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Weak Interactions

Neutron & nuclear 3 Decay Fermi Theory for weak interactions
Vv C

GF “Effective” low energy theory that explains many
n p observed properties of radioactive nuclear decays

Universal strength: coupling constant Gr

charge and flavor-changing
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Weak Interactions

Observed NOT to be invariant under parity transformations

Neutron & nuclear 3 Decay Fermi Theory for weak interactions
A C Universal strength: coupling constant Gr
XGF “Effective” low energy theory that explains many
n p observed properties of radioactive nuclear decays

charge and flavor-changing
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Weak Interactions

Observed NOT to be invariant under parity transformations
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Parity Violation Signature

Zel’dovich speculation. Is Electron Scattering Parity-Violating?
JETP 36, pp 964-66 (1959)
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JETP 36, pp 964-66 (1959)

E pe
Neutron 5 Decay lectron-proton

Weak Scattering
\% C 7 e e
><G F —> G
n p P p

Krishna S. Kumar NSKIN2016: The PREX-I Result



Parity Violation Signature

Zel’dovich speculation. Is Electron Scattering Parity-Violating?
JETP 36, pp 964-66 (1959)

Electron-proton

Neutron (3 Decay Weak Scattering 5 \ A] +A ’\2
V o . ’ Y| weak
? ~A |P+24 AF +
GF —> GF A]CM AEM weak
n p P p

Krishna S. Kumar NSKIN2016: The PREX-I Result



Parity Violation Signature

Zel’dovich speculation. Is Electron Scattering Parity-Violating?
JETP 36, pp 964-66 (1959)

Electron-proton

Neutron (3 Decay Weak Scattering 5 \ A] +A ’\2
V o . ’ Y| weak
? ~| |2+[2 A’
GF —> GF A]CM AEM weak]
n p P P

Parity-violating

Krishna S. Kumar NSKIN2016: The PREX-I Result



Parity Violation Signature
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Parity Violation Signature
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Parity Violation Signature

Zel’dovich speculation. Is Electron Scattering Parity-Violating?
JETP 36, pp 964-66 (1959)
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Glashow, Weinberg and Salam: SU(2). X U(1)y

Neutral Weak Interaction Theory

The Z boson incorporated

One free parameter: weak mixing angle Ow
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Glashow, Weinberg and Salam: SU(2). X U(1)y

Neutral Weak Interaction Theory

The Z boson incorporated  One free parameter: weak mixing angle Ow

Do lepton-nucleon neutral current
interactions exhibit parity violation?

Weinberg model
%
( ) (€) ‘/Par'i‘l'y is violated
i

or A a0

(y) ( ’ ) Parity is conserved
€ / € -

Krishna S. Kumar NSKIN2016: The PREX-I Result

Left- Right- W ¥
y Charge O,il,i%,i% 0,x1,= % ,l»%
AY% + AY) 0
1 u W u Z
W Charge T == Zero
Z Charge T - gsin® 0, —gsin’ 6, Charged Current Neutral Current



Glashow, Weinberg and Salam: SU(2). X U(1)y

Neutral Weak Interaction Theory

The Z boson incorporated  One free parameter: weak mixing angle Ow

Left- Right-
E) T2
vy Charge Olx— =2 0l a -
1 W w*
W Charge [ T == Zero
Z Charge T —gsin 0, —gsin’ 0,

Do lepton-nucleon neutral current
interactions exhibit parity violation?

Weinberg model
74
( ) (€) ‘/Par'i'ry is violated
i

or Apy ~ g

(y) ( ’ ) Parity is conserved
£ / € o

First table-top atomic parity
violation searches: negative!

Krishna S. Kumar NSKIN2016: The PREX-I Result

Charged Current

A

M 7’

Neutral Current



Glashow, Weinberg and Salam: SU(2). X U(1)y

Neutral Weak Interaction Theory

The Z boson incorporated  One free parameter: weak mixing angle Ow

Left- Right- 5 7
=2 | R
Y Charge O,il,ig,ig O,il,ig,ig 7 [ z .
1 u |14 U Z
W Charge [ T == Zero
7 Charge T —gsin’0 g A Charged Current Neutral Current
W W
C C
Do lepton-nucleon neutral current aleetion nncloos \\"\_-/”’/
interactions exhibit parity violation? deep inelastic 759
: scattering —
55 /Wezfzbe{'g model //Xé_‘
(€)s Parity is violated N O
1 : : : :
or 4 40 pressing problem in mid-70’s

(V) (k ) Parity is conserved
€ / € o

First table-top atomic parity
violation searches: negative!

Krishna S. Kumar NSKIN2016: The PREX-I Result 7



Glashow, Weinberg and Salam: SU(2). X U(1)y

Neutral Weak Interaction Theory

The Z boson incorporated

Left- Right-
=52 | R
v Charge 0,21, x> Ol
W Charge T = i% Zero
Z Charge T —gsin 0, —gsin’ 0,

Do lepton-nucleon neutral current
interactions exhibit parity violation?

(z/) (o /Weinberg model
2 -
€ !

Parity is violated
or Apy ~ g

(y) ( ’ ) Parity is conserved
€ / € -

First table-top atomic parity
violation searches: negative!

Krishna S. Kumar

One free parameter: weak mixing angle Ow

; pf
“oow e
Charged Current Neutral Current
5 3
electron-nucleon T
deep inelastic >7*9
scatterin S~
e /%\Q\é.‘

N
pressing problem in mid-70’s

Seminal Experimental Measurement: E122
at the Stanford Linear Accelerator Center

NSKIN2016: The PREX-I Result 7



Glashow, Weinberg and Salam: SU(2). X U(1)y

Neutral Weak Interaction Theory

The Z boson incorporated

Left- Right-
%2 L)
vy Charge 0,21, x> Ol
W Charge T = i% Zero
Z Charge T —gsin 0, g 2 0,

Do lepton-nucleon neutral current
interactions exhibit parity violation?

(v) (o /Weinberg model
€ )y
€ ]

Parity is violated
or Apy ~ g

(y) ( ’ ) Parity is conserved
€ / € o

First table-top atomic parity
violation searches: negative!

