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Symmetries of the weak interaction
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Key assumption

¢ Only left-handed chiral fields in both the charged and neutral current
sectors

¢ Left-right symmetric extensions to the Standard Model

* Pati and Salam (1974)

* Senjanovi¢ and Mohapatra (1975) Right-handed weak
* Shaban and Stirling (1992) Interactions

* Herczeg (2001)

¢ There exists a direct connection between right-handed weak currents,
the see-saw mechanism and Ovf33 decays

*

Bilenky, Faessler, Potzel and Simkovic (2011)
Rodejohaan (2011)

Stefanik, Dvornicky, Simkovic, and Vogel (2015)
Deppisch, Hati, Patra, Pritimita and Sarkar (2018)

*

*

*



Probing RHCs with atomic nuclei

fi = fi +x%a® +y P,
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RHC physics > x~0—(;y>~0+(

Bég, Budny, Mohapatra, and Sirlin,
Phys. Rev. Lett. 38, 1252 (1977)
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Holstein and Treiman, Phys. Rev. C 3, 1921 (1971)
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G: Nucl. Part. Phys. 17 919 (1991)

Isotope j=J vt (s) Yo Ao £t

: *H 1/2 1141.3(21) 0.4778(6) —0.9919(1) -1.095

Laser-cooled clou e 3/2 3972.0(141) 1.3532(69) —0.5992(2) 0.472
of highly-polarized: 1N 1/2 4694.5(193)  1.801(16) ~0.3330(2) 0.943
50 1/2 4407.4(80)  —1.5944(53) 0.7080(17) ~0.532

g 5/2 2314.0(69)  —0.7776(19) 0.9972(2) -0.357

“Ne 1/2 1725.1(44) 0.6250(11) —0.0396(9) 24.23

*'Na 3/2 4106.4(116)  —1.4206(62) 0.8617(18) —0.308

: BMg 3/2 4754.7(179) 1.852(16) -~0.5574(18) 0.324

B detector ::A} 5/2 3743.1(76)  —1.2493(34) 0.9362(8) -0.238

Si 5/2 4172.2(131) 1.4557(72) —0.6973(8) 0.263

“p 1/2 4869.1(181)  —1.956(18) 0.6060(45) -0.456

g 172 4860.9(274) 1.949(27) ~0.3301(7) 0.842

Bl 3/2 5668.6(127) 3.463(52) —0.3821(44) 0.161

SAr 32 5717.7(142)  —3.674(68) 0.4201(72) -0.131

K 3/2 4591.3(302) 1.721(23) —0.5720(24) 0.353

TRI NAT at TRI U M F ¥Ca 3/2 4347.3(111)  —1.5567(69) 0.8213(20) —0.285
(picture from phys.org) “Se 712 2873.4(84) —09377(26)  0.9983(2) = -0.237
B. Fenker et al, Phys. Rev. Lett 120 062502 (2018) Nawviliat-Cuncic, Girard, Deutsch and Severijns, J. Phys.



Probing RHCs with "Ne p decay

J 1 = fi +x°a” + yc?,
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(E) [f4(E)] J+1 J+1
Ag(FE) =
E g f1(E) RHC physics —> *~d0—(;y~0+4+(
Beta asymmetry Year Reference Ap(0) Ag
1963 Commins and Dobson —5.7(5)
1967 Calaprice et al. —3.3(2)
1969 Calaprice et al. —3.9(2)
1975 Calaprice et al. —3.91(14)
1983 Schreiber —3.603(83)
1996 Jones —3.52(11)
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Probing RHCs with atomic nuclei
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Symmetries of the weak interaction
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Key assumption

¢ Only left-handed chiral fields in both the charged and neutral current
sectors

¢ Flavor-conserving quark-quark weak interactions least understood
¢ Parity violation # filter to isolate weak interaction effects

Theory Experiment
Ap(p,p): Bonn, Los Alamos, PSI, TRIUMF

N N
/ Desplanques, Donoghue

Ar(p,a): PSI
and Holstein (DDH)
Strong il Weak meson exchange model
(PC) (PY)" for the NN potential

P,(n,p): Gatchina

A, (7, p): Los Alamos, Grenoble
Ann. Phys. 124, 449 (1980)



Symmetries of the weak interaction
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Key assumption

