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Outline

Nuclear 3 decay as a probe for physics beyond the standard model (white paper)

M. Brodeur,! N. Buzinsky,” M.A. Caprio,! J.A. Clark,® P.J. Fasano,! J.A. Formaggio,? A.T. Gallant,® A, Garcia,”
S. Gandolfi,® S. Gardner,” A. Glick-Magid,* L. Hay'vn %% H. Hergert,'®!! 1. D. Holt,'*1* M. Horoi,' M.Y. Hll.—lllg:m
K.D. Launey,'® K.G. Leach,'™'® B. Longfellow.® A.E. McCoy,'®-'¥ D. Melconian,*™*! P. Mohanmurthy,*
D.C. Moore,?? P. Mueller,® E. Mereghetti,”® P. Navratil,®* S. Pastore,'®2* M. Piarulli,'®-?* D). Puentes,*® 1%
B.C. Rasco,”™ M. Redshaw,'? G.S. Sargsyan,” G. Savard,®?® N.D. Scielzo,® C.-Y. Seng,*'® A. Shindler,!%- 1!
S.R. Stroberg,! J. Surbrook,® ¥ A. Walker-Loud,?® C. Wrede,®® ¥ A. R. Young,?®?*! and V. Zelevinsky% 1%

! Department of Physics and Astronomy, University of Notre Dame, Notre Dame, IN 46556 USA
?Department of Physics, University of Washington, Seattle, Washington 98195, USA
 Physics Division, Argonne National Laboratory, Lemont, Illinois 60439, USA
1 Laboratory for Nuclear Science, Massachusetts Institute of Technology, 77 Mass. Ave., Cambridge, MA 02159
®Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, California 94550, USA
® Theoretical Division, Los Alamos National Laboratory
" Department of Physics and Astronomy, University of Kentucky, Lezington, KY {0506-0055
® Department of Physics, North Carolina State University, Raleigh, North Carolina 27695, USA
*Triangle Universitics Nuclear Laboratory, Durham, North Carolina 27708, USA
Y Facility for Rare Isotope Beams, Michigan State University, East Lansing, Michigan 48824, USA
" Department of Physics & Astronomy, Michigan State University, Fast Lansing, Michigan 48824 USA
2 TRIUMF, Vancouver, BC V6T 2A3%, Canada
'3 Department of Physics, McGill University, Montréal, QC H3A 2T8, Canada
" Department of Physics, Central Michigan University, Mount Pleasant, MI {8859, USA
% Department of Physics and Astronomy, Towa State University, Ames, IA 50011, USA
8 Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA
' Department of Physics, Colorado School of Mines, Golden, CO 80401, USA
'® Facility for Rare Isotope Beams, Michigan State University, Fast Lansing, MI 48824 USA
" Department of Physics, Washington University in Saint Louis, Saint Louis, MO 63130, USA
0 Cyclotron Institute, Teras ASM University, 3366 TAMU, College Station, Teras 77843-3366, USA
* Department of Physics and Astronomy, Teras ABM University,

4242 TAMU, GCIHEQE SE&Emn Tezas ’?’?’S{.‘i‘-.{u{'f USA
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Outline

» CKM matrix unitarity tests

% Theory has made huge progress
*— New experiments targeting low-Z cases, mirror transitions

# Searches for scalar and tensor currents

%— Spectrum-shape for Fierz
*%— lon and atom traps

® 3 decays for neutrino physics

*— Ultra-low Q-values for direct m, measurements
%— Sterile neutrinos via EC
%— Reactor antineutrino anomaly
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In case | run out of time (which | will...)

» Start with the White Paper recommendations:

*— Experimental + theoretical alliance for Vud and CKM unitarity
*— Investing in small- and mid-scale projects

%— Establishing support for nuclear theory

*— Developing cutting-edge techniques

*%— Promote diverse and inclusive environment, and better
support students

# Thanks for input (apologies to all)

%— Maxime Brodeur, Drew Byron, Jason Clark, Leendert Hayen,
Kyle Leach, Charlie Rasco, Matt Redshaw, Nick Scielzo,
Chien Yeah Seng, Louis Varrian, and everyone on the
nuclear f decay White Paper
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E-decax correlations and ft values

#® Quick reminder:

Dg - P I'm I_> 7] X A
dW = dW, 1+apﬁ pv+b e+<>.(Aﬁpﬁ+Bv +D pﬁ pv>_|_...
<\SKJ.EJ.L vector
2 Pl .

