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2 Introduction: BSM exotic weak interactions

Theory Q, sM: uncertainties

Expt. Measurements: new bounds on BSM

Theory “7  BSM opportunities: new opportunities

.~ Summary: we can do it (and more)




. BSM Searches

Standard Model ( SM)
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‘. BSM Searches

Beyond Standard Model (BSM)

NOBEL PRIZE IN PHYSICS 2015

The Mobel Prize in Physics 2015 was awarded to Takaaki Kajita and Arthur B.
McDeonald for discovery of neutrine escillations, which shows neutrinos have mass.

Meutrines are tiny subatomic particles, produced by nuclear
WHAT ISA feactions that take place in stars, including our sun, as well as in

NEUTR[NO’ radioactive decay processes. They come in three ‘flavours’ ﬂtﬂms

4.9%

Matter

26.8%

NBBEI. PRIZE

The nuclear reactions in The number of neutrinos Meutrinos 'flip’ between the
the sun produce neutrinos, datected was only a third of thraa flavours, and only one
which we can detect. the expacted valua. type was being detectad.

‘MH’Y If neutrines oscillate between types, they must have mass, even
DDES IT if this mass is incredibly small. ThI; contradicts the stam;ard
MATTER? model of particle physics, which states they are massless, Da rk Matte r
- . ’ ; ™y
SR e e aciramie. | (EERECHR) & Ene rgy
L] WL L

The Neutrino has mass, even though
according to the SM it should not
(interacts only through the Weak interaction)
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Beyond Standard Model (BSM)
Sy

Deviations from the SM at high precision: | ,«f&%
s

First results from Fermilab’s
Muon g-2 experiment strengthen
evidence of new physics

April 7, 2021
g ® 1z 1
Fermilab ° H EAVYWEIGHT
result W boson mass measures higher than expected pp. 125,136, &170
C———>
420 70
SM o
Standard Model Experiment
Prediction Average | | | | | | ] | | | | | I |

175 180 185 19.0 195 200 205 210 215 80300 80400 80500

a,x 10 -1165900 (MGV/Cz) W boson mass



BSM Searches

Searches for BSM physics

High energy frontier = Astronomical frontier Precision frontier

Lucas Taylor / CERN - http://cdsweb.cern.ch/record/628469 https://www.esa.int/ ESA_Multimedia/Images/2013/03/Planck_CMB

Mardor et al., Eur.Phys.J.A 54, 91 (2018)
© 1997-2022 CERN (License: CC-BY-SA-4.0) © ESA and the Planck Collaboration (License: CC-BY-SA-4.0)

\

LHC Nuclear phenomena |
TeV scale <« > 1073 precision level

Nuclear structure challenge?
Doron: Nuclear theory can do that




Weak interaction

Low energy reaction of
leptons with nucleons

W Propagator: ] . N
Quly W=, Z

q2 + Mﬁ/ Ml%l/ du

q <K My,

BSM Searches

Shots to prevent cancer show ‘ Visualizing a key step in ‘ Silk-wrapped food wins
early promise p.126 cytokine signaling pp.139& 163 Bl & Science Prize p.146
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W boson mass measures higher than expected pp.125,136,&170




BSM Searches

Weak interaction

Low energy reaction of

leptons with nucleons
1 N Theory: C.N. Yang and T.D. Lee

n Y o4 G072 n r
lepto @) e uclea
current current

A N

Hy ~ Cj0) - J&X)

f
Scalar (Cs) - Weak SM structure: ¢
PseudoScalar (Cp)

A-priori: < [VG ctor (Cy) The SM is incoj

Axial vector (C,) >> Ongoing searches for Cs, Cp, Cr
in precision nuclear B-decay experiments

Experiment: C.S. Wu:
Parity violation in nuclear f-a

_Tensor (Cr)




BSM Searches

Nuclear $-decay
Low momentum transfer: g ~ 0 — 10 MeV/c

angular
momentum parity
/
Transitions JA7:

a decay, Khan Academy, cdn.kasta

€ All owe d ” ° O+: Ferm-i 3d978444f15f9bbc3bcadb0549816b
(When g — 0) e 1*: Gamow-Teller o & & siscron

“Forbidden” o All the rest JA7
VERER ISR « Missing theory for BSM tensor




‘. BSM Searches

Nuclear $-decay

electron’s
5 mass,

— 2 me
dow < |<lpf||HW||l/)l>| HOC . 1+ aﬁvﬁ Vv + bF £ > energy
allowe \ /

Observables

» [-decay rate:

Assuming a
Measurements (e.g., Gamow-Teller): SM +B§M , TeV scale
. 1 Cr| +|Cr —

» Angular correlation: ag, = —- _let[ Her”) 1076

v Hcal’
e
» Quadraticin Cr, Cr o BSM
+
» Energy spectrum: Fierz term bﬁ =0 + C ~ 1073 ¢

A

» Vanishes for right-handed neutrinos (C# = 0)

ET CA = 1.27 Axial vector coupling constant (SM)

CT (C;) < 1073 Tensor left (right) coupling constants (BSM), unknown



BSM Searches

Nuclear $-decay

electron’s
> mass,
me

do o ||| Bwllw)|” o«  1+agf D+ bi—=___ energy

» [-decay rate:

allowe(’)d \ / E
1 Observables S
BSM Y
Measurements (e.g., Gamow-Teller): SM 2 5 S
l lation: _ 1 . |CT| +cr| §
» Angular correlation: ag, = 1 : &
3 4|C4] N
» Quadraticin Cf, Cr BSM
g7 M
» Energy spectrum: Fierzterm by =04+ C—T
A

» Vanishes for right-handed neutrinos (C# = 0)

Searches for deviations from the SM “V-A” structure

>> More accurate theory is needed




Standard Model
high order corrections




q - momentum transfer
R - nucleus’s radius

my - nucleon’s mass

ldentifying small parameters | Prays - Fermi momentum

a - fine structure constant
Z - final nucleus’s charge

» Kinematic parameters - f-decays have low momentum transfer:
» e, ~qR  =0.014Y3*

* For an endpoint of ~ 2 Mel/

P €recoil ~ miN ~ 0.002 *

» The Coulomb force:

> €, ~ aZ ~0.007Z
» The nuclear model:

> eng ~ ”fm—;n ~ 0.2

> EEFT ~ 0.1

» Numeric calculation:

» € solver
AGM & Gazit, J.Phys.G 49 105105 (2022)




SM corrections

o

15’

3 / ~m ~ . -1
» [(-decay rate: Gamow- Teller “NR Tiny 2_}0
dw o« [(Ye||Hw|lv:)|” o« 1+ag,p -9+ bp— €qr ~ QR ~ 5107
E €c~aZp~2-1072
Lo~ ~ . -3
Angular Fierz \_ Erecol ~ay ¥ 4 10
correlation term ‘
SM 1 1
B comarton [ Multipole Expansion
_g (1 + 6a) M SM r \
. ' . V correction
Multipole operator's matrix elements 0 +c% ectio General Theory -
between the nuclear states b
o ICA 0 . for any nucleus &
YelC|w; Y M Wi 2 ces
>S5, = [ | (Wrll My [[s) _|_0(€qr Eg) transition

ol Gl )
— —

-2 ~ . -4
~ ENREgrs €Erecoil ~10 5-10

AGM & Gazit, J.Phys.G 49 105105 (2022)




Measurements



Measurements

Experimental status over the world

Energy spectrum - by

TABLE II1. List of nuclear S3-decay spectral measurements in search for non-SM physics *

Measurement Transition Type Nucleus Institution/Collaboration Coal
3 spectrum GT MiniBETA-Krakow-Leuven 0.1 %
3 spectrum GT LPC-Caen 0.1 %
A spectrum GT NSCL-MSU 0.1%
3 spectrum GT, F. Mixed Heb-CRES 0.1 %

Angular correlation - ag,,

TABLE 1. List of nuclear F-decay correlation experiments in search for non-SM physics ®

Measurement Transition Type Nucleus Institution/Collaboration Goal
B—v F War Isolde-CERN 0.1 %
g—v F o ¢ TRINAT-TRIUMF 0.1 %
B—v GT, Mixed *Ne SARAF 0.1 %
B—v GT i s T 7 ANL 0.1 %
B—wv F HAMp, Moy -Be- ke ... TAMUTRAP-Texas A&M 0.1 %
g—w Mixed s e M P T Notre Dame 0.5 %
A & recoil Mixed K TRINAT-TRIUMF 0.1 %
asymmetry

Cirigliano et al., arXiv:1907.02164v2 (2019)




Ab initio calculations of ®He — °Li

A~ fa -
H J(x)
Nuclear Hamiltonian Nuclear currents He,
xEFT @ NZLOopt (sat) LO (1-body currents) 0" —— |
Gamow-Tel
3.5 MeV
(el Ny 0,
Nuclear wave functions Multipole operators _‘
\ R / W, LAQIVIP (U] =Sl e W 2 )P
) %1075 (MeV—?) x10~% (Mev—?)
(lprOJ wl) & 7 _ - ]| T————
7 | 6‘ | m— ’
Nuclear matrix elements A o 4 % S
Ab initioNo-Core Shell Model (NCSM) &% | NNWOw: | & -
l Q,}'\‘, | NNLOop( \;é, |
5a, 6b A - - . g -
00 25 50 0.0