Krishna S. Kumar

One free parameter: weak mixing angle Ow

5 Vi
“oow e
Charged Current Neutral Current
& ¢
electron-nucleon T
deep inelastic >7*?
scatterin S~
e /K\Q\é.‘

N
pressing problem in mid-70’s

Seminal Experimental Measurement: E122
at the Stanford Linear Accelerator Center

eParity Violation in Weak
Neutral Current Interactions
esin?0,, = 0.224 * 0.020: same

as in neutrino scattering

NSKIN2016: The PREX-I Result 7



Anatomy of a Parity Experiment

The E122 Experiment at the Stanford Linear Accelerator Center
C.Y. Prescaott, et al.
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Anatomy of a Parity Experiment

The E122 Experiment at the Stanford Linear Accelerator Center
T C.Y. Prescott, et al.
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Anatomy of a Parity Experiment

The E122 Experiment at the Stanford Linear Accelerator Center
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4 Decades of Technical Progress

Continuous interplay between probing hadron structure and electroweak physics

Parity-violating electron scattering has become a precision tool

Pioneering

Nuclear Studies (1998-future)
S.M. Study (2003-2012)

S.M. Design/Planning

S.M. Future

MIT-Bat
Mainz

Jefferson Lab

es

10-10 LLLL
10°® 107 10° 107 10™

10°

® Beyond Standard Model Searches
® Strange quark form factors

® Neutron skin of a heavy nucleus
® QCD structure of the nucleon

Mainz & MIT-Bates in the mid-80s
JLab program launched in the mid-90s
E158 at SLAC measured PV Magller scattering

State-of-the-art:

e sub-part per billion statistical
reach and systematic control

e sub-1% normalization control

photocathodes, poIaPt}l{metry, high power cryotargets, nanometer beam stability,
precision beam diagnostics, low noise electronics, radiation hard detectors
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.+ PREX Concept

Pb-Radius EXperiment
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%;g;g Cleanly Interpretable?

Pb-Radius EXperiment
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Q2 ~ 0.01 GeV?
5° scattering angle

|

Apy ~ 0.7 ppm
Rate ~ 1 GHz
6(Apy) ~ 20 ppb!

NSKIN2016: The PREX-I Result

FSUGold
— *Ca [0.207(6)]
~——= 2%Pb[0.223(6)]
e—e PREX [0.204(28)]

J. Piekarewicz
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%zog,',; Cleanly Interpretable?

Pb-Radius EXperiment

| | | | ' | ] | 1 1 ! : | ! | ! ]
B || | I D | ] LI 1 I | [N I 1 [N l | ]
ol @ B meson eft - 2 ~ . 2 FSUGold -
”'"): a I w;d eft 0 Q 0.01 GeV 0.8 — *Ca [0.207(6)]
s @ kvrme ct« anr Il 0] I 5 = 2%PH[0.223(6)]
- N skyrme standard 5° scattering angle . e
B A pceft ]
i | W rmf standard 1 el 0.6~ =
. A . S J. Piekarewicz A
- 0.28 n Aa =1 é
= » AA ] =
NO I ] electroweak - -
SANN: A probe - Apy ~ 0.7 ppm 0.2
- A _
n R. Furnstahl 7 i &
0271 L 3 E Rate ~ 1 GHz o
- -1 ]
-Mean Field Theory fit mostly 1 6(APV) ~ 20 ppb! 0 0.4 0.8 1.2 1.6
_by data other than neutron I q(fm1)
“densities a i S e e
0.26+ i - S
T BTN S BTN A A B A | T i ® \\6&(‘0\&\3\ — Linear Flt, r=10.995
555 5.6 5.65 5.7 5.75 5.8 74 wwtee® © Mean Field 7
C 208 o o From strong probes |
r,m Pb (fm) - Roca-Maza et al
1:.5.7.2:
'\2 I
70 @
6.8
P W SR SR N W T PO S T 1 M M
0.1 0.15 0.2 0.25 0.3
Ar (fm)
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“b Cleanly Interpretable?

Pb-Radius EXperiment

T Y T ‘ — 1 I | [ T | R
’-] | I D | ] LI 1 I | [N I 1 [N l | L L ]
029 @ B meson eft - Q2 ~ 0.01 GeV2 B FSUGold -
- A& ® vmd eft i 3 : 08l = b
- R, ® skyrme standard - 5 Scattermg angle _ HPRE>[< [0 20(4()%8)] 4
i o A pc eft 1 '
n W rmf standard ] 90'6_ it : ]
- A . - . Piekarewicz 4
- 0.28 - A A \% :
=, : AA ] 0.4
NO - ] electroweak - -
A A* probe - Apy ~ 0.7 ppm 0.2
n R. Furnstahl z 1 &
o2TE Ty : Rate ~ 1 GHz o
- ‘ 1 ]
-Mean Field Theory fit mostly R 6(APV) ~ 20 ppb! 0 0.4 0.8 1.2 1.6
_by data other than neutron 1 q(fm1)
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WAl =l — N
Lo s 0 00 00000000l ..10, | T i \\6&0‘\\&\3\ — Linear Flt, r=10.995
e 5.6 5.65 o o Y o 5.8 74 Ppc® © Mean Field 7]
208 ) o From strong probes |

r in~ Pb(fm)

Roca-Maza et al A

.,7.2;
* Clean “translation” from Apv uncertainty to =
neutron RMS radius uncertainty = 70f ¢
* Apv uncertainty dominated by statistics! <ol
o1 o 02 T E R
Ar, (fm)
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“b Cleanly Interpretable?

Pb-Radius EXperiment

B T 7 11 ] LI | 1 I W b I e & B l | ' L L I | I |
029F “.o B meson eft -
i ‘] B vind eft !
u Y ® skyrme standard
i R A pc eft
i W rmf standard
0.28F A
Z A
= E AA
e ' S| electroweak
o "
NG - A * probe 0
n R. Furnstahl [z 1
0.27 ‘“ ‘ ~
-Mean Field Theory fit mostly
_by data other than neutron
“densities A
0.26+ H -
'-l L1 1 1 L1 1 1 l V. S . l L1 1 1 l L ] L1 l 1 l-
555 5.6 5.65 5.7 5.75 5.8
208

» Clean “translation” from Apv uncertainty to hf‘
neutron RMS radius uncertainty

* Apv uncertainty dominated by statistics!

At this level of precision, one must account
carefully for radiative corrections

Krishna S. Kumar

r in~ Pb(fm)

Q2 ~ 0.01 GeV?
5° scattering angle

|

Apy ~ 0.7 ppm
Rate ~1 GHz
6(Apy) ~ 20 ppb!

