collimation:Define the acceptance of the experiment.

Magnet: Not really a spectrometegdzda SR (2 d&a¥2 Od
scattered electrons on the detectors, maximizing event rate
(at the chosen kinematics). Reject background events.

Detectors:Experiment needs to run in two modes: data
production in integration mode and tracking for kinematics
determination and background/efficiency checks. Requires
two different sets of detectors (tracking and integration).
Set of auxiliary detectors for systematics and monitoring.

Data acquisitionHigh precision, low noise data acquisition
integrated accurately in the helicity synchronization. Low
noise amplifiers linear electronics fast, highresolution
ADC:s.

Detectors

<

Electron Beam

W,

Polarimeters

Helicity
Generator

Position Modulation
Magnets

Position Feedback
Magnets

AR
7/

Y

Beam Helicity Pattern
+--4+0r-++-

GaAs
Photocathode

N
Y

Laser +
Pockels Cell
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Beam Characteristics and Linearity

High rates require signal integration (timing and spatial) and a detector that produesponse that is strictly proportional to
the number of electrons detected.

In this mode you integrate every single noise source into your signal (within your defined bandwidth).

A AL E - z = 5
=J||fD ”(W) =-H_-=|=D =-H_-=|=D <ﬁ> . E(ﬂnl) =‘H'-=|=D =' vV «

We are trying to make highly precise relative measurements of average/mean signal levels to form asymmetries.
Any nonlinearity in the experimental response to the variation in the scattering rate (foelicity states) is a problem.

Normally drifts caused by diurnal variations, general temperature fluctuations, slow electronics drifts, etc. would paegiude
OKIyOS 2F &4dzOK | YSIFadaNBYSyids> odzi X

‘ Fast helicity reversal , fast (over)sampling, signal integration mitigate this to levels we can handle

The spectrometehas toseparate wanted events from background since there is no way to implement amplitude threshold
cuts, timing cuts, or tracking cuts (at highest rates).

Some conditions which can change rapidly during these measurememtsbly the electron beam trajectory, energy, and

intensity¢ must be averaged over the same integration periods and used to correct the measured asymmetry for the changing
conditions.



Asymmetry Corrections

Measured asymmetry:

14 1

=v 1 HE= B Sty =lato =0
L L
~—
Polarization Dependent
Regressing out systematic effects (e.g. beam motion)
ofi o
T P =OoOv

=l mto = | mtbrehehe i) < z ﬂéjﬂé

Removing the backgrounds and applying radiative corrections

(Sove =|wto = )i b Byl=l1> =t~
|

= T
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Polarized beam
The accuracy of a PV experiment is ultimately limited by the degree and knowledge of the electron beam polarization.

|Pi. 4 :L 4 :I

T 74
| |
The source:
A The most important aspects (including almost all systematic beam effects) are determined at the source

A The polarized electroheam is generated using photoemission due to circulpdiarized light on @hotocathode.
A The circular polarization is created in a Pockels cell and determines the spin of the emitted electrons

A The Pockels cell allows fast flipping of the laser polarization, by reversing the applied high vpitageing for the impatant
fast flipping of the beam helicity

100E
90F-
§ g e
w/2 plate — E e
polarizer  Pockels cell E GaAs = - S
. photocathode = E
Laser Light g 60f-
| N =
C MEF -
™ A =
+’f —, \\ ~ - E 30F
\/ 8 20fF NIM A 1046 (2023) 167710
Unknown source 105—
oE 1

PR T T T N SO ST ST T [N T T T TN S U N N SN S S A N
1995 2000 2005 2010 2015 2020
Year
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Polarized beam

The source:

Photoemission of electrons from GaAs:

i Bulk GaAs typical € o x b
Theoretical maximumo vTth

( Strained GaAs = typical & () 7T b
Theoretical maximumo  p m b

Figure of Merit; ©

AR conduction band

circularly
polarized R

GaAs . E, = 1.43 eV
780 - 850 nn‘!’
-3/2 valence band a2 X

FstrailF 0.05 eV

+1/2 T

-1/2 ——
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Polarized beam

The source: Activation B

A The voltage applied to the Pockels cell is the only change in the electron
beam generation or transport that is correlated to beam helicity.

A The photocathode quantum efficiency has an analyzing power for linear

polarizedlight, butis the same for rightand lefthanded circular e «4\1’.:/
polarization. 2 Vo :’ /’\chaamlt:egr

A Helicity-correlated asymmetries in the electron beam are directly
related to the voltage applied to the Pockels cell or the polarization
sensitive transport of the laser light to the photocathode.

NIM, A 1046 (2023) 167710

A Residual linear polarization on the cathode is impossibletapletely
eliminate(Pockels cell alignment, vacuum windows, etc.)

