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INTRODUCTION

> The standard model is incomplete: dark sector, neutrino masses.

> Finding signatures of beyond the standard model physics in
quantum phenomena is one of the heralds of modern physics.

> LHC is the energy frontier.
> Nuclear phenomena are a precision frontier:
> New techniques allow unprecedented experimental accuracy.

> Need an accompanying theoretical effort to analyze
experimental results and pinpoint new physics.

> It's not a very rewarding job...
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BSM EFFORTS USING NUCLEAR BETA DECAYS

B decays

Precision Correlation Studies Precision spectrum studies

Mirror plane 18

Mirror-reversed

Original
arrangement 16

arrangement

Predicted direction
of beta emission if
parity were conserved

Preferred direction
of beta ray emision

Cobalt-60
nuclei

COUNTS (UNITS OF 103)

Observed direction 0

of beta emission in 0] 2 4 6
mirror-reversed BETA ENERGY (MeV)

arrangement

Direction of electron
flow through the
solenoid coils

> "New Physics” searches using beta decays have been moving back and forth, from
spectrum to correlation studies.

> Atomic traps acted as the catalyst for precision correlation studies, and many
experiments have been constructed since ~2005.

> In the last couple of years, the seesaw seems to tilt towards precision spectrum

studies again, based on theoretical expectations for the size of the effect.
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Diferential  decay rate e =
dQ /Amd2, /Arde

—

Momentum transfer

AJ™ =07 (Super)allowed - Fermi transition

A" =0,17 Allowed - Fermi/Gamow-Teller

AJ™ = 0,1,2- Unique First forbidden transition « ¢!



PRECISION B-DECAY STUDIES TO PINPOINT BSM EFFECTS

WHERE DOES NUCLEAR STRUCTURE ENTER?

Item Effect Formula Magnitude
1 Phase space factor 2 pPW(Wy — W)2
2 Traditional Fermi function Fy

Unity or larger

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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Differential decay ate o
d2,/4mdS2, /4 de
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Momentum transfer

Assuming V-A structure
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Differential decay ate o
d2,/4mdS2, /4 de

—

Momentum transfer

Assuming V-A structure
Y A A 2
_2A1+1{[ )60 ,>1.|+||£|)
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Assumptions: vanishing momentum transfer (q=0).
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eg. alowed transitons
V-A WITH T CORRECTIONS:

Me A
O (1+b Fagyp V)
€
agy ~—3(1 - |CT|2+|C/T|2), and b =25+

1Cal? Ca

Caveats:

a) Sensitive to combination of tensor couplings, with spectrum averaging of energy, thus
In a specific nucleus — the sensitivity to BSM couplings i1s QUADRATIC. ...

h) Spectrum, i.e., integration over angle, sensitive to Fierz term, i.e., insensitive
to fully right handed couplings.

M. Gonzalez-Alonso, O. Naviliat-Cuncic, Kinematic sensitivity to the Fierz term
of B-decay differential spectra, Phys. Rev. C 94 (2016) 035503.
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©(q,B- V)
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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)
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@(q,E-ﬁ)ouizyOCTJrCTme
Ca €
1, = n oasm n ICr]? +1Cr |2
-5 C0-A) - - -D)0 - =)
|
. 2
o< 1—(5-&)

Spectrum, i.e., integration over angle:

dw Cr+C.m B (a? —1)tanh_1(a)—|—a
BT T T 'lte
> 2+ 4 —
de . (6)< A0 Cp € +5 a?
2 /|2
o 1 CrIm Iy a = 2kv/(k?
Cal? ’

Glick-Magid, DG, et al, Beta spectrum of unique first forhidden decays as a
novel test for fundamental symmetries, Phys. Lett. B767, 285 (2017)




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



SHAPE CORRECTIONS

These are nuclear structure dependent corrections.

