


Outline

e Hadronic Parity Violation

— Hadronic Weak Interaction (HWI) formalism

* NPDGamma Experiment

* n-3He Experiment

e Future directions
— Beyond HWI ...

the ‘real’ world
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Hadronic Weak Interaction in a nutshell
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Motivation the studying the HWI

* Least understood weak interaction
— EW: Quarks & Leptons, Semileptonic, Hadronic
— Complicated by nuclear structure
— Strongly suppressed by M_%M,,2 ~ 107
— Unique PV signature

 Orthogonal probe of QCD structure

— test of QCD structure in AS = 0 sector
(Al=1/2 rule not understood)

— Study the NC in hadronic systems —
forbidden by AS = 1 by GIM mechanism
— W,Z range = 0.002 fm — probe of
short-range quark correlations
in QCD nonperturbative regime

— Nuclear and atomic PV test of nuclear structure models

— physics input to PV electron scattering experiments

— OvPP decay — matrix elements of 4-quark operators

— Same formalism used for Hadronic TRIV (complementary to EDM)
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DDH Meson-exchange potential

PV meson exchange — oW RO12 o
N N Al =0 (11 7T2) (1)
Al =1 2(T1x79)? s(rit72)® 3(riET2)3
STRONG WEAK AT — 9 21%(31'%'3 —T1-T2)
®C)  / Meson\ PV)
exchange range J =0 J=1 J=1
N My (o1 +02) [g’ﬁ%",g;—:f
e? / g 10_7'.\' my=m,, (01+032) [BP, S2| (on £ 0a) {BigPe, "
Mz, mz”~ i(o x a3) [Pz, |
M M
M Q Cabibbo model = Reasonable range “Best” value
g B 8'(} —) 8
! fﬂ 0 - ] 0.5
B B
hy 15 — —64 —25
Desplanques, Donoghue, Holstein, ho! 0— —0.7 —0.4
Annals of Physics 124, 449 (1980) by —58 —58
B’ 6——22 —6
Wasem, Phys. Rev. C 85 (2012) 022501 hr 0 -2 -1

1st Lattice QCD result of f_ !!

UKUNWERSITY OF KENTUCKY /40



Danilov parameters / EFT

« Elastic NN scattering
1 _ 3 __ 3 —
at low energy (<40 MeV) Pl (I — 0) Pl (I — 1) PO(I — 1)
S-P transition (PV)
S, =412 l=%1/2 At Pt As
Antisymmetricin L, S, |
P 3 __ 1 __
Conservation of Sl(I — 0) SO(I — 1)
« Equivalent to pion-less

Effective Field Theory (EFT) C.-P. Liu, PR.C. 75, 065501 (2007)
in the low energy limit Haxton & Holstein, P.P.N.P. 7, 1851 (2013)
Coefl DDH Girlanda Zhu
AEDE —ghS24xy) — guhl(24xs)  2Gi+G1)  2C1+C1+Ci+Cy)
Aohpir guhlxs — 3g.hoxy 2G1rG1)  2(C1C1-3Ca+3Cs)
Aot =i (24xv) = gultb(2+Xs) G (CorCoCitCy)
p . . -
ATBDE dpght (B2) <o, bl —guhl 205 (20CCy))
A Bl —g,h3(2+Xy) —2vBG;  2V/B(Cs+Cy)
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Few-body HWI PV Observables

* Longitudinal analyzing power in elastic scattering
— pp (15,45, 220 MeV), pd, pa

e Circular polarization of gamma transitions
— np

* n+p —> d+y reaction
— Desplanques, NP A 335, 147 (1980)

— PV mixing in final bound state ,
+ PV transition amplitudes

‘3.9_ =0\ Pra=0)1I'"p 1=0) lie 11\ I3p ._1>

— Dominated by long range h' N
. ‘Jsl,lzo) "B =1) |'R,1=0) - L
* n+3He —> p+3H reaction

