University
ﬁ fRegina

Superallowed Fermi B Decay

The low-energy precision frontier of nuclear physics

SUMMEr PArciCLE
ASCIOPHYSICS

WOTKSHOP

Dr. Gwen Grinyer
Department of Physics, University of Regina, Regina, SK S4S 0A2, Canada

ﬂ!. Gwen.Grinyer@uregina.ca @ @gwendoesscience y @gwendoesscience

=

1  Superallowed Fermi Decay Gwen Grinyer, SP(A)PW, 6 May 2022



Hi! I’'m Gwen!

®* My academic journey:
® B.Sc. McMaster University (2002)
® M.Sc. University of Guelph (2004)
® Ph.D. University of Guelph (2008)
®* PDF Michigan State (2008-2010)
® Staff scientist CEA (2010-2017)
®* Professor U Regina (since 2017)
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® My lived experience:
® Experimental nuclear physicist
® Mum of 3 kids (ages 6, 13, 15)
® First female physics Prof. at UofR
®* Only LGBTQ+ STEM Prof. at UofR
® Passionate about EDI in STEM

®* More about me: '@ @gwendoesscience
y @gwendoesscience
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Nuclear B decay

® A neutron turns into a proton (or vice versa)

- A A e
B~ Jxv — AVt e +T
neutron —> proton

+ A A -
proton —3> neutron

®* Momentum conservation & selection rules:

R
Jo=lp+L+S T =mp(-1)

®* Allowed decays (L=0)
®* Forbidden decays (L=1,2,3,...)

®* Fermi decays (5=0)

®* Gamow-Teller decays (S=1)

3  Superallowed Fermi Decay

Parent
Half-life
T2 . W',T.T,)
p (Z,N) Q-value
(energy)
Y Branching
ST e — BR
% ? ? \ ____________ ’ ________
Daughter y-ray emission

Gwen Grinyer, SP(A)PW, 6 May 2022



Half-lives and ft values

B.Singh et al. Nucl. Data Sheets 84, 487 (1998)

Case J*(P->D) Classification Ti/ Fraction
18N> 18C 1-->1- Allowed (GT&F) 624 ms ]
®He->SLi 0*->1* Allowed (GT only) 807 ms "sl,p:;ﬁwed"
10Cc->10 0*->0* Allowed (F only) 19s 1%

38Cl-»38Ar 22 1t Forbidden 37 min 33%
36C|->36Ar 2+ >0* 2"d Forbidden 3 x 10° years 1%

40K—>40Ca 4-->0* 3 Forbidden 1 x 10° years 0.1%
>0/ —>30Cr 6+ >2* 4t Forbidden 1 x 107 years 0.1%

®* The ft value is a convenient way to characterize nuclear B decay
Half-life
Q-valuef? le/Q K «— Constants
, BR  g?|My;|?

Branching >
Ratio Strength

€—— Matrix element
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Nuclear Isotopic Spin (Isospin)

® Introduced by Heisenberg in 1932
® Protons and neutrons - (iso)spin projections of the “nucleon”

O tz(p)z—% O .o :%

® Total isospin (T) and isospin projection T, of the nucleus

N+ Z7

|

® Nuclear B decay is a neutron changing into a proton (or vice versa)
®* Fermi decay between “isobaric analogue states” is a ladder operator

Mgl =(TFT,)(TxT,+1)

M 2 2 Exact!
For T =1 decays —> | F| — (to extent that isospin valid)
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Conserved Vector Current Hypothesis (CVC)

®* The ft values for superallowed Fermi decays...

ft B fT1/2 - K «— constants @
L 9% My|?
strength? isospin @

® CVC hypothesis (based on analogy to electrodynamics)
® A universal coupling constant - the electric charge “e”

O «——— e=1.602176487 x101°C —> @

® The weak interaction is also thought to have a universal coupling constant!

Gy = 1.13621 x 10-> GeV-2

R.P.Feynman and M.Gell-Man PR 109, 193 (1958)
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Conserved Vector Current Hypothesis (CVC)

®* The ft values for superallowed Fermi decays... should be constant!

fTyp K
~ BR  2Gy?