FSUGold
— *Ca [0.207(6)]
~——= 2%Pb[0.223(6)]
e—e PREX [0.204(28)]

J. Piekarewicz

0.8
q(fm-')

74
121

—

700

681

T l T T L) L] l T T T l L] L

- Linear Fit, r = 0.995

© Mean Field
o From strong probes

Roca-Maza et al A
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C.Horowitz

Radiative Corrections

;Y’ZO + Y e ;Y,ZO + Y i EY,ZO
. astic | nelastic |
Born Coulomb distortions Dispersion corr.

® Coulomb distortions are coherent, order Z&. Important for PREX (Z£=82)

® Sum elastic intermediate states to all orders in Z&x by solving Dirac equation for
electron moving in coulomb (V) + weak potential (A) of nucleus.

® Coulomb distortions reduce A,, by ~30%, but accurately calculated (uncertainty
estimated to be sub-1% of correction)

® Dispersion corrections are of order & (not ZX).

® Note: Both Coulomb distortion and dispersion corrections can be
important for Transverse Beam Asymmetry A, for %py,



PREX Overview

1 GeV electron beam, 50-70 nA
high polarization, ~89%

helicity reversal at 120 Hz

§ 5° scattered electrons
+ Q?=0.0088 GeV?z/c?
-

new thin quartz detectors

&

Krishna S. Kumar NSKIN2016: The PREX-I Result 14



PREX Overview

polarized
source

Hall A

CEBAF

Compton
detector

Moller
detector

Pb
Ta r(get

spectrometers

detectors ¢

Steering Coils
- | Position Monitors
= Intensity Monitors

Moller
target| |

data
acquisition
& control

Krishna 5. Kumar

NOKINZU16: 1he FPREX-1 Result

208ph diamond-sandwich
target

50 pA, 1.05 GeV, 5°
Ap, = 500 ppb
(2x) 860 MHz
100 ppm precision at 15 Hz
680 hours, ~¥35M pairs
OA,, ~ 15 ppb (3%)

14



Krishna S. Kumar

PREX-I ran from March to May 2010

Polarized Beam at JLab

Record Performance (2012): Electron Gun Requirements
180 uA at 89% polarization

« Ultrahigh vacuum
* No field emission

A . ~3500 ppb * Maintenance-free

Acorr = Adet - AQ T O AE_I_ Zﬁ1 AXi

NSKIN2016: The PREX-I Result
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Polarized Beam at JLab

half-wave
circularly plate
polarized R L
NV e VW a e -
light

3 = »
{o
J
- J 4
'///“‘\ji v 1. Vertical Wien filter
f e precesses spin 50 to Vertical
tuding

Krishna S. Kumar

Record Performance (2012):
180 uA at 89% polarization

A . ~3500 ppb

Electron Gun Requirements

« Ultrahigh vacuum
* No field emission
« Maintenance-free

Acorr = Adet - AQ T O AE_I_ Zﬁ1 AXi

NSKIN2016: The PREX-I Result
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Polarized Beam at JLab

Record Performance (2012): Electron Gun Requirements
180 uA at 89% polarization

« Ultrahigh vacuum
* No field emission
A . ~3500 ppb * Maintenance-free

Acorr = Adet - AQ T O AE_I_ Zﬁ1 AXi

' JHWP OUT/Wien L A=22.676 +/- 8.724 nm, dof=60 , "= 0.98, P=0.52
diff_bpm4ax | jywp IN/Wien L A=11.685 +/- 7.995 nm, dof=72 , 2= 1.36, P=0.02
— : wp OUT/Wien R A=24.702 +- 5.396 nm, dof=100, / = 1.20,P=0.08 H
half.wave . — WP IN/Wien R A=22.450 +/- 4.256 nm, dof=91 = 1.28, P=0.04
cnrcularly plate - AVG + A=22.537 +/- 4.256 nm, dof=152, ;.“‘— 1.16, P=0.09
lariz ~ AVG- A=19.121 +/- 4.610 nm, dof=173 , = 1.27, P=0.01
polarized R L 0'1 5— AVG A=2.386 +/- 3.130 nm, dof=326 , y°= 1.45, P=0.00
VNN > NP N - .
- Traw average. ~2011N1Mm
light n 0.1 corrections:
Pipge: - = g - { ! < 5 nm or 100 ppb
5. Morlzontal Wien '-_ T Es]
et H0.05-; | { it }
3. Two pin solencids do the o pu| — 1
fnpﬁg‘o mﬂd;f‘)‘ E : % l - é { %
; \"\}v -Sign tlips using 12 wave plat & Wien filter
| B e 0.05 TR -
> -
T I 1 1 L 1 I I L 1 1 1 I

precesses spin 50° to Vertical

_/,/2’\& A :':w-mlw.(-m.{m s . L o .
0.} 200 25 30 35 40

Krishna S. Kumar NSKIN2016: The PREX-I Result
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Target and Spectrometers

Lead-Diamond Sandwich Target 4 Septum Q1
|

magnets

1

Q1 detector

Inelastlc\ 4

target

Collimators
Krishna S. Kumar NSKIN2016: The PREX-I Result



Target and Spectrometers

Lead-Diamond Sandwich Target 4 Septum Q1
|

magnets

!
!
T
}
: :
'
| /
i
}

detector

] | Inelastic— . il

hardware resolution:

Ap/p ~ 1073
Quad
target
\_
Collimators Q Q

Krishna S. Kumar NSKIN2016: The PREX-I Result 16



Integrating Detectors

T w0

Final Momentum for Thin Lead ]

=

Background negligible thanks to Hall A HRS spectrometer pair

Entries 402257
Mean 1.06
RMS 0.001127

1
Lead 3- State  J |}

«—— ~10cm /

- Lead 4- State
- Lead 3- State

J \'~_ ,
/ Ugad Grourjd State

10’ — - 1

: B 1

E ™V 11

E X

> S L_’

10° =

= 3- 34 | P [ - PR | b ;s

1.054 1.055 1.056 1.057 1.058 1.059 1.06 1.061 1.062

T Ly T s s E o i o it i EE 0 o

pure, thin 208Pp target

Krishna S. Kumar

® 1 GHz rate: extreme
radiation hardness
® 1 GeV: calorimeter
sandwich RMS ~ 50%
® Thin fused silica:
optimize RMS
® thick: higher photo-
electron yield

® thin: smaller RMS
degradation

NSKIN2016: The PREX-I Result
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Integrating Detectors