AQE/QE (%)

A The residual linear light polarization is the major reason for beam

charge asymmetries b QE anisotropy

Ll I 11l I L1 1 l Ll l Ll I LAl I 111 I 111 I ] I Ll I 1
40 60 80 100 120 140 160 180 200 220
Halfwave Plate Rotation Angle (degrees)

A The cathode QE is also position dependent and changes over time, 020
requiring laser spot changes.
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Polarized beam

The source:

A The voltage applied to the Pockels cell is the only change in the electron

beam generation or transport that is correlated to beam helicity.

A The photocathode quantum efficiency has an analyzing power for line
polarizedlight, butis the same for rightand lefthanded circular
polarization.

A Helicity-correlated asymmetries in the electron beam are directly
related to the voltage applied to the Pockels cell or the polarization
sensitive transport of the laser light to the photocathode.

A Residual linear polarization on the cathode is impossibletapletely
eliminate(Pockels cell alignment, vacuum windows, etc.)

A The residual linear light polarization is the major reason for beam
charge asymmetries

A The cathode QE is also position dependent and changes over time,
requiring laser spot changes.
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Polarized beam
The source:

Position Differences B.Waidyawansa QWeak Ph.Dihesis

A Pockels cell electrifield nonuniformity + Pockels cell alignment errors creates g T Taaats IR NS SO SR S = Dx |-
a polarization gradient. 8
% F1 1= T S A U U SUREURPPN SRS SUPSU SUSRRR
A Gradient causes helicity correlated changes in electron beam spatial profiles ?E I
NBadzAZ G Ay SESOUNBY O0SIY WWLRAAGAZY § ofofodo®odlpond
z |
A Position differences can also emerge from physical modification of the cell ool
dimensions when voltage is applied I
=004 i .
leading to hehutycorrelated beam steering or focusmg I A A A S S A S
(helicittO2 NNBf | § SR aaLlRi aAT S | 88 YYSUNE  goslioiveidbdifo ]
Mgy 24op ”ﬂé ”04 Tigg iy Oingg %> Oz Yios
Beam Position Monitors
Energy Asymmetry

A Caused as a sidgffect of beam charge differences ahdam loading The beam in each helicity state extracts energy from the
SRF cavities depending on the beam charge , reducing the field .

A If there is a charge asymmetry, the helicity state with the higher charge will draw more energy, leaving less for theeext st



Polarized beam
The source:
Position Differences

A Pockels cell electrifield nonuniformity + Pockels cell alignment errors creates =
a polarization gradient.

A Gradient causes helicity correlated changes in electron beam spatial profiles Left
NBadzZ & Ay St SOGNRY o6SIY WWLIRAAGAZY

A Position differences can also emerge from physical modification of the cell

dimensions when voltage is applied N

leading to hehmtycorrelated beam steering or focusing i nght i

(helicityO2 NNBf G SR daLl2i aAl S +FadyYYSiaN of tRE, (pEERT
Energy Asymmetry QWe&k, Unknownsource

A Caused as a sidgffect of beam charge differences ahdam loading The beam in each helicity state extracts energy from the
SRF cavities depending on the beam charge , reducing the field .

A If there is a charge asymmetry, the helicity state with the higher charge will draw more energy, leaving less for theeext st
A the energy is treated as a position because the energy differences are measured as a position difference in the dispersive

transport lines.
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Polarized beam

The source:

A PV experiments usually rely on longitudinal beam polarization, which is how it is emitted from the cathode (puéspasesn
the accelerator dipoles)

A We need a way to mitigate thisspin manipulation in the injectar create the opposite spin position to what is expected to be
caused by precession in the accelerator

A Horizontal Wierx, ration from longitudinal to transverse _ .
5. Horizontal Wien

in the accelerator plane filter used normally,
but includes 90° offset

3. Two spin solenoids do the

A Vertical Wien added to allow for slow helicity reversal flipping, each adding +45°
A Vertical Wien also used for transverse asymmetry j}g 2

measurements

" 5:%) . ' ‘, Yo 4. Finally, Flip- Left or
A The g2 rotation can also be used as a slow reversal tool R P &8 Hi-Retisseied
to study systematics, since all sources of HCBAs will be (0) 5\
reversed under this operation. - // SNk e

1. Spin is longitudinal
from Gun
MOLLER collaboration: Unknown source
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Polarized beam

The source:
Use a combination of Wien filters and solenoids to rotate and focus the beam.