—|Cs|* —|C%|? |Cy |2+]CY, |2

Aoy = |02|2+|C§\2 Apy = |C¥|2+|C’ 2
L ORGP ISP (O _

POV + |CL R+ |Cs 2 + O 2
/% /

b — —2?)%6(050‘/ + C ) _ 077

Cv[® +[Cy? + \0812 +1Cs[?
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E-decax correlations and ft values

#® Quick reminder:

Dg * Dy () Dg X Dy
R Ag—+B,=+D + oo
EgE, Eﬁ T ( P Eg BV E, = EgE,

dW:dWO 1+a

» Comparative half-life:
f=[/FZ E)C(E)pE(E — Eo)*dE ~Q° L I-t

t]_ I."IIE

and

1/2 Qrc

t = (1 ~+ PEC) ) | Br

Ft=ft(1+8 )1+ 6ys—6¢)
K/Gf

|Vud|2M2(1 + A )
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CKM Unitarity

® There are currently indications of non-unitarity at a few
o level

0.228
SA

n
0.226- Ki3

\

\

0.220 \

0.968 0970 0972 0.974 0.976 0.978
|Vud|

V2, + V2 + V75 = 0.9982(6)
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Recent development: theo

# Hint of new physics due largely to new calculations
of Aj

0.02500 SGR-M19 SBM21 >
0.024751 {/ﬁ} . \ q\ //J{-:J

0.02450 516120
H21
0.02425 ¢
-t
s MS06 1 e
0.02400 >
CM519
0.023751 CI\ wt v fq
0.02350
0.02325 1 n D

Smaller uncertainty and a shift
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Recent develogment: them_'x

® Hint of new physics due largely to n
of Aj

#» New effects to dys from quasi-elasti

ew calculations

c contributions and

nuclear polarization effects (1812.03352, 1812.04229):

ons(E)
%— Now the (by far) dominant 0-06
theoretical uncertainty

%— Rigorous theory framework
based on dispersion relation
to compute the NS effects
(2211.10214)

*— New collaborations are formed
to compute dyg with ab-initio

o
o
e

0.02

Frac. Uncertainty (%)

methods for light nuclei
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Recent develogment: them_'x

# Hint of new physics due largely to new calculations
of Aj

®» New effects to dys from quasi-elastic contributions and
nuclear polarization effects (1812.03352, 1812.04229):
ons(E)
*— Now the (by far) dominant uncertainty comes the SM theory

iInput

® New connections are found between experimental
measurements of charge radii and the isospin breaking
correction (6.) (2208.03037) and recoil corrections in 8
decay (C.Y.Seng, 2212 .XXXXX, will post soon)
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ADb initio nuclear theor_'x

® Amazing progress in just 10 years!!
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N

H. Hergert, Frontiers in Physics (2020)
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Exgerimental efforts

® Being low-Z, 1°C and '*O are the most interesting
(scalar currents); Ronald will talk about this later

SALER: Superconducting Array for Low-Energy Radiation
Direct implantation and measurement of eV-scale radiation from short-lived (T,,, > 1 ms)
rare isotopes for BSM physics searches (CKM unitarity, exotic weak currents, etc.)

0 COLORADO MINES
! EARTH # ENERGY # ENVIRONMENT

STAR NC STATE
cryoeLecTronics  YNINZIRIERG

eV-scale nuclear recoil
spectroscopy for BSM
physics studies

GORDON AND BETTY

MOORE @

FOUNDATION

Office of

' ENERGOY Science

Al degrading foil

Ex| p nme nts V\i'thf ast, stopped, "} Reaccelerator
eams

ooooo
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Experimental efforts

® Being low-Z, 1°C and '*O are the most interesting
(scalar currents); Ronald will talk about this later

® Proton-rich cases to be studied with TAMUTRAP via
the kinematic shift of f-delayed proton decays

same opggﬁile
\ 20
/ /” \ |
- »"{' . : . , ‘;. . 44450,
3340 3345 3350 3355 3.360 3365  3.370 [ —
40,41 TI
., 36,37
ey N — 2337
533345 335 3355 3360 3365 370 JH T T3+1 24'25Si
rrrrrrrrrrrr [MeV]
. IAS
a 20,21
—¥ ~Mg
[ L]
ZJ\ E 8
I

scalar
- 0/ vector - L

ZVI

T | TEXAS AM
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Exgerimental efforts