— constant ?

ft

® CVC hypothesis (based on analogy to electrodynamics)
® A universal coupling constant - the electric charge “e”

O «——— e=1.602176487 x101°C —> @

® The weak interaction is also thought to have a universal coupling constant!

Gy = 1.13621 x 10-> GeV-2

R.P.Feynman and M.Gell-Man PR 109, 193 (1958)
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Superallowed ft values

J.C.Hardy and I.S. Towner PRC 102, 045501 (2020)

® World survey of superallowed decays 6000 -
¢ > 220 independent measurements 5000 % 100
> 4000
® Superallowed ft values E 3000_<.. coe wei w8 >
® Range from 3040 s to 3100 s (2%) E ot |
® Higher-order effects (theory) i |
A
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Superallowed ft values

J.C.Hardy and I.S. Towner PRC 102, 045501 (2020)

® World survey of superallowed decays
¢ > 220 independent measurements

® Superallowed ft values
°* Range from 3040 s to 3100 s (2%) |
® Higher-order effects (theory)

® lIsospin symmetry is not exact

®* Broken by charge dependent forces :

Mpl? = 2(1 - é¢)
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Superallowed ft values

J.C.Hardy and I.S. Towner PRC 102, 045501 (2020)

® World survey of superallowed decays
¢ > 220 independent measurements

® Superallowed ft values ; g
® Range from 3040 s to 3100 s (2%)  3085F o, T “Ca g
® Higher-order effects (theory) 30805_ 2, E
- 140 ¢ | 46V B ]
3075F AT e 11 [ 4
® lIsospin symmetry is not exact @3070;::::::{::::_;f_:::-}:'"I:-_:E:‘-::::;:::::::::;
° Broken by charge dependent forces & | ser | s soMnj :
3065F ! I
‘MF‘Q =2(1 - é¢) 3060 ) .

Ar]
3055F

® Corrected Ft values
® Constant at the level of 9x10-> 7 of daughter
® Validation of the CVC hypothesis
® Strong constraint on “new physics”
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Cabibbo-Kobayashi-Maskawa (CKM) Matrix

® The CKM matrix plays a central role in the Standard Model
® It describes all quark flavour changing interactions (including B decay)
® Given that there are 3 quark generations, CKM is a 3x3 matrix

B decay CKM
0 0 Q 0 Y 4 N D
d’ Vud Vus Vub d
Q up down
Proton Neutron ' | =] Ved Ves Veb S
0 up quark q=+2/3e b’ Vig Vi Vib b
Q down quark q = -1/3e ~ ~ J\ S

® In the Standard Model the CKM matrix describes a unitary transformation

Ivud|2+ |vus|2+lvub|2= 1
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CKM Unitarity Test

J.C.Hardy and I.S. Towner PRC 102, 045501 (2020)

® The most precise test of CKM unitarity comes from the top row
V.q is by far the largest and is obtained precisely from superallowed decays

/ Constants

,  2912.95 4 0.54 .
|Vud| — —
Ft
/ il
Average Ft value from 15 superallowed b’
Fermi transitions between 1°C and 7“Rb y 9

|Vua| = 0.97373(31)
|Vys| = 0.2243(5)
o IV, | = 0.00394(36)
® Present status of the test of CKM unitarity:

I Vud | 2 4+ | Vus | 2 4 I Vub | 2 = 0-9985(6) 2.50 deviation

from unity!!!
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TRIUMF’s ISAC Facility & TRIUMF

® Canada’s National Laboratory for Nuclear and Particle Physics
® Isotope Separator and Accelerator (ISAC)

A)) TRIUNF 500 MeV P
€

(Lv Cyclotron 100 pA

P
,,,,,

proton beam

production target

ion source

RFQ

ions + ionized molecules TRINAT

, |
High Resolution
LEBT Mass Separator

|
Target Stations 500 MeV

mass separator Protons

Cyclotron

> experimental area
~40 keV beam
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High-Precision Half-Life Measurements

