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Hadronic Weak Interaction

Wea/k 00 Hadron Weak Interaction (HWI) among
~ 17100 fm nucleons is not well constrained. Low
W & Z exchange . :
energy, non-perturbative regime makes
calculations and experiments difficult.

L
® 4 v ( The range for W and Z exchange between
¢ quarks (10-2fm) is small compared to the
nucleon size (1fm) > HWI is first order

St ~1 f N
} oem } sensitive to short range quark-quark
Gluon exchange/Meson exchange correlations in hadrons.
Strong conserves Parity . ngrk-quark weak interqctions can give
Weak violates Parity insight to non-perturbative ground state of

> Use PV to isolate weak interactions ~ QCD. New results are very exciting!

N N « Benchmark theory for HWI is the DDH
meson exchange model. Couplings
mnN Bw &p - hn hp hw hl hO 1 ho 1 2@ Al
mp w P €«—— Meson exchange
N N « EFT and LQCD calculations in progress —

will become the future of the theory 4



NPDGamma and HWI|

The parity- wolatmgcfhoton asymmetry in the
reaction T + D Ay is related to the

couplings in the DDH model by
A, = —0.107h,. — 0.001h, — 0.004h,,

dominated by k.., by and Al small from K decay data

NPDGamma seeks to measure hl to 107/, so A must
be measured to 108, DDH best value of hl IS 5x10 =
reasonable range is O > 11x10/. Theory is wide open.

NPDGamma will perform the most precise few
nucleon measurement of hL: sensitive to neutral weak

currents



NPDGamma and HWI|

Weak NN iso-scalar, iso-vector DDH coupling subspace
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NPDGamma Reaction and PV

Low-energy ‘35 ,I:O> ‘BPI,I =1> ‘lPl,I=0> ‘ISO_I:I) ‘BPO ,I=1>

. 1
continuum states

Electric and Magnetic
- . M1 1 dipole transitions from
n-p radiative capture
E1
Produces mixture of
states with opposite

parity

Bound states

]511 0) ]PI 1)]1{1 0)

6@»

e (1 4+ Aypcosd + Aprsind)

Flipping the neutron
polarization is
equivalent to a parity
transformation

NPDG measures the
asymmetry between

the neutron
Q —> polarization and the
emitted photon’s
/\g/ momentum

O+m 7



NPDG at SNS FNPB

Reached 1.4MW at end of September, 2013 - Facility Goal




Neutrons at the SNS

Front-End Systems Accumulator Ring
(Lawrence Berkeley) (Brookhaven)

-~

 Target

< o - o5 (Oak Ridge)
/f/’///\ “Trs | g" 2

-

Linac S

(Los Alamos and
Jefferson)

\

Instrument Systems r
(Argonne and Oak Ridge)

10

T
measured
calculation

* Proton energy of 940MeV incident on a
circulating target of mercury

« ©60Hz rep rate with time-averaged proton power
of 1.4MW

* Neutrons moderated by four H, moderators,

: . . . | H,0 moderators, and Be reflector 5

0.1

N/em?/A/IMW-s (x108)

0.001
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0.001

T
measured
calculation

10 15
Wavelength, A

20

25

Proton energy of 940MeV incident on a
circulating target of mercury

©60Hz rep rate with time-averaged proton power
of 1.4MW

Neutrons moderated by four H, moderators,

H,O moderators, and Be reflector 0



Experimental Apparatus

- - . _ . Gamma
Helmholtz coils provide uniform vertical magnetic field. Deteston \ t
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Experimental Apparatus

Helmholtz coils provide uniform vertical magnetic field.

A A A
SNS
60 HZ beam
pulsed cold monitor
neutrons

neutron guide

beam

A

polarizer

N/emZ/AMW-s (x10°)
o
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Neutron Monitor Signal [V]
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150

AR

Cryostat

\&.

Gamma
Detector

Resonant Spin Rotator
flips spins each pulse to
cancel time dependent
detector gain drifts
Neutrons capture in LH,
target, detected in a 3m
Csl detector array (48)
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cross section (barns)

Liquid para-r, larget

liguefaction Gamma Cryostat
H3 T3 . Detector \ &
evaporation A \ e
é T12 S
B H4 T10 Bew
ﬂOW t_hermal

00

—_
o
T

HI T2 T8

ortho-para

conxlrsion

orthohydrogen scattering
parahydrogen scattering
capture

1 10
energy (meV)

100

ortho-H, para-H2

0] >>0

incoh coh incoh —

Ortho significantly scatters and
depolarizes a cold neutron beam

Ortho thermodynamic equilibrium is
low for liquid H temperatures

Active circulation and catalyst to
promote circulation from ortho to para

Spinl Ortho > A15meV - Spin O
para 13



CsI(TI)

