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N- N Weak Interaction: Size and Mechanism

~1 fm

@@

NN repulsive core — 1 fm range for NN strong force

IN) = |qqq) + |qqqqq) + --- = valence + sea quarks + gluons + ...
interacts through NN strong force, mediated by mesons |m) = |qq) + |qqqq) + -

QCD possesses only vector quark-gluon couplings — conserves patrity

ﬁ Both W and Z exchange possess
much smaller range [~1/100 fm]

weak

2

2 2
e~ g~ B
Relative strength of weak / strong amplitudes: ( )/( 2) ~ 107°
My my;,

Use parity violation to isolate the weak contribution to the NN interaction.

NN strong interaction at low energy largely dictated by QCD chiral symmetry.
Can be parametrized by effective field theory methods.




Parity Violation in 13°La .734 eV  Ac/c =0.097+.005.
106 amplification!

P-violation is enhanced in
p-wave resonance
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Discovered in Dubna 1980. Theory BEFORE experiment!



Neutron-Nucleus Resonances Heavynuclei
POSSESS

a very dense set of
resonances just
NNDC Databasés:;\lDatl Nsk | xUNDL | EnsoF | Mo | enor | csie @ove the neutron
92-U-235(n, total) ENDF/B-VI1.1 Separation energy

(" National Nuclear Data Center

N I | No Coulomb barrier
P | 5 -> neutrons can
easily excite them
E+3 4
Mainly L=0
resonances, but lots
of L=1 resonances

Cross Section (b)

E+2-:

E+1 C

E+0 E+1 E+2
Incident Neutron Energy (eV)

Cursor at: x = 5.3815E2 |(eV)y =|4.4525E4  (b)
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Look for c.k dependence
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TRIPLE o-k P violation work in heavy nuclei

Detector
Neutron Spin
Source Flipper - I
Polarizer - i
Target

Measure P-odd neutron helicity dependence of total cross section Ac/c

20 meter flight path

TRIPLE collaboration measured ~75 parity-odd asymmetries in p-wave resonances in
heavy nuclei in eV-keV energies G. M. Mitchell, J. D. Bowman, S. |. Penttila, and E. I.
Sharapov, Phys. Rep. 354, 157 (2001).

Quantitative analysis of distribution of parity-odd asymmetries conducted using nuclear

statistical spectroscopy S. Tomsovic, M. B. Johnson, A. Hayes, and J. D. Bowman, Phys.

Rev. C 62, 054607 (2000). D. Bowman



Study of Parity Violation in the Compound
Nucleus
A Paradiam for Time Reversal

Parity violations observed by TRIPLE

Target Reference All p+ p—
81Br [67] 1 1 0
93Nb [125] 0 0 0
103R, [132] 4 3 1
7Ag [97] 8 5 3
109Ag [97] 4 2 2
104pg [134] 1 0 1
105pq [134] 3 3 0
106pq [43,134] 2 0 2
108pgq [43,134] 0 0 0
Bcd [121] 2 2 0
1 [136] 9 5 4
178n [133] 4 2 2
1213p [101] 5 3 2
1233p [101] 1 0 1
1271 [101] 7 5 2
BlXe [140] 1 0 1
133Cs [126] 1 1 0
1391 a [152] 1 1 0
22Th below 250eV [135] 10 10 0
22Th above 250 eV [127] 6 2 4
238y [41] 5 3 2
Total 75 48 27
Total excluding Th 59 36 23




PHYSICAL REVIEW C, VOLUME 62, 054607

Statistical theory of parity nonconservation in compound nuclei

S. Tomsovic
Department of Physics, Washington State University, Pullman, Washington 99164

Mikkel B. Johnson, A. C. Hayes, and J. D. Bowman
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

(Received 22 November 1999; published 10 October 2000)

Comparison of experimental CN matrix elements with Tomsovic theory using
DDH “best” meson-nucleon couplings: agreement within a factor of 2

TABLE IV. Theoretical values of M for the effective parity-violating interaction. Contributions are shown
separately for the standard (S7d) and doorway (Dwy) pieces of the two-body interaction. A comparison of
the experimental value of M given in Table III is also shown.