® We use a gas proportional counter and a fast tape transport system
® Implant radioactive isotopes from ISAC onto a tape (collection period)
®* Rapidly move the sample into a gas counter (beta particles ionize the gas)
® Record the radioactive decay of the sample (exponential decay law)
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Half-life of 10C

® Beam of radioactive 1°C
® Intensity ~10° ions/s

¢ Data from 1 cycle (~ 8 mins)
® Precision £ 0.07%

® Total of 550 cycles (4 days)
T1/2 = 19.3009(17) S

15 Superallowed Fermi Decay

Counts per 1.0 s

M.R.Dunlop et al. PRL 116, 172501 (2016)

Ao = initial activity
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Half-life of 10C

® Beam of radioactive 1°C
® Intensity ~10° ions/s

¢ Data from 1 cycle (~ 8 mins)
® Precision £ 0.07%

® Total of 550 cycles (4 days)
T1/2 = 19.3009(17) S

¢ Systematic uncertainties
® The most important part!

* Half-life of 19C @ TRIUMF
® Overall precision £ 0.009%
® Most precise T,,, ever reported!
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M.R.Dunlop et al. PRL 116, 172501 (2016)
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Half-life of 140

S.Sharma et al. EPJA 58, 83 (2022)

°* Beam of radioactive 140 10 T, = 70627 79 ms
® Intensity ~105 ions/s «10°F 2¥v=092
%103%-
° Data from 1 cycle (~ 25 mins) 2‘,102
® Precision * 0.10% 1o’k :
1_ Half-life = 70.6 s 6 i (ST G Tes—r——
* Total of 124 cycles (3 days) s 0 s o @
T,= 70.6192(70) S Time (min) 25 mins/cycle!
71000
T,/p=70619.2 £7.0 ms
2v=1.13
g
::E; E '!:il |!:= S E:? J _::::J: !" l: o=
= 70600 [ [HH |
AL ER ARl
70400 | l l

702000—— et
0 20 40 60 80 100 120

Cycle Number
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Half-life of 140

® Beam of radioactive 140
® Intensity ~10° ions/s

®* Data from 1 cycle (~ 25 mins)
® Precision £ 0.109%

® Total of 124 cycles (3 days)
-r1/2 =:.7().€{1£)22(7WJ) S

® Half-life of 140 @ TRIUMF
® Overall precision £ 0.010%
®* Comparable precision to 10C!

® Article published 3 days ago!
® Shivani Sharma, U of R
® Now at Sunnybrook Hospital
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S.Sharma et al. EPJA 58, 83 (2022)

70800
T1/2 =70619.6 £ 6.3 ms
70750 T ¥*v=0.87
70700 ®
o
m
£ 706501 } 1
s S — S
"5 70600} T | T
I Present
® - Work
70550
70500
70450 : ' ' ' : : .
1970 1980 1990 2000 2010 2020

Year of Publication

Gwen Grinyer, SP(A)PW, 6 May 2022




Next generation: GRIFFIN & TRIUMF

® New HPGe y-ray spectrometer
¢ 16 large volume “clover” detectors
® Fully operational since 2015

* Experiment $S1140: Half-life of 140
® Statistical precision * 0.039%

®* Regina students lead the analysis!
® M.Sc. Nastaran Saei
®* Ph.D. Eric Gyabeng Fuakye

®* Experiment S1848: BR of 34Ar
® New experiment at ISAC!
® To be scheduled in 2023
® Looking for interested students!

https://griffin.triumf.ca

19 Superallowed Fermi Decay Gwen Grinyer, SP(A)PW, 6 May 2022



Thank you so much!

® Superallowed Fermi B Decay
® The precision frontier of NP
® Crucial constraints on the SM
®* Demanding test of CKM unitarity

®* Experiments at TRIUMF-ISAC

® Best place for these studies
®* World-leading detectors/expertise

® Many other projects in my group!
® | am always looking for students!
® Please contact me if interested!!

™ Gwen.Grinyer@uregina.ca

‘@' @gwendoesscience
y @gwendoesscience
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