Spin Flipper Voltage
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Pulse #

Y -Detector Array

do 1
aQ X ir

4 rings of 12 Csl
detectors = 48 total,
form into 24 pairs

3m acceptance, current
mode

Rate: 100MHz
(14 Aypcosf + Apgrsind)




Data Structure and Asymmetry
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Asymmetry Extraction

Could extract asymmetry with
just one detector, but since the
asymmetry

x 7= (1 + Aypcost + Apgsind)

—1 N [NT
AT = vae , where a = | — !
Va+1 N; | | N}

Fit to all the detector signals via
geometry of the detector array.




Data Structure and Asymmetry

Detector Signal [V]

Detector 14 signal [V]

18; Asymmetry Extraction
16 « Could extract asymmetry with
1af just one detector, but since the
o asymmetry
i X ﬁ (1 4+ Aypcosh + Apgrsind)
08l —1 NT NT
- A = va-l , where o = | — ?
0.6 Va+1 Nj Nj
0.4f ‘ ‘ « Fit to all the detector signals via
02, | | v Yy v geometry of the detector array.
0 20 40 6t(i)me bin [mi? 100 120 140
251 « Found transient asymmetry from
o S R S S T S Y1y oy 14 contamination of the ring sum
B B T T I LI 1 I SO O LN Y (I L W : :
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Fractions

of the Signal
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Phenomena to Overcome

Beam
® Dropped pulses
®* Low powered pulses
® Pulse to pulse variation

® Chopper phases

Pedestals/corrections

® Constant pedestal
e S -delayed Al

® Essential for asymmetry

® Electronic pedestal

Eliminate data that have

¢ False asymmetries,
systematic error

® Polarization is unknown

Measure the
® Prompt Al PV correction

® Fractions of prompt
signals

18



Detector Signal [V]

Analysis Goals of NPDG

Eliminate systematics and false asymmetries

Obtain the amplitude of each pulse (including read pulse) to
keep track of dropped pulses, wrap-around neutrons

Need to determine the dynamic B -delayed Al pedestal in the
signal to properly calculate the asymmetry.

No bias, simple algorithm, minimal assumptions
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Analysis Algorithm — “Perfect Pulse”

® Goal: Do a least squares fit with a “perfect pulse” to spin
sequences yielding 9 amplitudes a, and a pedestal for
each spin sequence

® The x2value tests the quality of the fit

® The a’s (including read pulse) can be used to make
high level cuts for subsequent analysis

® Fitted pedestal will be subtracted from the asymmetry

2—

® Use PP algorithm for
diagnostics, not o
asymmetry calculations 3

-
N
T

— T
TTTTTTTT

® Use m1 monitor i
For spectra changes and
chopper phases '

Detector 12 Signal [V]
-o -
[e] n

©
IS

o
o
\

1 1 1 1

time bin 20



Constructing a Perfect Pulse

® Find a 16 step spin sequence that has |,
a single dropped pulse. 1 in every 100

pulses intentionally dropped from the %'’
accelerator. -
® Go over an entire run to get statistical ..
significance for each bin, subtract the ¢ . J
pedestal and normalize. Have what TR P
would be one stand alone pulse with I
wraparounds. 1o \
i
= I R e A
£ 08— 8 osf
S
%0-6; 0:4:
%0.4 0.;00 ‘220‘ ‘ ‘2J10‘ ‘ ‘2(;0‘ ‘ ‘280‘ ‘ ‘300‘ ‘ ‘320
" oo
007 N A et N S

40 50 60 70 80
time bin 2 ]-



Detector 14 signal [V]

Fit to a Spin Sequence

1dt) =", a;p(t +407) + b
N 1 (4 ( ) i
N = T
o 5
- = 08—
L 5 L
L = L
l 2
181 T 0.6(—
L c
L o B
7] |
1h T odl
— § 0.47
L 2 B
Q
3 L
0.5[ ot
0.2—
0; a_=2.008,a =2.012,a =2.011,a =2.011,a =2.012 - T
| 0 1 2 3 4 0 -l L1 l L1 1 1 l L1 11 l L1 11 l L1 11 l l-T-T-T’+’?'+~4-4-l lol L.l
N a_=2.010,a =2.014,a_=2.013,a =2.014, b =0.090 0 10 20 30 40 50 60 70 80
AR N T AN T S N M T R .20 NN RN R LA I T R N TR T N B time bin
0 50 100 150 200 250 300
time bin

Fitted amplitudes provide information on:

* Dropped pulses

» Lower powered pulses

» Read pulse height

» Pulse height stability in a spin sequence
« Dynamic pedestal

22



Detector 14 signal [V]

Fit to a Spin Sequence

S8

2.5

_k
- » N
(T[T T T[T T TTTrT

o
3]
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a, =2.008, a = 2.012, a = 2.011, a = 2.011, a = 2.012
a,=2.010,a =2.014,a =2.013,a =2.014, b =0.090

(t) =), a:;p(t +407) + b

OrTTT

50 100 150 200 250 300
time bin

102

-
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o

0.5

Fitted amplitudes provide information on:

* Dropped pulses
» Lower powered pulses
» Read pulse height

« Pulse height stability in a spin sequence

« Dynamic pedestal

|
2.5

hh2

Entries 5300074
Mean 1.973
RMS 0.5057

1 1.5 2
fitted amplitudes a
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Fitsto a Spin Sequence

25—
- 2
e —
R I
g’ —
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0_— a0=2.154,a =2.154,a =-0.001,a =2.139,a =2.151
- 1 2 3 4
— a5=2.152,a =2.151,a =2.157,a =2.155,b=0.105
L e ey A8 T B
0 50 100 150 200 250 300

time bin

Fitted amplitudes provide information on:

* Dropped pulses

» Lower powered pulses

» Read pulse height

» Pulse height stability in a spin sequence
« Dynamic pedestal
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Fit to a Spin Sequence
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time bin

Fitted amplitudes provide information on:

* Dropped pulses

* Lower powered pulses

» Read pulse height

» Pulse height stability in a spin sequence
« Dynamic pedestal
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Detector 14 signal [V]

Fit to a Spin Sequence

TR B s £ 22 SOOUTUOUT NS UU BTSN
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Fitted amplitudes provide information on:

* Dropped pulses

» Lower powered pulses

* Read pulse height

» Pulse height stability in a spin sequence
« Dynamic pedestal

1
20 30 40 50 60 70 80
time bin

Pulse fits contain the decay
into the next pulse - can get
the amplitude of the read
pulse
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Detector 14 signal [V]

Fit to a Spin Sequence

3L 10° [, Entries 5052050
- —a, Mean 1
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Fitted amplitudes provide information on:

* Dropped pulses

» Lower powered pulses

» Read pulse height

* Pulse height stability in a spin sequence
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pedestal in detector 14

Fit to a Spin Sequence

0.12

0.1

pedestal in detector 14

0.04

0.02

III|IIIIIIIIIIIIIIIlIIIIIII

0 1 1 I | | | 1 | 1 |

1 1 1 1 1 1 1 1 1 1 1 1 1
100500 101000 101500 102000
run

1 R R B R R TR B T B T R R B
100858 100860 100862 100864 100866 100868 100870
run

2,200 runs = 10.7 beam days 12 runs = 1.4 hours
198 sec Al B -decay buildup

Fitted amplitudes provide information on:

* Dropped pulses

- Lower powered pulses Aluminum B -delayed pedestal
- Pulse height stability in a spin sequence 1S ~9% of the signal. Need to
. Read pulse height properly subtract it for

. Dynamic pedestal asymmetry calculation.
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Detector 14 signal [V]

Detector 14 signal [V]

Example of
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Detector 14 signal [V]

Detector 14 signal [V]

Example of

Beam Fluctuations
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Chopper phases: Beam Monitor

Detector 14 signal [V]

o
4

-
(6]

—

PP runs 104266-104400 fit to run 104324, entry 193

a,=0.795,a =0.900,a =0.896,a_ =0.897,a =0.898,a_=0.896
1 2 3 4 5

a, = 0.896, a = 0.897, a = 0.898, b = 0.232

40

60
time bin

80
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Chopper phases: Beam Monitor

-m1[]:t {hg==0 && Entry$!=0 && -m1[25]>1.5}

-m1[]

2.5

1.5

v

max

\(

0.5

I 72 Vmax

O
%_
(6)}
—
o
—
(6)}

Chopl1[8] quantity

Fit bins 1-5 to a line
- good linear region
and where chopper
opens

Find the time bin that
is 1, of the peak in
the spectrum -
normalizes by the
section not affected
by the chopper
opening

Can be converted to a
time in us and
compare with
chopper phases
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Chopper phases: Beam Monitor

-m1[]:t {hg==0 && Entry$==100}  Fitbins 31-35to a
line > good linear
region and where
chopper opens

V

max

2.5

« Find the time bin that
. is 15 of the peak in
72 Vinax the spectrum >

' normalizes by the
section not affected
by the chopper
opening

1.5

monitor signal [V]