— Viviani, et al, PRC 82, 044001 (2010) M‘ 2ree 20 J&'
— 4-body wave functions + P 44 operators st zo.21_ ___o+g] piMO°
— Sensitiveto h' h' h' 2057 4 ¥ Fnes
* n+4He spin rotation 8 oto ;9'81
*He

PV observables are LINEAR in weak couplings
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[ I | |
DDH Extraction N+ -
30
- 3 PP
PA, [nDA, [n°"HeA Inp¢ |na ¢ |pPPA, |pPaA, 25
f1t -0.11 0.92 (-0.18 -3.12 [-0.97 -0.34
0 ] ] _ _ 20 .
hr 0.50 0.14 0.23]-0.32 | 0.08 |0.14 — Haxton & Holstein,
hrl -0.001| 0.10 |0.027 0.11 0.08 |[0.05 15 P.P.N.P. 7, 1851 |
h,2 0.05 |0.0012 |-0.25 0.03 = ™. (2013)
h,© 0.16 |-0.13 [-0.23]-0.22 |-0.07 |0.06 ch 10 - )
hm1 -0.003 | -0.002 | 0.05 0.22 | 0.07 |0.06 "‘}T:’ < I8F
5 |
Adelberger, Haxton, Viviani (PISA), [n-3He]
A.R.N.P.S. 35, 501 (1985) P.R.C. 82, 044001 (2010) 0
s | L

fx

h{!

How do NPDG, n-3He contribute?

hf,

hO

-2 0 2 4 6 8 10
b, -0.12h, -0.18 h,’

W
4.6 -119.4 -9.5 -1.0 DDH Best Value
0.0-11.4 -30.8-11.4 -11.-7.6 -10.3-5.7 DDH Reasonable Range
8.1% 15.8% 77.2% 364% present / DDH Range (%)
5.8 14.0 64.7 36.4  present + npdy dA=1x10"8
3.3 13.8 30.6 35.0  present + nHe dA=1x108
3.1 13.4 30.3 340  present + npdy + n’He
8.2 24.6 132.6 36.4  present fow body + npd~y
6.7 14.9 33.0 358  prosent fow body + npd~y + n*He
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NPDGamma Collaboration

R. Alarcon?, R. Allen?8, L.P. Alonzi3, E. Askanazi3, S. BaeRler3, S. Balascuta?l, L. Barron-Palos?, A. Barzilov?’, W. Berry8, C.
Blessinger!®, D. Blythe!, D. Bowman*, M. Bychkov3, J. Calarco ,R. Carlini®>, W. Chen®, T. Chupp’, C. Crawford®, M.
Dabaghyan®, A. Danagoulian!®, M. Dawkins!?, D. Evans3, J. Favela?, N. Fomin!2, W. Fox!1, E. Frlez3, S. Freedman?3, J.
Fry!l, C. Full, C. Garcia?, T. Gentile®, M. Gericke'* C. Gillis!, K Grammer!?, G. Greene*1?, ) Hamblen?®, C. Hayes'?, F.
Hersman®, T. Ino®, E. Iverson?®, G. Jones'®, K. Latiful®, K. Kraycraft®, S. Kucuker'?, B. Lauss'’, Y. Li30, W. Leel®, M.
Leuschner!!, W. Losowskill, R. Mahurin!?, M. Maldonado-Velazquez?, E. Marting, Y. Masuda’>, M. McCrea'4, J. Meill,
G. Mitchell’®, S. Muto?®, H. Nann'!, I. Novikov?®, S. Page!4, D. Parsons?®, S. Penttila®, D. Pocinic3, D. Ramsay'#20, A,
Salas-Bacci3, S. Santra?!, S. Schroeder3, P.-N. Seo??, E. Sharapov?3, M. Sharma’, T. Smith?*, W. Snow!!, J. Stuart?®, Z.
Tang!?, J. Thomison?8, T. Tong®8, J. Vanderwerp??, S. Waldecker?6, W. Wilburn®, W. Xu3°, V. Yuan19, Y. Zhang?®