Needed accuracy of the calculation ~ 107* — 1073

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

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

These are nuclear structure dependent corrections.
Needed accuracy of the calculation ~ 107* — 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

b

Chiral suppression
additional factor 3-5




SHAPE CORRECTIONS

Nuclear effects are important to pinpoint BSM effects:
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How to systematically predict and assess uncertainties in
reaction rates, from high energy theory to QCD to nuclei?
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How to systematically predict and assess uncertainties in
reaction rates, from high energy theory to QCD to nuclei?

Ultraviolet physics

probe-quark interaction

Probe-nucleus interaction

Many body calculation of nuclear structure




LEE-YANG APPROACH

LOY ICTION OF A SPIN = PARTICLE WITH A NUCLEUS

Couplings:

U(1): anapole,

E/M dipole

xx{¥lgq|¥)

Scalar, Pseudo-scalar . // P =(E,.P,)
xvey{Plgyv=q|V) w

Vector, Axial-vector ‘

A\

kfl Pi“ = (ED Pi)

vux{¥Iqytq|¥P)
XV Ysx{Plqay*ysq|¥)

X0, x{Plgot’ q|¥) Tensor, Pseudo-tensor

X0y Ysx(Wqgo™ q|¥)




LEE-YANG APPROACH

xx(Plqq|¥)
Yvey{¥lav=q|¥)

xvux{¥lqy*q|¥)
XV Ysx{Plqy*ysq|¥)

X0 x{Plgat’ q|V)
X0 ysx{¥lgo’q|P)

ICTION OF A SPIN = PART, AL WITH A NUCLEUS

Couplings:

U(1): anapole,
E/M dipole

Scalar, Pseudo-scalar

Vector, Axial-vector

Tensor, Pseudo-tensor

O
z
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SIZE OF “NEW PHYSICS™ BEYOND STANDARD MODEL

 C%Va
V2

Loter = [ (L+er) eyu(l —s)ve - uy*(1 —ys5)d + €L eyu(l+ys)ve - uy*(1 —5)d
+er@u(l —ys)ve - Wy (1 +5)d + €reyu(l+s5)ve - uy" (1 +75)d

+er €0y (1 — y5)Ve - w0t (1 —y5)d + €1 €0y (1 + 45)ve - o™ (1 + 75)d
+ese(l —5)ve -ud + €se(l+vs)v, - ud

—€epé(l —5)Ve -uysd — €pée(l+y5)Ve - uysd + .. ] +h.c.,



LEE-YANG APPROACH

SIZE OF “NEW PHYSICS™ BEYOND STANDARD MODEL

G Vua
V2

Lider = — [ (L+er) eru(l—7s)ve - @y (1 —75)d + €penu(l +s)ve - ur"(1—75)d
+ereVu(l —ys)ve - " (1 +5)d + €reyu(l+s)ve - un (1 +75)d

+er €0y (1 — y5)Ve - w0t (1 —y5)d + €1 €0y (1 + 45)ve - o™ (1 + 75)d
+ese(l —ys)ve -ud + €geé(l+ ys)v. - ud

—€ep€(l —5)Ve - uysd — EpéE(l+ 5)Ve - uysd + ] +h.c.,

for the simplest BSM operator (n=2), a 3 TeV scale means ¢;, €& ~ 1073
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FROM THE QUARK TO THE NUCLEON

QO V. B 3 - _
L, =— F\‘/ﬁ d [ (1+€r) evu(l —5)ve -ay"(1 —v5)d + €L eyu(l+ ys5)ve - uy*(1 — ys5)d

+ereu(l —ys)ve - w1y (1 +75)d + €reyu(l+5)ve - uy" (1 +7s5)d

+er €0y (1 — y5)Ve - uo"’ (1 —v5)d + €1 €0y (1 + ¥5)Ve - wo™ (1 + 5)d
+ese(l —5)v. -ud + €gé(l+ vs5)v,. - ud

—epé(l —5)Ve -uysd — Epé(l+ y5)Ve - uysd + .. ] +h.c.,

Taking a matrix element between nucleonic states:

I — . — N N
~Lpspe-v. = P (Csev, — Cheysve) Cvy + iv =2gv (L +e€, +eg) Cy — C}/ =29y (€ +€R)
+ oy (Cveyuve — Cy ey ysve) Ca+C4=-2ga(1+€ —€R) Ca—C, =294 (€ —€R)
1 — —/ — — ~
+ 51‘)0’“’17, (Créouve — Creoysve) Cs+Cg=2gses Cs—Cg=2gsés
— — — — -
— Y ysn (Caeyuysve — Cheyuve) Cp+Cp=2gpep Cp—Cp=—2gpép

+ PYysn (CPé'YSVe o C;-"él/e) + h.c. 6'1" -|—6ff = 8gT €T ET — 6;1 = 89'1" gT ’
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FROM THE QUARK TO THE NUCLEON

—Lpspe-v. = D0 (Csev, — Cheysve) Cv+Cy =2gv (1+¢€ +ep) Cv —Cy =2gv (¢, +r)
+ pyHn (Cyey,ve — Cyeyysve) C4 +€'A = —2ga(1+ €, —€R) C4 —CA =294 (€, —€R)
+ %ﬁa"”n (Créouve — CreouYsve) Cs+Cg=2gs¢s Cs—Cg=2gsés
— pYHysn (Caeyuysve — Chevuve) Cp +6]P =2gpe€p Cp— ﬁp = —2¢gp€p
+ pysn (Cpéysve — Cpév,) + h.c. Cr —I—@; =8grer Cr — 5,71 = 8grér ,

Taking a matrix element between nucleonic states:

arvy(a®) és(q2)

Gl i |non) = (o) [0 (") HERED 7+ B, )
= Uy(pp) -g (¢°) vt 'Qp}YSun (Pr) »
6o ) OUBE)

ip(Pp) V5 un(Pn) + O(¢*/MY)
ﬂp(pp) apuun(pn) + O(Q/MN) 3

gT(A) (q )

(p(Pp)| @yuysd | n(pr)

(p(pp)| ud
(p(pp)| w5 d
(p(pp)l u Upu d n

S
5
2

S
S
Q

(
(
(
(

)
n)
)

Pn

Q

gr
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FROM THE QUARK TO THE NUCLEON

- C.,S'é'YSVe)
+ Z—”Yﬂn (CVé7uVe

= pn (Csérve

_‘Cn—)pe—ﬁe

1
+ Eﬁauun (CTéGMVVe — C'-,I"éop,ufy5ye)

— pYHysn (Caeyuysve
+ pysn (Cpéysve —

- C{/é7u'75Ve)

- Cﬁlé'}'ul/e)
Cpeve) + h.c.

Cv+Cy =2gv (1+¢€ +ep)
C 4 +U’A =294 (1+€; —€p)
Cg —i—ﬁfs = 2¢gs€s

Cp +5]p =2gpep

Cr +6;~ =8grer

Taking a matrix element between nucleonic states:

(p(pp)| wyud | n(pn))

(p(Pp)| @yuysd | n(pr)

(p(pp)| ud
(p(pp)| w5 d
(p(pp)l u Upu d n

S
3

S
S

(
(
(
(

)
n)
)

Pn

Q

Q

Q

iy (pp)

iy (Pp)

gr

ga (q2)7p.+

ar(A) (q )

Cy —Cy =2gv (& +ég)

CA—CA—2gA(€L—€R)

Cs—Cg=2gsés
— — -
Cp—Cp=—2gp€p

6{1"—6:,11:89'1"611,

v (62) -+ ) ‘%‘ (pn)

tip(pp) un(pn) + O(q2/MJ%I) :
Up(Pp) V5 Un(pn) + O(q2/M§,) .
ﬂp(pp) apuun(pn) + O(Q/MN) 3
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FROM THE QUARK TO THE NUCLEON - NoN STANDARD COUPLINGS

The €’s are small, not the nuclear charges!