Nucleus Mg, ; (meV) Mp,,, (meV) M4+ pwy (meV) M sp: (meV)
23917 0.116 0.177 0.218 0.677 07
105pq 0.70 0.79 1.03 22558
106pg 0.304 0.357 0.44 0.20%057
107pg 0.698 0.728 0.968 079195

109pq 0.73 0.72 097 1.6759




Systematics of S and P resonances
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D. Bowman
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PV resonances occur
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1/3 and 10. The best
TRIPLE resonances
Have S1/S0~ 1

What about 140<A<180°7
No data!

S1/S0 not so different from
139La, SlBr, 131)(e

It only takes one discovery
to be useful for NOPTREX

many |1>0 nuclei in this range

D. Bowman



Stable 140<A<180 Nuclei, 1>0 (abundance)

141pr |=5/2 (100%) Especially interesting for NOPTREX:
Nd, 1=7/2 (12.2%) 169Tm, 1=1/2 (100%), DNP possible in a diamagnetic salt
>Nd, 1=7/2 (8.5%) 171YDb, 1=1/2 (14.1%), has been hyperpolarized

1479m, 1=7/2 (15%)149Sm, 15'Eu, 197Er, 1%5Ho, polarizable using internal hyperfine fields

1495m  1=7/2 (13.8%)

1S1Ey, |=5/2 (47.8%) Where to Measure: JPARC, LANSCE, CSNSE
153Ey, 1=5/2 (52.2%)
155Gd, 1=3/2 (14.8%)
157Gd, 1=5/2 (15.7%)
159Th, 1=3/2 (100%)

161Dy |=5/2 (18.9%) ==
163py, |1=5/2 (24.9%)
165H0, 1=7/2 (100%)
167Er 1=7/2 (22.9%)

169Tm, 1=1/2 (100%)
7lyh, 1=1/2 (14.1%)

= i

173yh, 1=5/2 (16.3%)
1751y, 1=7/2 (97.4%)
179Hf, 1=9/2 (13.8%).

Figure 1. Back-n white neutron beam line and spectrometers.



Toward A Search for P-even/T-odd NN
Interactions in n-A resonances

Mike Snow }95%%\
Indiana University/ CEEM w

IlU Center for Spacetime Symmetries INDEANA N NIVERSEEE
2 ways to violate T (+conserve CPT): P-odd/T-odd , /T-odd
MANY search for P-odd/T-odd (EDMs,...), VERY few for /T-odd
P-odd/T-odd effect can come from: ‘
BSM P-odd/T-odd or [BSM /T-odd][SM P-odd]

Experimental limits on /T-odd NN interactions are quite poor

Neutron optics on n-A resonances could improve limits by ~102-103

, , L , NSF PHY-2209481
Thx: D. Bowman, V. Gudkov, H. Shimizu, P. Schmidt-Wellenburg, V. Cirigliano, Y. Uzikov, ... NS pHY-1913789



Neutron Spin Filter using polarized protons
can work up to ~100 keV

A [A]

1 0.1 0.01
60 P I A — ——

Illllx

o, plx 107% cm?]

10°* 102 10 10° 10’ 102 108

Neutron Energy [eV]

Figure 6.3: Plot of the general trend for the normalized polarization cross section op as a

function of the neutron wavelength and energy. The data points are a compilation of literature
values [4, 59, 60, 62].

Desirable for P-even/T-odd search (with N p-waves, search ~NZ pairs!)

How to make a polarized proton spin filter?



