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INTRODUCTION N3

INTRODUCTION — POSSIBLE REALIZATIONS OF BEYOND THE STANDARD
MODEL (BSM) EFFECTS AT LOW ENERGY
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INTRODUCTION IN A NUTSHELL

> Nuclear phenomena are a “precision frontier” in the search for BSM signatures:

> New techniques allow unprecedented experimental precision aiming at 0.1%
level precision.

> Need an accompanying theoretical effort, to provide high precision and
controlled accuracy predictions, to analyze experimental results and pinpoint new
physics.

> Constraining extra interaction terms to = 0.1% is probing physics at few TeV
scale.

> One of the main challenges in increasing theory accuracy is related to the nuclear
structure.
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BETA DECAY IN THE STANDARD MODEL
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BETA DECAY IN THE STANDARD MODEL
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FIG. 1. Contact and one-pion exchange plus contact
interaction (a), and contact MEC (b) terms of yPT.
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SUB-LEADING BSM TENSOR INTERACTION
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SUB-LEADING BSM INTERACTIONS
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SUB-LEADING BSM INTERACTIONS

Coupling
constant

j:\[ AN Ar -
G_Ig/ ~ Csymf d>xj (%) J (X)
F

CsymNgsym " Esym

/

Nuclear charges
(Form factors)

Charge Value

& 1.278(33)
8r 0.987(55)
s 1.02(11)
gp 349(9)

M. Gonzalez-Alonso, et al., PPNP 104 165-223 (2019)
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SUB-LEADING BSM INTERACTIONS

Coupling
constant
Hw

-2 = Csymf dng(f)j(f)
GF

CsymNgsym " Esym

n
My, \
Esym X A n=0 for sym=V-A
/ n=2 for sym=V A

The effective theory scale «— New physics scale

For the simplest BSM operators (1 = 2): few TeV scale < €5, ~1073

Needed accuracy of calculations & measurements ~ 10~% — 1073
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BETA DECAYS OBSERVABLES IN ON-GOING EXPERIMENTAL SEARCHES

B decays

Precision Correlation Studies Precision spectrum studies
Mirror plane 18
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NUCLEAR STRUCTURE EFFECTS IN BETA-DECAYS

> Nuclear regime eftects in the effort to predict beta-decay observables:

> nuclear structure corrections to the interaction of the electro-weak probes
with the nucleus, beyond the leading order approximation of the probes
interacting with a single nucleon in the nucleus;

> a lattice-QCD assessment of nucleon charges, essential to connect nuclear
observables to quark-level couplings. In particular, the uncertaintiesin g,,
ge, and gy, limit the sensitivity to &, €, and &;, respectively.

» nuclear structure effects in the calculation of radiative corrections,
particularly the y-W box;
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NUCLEAR STRUCTURE EFFECTS IN BETA-DECAYS

> Nuclear regime eftects in the effort to predict beta-decay observables:

> nuclear structure corrections to the interaction of the electro-weak probes
with the nucleus, beyond the leading order approximation of the probes
interacting with a single nucleon in the nucleus;

> a lattice-QCD assessment of nucleon charges, essential to connect nuclear
observables to quark-level couplings. In particular, the uncertaintiesin g,,
ge, and gy, limit the sensitivity to &, €, and &;, respectively.

» nuclear structure effects in the calculation of radiative corrections,
particularly the y-W box; R
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BETA DECAYS OBSERVABLES IN ON-GOING EXPERIMENTAL SEARCHES

Energy spectrum o

16
TABLE III. List of nuclear 3-decay spectral measurements in search for non-SM physics * Py laf-
Measurement Transition Type Nucleus Institution /Collaboration Goal E sl
= 10~
B spectrum GT B 00 MiniBETA-Krakow-Leuven 0.1% z .
A spectrum GT “He LPC-Caen 0.1 % 2 .
3 spectrum GT SHe, 2°F NSCL-MSU 0.1 % g '
B spectrum GT, F, Mixed ®He, 0, "Ne He6-CRES 0.1% )
# Experiments specifically searching for time-reversal symmetry violation not listed here 05—
Mirror plane
Original Mirror-reversed
arrangement arrangement
Angular correlation
Predicted direction
TABLE L. List of nuclear 3-decay correlation experiments in search for non-SM physics * Preferred direction of beta emission if