¢ Only left-handed chiral fields in both the charged and neutral current
sectors

¢ Flavor-conserving quark-quark weak interactions least understood
¢ Parity violation q filter to isolate weak interaction effects

Theory Experiment

- : e A;(p,p): Bonn, Los Alamos, PSI, TRIUMF
xPT : Chiral perturbation theory

» EFT («): Pionless EFT T Sl el
* 1/Nc Expansion e P,(n,p): Gatchina
* Lattice QCD

o A (7,p): Los Alamos, Grenoble

Gardner, Haxton and Holstein, Ann. Rev. Nucl. » NPDGamma Expt
Part. Sci. 67, 69 (2017),
D. Blyth et al., PRL 121, 242002 (2018)



Symmetries of the weak interaction

1= —eJ" Swirat, +wi it = =22,
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Key assumption

¢ Only left-handed chiral fields in both the charged and neutral current
sectors

2 cos Oy

¢ Flavor-conserving quark-quark weak interactions least understood
¢ Parity violation q filter to isolate weak interaction effects

Theory Experiment

- : e A;(p,p): Bonn, Los Alamos, PSI, TRIUMF
xPT : Chiral perturbation theory

EFT (#): Pionless EFT 2 Aufle )l
1/Nc Expansion e P,(n,p): Gatchina
Lattice QCD Challenge

o A (7,p): Los Alamos, Grenoble

107 L} NPDGamma Expt
D. Blyth et al., PRL 121, 242002 (2018)
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Parity doublets in light nuclei as amplifiers
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W. C. Haxton, PRL 46, 698 (1981)
E. G. Adelberger and W. C. Haxton, Ann. Rev. Nucl. Part. Sci. 35, 501

(1985) : :
Motivation 2 ‘}’\

Need a high precision determination of the ¥2*—» %, branch




Aluminum

g Heavimet
casing

collimator

Beam
line

-

BGO shield
Mylar backed

aluminum tape SCEPTAR paddles




Half-life determination
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Branching ratio determination

7 ].fJQ-I_
106 — Prompt Py coincidences Ne \\\\n.ooz‘}{ )
100k - I \ 3!,.2‘+ | 1554
% 1 05 L ‘"1 backscattered peak - \\\\\\ 2 E’: )
Z10'f l ' \ =
% 103 N l\_\\\\\ i
, | \\[|. .. | &
10 99.988\%\ SLE -~ =
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 LIS -
Energy [keV] °F
200
22000 [
— S 1801
> 20000 - > i
Q : L 160
= 13000} =
= = 140
= =
g 16000 |- - g !
: Epf 120 +
~ 140001 o
: 100
12000 [ | | : I : ] N [ A | ] .
90 100 110 120 1320 1340 1360 1380

Energy [keV]

Energy [keV]




Branching ratio determination
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Sovdr : Source Correction AB%[ (%)

\ \ 5/2ty 197 Coincidence summing 1.0089(6) 0.06

\.\ \ 12 S . Random coincidences 0.961(9) 0.94
99,9887 ! - Pile up 1.00324(1) 0.001
\\ = Dead time 1.00577(6) 0.006

12 L Qs value dependence on 3 efficiency 1.000(2) 0.20

19 NPY/Njs ratio 6.4

HPGe efficiency (é€10) 2.4

Measured 3 branch (%)
Transition Previous work This work : :
|- —
/27 —3/2F  00021(3°  0.0023(3)° _ 0.0017(5) First-forbidden 3 decay

1/28 > 1/27  0012(2)°  0011(9)¢  0.0099(7) branch now known with three

“ D.E. Alburger

® E.G. Adelberger et al.
“ E.G. Adelberger et al.
4 E.R.J. Saettler et al.

times better precision

« Superallowed Y2 —* %
branch is now 99.9878(7)%



Branching ratio determination
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99,9887 ! - Pile up 1.00324(1) 0.001
\\ = Dead time 1.00577(6) 0.006
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19 NPY/Njs ratio 6.4

HPGe efficiency (é€10) 2.4
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Transition Previous work This work : :
|- —
/27 —3/2F  00021(3°  0.0023(3)° _ 0.0017(5) First-forbidden 3 decay