Observables’ corrections g (MeV)

AGM, Forssén, Gazda, Gazit, Gysbers & Navraitil, Phys.Lett.B 832 137259 (2022)




Measurements

°He — °Li B-energy spectrum

» Experiments are aiming a 1073 acc

32{ » The spectrum is used to find Fierz te
‘215' SM l'
£ 10 SM  correction BSM
é 5 4 ; ﬁzm.og;zsltlfrre error C +
g. . Total theory error > bF — O _I_ 5b _I_ =T
14 (b) Ca & BSM
- . Cct _ &
- 0 » Looking for == ~ 1073 &
Ca S
S
-1 _ oy
0.0 0.5 1.0 15 2.0 2.5 3.0 35 > 6b — _152(18) - 10 3 $ SM

electron kinetic energy (MeV) corrections

» Uncertainty < 2-107*

AGM, Forssén, Gazda, Gazit, Gysbers & Navraitil, Phys.Lett.B 832 137259 (2022)




Measurements

°He — °Li angular correlation

» Experiments are aiming a 102 accuracy --- Gamow-Teller
—0.330 BN Nucl. structure error
Total theory error
SM & s [ N T
GT correction SSM o 03357
1 ~ ct| +|c7|?
> agy = —§<1 + 6a + —l T| |2T| ) —0.340 1 (a)
#[Cal 21 (b)
2 _ e 1
; |cF | +lcr |2 -6 s
» Looking for ~107° 22?2 0-
g 4|C4|? < .
_2 -
1.E+02 T T T T T T
—_— 0.0 0.5 1.0 15 2.0 2.5 3.0
1.B+01 1 === ameasured electron kinetic energy (MeV)
1.E+00 A »
5 101 Sensitivity 6, = —2.54(68) - 1073
=|9
£E 1.E-02 A + =\ -3
é 1.E-03 - Cr (CT) 10
1.E-04 ct
agy*ted o ... —0.1bp ~ 0.1-L ~ 10
1.E-06 Ca

1.6-04 1.6-03 1.6-02
|Cr|

1Cal Future experiments aim at < 1073

AGM, Forssén, Gazda, Gazit, Gysbers & Navraitil, Phys.Lett.B 832 137259 (2022)




PHYSICAL REVIEW LETTERS 129, 182502 (2022)

p-Nuclear-Recoil Correlation from °He Decay in a Laser Trap

P. Miiller®," Y. Bagdasarova,” R. Hong®,” A. Leredde,' K. G. Bailey,! X. Fléchard,® A. Garcia®,’
B. Graner,2 A. Knecht@,z'4 0. Naviliat-Cuncic‘ID,3'5 nE O’Connor,l M. G. Stembergﬁ),2 D. W. Storm,2
H.E. Swansoni.‘EJ,2 F. Wauters®,2'6 and D. W. Zumwalt®

a = —0.3268(46) o (41) 4y (4)

Assuming tensor contributions with right-handed neu-
trinos (h=0 or Cp = —Cf[) the result above implies

IC7|? <0.022 (90% C.L.) On the other hand, assuming
purely left-handed neutrinos (C, = +C%) yields

0.007 < C; < 0.111 (90% C.L.). (5)




Experimental status over the world

Energy spectrum - by

TABLE I11. List of nuclear #3-decay spectral measurements in search for non-SM physics *

Measurement Transition Type Nucleus Institution,/Collaboration Goal

{3 spectrum GT 1% MiniBETA-Krakow-Leuven 0.1 %
/4 spectrum GT “He LPC-Caen 0.1 %
A spectrum GT fHe, 20 NSCOL-MSU 0.1%
A spectrum GT, F. Mixed “He, **0, *Ne Het-CRES 0.1 %

Angular correlation - ag,
TABLE 1. List of nuclear F-decay correlation experiments in search for non-SM physics ®

Measurement Transition Type Nucleus Institution/ Collaboration Goal

B—v F 2 Ar Isolde-CERN 0.1 %
8 —v F s - TRINAT-TRIUMF 0.1 %
B-v GT, Mixed SHe(**Ne) SARAF 0.1%
f—v GT e ANL 0.1 %
B—wv F Mg, 2451, 2*5, #Ar, ... TAMUTRAP-Texas A&M 0.1 %
g—wv Mixed g ey 18p, ATp Notre Dame 0.5 %
A & recoil Mixed K TRINAT-TRIUMF 0.1 %
asymmetry