Top:

1stWien rotates the spin vertical

(out of horizontal plane)

Solenoids focus and rotate back into
the horizontal plane, but transverse
Solenoids are used to flip the spin
2nd Wien rotates by angle opposite to
g-2 precession

To Do Do Do I

This method is quick, with low downtime, but
introduces helicity correlated beam changes

NIM, A 1046 (2023) 167710

Bottom:
A 1stWien is used to flip the spin (transverse)
A Solenoids rotate spin back into horizontal plane
A Solenoids current remains the same (no flip)
A 2ndWien rotates by an angle opposite tePgprecession

This method is slow, requires beam tuni@ghourdowntime), but does not add helicity correlated beam changes
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Polarized beam

Beam Monitoring

The fact that helicity correlated beam parameter changes (intensity, position, angle, energy) are unavoidable meanbdkattoe
monitor these parameters continuously and correct the main detector data with the information we get from the beam monitors.

A Measure the beam current, position, angles (at the target) with special detectors placed at various positions along the beam
A Normalize the detector signal by the beam current for each helicity state: | . Tk

A Subtract out the false asymmetry
AL AL
e (W

L L
s (ﬁ

Detector Measured beam parameter

A The false asymmetry includes the measured beam current asymmetsit)ras well the other parameters which are
determined from asymmetry dependence studies and removed in linear regression.



Polarized beam

Beam Monitoring

Current Monitors:

C2NJ SEF YL} SY-styled A y Inod¥ ¥esdhantiRB @akt@arurrent monitors (BCMs)

¢CKS aA3aylt YSIadiNBR FTNRY SIOK ./ a A& LINZ LAl flothyhe dentrahgis ofiak S

1| -
1 resonant cavity

a) b)
«— | —» 4
<
3
e TM = Coupling loop
Resonator o E‘ Ganmy Absorber
\\ — M < . .
Beam Trajectory * iy |
d G - -
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Yo _ -.-.. --lulml .= freife--
* 2Ais ' R
_______ —— Il ‘
J_ " o &
Beam Tube 3 P—— s
Drive region
foro Fito fozo Beam line
Frequency

MOLLER collaboration: Unknown source
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Polarized beam

Beam Monitoring

Current Monitors:
Need multiple beam monitore(g.7 BCMs used for MOLLER)

The Measured beam charge is slightly different for each BCM
due to beam trajectory differences

- i / l’ ”., "7‘\&;- .
MOLLER collaboration: Unknown source

Displacement from monitor central axis causes a drop in sensitiv;’

Fast Raster Magnets Cavity QQQ
Cavity XYQ  Moller polarimeter Cavity XYQ
Stripline BPM

A Beam steering needed to center the beam on target 1 or
2 mm, and the displacement will be different in each BCM.

i .. Superharp
IE:

StriplineBPM//
A Beam raster causes the beam to traverse each BCM at a i

different radius as a function of time and position along the montter
beamline

f/ Halo monitor
7/ target

Stripline BPM

A Beam jitter
For a precision PV experiment, a sensitivity ouﬁ (1(at [0 from the central BCM axis) can become a limiting uncertainty.

Need dedicated measurements to explore the BCM sensitivity to beam position for each BCM separately
(induce deliberate beam position and charge changes at the source/injector)
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Polarized beam

Beam Monitoring

E L
=_H_ u =|= - ( I= I: )

Precision:
BCM asymmetries and differences and their widths are measured continuously
The precision of the beam monitors is limited by their resolution

The resolution is measured using the BCM dowhitierence, which is independent of accelerator fluctuations:

T (f—t) (%) S 4 41 ;ﬂrr ik

The additional uncertainty should normally be a small percentage (  b) of the detector counting statistics width for a single
detector.
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Polarized beam

Beam Monitoring

Precision:

BCM1 BCM2
499 MHz o 5 (asym_awk_bcm1-asym_qwk_bcm2)*1e6:mps_counter
00 Q0 = < -
bunches 2 s000 =
® =
2 o000
-; -
& 4000 —
- ! =
ABCM]. ABCM2 % 2000 :_
(ppm) 'E 0
1497 MHz 1497 MHz Fiaaden
£ 4000 —
M. Pitt, MOLLER collaboration 8 co00
-8000 :— 1 | | P P " |
0 200 200 600 500 1000 1200
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mps_counter
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| (asym_qwk_bcm1-asym_gwk_bcm2)*1e6 {mps_counter>20000 && mps_counter<400e3} htem P
Entries 94962
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102 =
100"
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QWeak dataUnknown source
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Polarized beam

Beam Monitoring

L L
Tt mFO ( L L >

Systematic uncertainty:

Systematic differences between beam current measured with different BCMs can be investigated by looking at the detector
sensitivity to each BCM

ﬁ—_nv dy

With = different beam current monitors, for each detectc()#- I)‘ - B=.m <

One can establish these sensitivities by:
1. Measuring detector sensitivity do natural beam jitter (random fluctuations of the beam)

2. Modulating the beam charge and position deliberately
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Polarized beam

Beam Monitoring

L
Tt mFO (I:

Beam Jitter:

A Exploit experiment/detector symmetry to measure detector sensitivity to natural beam parameter changes at or above the lir
frequency

A This sensitivity can (in principle) be measured continuously, during production data taking.
Beam modulation (see later):
Reduce the uncertainty in the measured detector sensitivity to beam parameter changes.
This is done by actively modulating the beam position and angles on target using steering coils in front of the target
Can also be done for current monitoring

Requires dedicated runs during which the detectors are not taking regular asymmetry data

I S T T

Usually done for 80% of the run time, short runs every few minutes



Polarized beam

Beam Monitoring

Beam Position Monitors (BPMs):
Used to verify beam tune (steer the beam through the different elements of the beamline onto the experimental target).