0.5

« Can be converted to a

0 5 10 15 20 25 [ I35I I40I L1 I45I | time in us and
time bin .
compare with

Chop2[8] quantity chopper phases
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10

Typical chopl & chop?

chop1 diagnostic for each pulse chop?2 diagnostic for each pulse
h16 hcl6
_chopt, Entries 3380126 10°[_chopz, Entries 3380126
Mean 2.974 Mean 31.39
—chop1t —_chop2
°h:"12 RMS  0.008364 thz; RMS  0.007886
__chop —
chopi 10* chopzj
—chopt A,chop25
chopi chop26
cho 103
pi chop27
__chop1 —chop2
E 10% =
= 10
= 1
:\ | | ‘ | E | | | ‘ | | | | ‘ | | | | 1 1 1 1 ‘ 1 1
8 2.85 312 3125 313 3135 314 3145 315 3155 316
chop2[]
e RMS of 0.008 time bins=3.2us

« During nominal operation, the chopper phases only change by up to
0.3 us, so these are large changes

Dominated by counting statistics

Since m1 is before the polarizer, can cut freely since this carries no
polarization 34



hh2
s —a, ) ) Entries 5300074 0 14—_ )
o Fitted amplitudes o ke - Fitted pedestal
- 2 - —
—a3 0.12—
10| 2, L
—a
a: % 0.1
10°| % g
a 3 0.08
B =]
2 i Eﬂ B
107 = 7 0.06]—
- -
B 0.04—
10 - C
- 0.021—
1§_ H“ Lo by D: 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1
0.5 0 0.5 1 fitted a n} b?itu des ai2 2.5 3 3.5 100500 101000run 101500 102000
10°[—a, Entries 5052050
_a, Mean 1
_a RMS  0.00115 . .
e Chopper phase diagnostics
10
K I | I chop1 diagnostic for each pulse chop2 diagnostic for each pulse
_a, distribution —
—chopt, Entries 33 10 —chopz, Entries 3380126
10° . :EE Vean ) :EZ RS 0007ess
iy oy
10 | chopt, 10 __chop2,
102 10 % 102%
10; 10;
10 ) | | €L L
1 H ‘ \‘ ‘ ‘ }‘ ’ ‘H” H |“ “‘| \‘l‘\“l‘ﬂ"‘ ‘ H‘ H| ‘ 2; ‘2135‘ - ‘2.‘9‘ choap1[] 3.05 3.1 3.15 3. 31,72‘ ‘3‘1,‘2&‘ ' ‘31‘.3‘ ' ‘3‘1.3&‘ ‘Cli?f:;i[]‘ 31.45 315 31.55 31.6
o \w m’ i u\ h\ | W |M 1 i
AMEAT \I\ U 1 Y (111 \IH AL 06 AAA
098 0985 0.99 0.995 1 1.005 1.01 1.015 1.02 35

Summary of Algorithm




Cuts Applied

Three parallel analyses ongoing from IU, UT, ASU
Developed separate algorithms to overcome analysis criteria and goals

Minimum amplitude: A gross cut eliminating the dropped
pulses which accounts for the majority of the cut data

Chopper Phase: Eliminate chopper phase variations to keep
data with known polarization and to get a proper B -delayed
gamma from algorithm

Beam stability within a spin sequence: Eliminate pulse to
pulse variations from the accelerator at the 19 level to keep
data with the same statistical weight

Proper 16-ss: Eliminate transients, wraparounds, and bad SF
spin sequences which may contain false asymmetries
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Cuts Applied

Minimum Amplitude

a;, no cuts runs 98210 - 99983

10*

10%|_a

102

10

|

hh2

Entries 4131553
Mean 2.217
RMS 0.1337

1.5 2
fitted amplitudes a

I 1 1 1 1
2.5
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Cuts Applied

Chopper Phases

chop1 diagnostic for each pulse

s h16
1071 _chopr, Entries 3380126
Mean 2.974
__chop1
enopT, RMS  0.008364
__chop1
10* s
chop14
,chop15
10 chop1s
7chop17
—chop1_
10° =
10 =
e | | | |
Il Il Il Il Il Il Il Il I} il
2.8 2.85 29 2.95 3 3.05 3.1 3.15 3.2
chop1[]
chop?2 diagnostic for each pulse
5 hc16
10°|_chopz, Entries 3380126
Mean 31.39
__chop2
eoP%, RMS  0.007886
__chop2
10* :
ch(:)p24
,chopzs
103 chop26
7chop27
— chop2
102 =
10
'E | |
31.2 31.25 31.3 31.35 314 31.45 315 31.55 31.6

chop2[]
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Cuts Applied

o, cut 1
h2
o, Entries 3380126
104 |-, ‘ Mean 1
a, RMS 0.001196
7(13
(1.4
10° |-
Og
70.7
,ua
102 =
. . 10 =
a variation, 19 z
i ﬂ |
"Hl | R AN
0.97 0.98 0.99 .01 1.02
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16 step spin sequence
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No Cuts: Asymmetry Pair 12