® Being low-Z, 1°C and '*O are the most interesting
(scalar currents); Ronald will talk about this later

® Proton-rich cases to be studied with TAMUTRAP via
the kinematic shift of f-delayed proton decays

# Mirror nuclel continue to be improved as an alternate
to 07 - 0% (and of course the neutron, next talk)

*— Lifetimes, f-v correlations with St. Bendict @ Notre Dame

0.9800

0.9800+ |V“d|m':m old Mirrors .
Va ™™ 0.9775 0+-0+ 2!Na
0.9775 Vial®* 20 21N 9N 3sar| T37k
19Ne 35Ar 37K 0.9750 1 :
= 0.9750- | = I E
= { ' I > 0.9725
0.97251 39
2 I | P 0.9700. 0.4% |. 0.1% 1
0.97001 . I
0.9675 C ap,
0.9675¢ 10 20 30 40 0 10 20 30 40
A of initial state A of initial state
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Superallowed Transisiton Beta-Neutrino Decay lon

Coincidence Trap (St. Benedict) /—%\L\%

Beam from Gas Catcher
TwinSol """"”"""""""""”""""""ﬂuuuu Cooler-Buncher
uﬂuu
: L I |

— : [

w sz A— 1

podd
fooooooogoonogon?® RFfCarpet & RFQ PauITrap\

4 T
i

=

s A

* Gas catcher from ANL: RF/DC & vacuum tested; transport tests underway

* RF carpet tested; ion guide assembled and RF circuit being tested

° iccl 'NIVERSITY OF
Cooler/buncher comm|55|oned {OTRE DAME

* Paul trap has been simulated and manufactured



Exgerimental efforts

® Being low-Z, 1°C and '#O are the most interesting (scalar
currents)

® Proton-rich cases to be studied with TAMUTRAP via the
kinematic shift of f-delayed proton decays

@ Mirror nuclei continue to be improved as an alternate to 0% —» 0%
(and of course the neutron, next talk)

%— Lifetimes, B-v correlations with St. Bendict @ Notre Dame

%— Lifetimes, branching ratios (fast-tape + HPGe), f-v correlations
(TAMUTRAP) at the Cyclotron Institute

0.9800

0.9800 [Via| ™" 0ld Mirrors —
IVigal ™" 0.9775 1 0+-0+ °!Na
0.9775 Vial®* 20 21N 9N 3sar| T37k
19Ne 35Ar 37K 0.9750 1 :
= 0.9750 | E 4 E
= 1 Y I ~ 0.9725 fh
0.9725- 29
r I P 0.9700. 0.4% |. 0.1% 1
0.9700 1
0.9675 - C apy
0.9675 % " - 0 20 0 10 20 30 40
A of initial state A of initial state
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Outline

@

*_
*_

# Searches for scalar and tensor currents

%— Spectrum-shape for Fierz
*%— lon and atom traps
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Searches for Scalar/Tensor currents

® Most sensitive probe Is bgj.r, — linear in exotic
couplings

# Cyclotron radiation emission spectroscopy (He6-CRES)
%— SHe (GT), '®*Ne (F/GT) and "*O (F); B* opposite sign in bgiar,
%— Much larger bandwidth needed compared to Project 8
%— Other challenges: other modes, harmonics, wall effects

O Ab< 10

YNe Ab < 103
0.004 ) ' I " )
1.09 0.75T
LoT 0.002
0.8 1257 o
. 15T
® 06 1757 . LHC
S 20T : 0.000 £ © i
% 0.4 2.25T = stie Ab < 107
= 25T
2.75T
02 30 T =0.002
3.25T
0.0 .
1 2 3 4 5 y -0.004 |

=0.004 =0.002 0.000 0.002 0.004
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First CRES signhals seen

Identify event start frequencies.