-

T‘

02505075 1 125

d - RBC/UKQCD N; =2 + 1 (2010
" LHPC N, =2+1(2012)
g 1
‘B ] RQCD N, = 2(2014)
<
- | PNDME N, =2+ 1+ 1 (2016)
L] ETMC Ny =2 )
A Goldstein (2014)
. - yuto (2013)
g Pitschmann (2014)
é’ Radici (2015)
- Kang (2015)
Anselmino (. )

(p(pp)| wyud | n(pn))

(p(Pp)| @y, vsd

(p(pp)| ud
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(p(pp)l u Up.u d
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/\@/‘\ )
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S SN N
S S ~
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€d

ML

iy (pp)

iy (Pp)

v ()7 4 D (0 %‘ (pn)
-gA (q2)7u+ 9T2(}4\2[(‘1 ) UpS'U"n (pn)

tip(Pp) Un(pn) + O(q*/M3,)
tp(Pp) V5 Un(Pn) + O(*/My) |

v ¢’ /My)
ﬂ _ 2
gr ﬂp(pp) apuun(pn) + O(Q/MN) ;
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How to systematically predict and assess uncertainties in
reaction rates, from high energy theory to QCD to nuclei?

Symmetries are dictated by fundamental QCD-probe interactions
Physics of the nucleus dictates structure of the operators.

Fundamental physics dictates size of coupling constants.

Probe-nucleus interaction

Many body calculation of nuclear structure




QUARK TO NUCLEUS

FROM THE QUARK TO THE NUCLEUS
Couplings:
U

U(1): anapole,
E/M dipole

xx{¥lqq|¥P) Scalar, Pseudo-scalar
Yvey{¥lav=q|¥)
xvux{¥lqy*q|¥)

XV Ysx{Plqy*ysq|¥)

Vector, Axial-vector

Yo, x(Wlgah’ q|W) Tensor, Pseudo-tensor

X0 Ysx(Plqgot’ q|W)

Probe “current” of known Nuclear “current” of the same symmetry
Lorentz symmetry Decoupled from probe physics!
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Chiral EFT: pions and nuclens
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characteristic momentum Q

Power counting:




NUCLEUS INTERACTION WITH A PROBE, EFT POINT OF VIEW:

Low energy  has (accidental) scale separation

EFT Lagrangian

Wave

. Nuclear
functions

current
Nuclear Matrix Element

of characteristic
momentum




NUCLEAR CURRENTS FROM CHIRAL EFT
Coupings:

U(1): anapole
E/M dipole

Nuclear currents

EM

Scalar, Pseudo-scalar N o terms

Tensor, Pseudo-tensor

The weak gauge!

lattice

L]
_____ mNoterms
____Theweak gaugel
___ lattice

/(37



BSM PHYSICS: THE NUCLEAR PHYSICS CHALLENGE
How to systematically predict and assess uncertainties in
reaction rates, from high energy theory to QCD to nuclei?

Symmetries are dictated by fundamental QCD-probe interactions

Physics of the nucleus dictates structure of the operators.

Fundamental physics dictates size of coupling constants.

y

\
N

Coarse graining the probe-quark interaction down to probe nucleon and probe-nucleus interaction is

accomplished via
Many body calculation of nuclear structure

\
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Progress 1n ab 1nitio calculations of nucle1
dramatic progress 1n last 5 years to access nuclei up to A ~ 50

R 50 ®

< 40f °

E’ 30l from Hagen et al.. Nature Phys. (2016)

§

. 201 . . from Hergert et al.. Phys. Rep. (2016)

< 10 o 00 g KT T 1 o R R
0o o : | sEEiEEEmEIissiasacypmmmsesesisiiiisien

0 | L A | ) - ‘
1980 1990 2000 2010 2020 éz'”' T

.......

mEmms T neutron dripline
"

)
6 W0 14 18 2 26 30 34 B 42 4 BO B4 B8 62 BE O 74 7B 82 8 90 94
N

From Achim Schwenk
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Progress 1n ab initio calculations of nucle1
dramatic progress i last 5 years to access nucle1 up to A ~ 50