Background negligible thanks to Hall A HRS spectrometer pair

AT S A Gl BTt Ay i G b 5 i il s P AT~ Y P WP B P i B TS 3 B B 5 At 5 PTG R 4 o
Final Momentum for Thin Lead | . h1
Entries 402257
= Mean 1.06
RMS 0.001127 E-
- Lead 3- State ,
10 = f ]
E E ,j 4 "
Lead 4- State . ~10 Cn}rﬁ 1\‘ = f
B N 2 Lead 3- State IV Ugad Grourld State :
10‘ = N\ - —_'_f'r “L ]
.: i N ""JVA'N H\
B p r"’."“"\"‘;‘ s ( L‘\ B
"T‘(u/‘a,-ﬂ.-.'\.")\”rv I\J‘\f"_".:}"‘_”'l Y s 1.4’~ -
10’ ::E Lx\ 3
: i Py Sy § sy §l g i ! e | 3 L-)-Cr-'¢ E
1.054 1.055 1.056 1.057 1.058 1.059 1.06 1.061 1.062 4
T — ST ————r—— — r—
pure, thin 208Pp target
® 1 GHz rate: extreme
A Transport Coord. Sys. Py 3 3
7 & radiation hardness
Yoo Yo & :
X | ® 7 GeV: calorimeter

Spectrometer Coord. Sys.

X e o
NOT TO SCALE sandwich RMS ~ 50%

. = e ® Thin fused silica:
| == PMT] optimize RMS
\ ® thick: higher photo-

al Plane 'rr;ul«ponzawcu location el@CtTOi’l yleld
S | e thin: smaller RMS

degradation

TOP of VDC BOX
vDC2 .

HRS Foc

ul

Transport z= 0
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Integratlng Detectors

Background negligible thanks to Hall A HRS spectrometer pair

>/ -uw.w.-‘w ey B

SR s T sn B o S B i 5 A b s AN A Figb 2. 5.

......

Final Momentum for Thin Lead | . h1
Entries 402257
= Mean 1.06
RMS 0.001127
~ Lead 3- State
LH| = I 11
= J !
- Lead 4- State E ~10 Cn};ﬁ 1 11 >
i ‘ Al s Uead Grourld State
10° = rd ‘
= ) T
I r/l‘\,—nnf"_‘r -f
B 3 oy N ‘\_,"Lr"“-"‘h” LL\
- s fl N ‘\J
TR SN N o Tyl e
10° = 1
3 i g oycsyity el T et i ] e | 3 bohoif-g
1.054 1.055 1.056 1.057 1.058 1.059 1.06 1.061 1.062
pure, thin 208Pp target
v 2 Transport Coord. Sys. \\~_.\"
Z . ‘\\\\'.\
o - bc'
¥ v Y. e
Spectrometer Coord. Sys. X ) S
'\"f
NOT TO SCALE .
<0 .- PMT |

TOP of VDC BOX

VDC2

HRS Focal Plane

Transport z at det] location

vl

Transport z= 0

Krishna S. Kumar

y
% PR et

lowerQuartz

2500

2000

1500

1000

® 1 GHz rate: extreme
radiation hardness
1 GeV: calorimeter

sandwich RMS ~ 50%
® Thin fused silica:
optimize RMS
® thick: higher photo-
electron yield

® thin: smaller RMS
degradation

NSKIN2016: The PREX-I Result

Entries 58676
Mean 71.42
RMS 2259
7% 1 ndf 75760
Lwidth 3.123: 0.061
MPV 66.93: 0.11
Integral 1.206e+05 : 510
= GSvoma

1319: 011

200
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Integrating Detectors

,_;_a‘ckround ne h tblethanks to Hall A HRS spectrometer pair

: T e il el A R emintss SRS PSRRI e e
Final Momentum for Thin Lead | o B _h1 —— s lowerQuartz
T e w251 == 3 Lo Quartz Det (ped sub, 27037, trig T5) |{-——© .
C X 1 _RMS 0.001127 -"‘H- \ : Mean 77.42
|| l - Lead 3- State s = Sy S i RMS 22.59
10° — ' 2500 : | 2% 1 naf 75160
E }J L Lwidth 3.123 ¢ 0.061
" Lead 4- State } Sl Cmr 3 | T — ey v s v i 66.93 + 0.11
C Lead? S : : Integral 1.206e+05 : 510
e b | 4 // ﬂe"d Grounastate 1500 SR T S— GSigma __ 13.19: 0.1
: _;-/".:’\f\fnrv el PPN el i St % ettt d. A
B S [ \' 1000 | | : :
3 | | jit 500Ff ~-25 photo-electrons
108 i0ss J1.os¢s1 “iost i.isé “yose 106 1081 1062 ‘ 05 55 o 50 =3
pure, thin 208Pp target
® 1 GHz rate: extreme
v Z Transport Coord. Sys. x> 3 :
7z & radiation hardness
5 . , 8 o :
. o x . ; & ® 1 GeV: calorimeter
rem——— * £/ sandwich RMS ~ 50%
NOT TO SCALE \
« BT ® Thin fused silica:
sO R
‘ —‘;._; PMT | optimize RMS
VDC2 ‘ ® thick: higher photo-
HRS Fo Cal Plahe o stosionelectron yield
" ® thin: smaller RMS
degradation
'i‘n.nspoﬂzno
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Physics Data: April/May 2010

Raw Asymmetry Data

Mean 04t
P RMS mn

w‘— in’regra_;féd ra’re‘."i__l GHz

Statistical behavior of
I data consistent with
0= I 1 : )
: f . 3 fluctuations in
ol 171 ppm Wldth integrated detector
- @30Hz response being
| dominated by electron

10’:— ° [ []
: counting statistics

F 120 H flipping
1Enrs

-;(I)OWWMO-ZOO 0 200 400 600 800
parts per million
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Physics Data: April/May 2010

Raw Asymmetry Data

- e 041 e
r .-"_-AN—‘-. X i in : n:sn . 0.9993
: m’regrg,’red vate 1 GHz Statistical behavior of SO
I ' 1 data consistent with Sl aaraks
10’ :— | 1 % ) 10 - Mean  0.02855: 0.06378
: / : d h fluctuations in g S o1 osuer
l 171 ppm widt integrated detector
: I (@ 30 Hz - response being
oL ] dominated by electron 4 |
120 Hz flipping i counting statistics
1:5_ N[ Ll b b bl aa s baaaa by
4000 900 600 400 200 0 200 400 600 800 5 4 3 #-2 (-11 do 1.2 3 4 5
parts per million std. deviations
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Physics Data: April/May 2010