of beta ray emision parity were conserved

Measurement Transition Type Nucleus Institution/Collaboration Goal

B—v F *2Ar Isolde-CERN 0.1%

B—v F WK TRINAT-TRIUMF 0.1%

B—v GT, Mixed SHe, **Ne SARAF 0.1% Cobalt-60

B—v GT *B, 5Li ANL 0.1% i

B—v F 20Mg, 2480, 288, *2Ar, ... TAMUTRAP-Texas A&M 0.1% I

B—v Mixed He, 18N, 150, 1F Notre Dame 0.5 % I

B & recoil Mixed K TRINAT-TRIUMF 0.1 % [

asymmetry 1 Observed direction
of beta emission in

Direction of electron
flow through the
solenoid coils

mirror-reversed

# Experiments specifically searching for time-reversal symmetry violation not listed here arrangement

Holstein (70's), Behrens & Biihring (70's), Hayen, Young (2021). Cirigliano, DG et al., arXiv:1907.02164v2 (2019)
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dsa)lgq:
iy e ] o
d2,/4mdS2, /4mde

—

Momentum transfer

AJ™ =07 (Super)allowed - Fermi transition

AJT = 0,17  Allowed - Fermi/Gamow-Teller

AJ™ = 0,1,2~ Unique First forbidden transition x gt



PRECISION B-DECAY STUDIES TO PINPOINT BSM EFFECTS 19

Item Effect Formula agaftude
1 Phase space factor 2 pPW(Wy — W)?
2 Traditional Fermi function Fy
3 Finite size of the nucleus Lo

NUCLEAR STRUCTURE DEPENDENT

6  Atomic exchange X
7 Atomic mismatch r
8  Atomic screening S
9  Shake-up See item 7
10 Shake-off See item 7

NUCLEAR STRUCTURE DEPENDENT

16  Molecular screening AS Mol
17 Molecular exchange Case by case
18  Bound state g de /T
ounas p decay b/ < Smaller than 1 - 107#
19 Neutrino mass Negligible

Beta Spectrum Generator: High precision allowed S spectrum shapes

L. Hayen®*, N. Severijns®

Instituut voor Kern- en Stralingsfysica, KU Leuven, Celestijnenlaan 200D, B-3001 Leuven, Belgium
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Momentum transfer
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dsa)lgq:
d2,/4mdS2, /4mde

—

Momentum transfer

Assuming V-A structure

A
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d5a)ﬁ:p
d2,/4mdS2, /4mde

—

Momentum transfer

Tensor symmetry probe multipole expansion

> The currents are antisymmetric tensors j*V (X), J %, ().

> No Coulomb multipole €}

> From symmetry principles:

> Am = (=)7L "Axial vector” like tensor operators: chzfﬁ” Profe COLep /-
Z}" o L ﬂ Z}q Lt/alékbg 0 /Z)fl’z?é
V2 9a e
> Am = (—)7: "Vector" like tensor operators: £ o -- ~ 0

my

Glick-Magid, DG (JPhG 2022, PRD, in press, 2023)
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d5a)ﬁ:p
d2,/4mdS2, /4mde

—

Momentum transfer

Assuming V-A+c*T structure (for pure axial transition)

gl I(‘I+(‘ crl + e

1 =& N |(-'I| +|("|
% p-Bl148" -2
27 +1 |(‘A| +| I

2
2 e p
J -1 f(w-f) [ 2 ] jA |Cr| +| "I‘I m, ( A CAC;'+C:‘CT‘ 2.7
+ gt —(v-B -6 -2 —L |+ — (0448 + 2% = | p4+0 (ear)
2J +1 ) |CA|2+ICA|2 ¢ lCA|2+|dA|2 ’

Glick-Magid, DG (JPhG 2022, PRD, in press, 2023)
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3
N\

Correlation coefficient

Neglected are all finite momentum transfer terms, i.e., nuclear physics is neglected.
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V+T 4 2 dﬂk dQV 1
e T2 he (Wo =€) de A 4w 2J; 4+ 1

( 5 , 12

|CV‘ —|_ |Cv‘ ) R 2
- : (1+2-8) [(7r ]| )
Assuming V+T structure 2

\

|Cr]* + |Cr|*
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eg. pure Ttansitons A/ — 17

me
da)o<1+a[gvﬁ V+ by —

€

1 c124lchl
aﬁv — _5(1 + 5a + | Tzllc-jlzT‘ )

SM (nuclear) BSM
correction  signature

Cr + C7

bF: O+5b+

Ca

Naively, the correlation coefficient has quadratically weaker sensitivity to BSM terms.