Dynamic Nuclear Polarization (DNP)

. . . . N™— N~ 1B
spin polarization for spin 1/2 — particles: P = =tanh| ——
pin p P P NN (_ZkT)

static polarization @ 1Kand 5T : P(proton) =0.5%
P (electron) =99 %

polarization transfer from electron spins to surrounding nuclei

dipolar coupling

~— e
electron spin polarization transfer nuclear spin
paramagnetic centers, e_g. radicals Ss’ microwave irradiation

conc. < 0.1 mol%

“classical” DNP: create electron polarization thermally
=) low temperature (typically 1 K and below)
‘ high magnetic fields (typically 5 Tesla)



Components of a oy —
classical ,| polarization ‘
system registration
DNP system L -

famr = 150 MHz

microwave
system

\ cryogenics | T~01-1K
magnet H=25_5T
system
<ample | alcohol, plastic, LaAlO,
P doped with
material .
paramagnetic centers

fp,~70‘ 140 GHZ




Classical DNP systems

This is a compact system !l

Target volume ~ 5 ccm

1 K “He cryostat
(~ 50 | LHe per day)

1000 m3/ h + 250 m3/ h
roots blower pumping system

2.5/ 3.5 T magnet system
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Mike Snow }95%%\
Indiana University/ CEEM w
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MANY search for P-odd/T-odd (EDMs,...), VERY few for /T-odd
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BSM P-odd/T-odd or [BSM /T-odd][SM P-odd]
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EDM searches in atomic/nuclear systems

electron

Molecules:
YOF, TRO,HIF ¥ | | Nl | W [——=—=—~-

eV keV MeV  GeV TeV ??
proton, »f \
heutron o)
0
> o]
d,3He 8 >
£ 6
. . h w
Diamagnetic o T
atoms: Hg, Xe, Ra > T__g N
0 c g
: o rk chromo-EDM =
Paramagnetic s Z
atoms: Tl, Cs 2 =
£ <
S a
5 Z
>
1R

Leptons

lepton EDM

QCD, nuclear, and atomic theory input also needed! P. Schmidt-Wellenburg
For EDMs see: T. Chupp et al, Rev. Mod. Phys. 91, 015001 (2019) . ... icq from rob 6. E. Timmermans




What About P-even/T-odd NN?

No P-even/T-odd effects in Standard Model: CKM, 06 both P-odd/T-odd
Lowest mass meson exchange from p*- [C-odd, J=1]
[Herczeg Nucl. Phys. 75, 655 (1966), Simonius PLB 58, 147 (1975)]

VERY few experiments:

Detailed balance: [E. Blanke et al PRL 51, 355 (1983); J. P. French et
al PRL 54, 2313 (1985)]: gp<2x1 0

Charge symm. breaking [Simonius PRL 78, 4161(1997)]: gp<7x10'3
N transmission aligned Holmium (P. R. Huffman et al, PRC 55, 2684

(1997){ g,<6x1072 \

Comparing with EDM P-odd/T-odd: B g, <1 01"

Direct constraints on P-even/T-odd NN interactions are poor
Y. Uzikov



(Some) P-even/T-odd Theory Work (flavor conserving)

Gr ¢ Concentrated on using EDM limits

V150 (P} — P1)w V1, Vs5Ys

V2 2my, to constrain P-even/T-odd
1) ) interactions
Cr (F) Q1Y D" qa@aysuqa + H.c.,
1 o Considered particular terms: not a
Ci | — ) qow A qGH*FY, | analysi
"\ A3 p general analysis

CIZ Yo FHZY.
Later work (Kurylov et al PRD

Some operators considered 2001, EI Menoufi et al PLB 2017):

in previous work ’ : :
P loopholes in previous constraints

I. B. Khriplovich. What do we know about T odd but P even interaction? Nucl.
Phys., B352:385-401, 1991.

R. S. Conti and I. B. Khriplovich. New limits on T odd, P even interactions.
Phys. Rev. Lett., 68:3262-3265, 1992.

Jonathan Engel, Paul H. Frampton, and Roxanne P. Springer. Effective La-
grangians and parity conserving time reversal violation at low-energies. Phys.
Rev., D53:5112-5114, 1996.

M. J. Ramsey-Musolf. Electric dipole moments and the mass scale of new
T violating, P conserving interactions. Phys. Rev. Lett., 83:3997-4000, 1999.
[Erratum: Phys. Rev. Lett.84,5681(2000)].