1Arizona State University SHigh Energy Accelerator Research ~ 23Joint Institute of Nuclear Research,
2Universidad Nacional Autonoma de Mexico Organization (KEK), Japan Dubna, Russia
3University of Virginia 18Hamilton College 24University of Dayton
40ak Ridge National Laboratory Paul Scherer Institute, Switzerland 2>Western Kentucky University
>Thomas Jefferson National Laboratory  18Spallation Neutron Source, ORNL 2°University of Tennessee at Chattanooga
®National Institute of Standards and BUniversity of California at Davis 2’Univeristy of Nevada at Los Vegas
Technology 20TRIUMF, Canada 28University of California, Davis
’Univeristy of Michigan, Ann Arbor  2'Bhabha Atomic Research Center, India 2%Lanzhou University
8University of Kentucky 22Duke University 30Shanghai Institute of Applied Physics

SUniversity of New Hampshire
10l os Alamos National Laboratory
HIndiana University
12yniversity of Tennessee, Knoxville http ://n pdga mma.com
BUniversity of California at Berkeley
4University of Manitoba, Canada
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Experimental Layout

Neutron Guide Experiment Cave
EuldeFlelﬂ
Coils

Beam
=
2

Beam Monltgm Target
-~ ) 4

ek

Shutter Chopper

Supermirror Polarizer Beam Monitors RF Spin Rotator
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Spallation neutron source

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

Target
(Oak Ridge)




Neutron Flux at the SNS FnPB

17 e

~ Flux = 6.5x10"0 n/s/MW/ measured
2.5A <\ < 6.0A calculation

N/em®/A/MW-s (x10%)
o

0.01

I 15 meV LH, threshold

SNS TOF window
5 10 15 20 25
Wavelength, A

0.001
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Unfolding single-pulse spectrum
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Single neutron “Negative image” pulse

E =
E - i
014
012
£ - 0.1
> 16 3 -
- st 0.08—
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T=25.8%
P=95.3%
N=2.2£10"n/s

L —

transmission
polarization

output flux (chopped)
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Polarization

S. Balascuta
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Resonant RF spin rotator

 Resonant RF spin rotator, holding field

— 1/t RF amplitude tuned to velocity of neutrons
— Affects spin only—NOT velocity (no static gradient)
e essential to reduce instrumental systematics

— danger: must isolate spin state from the detector

— false asymmetries: additive & multiplicave

=
g
o
i
-
&

P. Neo-Seo, et al. Phys. Rev. ST Accel. Beams 11 084701 (2008)

100
time (ms)
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16L liquid para-hydrogen target

UKUNWERSITY OF KENTUCKY

30 cm long — 1 interaction length
99.97% para — 1% depolarization

Improvements: pressure-stamped vessel
thinner windows

o =, 66

para-H, ortho-H,

- Dnuqlm% :
1
[n]

I:II:I|:|:|:“:|:I 1
OrthO e ':‘E'Du:u:l:lnngne

T T T TTHTT

para
LDD&HDW% ﬁﬁﬁ%mmqnnﬁ

capture

1 En (mev) 10 10




=  4rings of 12 detectors each
« 15x15x15cm3 each

=  \VPD’sinsensitive to B field

= detection efficiency: 95%

=  current-mode operation
 5x107 gammas/pulse
e counting statistics limited
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Detector asymmetry without cuts

oo <D
- QD
1 o -
o n
S P~
S P
| —
e i
= =
— I+
= ~
:|> — B
@ S @
-l - [ =]
BO— P
S
S o —
& T o
= — <D
E-O_ —5
o - O:[
@D | —
D o
=g ;
— -
= o
—_ O - QO
N E) | ="
o - —_
ol NS
= =
B (-
o ——
ol D
8 -
L |
S X = m —_
S & 8 =
o = @
B o
L 2y _:-
o . w
e S o & |~
= S 2 S
Py o P
= <D S
3% o —
—_ - I~