Sparce speciogram wih Fach 1D Sparoe epeciogram wih sven] reconeinction
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o -
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lon trap + CRES

» Wall effects expected to be a limiting systematic

Largest and smallest electron orbits at 2 T

=y

None hit
the wall

% total motion

./ \ axial motion

projection of the radial motion:
modified cyclotron

<> magnetron

May hit the wall \ Y
dependingon VY /
the energy  , /

—— Maximum ion Radius
—— Danger Zone

500

65%

400 =

# Simulations indicate the rf ...

signal not degraded, and poses

rates should be high enough

0.0125%

0+

T T T
0 1 2 3 5
Maximum Radial Position
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Searches for Scalar/Tensor currents

® Most sensitive probe Is bgi.r, — linear in exotic
couplings

# Cyclotron radiation emission spectroscopy (CRES)
# Implantation at FRIB (Naviliat-Cuncic); next 26mA|

Fragmentation reactions enable choosing the most suitable candidates.

X. Huyan, PhD M. Hughes, PhD =
thesis 2019 thesis 2019 4

10% e

/‘“‘ 2(}1:‘

10° (

102 |

Counts/bin

10" |

10° ¢ “MM [ S
107 - bl AL

Analysis near

1
3
3 E
1
)
1

= .. 1
completion. S 1p el Tl o 2 Analysis completed:
S P U T A S Py )

Expected E ¢ _-"-;’r_-:;.-,-.’:,'.ffi{ s .g E, reached Abg~0.02
Abgr~0.01 o7 —% L £ ; including systematics
01z 3 4 5 6 12345678910

Electron Kinetic energy (MeV) Energy (MeV)
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Atom and ion traps for BSM searches

# TRINAT has developed some pretty cool techniques

%— High nuclear polarization (|Ppual) = 0.9913(9)
P1/2 7_ 77_ 77 EL 8 7 polarized —
B.Fenker et al, P | times 3
/ New J. Phys. 18 ;
*_ir]_- (2016) ; 4 300 350 400 450 500 .
S L L : _
F=I+J0 A ‘

*— Physics result: Az t0 0.3% 0 ]

0 500 1000 1500 2000

time after MOT B_ . off [us]
Ivudlmr'r'ror _ ) ‘
0.9781 Vol ® =0+ 0457 { Data
*'Na - m= G4 A, only
0.9761 T 35Ar 37K %tfo.so -~ G4 4, & Fierz [
E [ I g E
= 0.974 g*EfO.SS Rl
< .- PRELIMINARY P
I @ br, = —0.000(44)
0.9721n 19Ne 20p 1 —060 1  x2/44 == 1026 : : } %
. 0.02 - } H L
0I970_ T — T T c-|.J c?ooc: ] I }11} I{IT Jtl}-{—lvi'll"l{% :' - —| 1
0 10 .2.0. 30 40 s _0'401 1 —"['ﬁl }l ITH[fl I} ll{ 1 } iR
A of initial state = —0.02 l | - rectil-order carrs ]
B.Fenker et al, PRL 120 (2018) 0 Lotal § Knetic encegy [Mev) 5
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Atom and ion traps for BSM searches

# TRINAT has developed some pretty cool techniques

*%— High nuclear polarization w T
*— Physics result: A; to 0.3% N
*— < 0.1% within reach! e
» ®He at CENPAin collaboration  “|[[|i| 4 |
with ANL i
¥ Recently published result: - ="
i = —0.3268(46)(41) , o
& 0.007 < |Cp/Cy] <0111 (90% CL) € wo ny
Muller et al., PRL 129, 182502 (2022) = "‘\\
oL ~—
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Atom and ion traps for BSM searches

#» We heard about the beta-decay Paul trap yesterday

*— B-a-a coincidence M.T. Burkey
et al., PRL 128, 202502 (2022)

TABLE I. Summary of dominant systematic corrections and
uncertainties, listed at lo.