Cirigliano ef al., arXiv:1907.02164v2 (2019)

Measurements

Soreq Nuclear Research Center




23Ne - 23Na
H J(X)

Nuclear Hamiltonian Nuclear currents
USDB (USD) LO (1-body currents)

l l

(el 1) 0,

Nuclear wave functions Multipole operators

Nl

Nuclear matrix elements
Shell Model ~10~! uncertainty

5a’ 6b
Observables’ corrections\)

Mishnayot, AGM, Forssén, Gazda, Gazit, Gysbers, Menéndez & Navratil, et al., arXiv:2107.14355

/

Soreq Nuclear Research Center

SARAF: measuring #*Ne’s branching
ratio with a ~5 - 1073 uncertainty
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23Ne N 23Na

Reanalyzing measurements of Carlson ef o/, PhysRev132.2239 (1963)

-0.30 1 -T-
-0.32 1
& [, e S i v e T e I s o i o v
S _0.34]{ %
-0.36 1, . , i — ,
Johnson Glick Hong Sternberg Carlson  This
et al. 5He ®He et al. et al. Work
®He re- re- 8Li 23Ne 23Ne

analysis analysis

Mishnayot, AGM, Forssén, Gazda, Gazit, Gysbers, Menéndez & Navratil, ef al., arXiv:2107.14355




23Ne—»23Na

Reanalyzing measurements of Carlson ef o/, PhysRev132.2239 (1963)

Constraining ag, & by simultaneously

-=0.02

-0 —1.33

statistics experiment/theory
agy = —0.3331 £+ 0.0028 + 0.0004 + 0.0002

br = 0.0007 £ 0.0049 £+ 0.0003 £\0.0001

Not final

Mishnayot, AGM, Forssén, Gazda, Gazit, Gysbers, Menéndez & Navratil, ef al., arXiv:2107.14355




23Ne—»23Na

Reanalyzing measurements of Carlson ef o/, PhysRev132.2239 (1963)

New constraints on the existence of exotic Tensor interactions

0.3

0.2

0.1

0.0

Cr/Ca

-0.1

-0.2

0.3
0.02 0.01 0.00 0.01 0.02

C7 /Ca
Ct Cr
T r _
— = 0.0007 £ 0.0049 — =0.0001 4+ 0.0823
A A

Not final

Mishnayot, AGM, Forssén, Gazda, Gazit, Gysbers, Menéndez & Navratil, ef al., arXiv:2107.14355




neutron

-0.04

uperallowed

~0.05 000 005 010 O

+
Fig: Falkowski ef al., J.High Energ.Phys. 2021, 126 (2021) Cs /Cy




New opportunity:
BSM missing theory




 BSM missing theory

SM multipole expansion

» [-decay rate: _
do o (| A llwd* o > FA(B0) Wellof i) wrllof i)

| W QY
Observables

Hw ~ Ca JH(DJ () Multipole
operators
Axial coupling / / \. p
constant Axial Lepton Axial nuclear
current current

4 multipole operators: C/, L4, Ef, M{

€.g., M]AM = fd3x[j](qx) 17}%(9?)] j(\?)

Axial nuclear
current

and the same for the Vector (V) symmetry




 BSM missing theory

BSM multipole expansion

» B-decay rate: ) \
dor e (A 9ol o 3 ST (B,9) (wellOF Ilwe)(wellQF llw)

T \E)bservables \ /

Hy ~ Cr " () J o (2) Multipole
operators
Tensor coupling P N\ P
constant Tensor Lepton Tensor nuclear
current current

4 multipole operators: ¢/, L7, E/, M
e.g., M = [ d*jy(ax) D3] Jip®

Tensor nuclear
current

The currents are tensors: j*¥ (f)jm,(a?)

AGM & Gazit, arXiv:2207.01357, in press. Phys. Rev. D (2023)




. BSM missing theory

Tensor — vector-like objects

Hy ~ Cr j* () Jj (D)

Tensor interactions Lepton  Nuclear

> Sy ic: current current
> A space-time-metrlc e stress-energy tensor

» Antisymmetric

» Fermionic probes

= lOO =0
=)l.0=—l0. ( \ng\ (<_ lo. _>) \
(1 i
= 1;;— [1;] b =
e U /

AGM & Gazit, arXiv:2207.01357, in press. Phys. Rev. D (2023)




Tensor — vector-like objects

» Tensor “vector-like” multipole operators with an identified parity

(‘\S\e
<O :
o Y g L IT 74
C‘(e\"’ \‘6\ ]~ V29
e (3‘0
‘\é’é‘ee( xe® BSM
° 0‘\'(\ operators
N [
Charge Value C]S ~ _t 5
2 1.278(33) V2 9y
gr 0.987(55) AP 49 gp
2 1.02(11) I 2y 9
g2 349(9)