Raw Asymmetry Data

s e 0411 | e
: . s m : o
: 'Megmf.md rate 1 GHz Statistical behavior of | e e
L data consistent with ot w7222
. d h fluctuations in g Sem  woesitair
ol 171 ppm wl t integrated detector :
? I @ 30 Hz - response being i
oL | dominated by electron 4 |
T o lipping counting statistics :
1:5— _111 ud bbb o booa
113 e e std. deviations
parts per million (i e an[Tr oo s s o T T P
- HWP OUT/Wien L A=-0.566 +/- 0.095 ppm, dof=87 ,y"= 1.18, P=0.14
0'5:_ AVG- A=-0.535 +/- 0.071 ppm, dof=159 , x*= 0.97, P=0.60
» AVG A=-0.594 +/- 0.050 ppm, dof=308 , z*= 1.00, P=0.50
0 { {
MUY
.0,5—11} | IR RTINS
= 1 { R l 1 11
FAL IR
- s |
-1.5-
; r 1 . P BT T SR T B

m-

45 20 25 30 35 40
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Raw Asymmetry Data

Physics Data: April/May 2010

a

TIHHI mT7T1Tmn

2

I | ITII"I T

10°

LA RL

10

I'Tl[ LI} YIT'HI

.

—

in’regra_;féd ra’re:"i__l GHz

Mean 04t
RMS mn

171 ppm width

/@30Hz

120 H flipping

.

Grand averages

000 -800 -600 -400 -200 O
parts per million

of all 4

combinations
of slow reversal

flips are

statistically
consistent

Krishna S. Kumar

20 400 600 800

Statistical behavior of
data consistent with

fluctuations in

integrated detector

response being

| 1 IIT'II[

Entries 241
— Mean 0.0007535
C RMS 0.9993
: Underticow °
- Overfiow L)
i 1 mat 1239112
Constant 7232
Mean 0.02855 + 0.06378

Sigma 09461 = D.0467

2 3 4 5

dominated by electron 4 _ |
counting statistics -
_111 st b bl e b
5 4 -3 -2 10 1
———— # std. deviations
dit det_all| ;e inwien R A=-0.496 +1- 0.107 ppm, dof=71 , 1°= 0.75, P=0.95
- HWP OUT/Wien L A=-0.566 +/- 0.095 ppm, dof=87 = 1.18, P=0.14
0-5 :— AVG- A=.0.535 +/- 0.071 ppm, dof=159 , v“= 0.97, P=0.60
o AVG A=-0.594 +/- 0.050 ppm, dof=308 ,z’= 1.00, P=0.50
0 { {
SRR | } [ 1] l I
- — ' I I
PN
-1.5
.%;Illll
5 20 25 30 35 40
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Physics Data: April/May 2010

Raw Asymmetry Data

Entries 24

01t

AN mE - e
: 'Megr?’fed AN 1 Gz Statistical behavior of s
I " 1 data consistent with Constaot  387:32
1UJ E 1 % 2 10 - Mean  0.02855+ 0.06178
: I . d h fluctuations in : O
ol 171 ppm wi t integrated detector
: @ 30 Hz - response being
oL | dominated by electron 4 |
= 120 Hz flipping counting statistics
1:5— N[ L1 ud bbb o booa
1000 800 600 400 200 0 200 400 600 800 -5-4-3#-2(-11(10 1 2 3 4 5
115 v ————————— std. deviations
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Physics Data: April/May 2010

Raw Asymmetry Data

s T s
r .-"'-AN"-. L o] : n:sn . 0.9993
: 'Megr?'fed rate 1 GHz Statistical behavior of e
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[ dat tent with
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Normalization Errors

Goal for total systematic error ~ 2% achieved!

Absolute |Relative
Systematic Error
N [, A

Polarization 0.0083 1.3 phys p

Detector Linearity 0.0076 1.2 beam

Beam current e I e Two independent methods,

normalization larized Moll ;

Rescattering 0.0001 0 polarize ogler ?n

Transverse 0.0012 0.2 Compton Scattering

Polarization :

Q? “ N 0.4 Both methods achieved ~

Target Backing R e 1.5%: expected to reach
: . i :

Inelastic States O 3 sub-1% for PREX-II/CREX

TOTAL 0.0140 2.1

Krishna S. Kumar NSKIN2016: The PREX-I Result



Normalization Errors

Goal for total systematic error ~ 2% achieved!

(ppm)

Polarization 0.0083
Detector Linearity 0.0076
Beam current 0.0015
normalization

Rescattering 0.0001
Transverse 0.0012
Polarization

Q32 0.0028
Target Backing 0.0026
Inelastic States 0
TOTAL 0.0140

4-momentum transfer Q° =4EE'sin” —

Relative
(0
1.3

1.2
0.2

o
0.2

0.4
0.4
o

2.1

A - Asig

hys
pny })b

eam

Two independent methods,
polarized Moller and
Compton Scattering

Both methods achieved ~
1.5%: expected to reach
sub-1% for PREX-II/CREX

0.4% absolute calibration achieved:
o 6 [_PREX Gsa (GeV*2)0.U% on Q2 Lennrs

2 ‘0005_ DATA R = 380 MHz
— entire acceptance
° ° 3500:—
calibration -
A o A o O :— middle of acceptance
E: spin precession in machine 25001 .,
E’: NMR in HRS B field 2000]- .
scattering angle: survey ~ 1 mr 15001 R =180 MHz
1000—
Q? distribution obtained by low rate so0f-
runs; trigger on quartz pulse-height T T BT T YT
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Normalization Errors

Goal for total systematic error ~ 2% achieved!