However...
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eg. pure Ttansitons A/ — 17

da)o<1+a[gvﬁ V+ by —

Mme
€

1 c124lchl
aﬁv — _5(1 + 5a + | Tzllc-jlzT‘ )

Cr + C7

bF: O+5b+

Ca

-1
m
d e
Measured correlation coefficient: a%easure = dpv (1 + by < > )
€ lexperiment

Since <%> ~ 0.01 — 10, this creates a linear sensitivity to BSM signatures even

in the angular coefficients, albeit (usually) suppressed compared to b .. D6, Ron (n prep. 2023



ASSESSING THE SIZE AND UNCERTAINTIES OF THE NUCLEAR
STRUCTURE CORRECTIONS 10 BETA DECAY OBSERVABLES

30



Jao
SHAPE AND RECOIL CORRECTIONS — SMALL PARAMETERS
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SHAPE AND RECOIL CORRECTIONS

These are nuclear structure dependent corrections, beyond the leading usual
elementary particle zero momentum transfer approach.

M m(q) = / dx%j 1 (@0Y &) - T&)

Natural kinematical suppression
of the correction!
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SHAPE AND RECOIL CORRECTIONS

These are nuclear structure dependent corrections, beyond the leading usual
elementary particle zero momentum transfer approach.

Natural kinematical suppression
of the correction!
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§@.

SHAPE AND RECOIL CORRECTIONS

These are nuclear structure dependent corrections, be
elementary particle zero momentum transter approa

< fh .
a, the leading usual

W (@) = / d%j; @)Y m®) m
|
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SHAPE AND RECOIL CORRECTIONS

These are nuclear structure dependent corrections.
Needed accuracy of the calculation = 10™* — 1073

This dictates the number of corrections needed to be calculated explicitly.

JH@ =Y, [5#0) f-fu, - 8“"1!‘,1b]8(f — i)

p~0,’
om

O X
2m

.’211;(1’2) =1—-ga

.li,1b(P2) =gA0i+iKy

Chiral suppression
additional factor 3-5
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EFFECTIVE FIELD THEORY FOR THE NUCLEAR-PROBE INTERACTION

max(q,Q,..) _ 1

1.
My, 10 3

> EFT expansion parameter egpr &

> Breakdown scale in chiral EFTisabout4mf,, = 1 GeV/c

> Order by order expansion of the currents:
a .
Jsm :-+_+ egpr)” C witha > 1

>.— single nucleon current
g -— corrections to single nucleon currents

> - or higher orders include 2-body currents (magnetic- NLO,
weak axial -N7/473L0)

Pavon Valderama, Phillips; PRL(2015)
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EXAMPLE: SM PREDICTION FOR GT TRANSITION AT

dw'' P 4 .
dEdQ"’- aQ, (EO T E)2 kEF (ZfaE) Ccor

47 47r

o I B o

_ 2 (ICL/4qll) (MY /qll)
= —Re | —E) \/§(E —2F)
- 3L L : (L1
4 233
?ER(XZf — @ (O{Zf) -
_ 4 <I|Cf‘/q||> (1M /qll)
= —Ne [2F +V2(Ey — 2E) ]
+ ;ER(XZf — éEoROsz,
Induced Fierz-like o= 2 [(ICH/all) | s UMY /all)
spectral correction o~ = 5"”6% K A +V2 ( LA”> ’




HE — °LI

(IL2]l) ~ 1
N

-~

= 5 A Mme 61 TA|l 6 2
dw « (1+aﬁv,8-v+bp?) | °Li 1*||Z7]| °He 0%)

p energy Angular Induced
spectrum correlation Fierz-like
(shape) spectral
14 51 A\ term

1
—(1+6,) v
0+ 6

5, = 7, (USED B) 1 o (4, e2)

IZ51) * {1z s

Glick-Magid & DG (JPhG 2022)