1/28 > 1/27  0012(2)°  0011(9)¢  0.0099(7) branch now known with three

“ D.E. Alburger

® E.G. Adelberger et al.
“ E.G. Adelberger et al.
4 E.R.J. Saettler et al.

times better precision

¢« Precision in Ft value
Improved by a factor of ~3.5
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« Violates CKM unitarity
by more than 50

« Violates CKM unitarity
at the 99.6% CL

A‘”‘pt —0.0391 + 0.0014

ASM —0.0415 =+ 0.0006



Results and conclusions
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B. Fenker et al, Phys. Rev. Lett 120, 062502 (2018)

= (MI/M )

0.175

0.15

0 125

o
=

0.075

0.05

0.025

alap,.:
rice ¢ (19
(1975

|
-0.125

|
-0.1 -0.075

|
-0.05

|
-0.0025

C (L-R Mixing Angle)

This work + 1975 measurement ofA
(Best fit disagrees with the SM by onIy 1.70)

¢ One of the most precisely measured #¢ values for T = %2 mirror
decays is from **Ne: 7t = 1721.44(92) s

« First-forbidden decay rate is found to be ~ 10 times lower than shell

model calculations that used PNC nucleon-meson couplings
recommended by Desplangques, Donoghue and Holstein

B. M. Rebeiro et al, Phys. Rev. C 99, 065502 (2019)
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Results and conclusions
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« First-forbidden decay rate is found to be ~ 10 times lower than shell

model calculations that used PNC nucleon-meson couplings
recommended by Desplangques, Donoghue and Holstein

Remeasurements of the asymmetry measurements are welcome!
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Revisiting Weak interaction symmetries
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Key assumption

¢ Only left-handed chiral fields in both the charged and neutral current
sectors

¢ Left-right symmetric extensions to the Standard Model

* Pati and Salam (1974)

* Senjanovi¢ and Mohapatra (1975) Right-handed weak
* Shaban and Stirling (1992) Interactions
* Herczeg (2001)

¢ There exists a direct connection between right-handed weak currents,
the see-saw mechanism and Ovff3 decays

*

Bilenky, Faessler, Potzel and Simkovic (2011)
Rodejohaan (2011)

Stefanik, Dvornicky, Simkovic, and Vogel (2015)
Deppisch, Hati, Patra, Pritimita and Sarkar (2018)

*

*

*




The 0vpBp decay of "**Xe
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The Ovpp decay of “*Xe

T *Ca Y71 Nd}
B Se Te

| 1 IIIIIII| 1 IIII\IIE||||||||||||
107 107 1072 107! 50 100 150
mlightest (GV) A

« Y°Xe BP decay experiments have certain advantages...

« 2°°Xe has singly closed shell (N = 82) ) nearly spherical



The NME for “*Xe 0vBp decay
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Nucleon pairing and the BCS approximation

4 l
i E(A),_=~B(A)+B(208)+58I (A-208)
4 5| 40 E(A), =249(n +n )
; o I 0.4
v U - To) N—— ~ 30
A s, __y_____ — : 0,3
% e Ve
g -
7 55
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Nathan and Nilsson, Alpha, beta and gamma-ray spectroscopy (Ed. Kai Siegbahn)

Broglia, Hansen and Riedel, Advances in Nuclear Physics: Vol 6

Two-nucleon transfer reactions such as (p,t), (t,p), (3He,n) are useful probes
:> Strong population of the ground states in the superfluid limit



Anatomy of Ovpp decay NMEs
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B. A. Brown, M. Horoi and R. A. Senkov, Phys. Rev. Lett. 113,
262501 (2014)



Mg (1)

J. Menéndez, J. Phys. G: Nucl. Part. Phys. 45, 014003 (2018)

Anatomy of Ovpp decay NMEs
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P. Vogel, J. Phys. G: Nucl. Part. Phys. 39, 124002 (2012)

¢ The NME is dominated by the J*= 0" ground

76Ga state in ““Ge
K ¢« There are cancellations from intermediate
’8As states with J > 0, dominated by the 2*
N contributions
“Ge [< “Ge | « Relates to pair-transfer properties of the ground
states



Benchmarking NME calculations with **Ba(p,t)

Dipole 2
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Quadrupole Target Focaj Plans

High resolution Q3D spectrograph
at MLL in Garching, Germany



Benchmarking NME calculations with **Ba(p,t)
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Benchmarking NME calculations with **Ba(p,t)