UK UNIVERSITY OF KENTUCKY

19



PP fit to run 123679, entry 1025

Q
-0

0.89, a

a_11.750, 2= 1.764, 2= 1.99%, 3= 1.996, 2z 1.996

a,11.994,2 =1.989,a_=2,000,a =1.998, b=0.095,y2= 0
LI ,:m;::m,

150 200

250 300

roblematic beam pulses

a =1.995,a =2.005,a =1.988,a =1.773,a =1.771
0 1 2 3 4

034

029

1

00

a,=1.765a =1.763,a_=1.762,a =1.763, b =0.002,y2= 0

::;::::m;::w,
150 200 250 300
time bin

PP fit to run 135920, entry 1250
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1.758, mA =1.666, mN =1.860, mm =1.755, m\_ =1.668
1.860,a =1.761,a_=1.671,a =1.858, b=0.080,/2=0
o 18T Bl m !

150 200
time bin

250

PP fit to run 135900, entry 661

300

a =2021,a =1.935,a =2.020,a =1.938,a =2.016
0 1 2 3 4

— =1936,a =2.017,a_=1.937,a =2.017,b=0.088,42=0
L ,,:,,,m,f,:,m,

023

50 100 150
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200 250
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m Total cut data after cut 1
) \
: histc11
\_o@ () ]
Entries 434495
Mean -2.373e-05
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10O
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Asymmetry in detector 12

Data cut from just cut 1
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Mean -2.373e-05
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Asymmetry in detector 12

21

Resulting asymmetry after cut 1

histc12

0 Entries 4865579

- Mean -1.303¢-07

10 RMS 0.0002234
0
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______________________________________ C
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Asymmetry in detector 12 (4°)
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Total cut data = -2.37e-05 £ 4.30e-06
Total cut data has 434495 8-ss

Resulting asymmetry = -1.30e-07 £ 1.01e-07
Resulting data has 4865579 8-ss

Data cut by this cut = -2.37e-05 £ 4.30e-06
Data cut by this cut has 434495 8-ss
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Total cut data after cut 1 and 2

Entries 434814
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Resulting asymmetry after cut 1 and 2
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Total cut data has 434814 8-ss

Resulting asymmetry = -1.29¢-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
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Total cut data after cut 1, 2, and 3
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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



Background Sub. & Geometry Factors

anp — _ALH,
v Pnes_de
PR

neutron RFSF  target
pol. eff. depol.

Agp = A,I:VGUD + A.I:CGLR + Aoffset

;Y_,
(Sp-k~y = cos0)

\_'_l
(Sn-kn Xk = sin0)

A Aluminum
Al € asymmetry
Al Al Al
\Pn Es_de
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background
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Chlorine PV asymmetry

e Data set

— To verify sensitivity & geometry factors

— 40 hr. over 4 run periods

e Corrections

— Background Subtraction

— Beam Polarization / Depolarization

— RFSF Efficiency

Chloring asymmetry for rung 102833 - 102968

0,052
0,02

0.0 A

Eu [ III
EE’\E‘I

0% Preliminary
Qe 1g 18 20 28 80 3@ a0

Detecor

UK UNIVERSITY OF KENTUCKY

10t

10°

10

tot_asym[12]

Entries 296576
Mcan 1.442¢c 05
RMS 0.0003882
2 [ ndf 187 /168
Conetant 6100+ 13.7

Mean  -1.442e-05 + 7.123e-07
Sigma  .0003877 + 0.0000005

-0.004 -0.003 -0.002

-0.001 0 0.001 0.002 0.003 0.004

Prev. Measurement Asymmetry (x10°)

Aup = 25,9406 x 10-°
Arr =006=£0.6 x 10=°
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Dominant systematic effect

15-25% background at SNS
after thinning windows and adding
extra neutron shielding in cryostat

Extracted from decay amplitude
Lifetime T=27 min
Additional T = 3 hr amplitude

was the first indication of Mn in the
background target (not in 6061)

Confirmed by neutron activation
analysis at NIST

UK UNIVERSITY OF KENTUCKY

Amplitude (arb)
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Result for Hydrogen asymmetry

Unsubtracted PV asymmetries

All asymmetries
Ay =-40%0.9 In units of 108
Ay =-9.8%23

Window subtraction assuming disk and cryostat the same
A, =-31%+13
This is a 2.40 effect

Correction for Mn asymmetry
Asos1 = Azp0s — Amn =-3.5119.