0+ 0.808

AM = Q=350 MeV

Gamow-Teller

100% 29 "
6 6 ..
o Hey 3 Lij
/ - Pfermi 2 10—1
ENR = iy
€qr =qR ~ 51072
ee=aZy~2-1072
\_ €recoil = 7o ~ 410




AB-INITIO CALCULATION OF °HE BETA DECAY INTO Ll

o (1 ap 55 o | A(%) @)
Nuclear Hamiltonian Nuclear currents
N%LO, ¢ 0 at LO (1-body currents)
5 = 25 [ g G/ g o M) /q||>] opt (sa
e T 7 TR T 7T |
4 233 A
— -ERaZ; — - (aZy)", (djf” “lpl> 0]
3 y Nuclear wave functions Multipole operators
570 = Ao, | [ WCt/ald , /505 _op <||M3V/q||>] pole op
e 77 TR e 71T N /
+ 2ERaZ; — ~EyRaZ (lp H@ HI/))
7 oLy 5 o4, f ] l
5é+ﬁ_ _ gme%e [(IICLf{qII) ‘/§<”MLA/q“>] Nucleara?;ti:;;(::ements
(L3 (£ (4) Core Shell Model (NCSM)
01,04, 0p

Observables’ corrections

Glick-Magid, Forssén, Gazda, DG, Gysbers & Navritil, (PLB 2022)



AB-INITIO CALCULATION OF ®HE BETA DECAY INTO ©LI

| do « (1+agB-v+ by ) 12, o)

- 2

5%+ﬂ = 5 Eo \/_(Eo — 2E) =
4
? RaZf—@ (0 f) y

510 = de om UCH/AD | 5 g _ oy UMY /qu
el RN <||LA||>
4 2

5 = 2o [<no f/al) 10 /q||>]
3 (L) (L)

Glick-Magid, Forssén, Gazda, DG, Gysbers & Navratil, (PLB 2022)
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AB-INITIO CALCULATION OF ¢HE BETA DECAY INTO Ll O —
Q- op
.
&”: | NNLO
N
dw « (14 ag,f-v+b i N
[ (1 +agl -9+ bp—) [y I8 o) } o | || —
Q- T T T
(W 229 w2 00 25 5.0
- 106 (MeV~2) q (MeV)
5178 Ezme[ g ICE Al | 5 p o (1] /q||>] x
T3 (LAY o =28 % iy & -
4 233 hd
? ROsz—63O (Osz) y Q)Q) 1 |
g _ 4 (ISt /all <||MV/q||>] > —
61 P = “Re 1 +vV2(Ey — 2E) \—2 ]
3 [ (A1) : (121 Ko
+%ERaZf—gEoRaZf, e e |
2 <||§A/ I s UMY /gl R P Y
gre =2 eme[ WA VRO e WA ] x1078 (MeV-2) ' ' '
S Kt INT 7T (IEA) o T —— q (MeV)
A ]
b — e —————
o | m—
N
Qiﬁ | l___T__-l

Glick-Magid, Forssén, Gazda, DG, Gysbers & Navritil, (PLB 2022)



ESTIMATING €zgr IN A SPECIFIC CASE: AB-INITIO CALCULATION OF HE BETA DECAY INTO ©LI

Electro-magnetic transitions

T ] Al T T Ll l T T T T

L 9B, ¥,) B(E2) 6He beta decay GT half life operator
® X 50 3,
G DA RO 11 expt error
® X e SB(3* 2*) B(M1) 296 BN NNLOopt
I NNLOsat
o X SB(1* 2*) B(M1)
2.24
ox M SLi3* 2% BMI)
@ X SLit 29 BMI) f=
et
T = "Be(', 3/,) B(M1) O
% Li("y %,) B(E2)
* X Li("y ¥y) BMI) 2.18
® X SLi(0* 1*) B(M1)
2.16
% EXPT @ GFMC(1b) X GFMC(1b+2b) : : : : : :
0 b { —— :'z — 3 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
8 : electron’'s kinetic energy [MeV]
Ratio to experiment 1 \h
°Li(O* » 1%): B = S [(| )] oHe)| = ()
Li(0™ = 17): BIML) = Z|{[[M; |6T( *He)| = ——[{|[L7]|)]
ga
. iV . TA ~ A 1.75-3
2b: (|[MY ||} ~ 10% ~ O (egpr) 2b: (||Z41]), (||CL1|) ~ few % ~ O(ekiz