L A S calibration via nuclear

Polarization 0.0083 1.3 phys P recoil variation

Detector Linearity 0.0076 1.2 beam R b | .
ecoil is large for

Beam current 0.0015 0.2 -

normalization TWIO l_ndzpl\?lml::ent mdethods, H, small for nuclei

Rescattering 0.0001 0 polatise bl ?n Water cell target

R 0.0012 0.2 Compton Scattering N g

Polarizati :

Qz arization 0.0028 0.4 Both methods achieved ~ ~

Target Backing 0'0026 0'4 1.5%: expected to reach E 2 M,

. . i :
T — I o sub-1% for PREX-II/CREX
TOTAL 0.0140 2.1 0.4% absolute calibration achieved:

7 A 6 |  PREX Qsq (G<=.-v'~2)m4_0/o on Q2 T
4-momentum transfer (Q° =4EE sin > ool o
4 . _— %_ entire acceptance
Callb ratlon Sl E— middle of acceptance
E: spin precession in machine = R,
E’: NMR in HRS B field 2000/ e
scattering angle: survey ~ 1 mr 15001 R =180 MHz
1000 —
Q? distribution obtained by low rate so0f-

°O

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

runs; trigger on quartz pulse-height
Krishna S. Kumar NSKIN2016: The PREX-T Result 19



Final Result

A, = 0.656 ppm = 0.060 (stat) = 0.014 (syst)

g=0.475 fm ™"
Atomic
Parity
Violation

Rw — Rcp, =

0.32 + 0.12 (expt)
+0.03 (model) fm

Measured Apy

Correct for Coulomb
Distortions

Weak density at one Q2

Small corrections for
G. G, MEC

Neutron density at one Q2

Assume surface thickness
good to 25% (MFT)

v

R

Fyw () = 0.204 = 0.028(exp)

+0.001 (model) fm

Mean Field
and Other
Models

Neutron
Stars



The Neutron Skin

T | T I T I = | i | '

Rrl (fm)

NL3". I

0.85 . Plane wave %

09I L +0.16 1

0.8l NL3mO05 _ {

/g I ]\ | . E
a,

& 0.75F -~ E

. |

¢ 07F : k

0.65| g

NL3mO05 ] E

0.6 | 'R

1 1 1 1 1 1 1 1 1 | 1 f

5.4 55 5.6 5.7 5.8 5.9 6 E

First electroweak indication of a neutron skin of a heavy nucleus (CL ~ 90-95%)
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Conclusions & Outlook

PREX-I produced the first electroweak measurement of
the neutron RMS radius in a heavy nucleus

Many new technical challenges overcome
High luminosity Pb target
Precision 1 GeV polarimetry
Spectrometer optics optimization to produce compact elastic footprint
“Parity quality” beam
Pb transverse asymmetry measured and introduces negligible uncertainty
Novel integrating detectors can count at GHz rates

Followup run approved by JLab PAC in Summer 2011

First readiness review on June 1, likely to be scheduled in early 2018

Potential for precise Rn measurements demonstrated

PREX-II: allocated the beam time and demonstrated ability to achieve +0.06 fm
CREX approved: 48Ca R, goal: +0.02 fm

Potential to measure 2%Pb to +0.03 fm at Mainz

Motivation for a series of Ar measurements

Krishna S. Kumar NSKIN2016: The PREX-I Result
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Beam Polarimetry

Microstrip

- electron _
A = detector —< .

: - 7 D4 5

A — Slg BD Interaction £ BD

h S 2 ;11)][1(
p y P ' H W / \,’
beam D2 w Cavity #-ﬁ D3 i v

Photon calorimeter

High-Gain Optical Cavity
Two independent methods, both of which [532"m (green) or 1064 nm (IR)
received recent upgrades

Both methods expected to reach sub-1% for future

- Compton Polarimeter measurements: ultimate goal is sub-0.5%
» green laser (increased sensitivity at
low E) Bwf T Ty o
- integrating method (analyzing power) zo [’ ud'  Qudzquds & Deoe  oonscatered -
* new photon & electron detectors 0 5% — I i
-20 :~ E Detector -
= -40 .
- Moller Polarimeter ol @ 5
: el.eCtr(.)niCS and DAQ : : -80 100 200 300 200 500 600 700 'éo
* High field magnet for foil saturation: “cm

improved calibration of foil polarization



ngh Lum|n03|ty Target

208 Pb

-.'sv wv»-w--&‘—\-l—-'\ -&h *Qf.;,a» SN ) ; WJ&. n...-:‘m-mq; PR M ...A.s.ém-.y-»-u- %»«h»d- S &
Targets with thin diamond

Q Q backing (4.5%) degraded fastest
Thick diamond (8%) ran well and

126 beam did not melt at 70 uA.

® Pb-Diamond sandwich

® Diamond backing provides conductive cooling |
* Active cryo-cooling with available He lines___ Normallzed. Rate vS. Time

1
0.98
70 0.96
0.94
0.92

60
50
40 0.9
30
20

Raster X vs Y (current) Tastxy

Entries 50000
Meanx 2708
Meany 2480

RMSx 2455 |
RMSy 1638

|
=
e
-".*
b i

meermernnas.

R i
0 1

PREX-II plans on having 6-10 targets
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Integrating

S e w‘— ’

A Transport Coord. Sys.
y A
y;-. ,x y
Spectrometer Coord. Sys. X
NOT TO SCALE ‘
sO s [ '

TOP of VDC BOX

VDC2

o B >

Detectors

ns
- BRMS ~'30%

lowerQuartz
L rtz Dot d sub, 27037, trig TS
o Qe e 9 T5) Entries 58676
: : Mean 77.42
RMS 22.59
2500 7% I ndf 75160
Lwidth 3.123 ¢ 0.061
2000 MPV 66.93 + 0.11
Integral 1.206e+05 + 510
1500 S— GSigma 13.19: 0.1
| puls

e height

--‘_,—_
150

R ' 3 Transport z at det] location
\ID;IRS FOC&I\"Plane . * 1 GHz rate: extreme radiation hardness
= - e 1 GeV: calorimeter sandwich RMS ~ 50%
- ® Thin fused silica: optimize RMS
e thick: higher photo-electron yield
e thin: smaller RMS degradation
Detector integrates the elastic peak: Backgrounds from inelastics suppressed
1= | - RS SR W F— ; Acceptance Function
— il M e N S ,.' s
0.8 ':',l' v « & ™y T v v.. .
0.6 . 1 -ty
0.4 o=
0.2 o
0 gt ¥yt ot Yoty A S l |
1.054 1.056 1.058 1.06 1.062 1.064
C 1st excited state g C Fb Momentumy, (Gevic)
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COIT

Beam Stability Performance

PREX-I ran from March to May 2011
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COIT