Raw Asymmetry in detector pair 12, batch H1

- hist
105 = Entries 5300074
- Mean -7.608e-07
- B RMS  0.0005131
10° =
10° =
10 MY
B | | | | | | | | | | | | | | | | | | |
0.0

1 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01
Asymmetry in detector 12

Batch H1



Cut 1: Minimum amplitude

A gross cut eliminating the dropped pulses which
accounts for the majority of the cut data

Total cut data after cut 1 Resulting asymmetry after cut 1
histc11 histc12
10" Entriies 434495 105E Entries 4865579
- Mean -2.373e-05 E Mean -1.303e-07
~ RMS  0.002835 10* - RMS  0.0002234
10? 3 10° e
- 102:5
10 i
= 10_5
I T T T T T T T N I ST R D T
-0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01 -0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01
Asymmetry in detector 12 Asymmetry in detector 12
Data cut from just cut 1
histc13
10° ;
S Entries 434495 ——— Total cut data = -2.37e-05 + 4.30e-06
C Mean -2.373e-05
B RMS  0.002835 Total cut data has 434495 8-ss
10?

Resulting asymmetry = -1.30e-07 = 1.01e-07

Resulting data has 4865579 8-ss

10

Data cut by this cut = -2.37e-05 + 4.30e-06

Data cut by this cut has 434495 8-ss

v by by by by by by b by Ly
-0.01  -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01

Asymmetry in detector 12

Batch H1 73% of all cut data cut here 42



Cut 2: Chopper Phases

Chopper Phase: Eliminate chopper phase variations to
keep data with known polarization and pedestal from fits

Total cut data after cut 1 and 2 Resulting asymmetry after cut 1 and 2
histc21 histc22

1035_ Entries 434814 105E Entries 4865260

- Mean -2.372e-05 = Mean -1.29e-07

~ RMS  0.002831 10' RMS  0.0002234
10% E_ 10° E

B 102_5
10 i

E 10_5

I T T T T T T T N I ST R D T
-0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01 -0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01

Asymmetry in detector 12 Asymmetry in detector 12
Data cut from just cut 2
- histc23
L Entries 819 —— Total cut data = -2.37e-05 + 4.29e-06
Mean -1.872e-05

0 RMS  0.0002331 Total cut data has 434814 8-ss

Resulting asymmetry = -1.29e-07 + 1.01e-07

Resulting data has 4865260 8-ss

Data cut by this cut = -1.87e-05 + 1.31e-05

Data cut by this cut has 319 8-ss

vty by by by o LT by b by Ly
-0.01  -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01

Asymmetry in detector 12
Batch H1 43




Cut 3: Pulse to Pulse Stability

Eliminate pulse to pulse variations at the 19% level to
keep data with the same statistical weight

Total cut data after cut 1, 2, and 3

10°

10

histc31

Entries 435297
Mean -2.371e-05
RMS  0.002826

NI PRI R R
-0.01 -0.008 -0.006 -0.004 -0.002 0
Asymmetry in detector 12

Data cut from just cut 3

PRRT ISI NSRRI NSRS R
0.002 0.004 0.006 0.008 0.01

10

histc33

Entries 483
Mean -1.951e-05
RMS 0.0002495

M ERTIAEN R AT W | |
-0.01  -0.008 -0.006 -0.004 -0.002 0
Asymmetry in detector 12

TN IR HRTR N RSN N
0.002 0.004 0.006 0.008 0.01

Resulting asymmetry after cut 1, 2, and 3

G

-
(=]

10*

10

10°

-

histc32

Entries 4864777
Mean -1.271e-07
RMS 0.0002234

9]'|T|'| IIII|'|T|'| IIIII|T|'| IIIII|T|'| IIIII|T|'| IIIII|'|T|_|_I

)

Batch H1

PTI BRI BT UEA I MR e N
-0.008 -0.006 -0.004 -0.002 0

P BRI R B R
0.002 0.004 0.006 0.008 0.01
Asymmetry in detector 12

Total cut data = -2.37e-05 + 4.28e-06
Total cut data has 435297 8-ss

Resulting asymmetry = -1.27e-07 = 1.01e-07
Resulting data has 4864777 8-ss

Data cut by this cut = -1.95e-05 + 1.14e-05
Data cut by this cut has 483 8-ss
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Cut 4: Good 16-ss