™ S

EEFT ~ 15%

Pastore et al., PRC87 035503 (2013)

Friman-Gayer et al., PRL126 102501 (2021) Glick-Magid, Forssén, Gazda, DG, Gysbers & Navratil, (PLB 2022)



AB-INITIO CALCULATION OF ®HE BETA DECAY INTO ©LL

5 201 (a)

S

€

E 10 1 - —- Gamow-Teller

8. B Nucl. structure error
n Total theory error
Q.

= O

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
electron kinetic energy (MeV)

Glick-Magid, Forssén, Gazda, DG, Gysbers & Navritil, (PLB 2022)



®HE — °LI ANGULAR CORRELATION
> Experiments are aiming at ~tew 0.1%

=== Gamow-Teller . e
~0.330 o otal theory crror | p recision.
ey el
d%. —-0.335 SM
GT correction BSM
~0.340 1 (a) >
> 4 (b) |CT| +‘CT‘
g 11 > aﬁ’v —_— T 1 _I_ 6 +
N 2|C
L N
_2 - l l l l l l
>0 ° elle.((:)tron kli.r‘?etic efm.grgy (I\fI:V) >0 > measured - aﬁv
G b

- |Im
ag, = aggasured g'{) ((81+'B ) b;"'ﬂ (?e))
=age*'! —0.70(24) - 107,

Johnson et al., Phys.Rev.132.3; Gluck, Nucl.Phys.A628;
Gonzalez-Alonso & Naviliat-Cuncic, Phys.Rev.C94
Glick-Magid, Forssén, Gazda, DG, Gysbers & Navrdtil, PLB 2022



°HE — °LI INDUCED FIERZ-LIKE SPECTRAL TERM

ERalS > The spectrum is used to find induced Fierz-like behavior

V15'

£l term . SM BSM

: L = S oo correction (7% _{ ("1

oy . otal theory error bF — O + 5b +
14 (b) CA

s CrtCy

> Looking for =L ~ 1073
1 Ca
0.0 015 1.I0 1j5 210 2j5 3.10 3.5

electron kinetic energy (MeV)

- 8, = —1.46(17) - 1073

> Uncertainty < 2-107*

Glick-Magid, Forssén, Gazda, DG, Gysbers & Navratil (PLB 2022)



EXPERIMENTAL STATUS AROUND THE WORLD

Energy spectrum

TABLE III. List of nuclear 8-decay spectral measurements in search for non-SM physics *

Measurement Transition Type Nucleus Institution/Collaboration Goal
3 spectrum GT S ) MiniBETA-Krakow-Leuven 0.1 %
A spectrum GT ®He LPC-Caen 0.1 %
A spectrum GT SHe, 2°F NSCL-MSU 0.1 %
A spectrum GT, F, Mixed “He, 0, "Ne He6-CRES 0.1 %
# Experiments specifically searching for time-reversal symmetry violation not listed here
Angular correlation

TABLE 1. List of nuclear 3-decay correlation experiments in search for non-SM physics *
Measurement Transition Type Nucleus Institution/Collaboration Goal
B—v F S2Ar Isolde-CERN 0.1 %
B—v F SK TRINAT-TRIUMF 0.1 %
B—v GT, Mixed st (Ne) SARAF 01 %
B—v GT ®B, ®L1 ANL 0.1 %
B—v F 20Mg, 2481, %8S, *Ar, ... TAMUTRAP-Texas A&M 0.1 %
B—v Mixed He, BN, %0, 'F Notre Dame 0.5 %
B & recoil Mixed K TRINAT-TRIUMF 0.1 %
asymmetry

# Experiments specifically searching for time-reversal symmetry violation not listed here

Measurements
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H\(D_C)) (‘]A(g_f) SARAF: measuring *’Ne's branching
ratio with a ~ 0.5% uncertainty

Nuclear Hamiltonian |
U S D B ( U S D) “1 0% N uclear currents 5(,)2“=4375.80 (1);) 37;;;:?00 Gamow—
uncertainty at LO (1-body currents) BNe,, s 3@ Teller