The large uncertainty in A;,;, comes from the large experimental
uncertainty in the Mn asymmetry, which gives 20% of the prompt vyield.
Window subtraction with Mn correction:

A, =-2.8+0.9 (stat. LH) + 4.0 (stat. Al)

This was an urgent call for reduction the background contribution!

UK UNIVERSITY OF KENTUCKY
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2016 Al Background Run

To reduce systematic errors due
to Aluminum background we cut
up all pieces that neutrons
interacted with:

. SF window

*  cryostat windows

. LH2 vessel entry dome

. LH2 vessel side walls.

Their contributions to final Al
signal were estimated with

MCNP and data were collected
correspondingly.

PV data collected for 10 weeks
from February to June 2016.

Data analysis is in the final stage:
6A, =2.3x108

Impact on hydrogen asymmetry:

A, =1.3x10°8
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Systematic Effects which may cause false Asym Size
Additive Asymmetry (instrumental) < 1x10°
Multiplicative Asymmetry (instrumental) < 1x10°
Stern-Gerlach (steering of the beam) < 1x107%°
Y - ray circular polarization < 1x1012
p - decay in flight < 1x1011
Capture on °Li < 1x1011
Radiative f -decay < 1x10712
p - delayed Al gammas (internal + external) < 1x10°
Uncertainties in applied corrections

Neutron beam polarization uncertainty <1%
RFSF efficiency uncertainty ~ 0.5%

Depolarization of the neutron beam
Uncertainty in geometric factors
Polarization of overlap neutrons

Target Position

UK UNIVERSITY OF KENTUCKY

2.6% (target-dependent)
1%

0.1%

0.03%

Systematic & Statistical Uncertainties
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n-3He Collaboration

R. Alarconl, S. BaeRler3, S. Balascutal, L. Barron-Palos?, A. Barzilov/, D. Bowman?, J.
Calarco?, V. Cianciolo?, C. Crawford>, J. Favela?, N. Fomin%13, |. Garishvilil3, M. Gericke®, C.
Gillis®, G. Greene*!3, V. Gudkov!!, J. Hamblen!?, C. Hayes'3, E. Iverson® K. Latiful®, S.
Kucuker®3, M. Maldonado-Velazquez?, M. McCrea®, |. Novikov®>, C. Olguin®, S. Penttila, E.
Plemons??, A. Ramirez?, P.-N. Seo'4, Y. Song*?, A. Sprow>, J. Thomison?, T. Tong?, M. Viviani'®,

C. Wichersham??

'Arizona State University dUniversity of New Hampshire
2Universidad Nacional Autonoma de Mexico OInstituto Nazionale di Fisica Nucleare,
3University of Virginia Sezione di Pisa
40ak Ridge National Laboratory 1University of South Carolina
>University of Kentucky 2University of Tennessee at Chattanooga
éUniversity of Manitoba, Canada BBUniversity of Tennessee, Knoxville
’Univeristy of Nevada at Los Vegas 4Duke University
8Indiana University BWestern Kentucky University

https://n3he.wikispaces.com
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n-3He Experimental setup

— 7
- A ~ 7/
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n-3He
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Asymmetry extraction — statistics

e PV physics asymmetry y * \ /’
— Extracted from weighted average ° . ¢ °
of single-wire spin asymmetries . ﬁ/ .
Yi =Yy(1£ PA,(cosh)) . . . .
A L 1 Y_|_ - Y_ ® [ ] ®
P Plcos) Yy +Y_ . - > .
0 neutron ~Triton
SA=_—"%_ 929<05,<6 Charge Collection