Eliminate transients, wraparounds, and bad SF spin
sequences which may contain false asymmetries

Total cut data after cut 1, 2, 3, and 4

Resulting asymmetry after cut 1, 2, 3, and 4

histc41
10* == .
E Entries 769730 10°
C Mean 3.842e-07
" RMS  0.001698 "
3 10
10"
C 10°
10° -
- 0E
10 10
]
A I R BN I R R B B B E.
-0.01  -0.008 -0.006 -0.004 -0.002 O _ 0002 0004 0006 0008 001 -0.01

Asymmetry in detector 12

Data cut from just cut 4

histc42

Entries 7096492

Mean -3.598e-08
RMS 0.0002245

o histc43
E Entries 236610
r Mean 4.626e-07
10° & RMS 0.0002245
10 =
10
1
PRI RS BRI SRR P SR PN I IS NI A R
-0.01  -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01

Asymmetry in detector 12

Batch H1

PTI BFET N TS S BTN A
-0.008 -0.006 -0.004 -0.002 0

P BRI R B R
0.002 0.004 0.006 0.008 0.01
Asymmetry in detector 12

Total cut data = 3.84e-07 = 1.94e-06
Total cut data has 769730 8-ss

Resulting asymmetry = -3.60e-08 + 8.43e-08
Resulting data has 7096492 8-ss

Data cut by this cut = 4.63e-07 + 4.61e-07
Data cut by this cut has 236610 8-ss

27% of all cut data cut here 45



Hydrogen Cuts and Asymmetry

No cuts After cuts
Raw Asymmetry in detector pair 12 Raw Asymmetry in detector pair 12, batch H1
_ hist _ hist
- Entries 5300074 - Entries 4706724
5
105 - Mean -7.534e-07 10 ? Mean -1.496e-07
= RMS  0.0005129 g RMS 0.0002231
- T %2 I naf 93.21/110
ik 10 e Prob 0.8748
g = Constant 1.683e+05 + 9.499e+01
E o Mean -1.45¢-07 + 1.03e-07
- 10°E Sigma  0.0002232 = 0.0000001
10° = -
- 10% =
10% - -
= 10
10 £ B
- 1 =
B | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | - 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 | | ‘ | 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1
0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01 -0.01 -0.008 -0.006 -0.004 -0.002 O 0002 0.004 0.006 0.008 0.01
Asymmetry in detector 12 Asymmetry in detector 12

Analysis cuts are applied Cut about 159 of the data
H1 AVE:

Minimum amplitude /3% /49,

Chopper Phases <19% 2%

Pulse height variation <19 3%

Proper 16-ss 27% 219,

W=

Cuts do not depend on polarization. Varying cuts do not change pair

asymmetries 46



Hydrogen Cuts an

102

10

e

'
o

102

10

ey

'
o

Raw Asymmetry in detector pair 0, batch H1

_ hist
| Entries 4738952
= Mean -6.851e-08
- RMS 0.000301
L %2 / ndf 160.2 /148
S Prob 0.2333
- Constant 1.256e+05 = 7.063e+01
B Mean  -6.857e-08 = 1.383e-07
= Sigma 0.000301 = 0.000000
- Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il Il Il ‘ Il Il ‘ ‘ Il Il Il ‘ Il Il ‘ Il ‘ Il Il Il ‘ Il Il Il
.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01
Asymmetry in detector O

Raw Asymmetry in detector pair 12, batch H1
— hist
~ Entries 4738952
E Mean -1.48e-07
= RMS 0.0002233
B 2 / ndf 98.36 /110
E Prob 0.7791
- Constant 1.692e+05 = 9.521e+01
B Mean -1.445e-07 + 1.026e-07
= Sigma  0.0002234 = 0.0000001
:\ Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il | Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il
.01 -0.008 -0.006 -0.004 -0.002 O 0.002 0.004 0.006 0.008 0.01

Asymmetry in detector 12

10

-0 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01
Asymmetry in detector 6
Raw Asymmetry in detector pair 18, batch H1
- hist
10° Entries 4738952
E Mean -1.68e-07
E RMS 0.0002823
10% = %2 / ndf 139.5/138
g Prob
- Constant 1.339e+05 + 7.530e+01
10° Mean -1.642e-07 = 1.297e-07
g Sigma  0.0002824 = 0.0000001
107 -
10 -
=
E 1| | ‘ 1| | ‘ 1| | ‘ 1| | ‘ 11 ‘ | | ‘ 1| | ‘ | 1| ‘ 11 | ‘ | 1|
-0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01