Source Correction Uncertainty
[ntruder state +0.0005  0.0005 | B =
Theory (added linearly) —t
Recoil and radiative terms 0.0015 _J/ /
a-energy calibration 0.0007 / s \
Experiment Detector line shape 0.0009 T
*P Data cuts 0.0009
f scattering 0.0010
Plastic Scintillator
Total +0.0005  0.0028
j2 /AQCU j3/A200 d/ACo b/ACo ;':
27 —956 £37 —1547+42 10.0+1.0 6.0+£0.4 3 1‘
21 (new) —-10+10 -80£30 —05+0537+£04 2 |
25 (doublet1) 1245  —60+£15 0.34+0.2 3.8+0.2 !
2 (doublet2) 11+3  —654+11 0.2+0.2 3.840.2 ®

TEXAS ASM
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Atom and ion traps for BSM searches

#» We heard about the beta-decay Paul trap yesterday

*— B-a-a coincidence M.T. Burkey | |
et al., PRL 128, 202502 (2022

TABLE I. Summary of dominant systematic corrections and % /-///_/"‘
uncertainties, listed at le. _ - /-
' = ite T R :”;t

. . elec & -~ [ = N

e
=

D et —

- five electrode

to reduce DSSD pickup LAY - thin, carbon eld
. - rod electro

supported at

Featur ' BT

.002” RF shielding

*— Upgrade will reduce f scattering by 4 x. Goal is to improve
uncertainty by factor of 2 from recently published result.
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Mass measurements with Penning traps

®» TOF-ICR the workhorse for many years
# Phase-image ion-cyclotron-resonance (PI-ICR)

improves precision e
*— LEBIT, CPT (TITAN, JYFLTRAP, ...) Jﬁ \
£ o =i %t
® MR-TOF has really exploded in "~ i B
recent years; every major lab has | |
one Now _ S I B
!, n ..................... A L ........ R 1
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Outline
@

*_
*_

®

*—
*—

® 3 decays for neutrino physics

*— Ultra-low Q-values for direct m, measurements
%— Sterile neutrinos via EC
%— Reactor antineutrino anomaly
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Ultra-low Q value measurements with CHIP-TRAP

Penning traps: Independent f-decay Q value from mass ratio of parent and daughter nuclides
gs. — (Mp — MD)CZ = (Mp—m,)(1 — R)CZ R = MB_/MI-’I-

Ultra-low Q value B-decay:| Qui = Qg.s. — E* <1KkeV ||| Q values for forbidden p-decays

UL Q value B-decay High-precision S-spectra provide:
AY N * - Possibility to extract g, via spectral shape method.
zZ4g.s Z+1Y . . A . . .
I '[ - Data for radionuclide metrology (applications in
Q. E* nuclear medicine and nuclear power).
i B-decay i - Improved knowledge of rare decays — potential
____________________ z+1Y backgrounds in OvgS and dark matter detectors.

- Improved data for testing theoretical calculations.
More precise Q values needed to identify candidates

Some promising potential candidates penning trap Q values provide:
Isotope Decay Forbiddenness Halflife Qpg (keV) - Direct test of systematics via comparison of Q
13605 g- Allowed 13dy  3.7(19) value and end point energy.
188w B8~ Allowed 70 dy -4.6(32) :
158y g~ 1% Forbidden 5 yr 0.3(16) - Precise Q value for phase space factor
Al 156y B8~ 15¢ Forbidden 15 dy 1.0(37) calculations.
C>> 56Co EC Allowed 78 dy 4.76(55) ot
9 Te EC Allowed 4.2 Myr -0.1(42) 3604 &
Q 75Hf  EC Allowed 70 dy 1.0(26) v ggﬁ%}iucmr "3Cd Q value
foe) 81Ky EC 15 Forbidden 229 kyr 3.2(15) < 350 m Bolometer
S 146pm EC 15¢ Forbidden 6 yr -0.3(45) o A Scintillator
. 157Th EC 1% Forbidden = 71yr -2.3(14) = 2104
— 178y EC 1% Forbidden 15 yr 1.0(18) kS
() 183Re EC 15t Forbidden 70 dy 2.5(81) L p—
Al 195Ay  EC 15t Forbidden 186 dy 1.9(12) & |
N 2 I
48gy Bt Allowed 55 dy -15(10) 204 i
105Ag Bt 15¢ Forbidden 41 dy 5.7(47)
144pm Bt 15 Forbidden 1yr -4.8(32) 310 T T T T T T
146pPm Bt 1%t Forbidden 6 yr -4.3(45) AME2012  Mit88 Daw09 Ale94 Dan98 Bel07
Reference
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https://arxiv.org/abs/2201.08790v2