Beam Stability Performance

PREX-I ran from March to May 2011

* Active feedback of charge asymmetry
* Careful laser alignment

® Precision beam position monitoring
* Active calibration of detector slopes

PITA Offset (freq)

| V/F [= DAC

-~ // Electron —
Laser Pockels Cell 7 » Photocathode BCM —
i Beam
= birefringent
< >
gl elements
+ (Feedback LOOD
X Helicity : <
' Pockels Cell - : cmmmm-- | .
v | Voltage Control ' Y
. olin: ! ADC Board
: FIV Helicity |+ Delayed Helicity ‘
' Generator .- DAQ System

caskasdlasanss

Helicity Control Electronics

Polarized Source Hall A
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A_ . ~500 ppb A A F

Beam Stablhty é?ormance

PREX-TI ran from March to May 2011

Modulation Value vs. Time | Target x vs Time M Target y vs. Time ]
10 : ] i P
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Araw ~ 3500 ppb ACOI‘I‘ = Adet = AQ > Zﬁ

Beam Stability Performance

PREX-I ran from March to May 2011

' JHWP OUT/Wien L A=22.676 +/- 8.724 nm, dof=60, y°= 0.98, P=0.52
diff_bpm4ax | |ywp IN/Wien L A=11.685 +/- 7.995 nm, dof=72 , 2= 1.36, P=0.02

THWP OUT/Wien R A=24.702 +/- 5.396 nm, dof=100, x2= 1.20, P=0.08

AVG + A=22.537 +/- 4.256 nm, dof=152 = 1.16, P=0.09
AVG- A=19.121 +/- 4.610 nm, dof=173 , y’= 1.27, P=0.01
AVG A=2.386 +/- 3.130 nm, dof=326 , y°= 1.45, P=0.00

0.15

raw average: ~20/mm
) 0_1 5 corrections:
g ! < 5 nm or 100 ppb
R0.05-. 11 1} '
o puf - * l { L T T
E l Iz i I l . { 1 ¢
0 1 | 1L T 1
Sign flips using 12 wave platd & Wien filter

0.05

-0.1

++ -+}

1 l 1 1 1 1 l 1 1 1 l 1 1 1 1 l 1

20 25 a3 a8 7

m—llllll
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Ara

COIT

Beam Stabilit

2 methods of

.

. ~500 ppb A AQ +a At 2B, Ax;
Performance

slow?” reversal

HWP OUT/Wien L A=22.676 +/- 8.724 nm, dof=60 , y“= 0.98, P=0.52
IHWP IN/Wien L A=11.685 +/- 7.995 nm, dof=72 , = 1.36, P=0.02

half-wave plate

Krishna S. Kumar

half-wave
circularly plate
polarized R L
m W NN\ >
polarized-source ®w 0.1
specialized /}rr GaAs g 0
optics
laser H - ,,_F_\ =0.05
7/ o puf
R 23 10kY & 0
J pogkels cell \/
i '\_  polarized
\ electrons .0_05
- Accelerator

-0.1

’diff_bpmatax oy | fardt. 6

i

HWP OUT/Wien R A=24.702 +/- 5.396 nm, dof=100 , y°= 1.20, P=0.08
AVG + A=22.537 +/- 4.256 nm, dof=152 , "= 1.16, P=0.09
AVG- A=19.121 +/- 4.610 nm, dof=173 , y°= 1.27, P=0.01
AVG A=2.386 +/- 3.130 nm, dof=326 ,x2= 1.45, P=0.00

raw average: ~;20hm
. }

o

corrections:

< 5 nm or 100 ppb
|

—IIIIII

Sign

* % iTlI{Ii

et 1l
Ips using V2 wave platfi & Wien filter
++ -+}

1 l 1 1 1 1 l 1 1 1 l 1 1 1 1 l 1

0|

20, 25 30 3% 40
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A

COIT

A _ . ~3500 ppb

Beam Stabilit

2 methods of

.

slow?” reversal

= A~ Ag+ 0 A+ 3B Ax,

Performance

JHWP OUT/Wien L A=22.676 +/- 8.724 nm, dof=60 , 7_‘= 0.98, P=0.52

. half-wave diff_bpm4ax | |ywp IN/Wien L A=11.685 +/- 7.995 nm, dof=72 , 2= 1.36, P=0.02
circularly plate — HWP OUT/Wien R A=24.702 +/- 5.396 nm, dof=100, z’= 1.20,P=0.08
- o IHWP IN/Wien R A=22.450 +/- 4.256 nm, dof=91 1.28, P=0.04
polarized R L N AVG + A=22.537 +/- 4.256 nm, dof=152 , v°= 1.16, P=0.09
e SN\ 0 15‘_ AVG- A= 19 121 +/- 4.610 nm, dof=173 , 3= 1.27, P=0.01
light - - AVG A=2.386 +/- 3.130 nm, dof=326 , y’= 1.45, P=0.00
_ . raw average.: ~20MmMm .
polarized-source n 0.1 5 corrections:
specialized L GaAs g - . < 5 nm or 100 ppb
optics A N -
| < C { I ¢
laser e\ 20.05 - % { 1 {
° [ - ‘5' )
g 100 KV E . } l Tz l REK.
\ 0_ ! Z T ]
pogkels cell v/ - _ ]
‘ - B polarized - Sign tflips using Y2 wave platd & Wien filter
electrons .0_05_— ++ + L
7 Accelerator -
ha'f.wave plate o 1 T 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1 1 1 1 l 1 1 1 1 l 1
-
Beam
P orientaﬁon Solenoid V\‘;‘v’,ﬂ“" d i
but mcludes 50" offset
< /‘ Ien SOIenOid 3. Two pin solenoids do the
v~ j \ Wien flppng, each adding $45° E
e Gl L i "zl
1t A re™
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4. Finaly, Fip- Leftor
Flip- Right & ac

hioved

A
1)
,-./7‘-{ }i v 2. Vertical Wien filter
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~ 1.5p ongitudi
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'New Beamline Design

- HRS-L J—
T oolimelor L& HRSR o s S New Collimator
ungsten | oy " .
=) | X & Shielding
: %
e
{0 L 8t
“ :
= =
w c
R : 2
o
10? i
1 L
o : E ‘?
: [T
10*
10° Former O-Ring
location : ——
' Collimators
h v, PREx I, new, w/ field
20 107
10* -
15—
° ° ° ° ° ‘IOE—.. o
eRedesign beamline seals to eliminate o-ring g
° L] 4
eNeck down tungsten collimator to confine ): >
neutrons to one location and add water cooling ¢ e o
eNeutrons moderated by new shielding a2
° ° ) C o’
eSmall adjustment to septum current will realize .- % '
an additional ~25% gain in statistical reach 255 or
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PREXII Projection

Presented to JLab PAC in June 2011: Approved with strong endorsement

PREX Il improvements

* Metal o-rings

 Radiation hard

electronics

* Reduce neutron
JLab has broad program: must continuously reiterate importance of PREX-II!