50 ®
< 40 o
@ 30k from Hagen et al., Nature Phys. (2016)
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e 20
= from Hergert et al.. Phys. Rep. (2016)
s 10 ce 8 ° : -
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= P Q o © o " w EEEmE m W
0 ® | : | . | 1 : *u wed
1980 1990 2000 2010 2020 7 B Editors' Suggestion
Year : ¢ Structure of the Lightest Tin Isotopes
4 - ‘ I.D. Marris, J. Simonis, S. R, Straberg, C. Stumpd, G. Hagen, J.D
2018 | Holt, G.R. Jansen, 1. Papenbrock, R Roth, and A Schwenk
§ Phys. Rev. Lett 120, 152503 (2018) — Published 12 April 2018
34¢
304
~NOb Za2B v mmmmnn

-------

Ab-inito calculations of "™Sn with N = Z = 50 predict it to be

- doubly magic.
T neutron dripline

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
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From Achim Schwenk
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Frontier: Chiral EFT for electroweak currents
consistent electroweak one- and two-body (meson-exchange) currents

magnetic moments 1 light nucler  Gamow-Teller beta decay of 19°Sn
Pastore et al. (2012-) Gysbers. Hagen et al.

- o o | o e ()
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-1 % EXPT
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- 2.0/2.0 (EM)
- 2.2/2.0 (EM)
- 2.0/2.0 (PWA)
- 2.8/2.0 (EM)
- NN-N‘L0+3N|¢1|
- NN-N3L0+3N|,-.|
- NNLO. .
- Hinke et al.
- Batist et al.
- ESPM
- SMMC
- LSSM
- QRPA
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|7)110M siy3
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20 X - b >
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two-body currents are key for
quenching puzzle of beta decays

From Achim Schwenk
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THE DECAY OF A MUONIC °HE

w h -m,
aB_ - aB
/mco m
u u

——

SHe(u~,v,) p+2n °*He(u,v,)d+n SHe(u-v,)*H

3
Capture prob.~Z- ‘%S(O)(z ~ [m”j VA
m

» In order to probe the weak structure of the nucleon, one has
to keep the nuclear effects under control.
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RESULTS

DG, Phys. Lett. B666, 472 (2008),
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INDUCED TENSOR:

» From QCD sum rules:

St —_0.0152(53)

84

» Experimentally [Wilkinson, Nucl. Instr. Phys. Res. A 455,

656 (2000)]:

» This work:
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INDUCED SCALAR (LIMITS CVC):

» Experimentally [Severijns et. al., RMP 78, 991 (2006)]:

» This work:
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BSM PHYSICS: THE NUCLEAR PHYSICS CHALLENGE
How to systematically predict and assess uncertainties in
reaction rates, from high energy theory to QCD to nuclei?

Symmetries are dictated by fundamental QCD-probe interactions

Physics of the nucleus dictates structure of the operators.

Fundamental physics dictates size of coupling constants.

Coarse graining the probe-quark interaction down to probe nucleon and probe-nucleus interaction is
accomplished via
Many body methods can reach 27 absolute accuracy for light nuclei, 10% accuracy for heavy nuclei

L ratios are known much better because of the small expansion parameter.

\
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ON-GOING EXPERIMENTS IN SARAF
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15N—> 150 — NUCLEAR PHYSICS TEST CASE
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1. Different f—v correlation properties for GT and
unique 15t forbidden — BSM test

2. Unique 15t forbidden spectrum — BSM test
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NEON ISOTOPES
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SUMMARY

Nuclear beta decays are an important front for “new physics” discoveries.
> New experiments will have 0.01-0.1% level precision.

> Important shape (and radiative) corrections that should be calculated, these are
challenging calculations, but seem feasible:

> Worse case: we have great tests for the nuclear interactions.
> Best case: experimentalists are satisfied with theory
> An ongoing effort of the nuclear theory community:

ECT* workshop:
“Precise beta decay calculations for searches for new physics”, April 8-12, 2019.

Spectrum f — v correlations