BSM with Rare-Isotope Doped Superconductors

| COLORADOSCHOOLOFMINES « Embedding radioactive atoms into
Bl Lawrence Livermore . i ot superconducting tunnel junctions (STJs)
National Laboratory BeES | Measure eV-scale decay recoils
~) ° — i i
& TRIUMF Search for keV — MeV sterlleneutrlnos
Be implantation at TRIUMF-ISAC i}

wn
-

Pulsed
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002 | iz
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EER, U-S- DEPARTMENT OF Office of o
@ E N E RGY A. Samanta et al., Phys. Rev. Applied (in press) (2022)
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HUNTER (Ronald will talk about this later)

Heavy Unseen Neutrinos by Total Energy-momentum Reconstruction
# Kinematic reconstruction of m,, in b

individual EC decays of 3'Cs _
atoms at rest X-ray detectors (g8}

(4%, not shown)

*— Kinematic reconstruction - not an
oscillation experiment. Measure all
decay product momenta & 4
reconstruct missing neutrino mass (S
event-by-event

¥— 131Cs is at rest - held in a Magneto-
Optical Trap and laser cooled to

20 pK N e N
. H 10* ECREan'dgE; speicetlE: gg:?cyhes 4 \ngﬁfﬁ
*— Reaction lon Microscopes measure_ . SR il
recoil nucleus and Auger electron ** XS
. . . . 107 HUNTER Piiase 3
directions & momenta with high
efficiency & resolution 0.1-1% T ey ™
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Measuring B Transitions in Complex 3 Decays

Currently only 3 energy spectra of Simulated BSM Response to 23Y 8 Decay
very simple 3 decays are studied mg I Ps Detected: B+f,+B,+..
We are developing the sonol-

B-Spectrum Module (BSM)

with ORNL's MTAS Detector o

to measure entire 3-energy spectra for
each individual B-decay transition

Ground-State ps Only:
B, Isolated From :
E All Bs Detected
1000
0

Isolate Individual B transitions with ~99% Using the BSM Setup
efficiency S R—T J ‘
Permits extraction of various allowed and
1st -forbidden 3 shapes all from the same

parent
sImprove reactor antineutrino flux predictions beyond

the 5% level down to the ~1% level by directly

measuring B-shape factors of individual B transitions
*Expand by hundreds the number of important B-decay B
shape factors that can be studied 0
*Allows access to g,, and g,, nuclear matrix elements

«Can minimize systematics by measuring different (3 %OAK RIDGE Lsu

it : National Lab
transitions from the same B-decaying parent ational Laboratory
Work supported by Nuclear Data FOA-2440, Rasco et al., 2022
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Summary

» Why are the next few years interesting:

%— Increased precision of I/,; could confirm CKM unitarity deficit

@ Precision of V,,; from neutron decay is gradually catching up. Comparisons between V4
from different determinations could possibly unveil new anomalies.

@ It is possible for the first time to compute quantities such as 6ys and §, with rigorously-
quantified theory uncertainties

%— Cutting-edge technologies opening up new opportunities for significant
increase in precision for BSM searches and (sterile) neutrino searches
(CRES, quantum sensors, traps, ...)

® What might get accomplished during this LRP:

%— Formation of a topical group (e.g. VudU, “Vud unitarity” alliance) to
facilitate collaborations

%— Compute dyg with ab-initio methods for light and medium nuclei; improve
d. and recoil-order corrections

%— Experimental programs maturing to reach 0.1% and beyond, and orders
of magnitude on sterile neutrinos

‘ Poised for great results to come out of this LRP \
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In case | run out of time (I didn’t?!?!

# Start and end with the White Paper recommendations:

*— Experimental + theoretical alliance for Vud and CKM unitarity
*— Investing in small- and mid-scale projects
%— Establishing support for nuclear theory
*— Developing cutting-edge techniques
*— Promote diverse and inclusive environment, and better
support students
® Thanks for input (apologies to all)

%— Maxime Brodeur, Drew Byron, Jason Clark, Leendert Hayen,
Kyle Leach, Charlie Rasco, Matt Redshaw, Nick Scielzo,
Chien Yeah Seng, Louis Varrian, and everyone on the
nuclear f decay White Paper

*— DOE and NSF for support %

-
“r,f U.S. DEPARTMENT OF Oﬂ-’lce O-l-' <

W ENERGY | science
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