S K
FF s
Rt '

0.0675  6.13

(el i) 0, R

. . 1.14 5.82 ¢ 2076.9
Nuclear wave functions Multipole operators

o (Wr1|0y[|:) - oo N L

6569 527 \3_"2* 9.0 stable

2981.8

Nuclear matrix elements

1?N312
Shell Model (NCSM)
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https://arxiv.org/abs/2107.14355v1

Some Future Opportunities
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NEW OPPORTUNITY IN BETA DECAYS WITH VERY LOW ENERGY ENDPOINTS A ]

COULOMB EFFECTS ON THE BETA WAVE FUNCTION

> The energy endpoints of beta decays range a few orders of magnitude.

> Coulomb corrections in beta transitions, which are related to the interference
of the beta particle wave function with the atomic wave function, create an
effect related to the dimensionless parameter:

> This is a significant correction, which is well known for allowed decays.

Jackson, Treiman, Wyld, Nuclear Physics 4 (1957) 206.
DG, Glick-Magid (in prep 2023)



NEW OPPORTUNITY IN BETA DECAYS WITH VERY LOW ENERGY ENDPOINTS

COULOMB EFFECTS ON THE BETA WAVE FUNCTION

> This effect creates the following effects on the angular correlations and Fierz terms:

§ = [Mz[2(ICs|*+|Cy[*+|C'sP+[Cy )
H Mol (|CP+CaPHCPHC7A7) (A3)

a8 = [Mgft { [ Gl + Gyl =[G 1Cy %) I (CoCy*+C'sC'y*)

Mgzl

S [Cat— CAPHIC A~ IC'4

+

Im (CTCA*—i-C’TC'A*)} (A.4)

b = +2y Re[[Mp}(CsCy*+C's C'y*) + M2 (Cr Ca*+C'1C0*) ] (A.5)
This is a small parameter for high energy beta decay endpoints.

> But not that small for low-endpoint beta decays:

T o aZz aZ
> H 19keV.(&)> — ~ 0.05

me

» 187Re - 2.6keV:-%2 > 6

()

» Alinear BSM sensitivity. DG, Ron, analysis of low energy endpoint beta decay for BSM studies, 2023 (in preparation).



NEAR FUTURE: OPPORTUNITIES IN FORBIDDEN DECAYS
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Glick-Magid, DG, et al, Beta spectrum of unique first forbidden decays as a novel test for fundamental symmetries, Phys. Lett. B767, 285 (2017)



PRECISION B-DECAY STUDIES TO PINPOINT BSM EFFECTS
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Glick-Magid, DG, et al, Beta spectrum of unique first forbidden decays as a novel test for fundamental symmetries, Phys. Lett. B767, 285 (2017)



PRECISION B-DECAY STUDIES TO PINPOINT BSM EFFECTS 93

Unique possibility to separate hetween left and right-handed couplings!
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Glick-Magid, DG, et al, Beta spectrum of unique first forbidden decays as a novel test for fundamental symmetries, Phys. Lett. B767, 285 (2017)



Unique First forbidden: Planned *®N — O experiment (SARAF)

half life branching logft
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Ideal case study:

Experimentally, due to energy separation between its forbidden and allowed branches

Theoretically, since it is light enough to study ab-initio, and since different transitions in the
same nucleus allow minimization of nuclear model bias.

Ohayon, Chocron, DG, et al., Hyp.Int.239,57 (2018)



https://link.springer.com/article/10.1007%2Fs10751-018-1535-x

57

OTHER ON GOING EXPERIMENTAL AND THEORETICAL EFFORTS AT HUJI

> Unique first forbidden decay of Y into "%Zr (Q ~ 2.3 MeV).

> Electron capture on '3'Cs, as a side-gain from the HUNTER experiment in
search of sterile neutrino.

> SHe, 1N, and Neon isotopes beta decays
(production @SARAF stage 11-2025).
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Future experiments aim at <0.1% precision, which is
sufficient to significantly identify BSM signatures at the few

SUMMARY TeVscale

Correcting the nuclear theory bias with controlled accuracy is an essential ingredient in the new generation of beta
decay precision measurements, already giving stringent constraints on Beyond the Standard Model physics.