M. Gonzalez-Alonso et al., PPNP 104 165-223 (2019)
AGM & Gazit, arXiv:2207.01357, accepted to Phys. Rev. D (2023)

BSM missing theory

» Predictions & Observables
] for forbidden decays
for the first time
\ |
Well known . .
SM operators [ Multipole Ex\pansmn
/ General Theory -
¢/ for any nucleus &
transition
LA \_
9s 9T _1 nuclear charges
av’ 9a



 BSM missing theory

Multipole operator's matrix elements
H J (%) J(#)
Nuclear Hamiltonian SM Nuclear currents BSM nuclear currents

l l
(Wrll i) 0,

Nuclear wave functions SM Multipole operators

\ (Wrll O llwi) /

SM Nuclear matrix elements

l

5a, 5b
SM Observables’ corrections BSM predictions

AGM & Gazit, arXiv:2207.01357, in press. Phys. Rev. D (2023)




No BSM coupling

Cr/Cq

6}@)

-0.04 -002 000 002 O

04

Formalism is nice, but applications are nicer...

AGM et al., Phys.Lett.B 767 285-288 (2017)

/Ca

C

» Increases the accuracy level

» Allows simultaneous extraction of C# and C;

Left-handed coupling

0.6f(b)
04
02
00
02
-04
-06

-0.04

-002 000 002 O

04

BSM predictions: unique 15t-forbidden decay
dwoc1+aﬁv[1—(,8 v) ]+bF

The p-energy spectrum is sensitive to both az, & by

Right-handed coupling

/Ca

Cr

0
0

-004 -002 000 002 004

Ct /Ca

_ BSM missing theory




BSM missing theory

Unique 15t-forbidden experiments

PHYSICAL REVIEW C 105, 054312 (2022)

Determination of -decay feeding patterns of **Rb and *Kr using the Modular Total Absorption
Spectrometer at ORNL HRIBF

P. Shuai®,">** B. C. Rasco,">*" K. P. Rykaczewski,” A. Fijatkowska,>* M. Karny,*>! M. Woliriska-Cichocka,®>'
R. K. Grzywacz,*>' C. J. Gross,” D. W. Stracener,” E. F. Zganjar,” J. C. Batchelder,*' J. C. Blackmon,” N. T. Brewer,-**
S. Go,* M. Cooper,* K. C. Goetz,”* J. W. Johnson,> C. U. Jost,” T. T. King,” J. T. Matta,” J. H. Hamilton,'® A. Laminack,’

K. Miernik,* M. Madurga,® D. Miller,*'"' C. D. Nesaraja,” S. Padgett,’ S. V. Paulauskas,® M. M. Rajabali,'* T. Ruland,’
M. Stepaniuk,® E. H. Wang,'” and J. A. Winger'?

**Rb decay spectra suggests that MTAS can distinguish an allowed g spectral shape from a first forbidden unique

p spectral shape. X
(a) 893y ”
*sr \e& unique 1
am-seot&  forbidden
— T.13s . -
T/ e 43 4 (=0 o GT (Fermi) Sy \SH0020) h
0 ;= 10419 MeV -ty i:;\ r gzgg I ], GT QUE)=2280.1 keV %
Lax10-43) 221863
L 60.7
. 0.0115(14 61.325)
6% 9., ., unigue 1=t :
vy '*oy  forbidden

90G -+ ;
16N: Large energy separation between RO U S

the forbidden and allowed branches
Ohayon, Chocron, Hirsh, AGM, et al., Hyp.Int.239.57 (2018)

0 0
99.9885
0 A

Fig.: Morozov et al. J.Rad.Nuc.Chem.284.221 (2010)




» Experiments are aiming an accuracy of

: Can be done t leus & d
» SM: Theory with controlled level of accu afl B (gﬂngj ?f%rn;gsg:) sSey

» Experiments become useful!
Paving the way for new, even higher precision

» SHe - Corrections with an uncertainty of 107 experiments and discoveries
» 23Ne with experimental results

» New bounds on BSM Tensor interactions Ongoing 15t Forbidden experiments
@SARAF ('®N, 9Sr), @ORNL (38Rb)

» The BSM missing theory Ab initio NCSM Calculations for 6N

» Uses the already-known SM matrix elements : . .
Beyond the impulse approximation

» Unique 15t Forbidden decays as a new oppgi Calculating 2-body currents and

increasing the theory accuracy

Summary
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