P-even/T-odd in SMEFT (flavor conserving)

Table 7.3: Lowest mass-dimensional C-odd and CP-odd operators contributing to
flavor-conserving interactions

1, %eyuaﬁaa(ﬁp”fﬂ’}'sup)lryv _%[2Cwsw(cﬂ"2v2 — Cpzy2) — CWsz(sz — suw”)]
1p %E“Vaﬁaa(JP'Yﬁ'stp)Fﬂu %[QCwsw(vazwz — Cpay2) — CWBSOZ(sz — Sw2)]
%0 | 5 (Up0™ 75tp)Op (s ysur) —GriChuz,
2 % (upot y5up)Ou(dry, ysdy) GF'iCéJ;zw
2, 3 (40" y5dp) O (Ur vy y5r) —GriCouz,
20| 5(dp0" 5dp) 0, (dryysdy) GriCuaz,
30| 25 [Vard, (G0 u) 0, (@ dy) 2Gpi{lm(Couw ) = Im(Coaw )]
Vi o (0 dy) () |
30 | 25 [Vardy (@p07 151r) 0 (tir v v50lp) —2Gpilm(Chyy ) + Im(Cogy )]
V54, (@0 50) 0 (A 50|
Ta | 25 Vara, (0™ u,) (rvudy) A, 2Gpgsw(Im(Cpyw o) — Im(Cogyy,)]
+V;rdp("—"r0wdp)(‘zp7# “"‘)A”]
4y, % qurdp(dpaw"l'sur)(ﬂr'Yy’Tsdp)Av —2GFgsw [Im(ngww) + Im(C;§PV¢)]
—V;t o, (@0 Y5dy) (dyyuystir) Ay |

New terms exist which have not been  shi pPhD thesis, U Kentucky (2020)
considered in the past J. Shi and S. Gardner, in preparation



What About P-even/T-odd NN?

V. Gudkov and H. M. Shimizu,
Phys. Rev. C 102, 015503 (2020).

P-even/T-odd term G can be present in forward amplitude
resonance amplification of ~1000

A aall aWa 1 a an N N ~ 9 ~1 00\

(2) Weak amplitude dispersion for 10° Fock space components ~sqrt(10°)=1000

Direct constraints on P-even/T-odd NN interactions are poor



Polarization and Alignment

3(M2)—J(J+1)

Alignment:  p,(J)=

J(2J -1)
z \Y
o ,
Polarization:
J 7 M e Y
nM J
p&h:% y
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Test of parity-conserving time-reversal invariance using polarized neutrons
and nuclear spin aligned holmium

P. R. Huffman.* N. R. Roberson, and W. S. Wilburn
Physics Department, Duke University, Durham, North Carolina 27708-0305
and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27708-0308

C.R. Gould, D. G. Haase, C. D. Keith,” B. W. Raichle, M. L. Seely.* and J. R. Walston
Physics Department, North Carolina State University, Raleigh, North Carolina 27695-8202

and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27708-0308
(Received 28 October 1996)
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- y Fllp & 1 \ Holmium T;u' e[ ------------ '. 'I.:': ...i:"s-
Rotate I \ & 15.8 msr 0" Detector Array

Neutron Production

x / \AJ 8

FIG. 1. The experimental setup for the fivefold correlation mea-
I . . _ : -
surement. Vertically (*y) polarized neutrons with momentum k.
directed along z, are transmitted through a nuclear-spin aligned
holmium target and detected at 0°. The dashed lines depict the
solid angle subtended by the neutron detectors. All components and
distances are drawn to scale.

Fig. 1. Geometry for measurement of the s-(k X IXk-I) term
in neutron transmission through a cylindrical target.