PVN

| ionization distribution
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Transverse RF Spin Rotator

e Double-cosine-theta coil

— Fringeless transverse RF field l

— Longitudinal OR transverse

— Designed using scalar potential
Univ. Kentucky / Univ. Tennessee
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3He transmission polarimetry

Polarization of He-3 Cell
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Active Target / lon Chamber

 3He for both target and ionization gas
— Macor frames with 9 x 16 sense wires, 8 x 17 HV wires
— All aluminum chamber except for knife edges
— 12" x 0.9 mm CF aluminum windows

— 16 mCi tritium over life of experiment
University of Manitoba




Intensity

lon chamber yield from neutron beam

Correlation matrix

Detector yield in
individual wire cells

‘ Layers9+fire
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Readout electronics

lonization read out in current mode
— 144 channels read out simultaneously

— Low-noise I-V preamplifiers mounted on chamber

— 24-bit, 100 kS/s, 48 channel A-X ADC FMC modules
Oak Ridge National Lab, Univ. Kentucky, Univ. Tennessee

Electronic Tests:
Instrumental

false asymmetry
measurements:

A, <(.12+.07)x108
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| ABETT ciean ground
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Raw Asymmetry

Physics Asymmetry

Preliminary L/R asymmetries
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Preliminary U/D asymmetries

Raw Asymmetry
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Systematic uncertainties

 Beam fluctuations, polarization, RFSF efficiency: A Ay + PA

* k,r~ 10> small for cold neutrons

exp —

1+ A,PA

 PCasymmetries minimized with longitudinal polarization

e Alignment of field, beam, and chamber to 10 mrad is achievable

* Unlike np—>dy or nd—>ty,

n-3He is very insensitive to gammas (only Compton electrons)

Invariant  Parity dize Conuments ohe
T+ l-.;_ Odd  3x 1077 Nuclear eapture asvinmetry “P
G (kn % ky) Even 2x 1071 Nuclear capture asymmetry

Even  6x 10712 Mott-Schwinger scattering
g, B Even 1x107% Stern-Gerlach steering
Even 2 x10 ' Boltzmann polarization of *He
Even 4 x 107 Neutron induced polarization of *He
Fr, Eﬂ Odd 1 x107Y  Neutron beta decay

UK UNIVERSITY OF KENTUCKY
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Relation between HPV and EDMs

. ' do gy r
Tree level diagrams TP _ ppdr 4 I

Bowman, Gudkov, PRC 90, 065503 (2014) dop b i
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h}l
© PoddTeven ™
@ Podd T odd ,

Hadronic PV
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d - W\, P
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O O
n o) n
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Neutron EDM Hadronic PV
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Future HWI symmetry measurements

e T-violating neutron transmission (0°) through polarized nuclei
— Amplification factors of 10°—10° in heavy nuclei: 13°La, 131Xe, and &!Br
— Complementary with searches for EDMs

— Alignment errors cancel columnator celumnator 2
by rotating both target e t\.,) el
and analyzer — el 51
Bowman, Gudkov, PRC 90, 065503 (2014) U I paiten l JI:D
uopelife poarizer/ ' polarized peeior
iy analyzer target, | it
e LANSCE beam time awarded
— To investigate TOF resolution
— 48 m beamline with single- ot B
field, -Bt
crystal monochromator
H ——I “—_"’:I» neutron 1 I @
) trajectory )
polarized polarizerf
target,- | analyzer
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Conclusion

Hadronic Parity Violation

— We are very close to a full
complement of few-body
HPV observables

— Using pp (45MeV), pp (220 MeV),
NPDGamma, n-3He, NSR-III,

we can test the self-consistency of
HWI formalisms

NPDGamma Experiment

— Sensitive to long-range h’_

— Estimated sensitivity 6A=1.3x10%

— Finalizing Al background analysis
n-3He Experiment

— Finalizing geometry factors

— Sensitive to h?_, also hOP, h°,

— Estimated sensitivity 6A=1.4x10%
On the horizon ...

— Time-reversal invariance violation

Thank you!
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