Ex = 3427 Im-';

c5(9)/0((-))R

Becchetti and Greenlees
Konig and Delaroche
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Benchmarking NME calculations with **Ba(p,t)
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« Used the NuShellX code with the five-orbital (0Og__, 1d__, 1d__, 2s__,0h_ )

7/2’ 5/2’ 3/2’ 1/2" 7 1172
valence space to get the wavefunctions for ***Ba and first 50 0* states in

13GBa

« NuShellX ) two-neutron transfer amplitudes (TNA) —) coherent sum of
both direct and sequential two-step transfer



Benchmarking NME calculations with **Ba(p,t)

LEVELS OF %?Fe STUDIED WITH THE (p, t) REACTION'!

P. DECOWSKI ', W. BENENSON, B. A. BROWN and H. NANN
Cyclotron Laboratory and Physics Department, Michigan State University, East Lansing, Michigan 48824

(a) (b) (c) (d)

Fig. 8. Diagrams of the 3*Fe(p, t)**Fe reaction assuming, (a) the zeroth-order process with **Fe in a pure

U, = 1f;,2); %0 configuration and $2Fe in a pure (j, = 1f,,,); 20U, = 1f;5); %, configuration, (b) a

first-order process which includes two-hole admixtures in *?Fe, and (c) a first-order process which

includes two-particle admixtures in **Fe. Diagram (d) shows a first-order process due to three-hole
one-particle admixtures with (j, = 1f;,3); % in **Fe.
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Coherent contributions from orbitals outside the valence space enhance
the L = 0 (p,t) cross section



Benchmarking NME calculations with **Ba(p,t)

—

:.g 3.2H__ Experiment 7 3.2H — Experiment |

E | sn100pn | I sn100pn-CP ]

E 2.8H — sn100t - 2.8 — sn100t-CP 7
| — GCN50:82 | | — GCN50:82-CP| e

3 I——l'__'

B 24r - 2.4 7

S

©20F s 20F N per= J

| ——

NG [ 7 1.6 7

o0 | — ]

5 o I |

g 1.2 B I—l—,_-'_7 ] 1.2 — -

é | . | | \ | . | | | | P | . | . | ! | ]
0 1.0 2.0 3.0 4.0 5.0 0 1.0 2.0 3.0 4.0 5.0

Excitation energy (MeV) Excitation energy (MeV)

¢« \We obtain better agreement after incorporating these ladder-diagram
corrections to the TNA (assumed the scattering of pairs of neutrons to
twenty three orbitals beyond the model space)

« 1%%e —»*Xe is very similar to ***Ba —» ***Ba (both are N =82 —»N = 80)



Results

« QRPA: Simkovic, Rodin, Faessler and Vogel (2013) — 23 orbitals
M%»(GT) = 2.18

¢ QRPA: Fang (this work) — 28 orbitals
M®GT)=MJ=0)+M (J>0)=9.63-7.65=1.98

¢ |SM: E. Caurier, J. Menéndez, F. Nowacki, and A. Poves (2008)
M™GT)=MJ=0)+M (J>0)=5.72-3.95=1.77

¢ |SM: Horol (this work) — sn100t + five orbitals: PRL 110, 222502 (2013)
M®GT)=MJ=0)+M I >0)=5.67-3.73=1.94

« ISM: Brown (this work) M__(J = 0; G.S) = 5.72 «
MGT(‘J =0; G.S) = 9.04 Ratio = 1.58

« Using this ratio, we get a corrected ISM value M__(J = 0) = 8.96

Based on comparison with our
experimental data



Conclusions

¢ Our ***Ba(p,t) work indicates a large breakdown of the BCS pairing
approximation for neutrons in **Ba

¢ A similar analysis of ***Ba(p,t) data shows that this persists in ***Ba:
See Jespere Ondze’s poster

¢ Quite likely due to dissimilar deformations in initial and final nuclei
shape-transitional Ba nuclei with N < 82

¢ Our ISM analysis (after taking into account core-polarization corrections
to the TNA) results in a value of M __ (J = 0) that agrees with a large

model-space QRPA calculation

¢ We recommend improved calculations of this part of NME as well as the
canceling M__ (J > 0) terms, taking into account physics contributions

from beyond the model space.
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