THEORY OF T-VIOLATING P-CONSERVING EFFECTS
IN NEUTRON-INDUCED REACTIONS

V.P. GUDKOV
Leningrad Nuclear Physics Institute, Gatchina, Leningrad 188350, USSR

Received 10 January 1990
(Revised 25 July 1990)

Forward transmission = null test for T violation
Enhancement of asymmetry from high level density~103

P even-T-odd NN interactions can mix different p-wave resonances
41 Aar <F p) UT

e Aor=—
Aor=—~Tm {Af:} k> [ p]l p2]

where ivr= (@, VT| Pp1);

{(E o Epl)rp2+ (E o Ep2)rp1}

4 = (BB 2 TR R 0P,

[, (+)and T, (-) =T, (J=1£%)



P-odd Asymmetries on p-wave Neutron
Resonances

G. E. Mitchell, J. D. Bowman, S. | Penttila, E. |I. Sharapov, Phys. Rep. 354, 1 (2001).

Parity violations observed by TRIPLE

Target Reference All p+ pP—
81Br [67] 1 1 0
93Nb [125] 0 0 0
18R [132] 4 3 1
07 Ag [97] 8 5 3
109Ag [97] 4 2 2
104pgq [134] 1 0 1
105pq [134] 3 3 0
106pq [43,134] 2 0 2
108pq [43,134] 0 0 0
Bcd [121] 2 2 0
51 [136] 9 5 4
117gy [133] a4 2 2
121gp [101] 5 3 2
1238b [101] 1 0 1
1271 [101] 7 5 2
Blxe [140] 1 0 1
133Cs [126] 1 1 0
391 .a [152] 1 1 0
22Th below 250V [135] 10 10 0
22Th above 250eV [127] 6 2 4
By [41] 5 3 2
Total 75 48 27
Total excluding Th 59 36 23
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f= A"‘pPlB(g“;)*‘Pc(g';‘)'*‘ppll)(}‘ [;(X}])

+p'E(z';)+PP2F(z';)(§‘-[I)CX}]) (6)
_ {my _ 3<ml>2—1(1+1)
p=— =70

121Sh, 1238b, 27| have large electric quadrupole moments
Can be aligned by electric field gradients in crystals at low T

Need I, (J=I%'2) resonance parameters in 121Sb, 123Sb, 1271 , but not
measured!



Electric Quadrupole Moment and Alignment

3(m?) - I(I +1
po(l) = -(mlzﬂ _(1)+ ) “alignment” parameter

Let Q=coupling strength of electric quadrupole moment of
nucleus with a local E field gradient.

Then energy levels of m spin sublevels of nucleus are:

3m? — I(I +1)

Bo(m) = eQ4— 7577

Notice m? dependence! This interaction gives
ZERO polarization!



Levels of Electric Quadrupole in E gradient

+1/2
334 MHz
+3/2
+3/2
+1/2 643 MHz
| +1/2 | 68 MHz o))
372 MHz 91 MHz
93 MH
+3/2 | z 152
158 MHz 146 MHz
+1/2 +5/2 +7/2 ! +5/2
Bl'g 124 sz 03 123Sb2 03 I2

Fig. 1. Splitting of sublevels of the nuclei ®*Br, **!Sb, 12*Sb and '?’] in the compounds
Brz, Sb203 and I; due to quadrupole interaction.



J-PARC MLF BL04 ANNRI
Resonance spectroscopy

measurements at JPARC

14 Ge (+BGO) Detectors
6=70,90,110 deg.

Sample Materials : nat|_a, | anatBra, natXe

Intensity : ~3x105n/cm?/s : 09 eV <En<1.1eV @300kW

WCluster-Detector sysyem

o(Ey, En,, 8) of (n,y) reaction.

I', (J=1x72) from angular distribution in (n, y) capture on neutron resonances
see Okudaira et al, Phys. Rev. C 97, 034622 (2018).



Conclusions

2 ways to violate T (+conserve CPT): P-odd/T-odd , /T-odd
P-odd/T-odd effect can come from:

BSM P-odd/T-odd or [BSM /T-odd][SM P-odd]

Experimental limits on /T-odd NN interactions are quite poor

(~10° worse than P-odd/T-odd in NN system!)

Polarized neutron transmission through tensor-aligned nuclear target
on n-A resonances could improve /T-odd NN limits by ~103

Known candidate nuclei exist ('2'Sb, 123Sb, 7271 '), but present lack of
spectroscopy info. Doable at JPARC, CSNS, LANSCE,...

Need cryo-aligned '#7| target, preferably eV-keV polarized neutrons. At
IU we have one working “dry” DR and a spin refrigerator cryostat