Full precision in 25 additional PAC days

6(APV)/APV £t 3%
S(R,)/R, ~ 1%

S(R,) ~ = 0.06 fm

I I o l , I Sy
NL3". Recent Rn predictions:
. Plane wave
0.85[- S Hebeler et al. Chiral EFT calculation of neutron
‘o matter. Correlation of pressure with neutron
0.8 NL3mO5 skin by Brown. Three-neutron forces!
% 0751 Steiner et al. X-Ray n-star mass and radii
‘; SI observation + Brown correlation. (Ozel et al
o & - | finds softer EOS, would suggest smaller Rn).
. 07t NL3p06
SII et al. Measurement of electric dipole
0.65- polarizability of 208Pb + model correlation with
e neutron skin.
0.6 Tsang 1 Tsang et al. Isospin diffusion in heavy ion
1 ] ] | | | ici H H
52 5.5 5.6 57 53 5.0 collisions, with Brown correlation and quantum
R (fm) molecular dynamics transport model.
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CREX at JLab

Approved by JLab PAC in Summer 2013

Measured Asymmetry (pe A) 2 ppm
Scattering Angle 4°
Dete?ct.ed Rate (eth HRS) 140 MHz S(R,) ~ + 0.02 fm
Statistical Uncertainty of Apy | 2.1%
Systematic Uncertainty of Apy | 1.2%
Statistical Uncertainty of At 0.4 ppm
:{)stmam 48C21 trajectory of scattered particle downstream
ocker — blocker
BEAM
- oot v~ —
uw[;:l::\lvm do::stream
windaow
X-Y of Tracks in HRS Focal Plane
0.2
vim ¢ | N test coupled
Sutdetining cluster models
0.1 First excited state {3
3 3.84 MeV - Elastic events G Hagen et al
0.05}— 3 pra
: E
0:— :
p SCNEARE S T S Could run in
E sepatate elastic . " REwy 2017 depending
018 events cleanly ™ 8% on schedule
033 625 02 015 01 005 0 005 01 and funding
X (m) dispersive direction
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e
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___________________________
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PREX/CREX Summary

With 30 days for PREX: 3% stat, 35 days for CREX 2% stat

PREX, E = 1.1 GeV, CREX, E = 2.2 GeV,
A = 0.6 ppm A =2 ppm
Charge Normalization | 0.1% Charge Normalization | 0.1%
Beam Asymmetries 1.1% Beam Asymmetries 0.3%
Detector Non-linearity | 1.0% Detector Non-linearity | 0.3%
Transverse 0.2% Transverse 0.1%
Polarization 1.1% Polarization 0.8%
Inelastic Contribution | < 0.1% Inelastic Contribution | 0.2%
Effective Q? 0.4% Effective Q° 0.8%
Total 2% Total 1.2%

@ Polarimetry errors could improve with planned advances for
Moller and SoLID

o CREX more sensitive to @2 uncertainty than PREX, angular
resolution demonstrated using elastic ep
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Possible MESA Experiment?
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F. Maas et al

P2 at MESA

P2 at Mainz, Germany -
Improve JLab Qweak by a factor of 2.5: DUNE o
o(sin?Ow) = + 0.00030 (stat.) = 0.00017 (syst.) —~
*R&D in progress
esAim to run from 2017-20 B " cremalseam.
Technically challenging: S —
great synergy with JLab MESA /| Exporimet
p I‘Og ra m Enérgy recovery: Half-wave-recirculation

Solenoid spectrometer
with 1 m bore

0.5% Polarimetry Goal

Explore a PREX-style
measurement using

same solenoidal magnet
to be used for P2
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6! dinA (lluRn (%)

A (ppm)

4+ S.Ban and
C. Horowitz,

A (ppm)

o),

n

g ) =

dinA/dInR (©

C. Sfienti
M. Thiel
K.K.

MREX?

- 200 MeV: FOM peaks around 25

. . degrees
Not surprising:'same Q2 as PREX

| In elastic scattering, the only parameter is Q?

Why might one do better than PREX-II? Very
simple: HRS picks up about 25% of the azimuth

WA Proof of principle

Aaalas s ai il a1 a3t a333011
20 30 40
— D

L AL AL Al L A
50 60

w

At = 2500h (1% sys. error)
At = 1440h (1% sys. error)
At =720h (1% sys. error)

oR, /R, [%]
N
o

2 .
o O(R,)~%0.03 fm :
Pb-208 at MESA !
1 _'_‘
0.5 _i_ ""'i""_l_‘ ........... _
:l - l - l L 11 l 1 11 l SR | I 111 "

30 22 24 26 28 30 32
0 [degree]
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70 .
solenoidal 600r
. E [ “Back of the envelope”
spectrometer will a
. 3 500?
separate inelastics N
over the full range of wlf 77 R

the azimuth
300

: 200
0.5% Rn in 1500 hours
of running; same 100
luminosity as PREX N

|||||IIIIIIIIIIII llllllllll
-%00 0 500 1000 150 2000 2500

z/mm
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Any Issues for the Workshop?

| T , TR

| | 0: -
Y oLy vz F HAPPEX/PREX
Elastic | Inelastic | - At Data
I —— - .. py-
T INLL‘%I'.__ | I . :_ \\\
0.85|- Planewave | S 6: l
! . | Q b
0.8 NL3m05 i E 2 8:_ N
\%0.75—1 | 1] < 10— A
e 0.7 1] - T 'H N AN
< . r “.; gy /- ,:_ ‘V ‘: -12:_ - 4He \\
0.65}- - k- 12G ‘
0‘6‘_ NL3mO05 '14: . 208pp \
54 55 56 57 58 59 16 \ .
Rn(fm) oo b e b e by b b N Ty
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
T Q [GeV]
| What does the Pb-208 At result imply?
o | dispersion corrections on top of Coulomb distortions?
o1 | "-',% What if it is a very sensitive cancellation?
. ’ Y What happens when we run again at slightly different kinematies?
_\ N\ What if Ca-48 doesn’t have this accidental cancellation?
535 4 45 5 55 6 es 7 75 e should other electroweak corrections be revisited?
theta [deg)
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