Experiments also use position locks using BPMs and corrector magnets to keep the beam centered on the experimental target,
especially at the higher beam currents characteristic of PV experiments.

Measure energy variations, using the beam position for two monitors separated by some distarncep (eig) to measure position
and angle and at a third point at the maximum beam dispersion to measure energy variations

Also required to measure helicigorrelated beam asymmetries (exploit the detector symmetry)
Usually require a resolution of aboutc* daper helicity pair
This is mostly driven by the requirement to reduce the jitter contribution tp 1 Ksee earlier), and

study the detector sensitivity to beam motion, and to precisely measure the azimuthal asymmetry contribution.



Polarized beam

Beam Monitoring

Beam Position Monitors (BPMs):
Different styles of BPMs: Anterwveire BPMs (right), strijine BPMs (left) and cavity BPMs.
The majority of BPMs used for PV experiments are antenna BPMs with four espetlyd antennas which detect the presence of

0KS o6SIFY @Al OFLIOAGAGBS O2dzL Ay3 (2 GKS St SOGNRY o6SIYQa !
NIM, A 1046 (2023) 167710

14 cm

Need several BPMSs to:

A measure beam energy

The beam position and the angle at the target are
determined from a linear least squares fit of 4 or
BPMs located in a magnetic fidicke drift region
betweenD1 and 10 m upstream of the target.

202509-23 SFB 1660 CRC Annual Graduate School (Michael Gericke) 60



Polarized beam

Beam Monitoring

Beam Position Monitors (BPMs):
Thestripline BPMs are used fdheir

A Ability to measure the electron beam absolute position relative
to a mechanical fipoint or to any other absolutely known axis
e.g.the symmetry axis of a quadrupole magnet.

A ThestriplineBPM sensors are CNC machined, complete with external
fiducial dimples on the main corpus to facilitate precise placement on

the beamline, and directly traceable from the prints to within CNC tool
accuracy. MOLLER, unknown source

A Typical measurement offsets ofrt 1t 11T G

A Intrinsic BPM resolution can be extracted by using two (or more) upstream monitors to project to downstream monitor
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Polarized beam

Beam Monitoring

Beam Position Monitors (BPMs):

202509-23

Resoltuion (um)

3H07B BPM Resolution vs Beam Current

. X resolution

A Y resolution
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Polarized Beam

Active Beam Feedback:

A One can reduce beam effects with active/fast
feedback on the charge and position

differences.

A The associated noise is known to converge
faster with active feedback than the statistical

detector noise.

A The charge jitter can be suppresseyl
applying small changes to the voltage setpoints
for the source Pockels cell, based on the
measured charge asymmetry width.

A Position differences can also be reduced using
active feedback on both, the Pockels cell, as
well as helicity magnets in the injector

202509-23
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Polarized Beam

Experiment Sensitivity

Active Beam Feedback:

A
A

One can reduce this effect with active/fast feedback on the charge and position differences.

The associated noise is known to converge faster with active feedback than the statistical detector noise.

The charge jitter can be suppresdeglapplying small changes to the voltage setpoints for the source Pockels cell, based on the
measured charge asymmetry width.
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- O E

Helicity Control Electronics
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Polarized Beam

Experiment Sensitivity

Laser at Polarized Sourc

Initial Linear

Polarization
Pockels cell feedback: Xy
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PolarizedBeam
The QWealExperiment

Experiment Sensitivity
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Polarized Beam

Experiment Sensitivity
Modulation:

Beam modulation refers to the deliberate variatio
of beam parameters, such as

A Beam current
A Beam position
A Beam angle/energy

Performing detector studies that measure the
correlation between the detector signal and beam
parameters is used to remove the corresponding
false asymmetries.

Detector symmetry can also be used to measure
transverse spin asymmetry (later).
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Examples of experimental effects

Detector symmetry allows measurement of:

A Beam motion
A Beam position
A Beam angle

Performing detector studies that measure the
correlation between the detector signal and
beam parameters (deliberate variation) is used t
remove the corresponding false asymmetries.

Detector symmetry can also be used to measure
transverse spin asymmetry.
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