Asymmetry

Raw Asymmetry in detector pair 6, batch H1

hist

Entries
Mean
RMS
%2 / ndf
Prob

Mean
Sigma

4738952
-8.456e-08
0.0002244
134.7 /120

Constant 1.685e+05 + 9.490e+01
-8.781e-08 + 1.031e-07
0.0002244 + 0.0000001

O[T TTTIm
=

Asymmetry in detector 18




Asymmetry Definition

.. HEE EEEE
666 500 > o8
auEn mmsm ]

, Where oo =

Any effect that manifests as a common mode beam fluctuation in the
detectors are cancelled - whether they are slowly changing fluctuations or
spontaneous lower powered pulses. Effects such as difference detector
efficiencies and detector misalignments are suppressed in pairs.
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Asymmetry Definition

Araw = Piot (Aupcost + Apgsing) Ideal!

. lll BEREE
bo0—- 00| = [28°
BEEEE llll

A" = Pyt (f (GUp ’LAUD + GgR ATR) + UGS ZAélD +Grg 'LAélR))

Apply polarization, spin flip efficiency, depolarization corrections (P,.),
subtract Aluminum UD and LR asymmetries with appropriate fractions. Al
fraction is on average 229%.

Have to measure PV Aluminum asymmetry and calculate geometric factors!
49



Geometry Factors

Avaw = Piot (Aupcost + Appsing)  ideal!

A A L
0.8 | n a | 0.8 | o o
o o
0.6 [ “ 4 4 o o6} *® o o . o
A o o
0.4 | : 0.4 ¢
0.2 A A A - A 02fe @ o o e o > »
0F 0F
0.2 | A a A a 02 ¢ ¢ e o o o e ¢
04 F -04
o o . o
- - A A - -
0.6 A a . a 0.6 oo ° o o o
-0.8 | aa as 0.8 | oo oo |
Aa o0
_1 1 L 1 1 L 1 1 1 _1 1 1 1 L L 1 L 1 1 L
10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Detector # By K Grammer Detector #

=<y @ >

Used combination of
MCNPX and Cs source

Correct for position and
solid angle of detectors
relative to target
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Chlorine and Analysis Methods

Raw Asymmetry

0.03

0.02

0.01

-0.01

-0.02

-0.03+—

=
<.
]

Chlorine asymmetry for runs 102833 - 102968

\\\\\\‘\\\\‘\\\\‘\\\\X

\\\\‘[

Az’

raw

5 10 15 20 25 30 35 40 45

Detector

=G4, pAup + GY R ALR

Chlorine has a known large
PV gamma asymmetry —
check systematics and
geometry factors

Fit to the geometry factors to
extract the PV Ap

After background subtraction,
beam polarization, target
depolarization, and RFSF
efficiency

Preliminary result:

Ayp =25.940.6 x 107°
Arp =0.06+0.6 x 107

Most precise measurement
to date. In agreement with
other measurements ol



Aluminum Analysis

37
25l Hydrogen
2. :
R -
g ,
o 1.57
< I
5 :
o 1
[0 -
°©
a
051
: a,=2154,a =2.149,a =2.147,a =2.151,a =2.143
07
- a;=2.147,a =2.149,a = 2.146,a, = 2.150, b =0.103,52 = 0039
71 lllllll | — l 11 l | — l | — ll
0 50 1 00 1 50 200 250 300
time bin

Aluminum target had to be installed

INSi

de the LH, cryostat to complete on

time. Appropriate geometry factors
were calculated for this configuration

psf Aluminum
<~ 2
= [
T r
2 15—
i [
5 -
g 1
©
a
05
o a,=1.856,a =1.860,a =1.861,a =1.861,a =1.862
- 1 2 3 4
C a =1.862,a =1.858,a =1.860,a_ =1.860, b =0.304,
L ol Sy 8y Ty By Ly
0 50 100 150 200 250
time bin
Corrected Aluminum 2014 asymmetry
05%10° %@ 1 ndf
- Prob
04— AUD
- Feb-June 2014 |77 XX
03—
ook : :
> F
® 0.1F
é - .
5 OF .
R s W%
; -
g -0.1 ; (
02—
03 ;:élraw Al P’ GAZ cryoAA + GAZ cryoA
041 - ~tot UD,: LR,
- - 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1
05 0 5 10 15 20

2 = 0/036
il

300

26.14 /22
0.2458
+ 2.429e-08

+ 2.429e-08

)

Detector Pair
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Systematics

Other signals correlated with the polarization state or magnetic fields can create a
false asymmetry and are cataloged below. Needs to be well below proposed
statistical uncertainty of 1x108. Instrumental asymmetries are on the order of
1x1072,

False Asymmetries Correction | Uncertainty | Systematic Error

Additive Asymmetry (instrumental) <1x107°

Multiplicative Asymmetry (instrumental) <1x107°

Stern-Gerlach (steering of the beam) <1x10710

v - ray circular polarization <1x10712

0 - decay in flight <1x10-1

Capture on 6Li <1x10~1t

Radiative 8 decay <1x10712

B - delayed Al gammas (internal + external) <1x107°

Total from False Asymmetries <1x107?

Relative Uncertainties
Geometry Factors 3%
Polarization from Wrap-around Neutrons 0.1%
Target Position 0.03%
Multiplicative Correction

Beam Polarization (2012-2013) 0.936 0.005
Beam Polarization (2014) 0.936 0.005
Beam Depolarization 0.9485 0.041
RFSF Efficiency (2012-2013) 0.975 0.003
RFSF Efficiency (2014) 0.966 0.009

Total ~2x 1079




Hydrogen Asymmetry

After subtracting Al and correcting for polarization, target depolarization, and
SF efficiency, we have the preliminary intermediate result after 3000 runs or

15 beam days: Ayp = —71+44x 1078

Hydrogen running has completed: have ~250 beam days of Hydrogen runs
that have been analyzed

Cuts applied are [ ASU :
independent of
polarization 0.5

Result will be published
soon.

““The preliminary result
for the parity-violating
asymmetry A is thatitis
small with a statistical
error of about 13 ppb”’

Raw Asymmetry [x10 7]
o
—~
S
>
I=— =1
<
= "=——n
S
-
2
L

o
[

- ~ 9
Systematic error ~2x10 Detector Pair



Summary

ggl[)famma completed data taking at the end of June

e Statistical error is on par with counting statistics!

All Hydrogen and Aluminum runs have been analyzed and
behavior has been explored and explained

® (Cuts applied are independent of polarization and the
asymmetry

Plans for NPDGamma

® Publish PV asymmetry in Al needed for proper asymmetry
subtraction.

® Publish PV in n-p very soon. Results will be presented at the
April meeting.

“The preliminary result for the parity-violating asymmetry
A . is that it is small with a statistical error of about 13

4%
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The NPDGamma collaboration
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Extras
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Diagnostic

First Moment chopl diagnostic for eawh pulse
funl hiG
105 |_snam, Entries 470E153 lbg |_chopl Entries 4708153
Mean 1214 ! Mean 2987
i AMS 0004201 e, AMS  0.006037
|_enam |chapt,
10" | mam 10| enopt
|_smam |—chap_
L N
107 | _mam, 1 |—chopt
|_mam_ |_chopl
wl m1 diagnpstics.
10 10
1 1
121 1212 1214 1216 1218 122 122F 1224 1226 1228 121 28 2,85 2.9 2.95 E] 3.05 31 315 3z
First Momenl cheplf]
al, no cuts (XI, cutl
Fih [IF]
-, Entries 5300073 = Entries 470EI5S
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Diagnostic Quantities
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Systematics

Other signals correlated with the polarization state or magnetic fields can create a
false asymmetry and are cataloged below. Needs to be well below proposed

statistical uncertainty of 1x108. Instrumental asymmetries are on the order of
1x10-°.

Systematic Effect Size 27 ==
Stern-Gerlach 1 x10~10
Circularly Polarized ~ || 1 x10~12 promor
In flight 5 decay 1 x10~H o
Capture on ° Li 1 x10~H SBE
Al Radiative 8 decay 1 x10~? el
Al Ayp asymmetry measure 2'82
Polarization <1% ey
Target Depolarization <0.5%
SF efficiency <1%

Al asymmetry is measured, then subtracted
Preliminary Al measurement in 2012, more
Al stats from Feb - June 2014




Instrumental Asymmetries

IR R TR,
i I LA R I | Btk

Detector

Instrumental effects are zero at the 1x107° |evel

using beam off and LED measurements




Cut 3: o Distribution

Total cut data after cut 1, 2, and 3 Resulting asymmetry after cut 1, 2, and 3
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Asymmetry in detector 12 Asymmetry in detector 12
Data cut from just cut 3
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E Enifies  368116)  ———— Total cut data = 2.71e-06 + 1.60e-06
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L RMS 00002512 Total cut data has 1049526 8-ss
E
1l Resulting asymmetry = -7.50e-08 + 1.04e-07
10°
- Resulting data has 3415474 8-ss
10
Data cut by this cut = 8.24e-07 + 4.14e-07
! L L Data cut by this cut has 368116 8-ss
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Asymmetry in detector 12

Batch H16 319 of all cut data cut here



