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Beta decay studies for BSM studies
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Precision spectrum/correlation studies

Double beta decays
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Strong from weak:
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Quenching reduced at p > 0, relevant for Ov33 decay where p ~ m,

Solar fusion and Astrophysics

“Calibrating the Sun” via'Muon Capture on the Deuterons

ptd->n+ntv

"MuSun”

d nd-capture
p—— & 1
—_—

éu

n+p—->d+y Hy Haye

Muon capture

He(uv,)p+2n | | 3He(u-,v,)d+n | | 3He(u,v,)°H |




INTRODUCTION N3

ROLE OF NUCLEAR CURRENTS IN ATOMIC NUCLEI
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PIONLESS EFT AT NLO: CALCULATING MATRIX ELEMENTS
OF A=2, 3 TRANSITIONS

De-Leon, Platter, DG (2018), in prep.



¢

MODERN NUCLEAR THEORIES - EFFECTIVE FIELD THEORIES OF QCD ﬂ 7

QCD scales Probe momentum

500

250

Inma

Weinberg (1991), van-Kolck (1992),
Kaplan (1996)...



PIONLESS EFT AS A NUCLEAR THOERY

Pionless EFT is the

QCD scales Pionless EFT scales

natural EFT for solar
MeV fusion, triton decay

1250 and M1 structure
i AT fr / £ My

1000

Leffective = +0( )+---+
effective L(O) mn a

(I NIG
750 F i
I 7SF-  Binding momentum of 3H, 3He
500 50 :_
i “»  7Yd Binding momentum of deuteron
I T 1/ a3g,
250F 251
+ 1 / ‘CL1Sn‘

n
P Momentum transfer in solar pp-fusion,
SH Bdecay, magnetic moments, n+p 2d+y

@ asg, 5.4 fm,a15, = —23.7 fm > 1/m, ~ 1.4 fm
o effective ranges (1.8 fm, 2.7 fm) are natural



PIONLESS EFT @ NLO

DIBARYON REPRESENTATION
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DIBARYON REPRESENTATION

£=N’f(

D? . D2 .
iDg + W) N —¢it [(iDo + W) . tt

Parameter

D2
_ AT : | A

—y, [£T (NTPIN) + h.c]

Value

—ys [s"T(NTPAN) +he] +..., (1)

Parameter Value
o 1.765 fm [19]_
Ps 2.73 fm [20]
pc 2.794 fm [21]
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DIBARYON REPRESENTATION

D2 . D2 .
L=NT (wo+ W) N —¢if [(wo +m) . ti
2
(o ) B

—y, [tT (NTP!N) + h.c]
—ys [s"T(NTPAN) + he] +..., (1)

Parameter Value Parameter Value
Ve 45.701 MeV [18]
Qs -23.714 fm [20] Ps 2.73 fm [20]
ap -7.8063 fm [21] pc 2.794 fm [21]

=>» 2 NLO rearrangements:

Zhio - 7o 70 = 1
Z“;VLO =1+ 7p ~ 1408 p;VLO =p " Z¥e =14 (Z{“" . 1) =zi!‘u

Phillips, Rupak, Savage (2000), Griesshammer (2004)
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PHOTON ABIDES — STATIC PHOTONS

> Since the typical momentumis @ > \/MNJEg?He ~ 85MeV, then the
Coulomb interaction is perturbative:

B OéMN
> However, the pp propogator always has to be renormalized (as Q can

be low).

> Photons are added already at LO.

Kong and Ravndal (1999), Ruoak (2000),

Konig, et al.(2014), Kirscher, DG (2015)
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DIBARYON REPRESENTATION OF THREE BODY SCATTERING

Neutron-dibaryon scattering:

LO ISOSPIN IND. 3-BODY FORCE
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Bedagque, Hammer, van Kolck (1999)
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DIBARYON REPRESENTATION OF THREE BODY SCATTERING WITH COULOMB

Proton-deuteron scattering:

I IENANISS GENE W
O+ B _-PC - BC
9 _ - WP+
- B
]L]LLE
K T_TI:L B
1 AN 3 G
ET{K

Konig, et al. (2012, 14, 15), Vanasse et al. (2015) .



PIONLESS EFT @ NLO

FROM SCATTERING TO BOUND STATE

AMPUTATED

| WAVE
For a bound state: FUNCTION

t(E, k,p) = Bf(E,k)B(E,p)

E— Ep

A non-relativistic Bethe-Salpeter equation:

B(E,p) = B(E,q) ® K§ (¢,p, E)

e.g., for 3H: I'r(E,p)
FS(E’p)

My;D¢(E,q) —3MuywysDs(E,q)

[KO(‘“” E) ( 3Myw.Di(E.q)  My2D,(E,q)

H(A)< My?Dy(E,q) —Mytyst(E,Q))]

M A2 _MytysDt(an) MygDs(E’Q)

+R(E,k,q)

REGULAR FOR ESE
NEGLIGIBLE AT POLE

)

o(1md). e
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FROM SCATTERING TO BOUND STATE

e
For a bound state: FUNCTION
BY(E.k)B(E,
(B k.p) (E_)E( P) | R(E,k,q)
B REGULAR FOR E->E
NEGLIGIBLE AT POLE

A non-relativistic Bethe-Salpeter equation:

B(E,p) = B(E,q) ® K§ (¢,p, E)

(E,p|T’)

AMPUTATED WAVE FUNCTION DEFINED UP TO A CONSTANT.
BETHE-SALPETER NORMALIZATION CONDITION:

9
1=(I|Dy- (D™ = K) DID)| =,

HOWEVER, LOSES DIAGRAMMATIC REPRESANTATION

Kdnig, Vanasse et al. (2012, 14, 15)
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BOUND STATE NORMALIZATION — DIAGRAMMATIC REPRESENTATION

(E,p|¢) = / dpoB(po, p)S(po, P)D(po, P) C

1= [ [ 5% [ ddy [ 5 5B@w.0S(@.0)x

[P, |7 i (1K), _,.| Plaba xSt ) Blat ') =

/(g,ra) 2r 3)¢(E Q)[ (I IC)E— J H(E, q).

However: —S(E q)=S(E.q) x S(E.q")é(q—q')

Thus the normalization is equivalent to:
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EASY GENERALIZATION: MATRIX ELEMENT OF A 1-BODY
OPERATOR

> 1-body common operators, e.qg., electroweak, create
transitions inside isospin-spin multiplet. o;;, = 0’0’0,

> |t is easy to generalize this:

0% (90, pi-pi) = > PayaPpyp (I' = K%) |, X 5 (q — (pi — p;)) 8 (90 — (Ei — E;)),




PIONLESS EFT @ NLO
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APPLICATION: *H-*HE B.E. DIFFERENCE AT LO

LO

» two ways to find the A=3
b.e. difference:

> Find the pole of a non-
perturbative solution of
the homogenous

Fadeev equations with
Coulomb (i.e., 3He w.1.).

> Since Coulomb is
perturbative in 3He, one
can calculate the energy
shift in the one photon
approximation, as a
matrix element.

RENORM. PP PROP.

- °He Exp data

~ 3H Expdata

=+ Non perturbative @ = 0,a,, # a,,
===+ Non perturbative

- Perturbative
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APPLICATION: PIONLESS EFT AT NLO FOR BOUND STATE W.F'S

> A fully perturbative calculation at NLO means that the all NLO insertions are
perturbative, i.e., no more than one NLO insertion per diagram.

> This means that they can be stated as matrix elements.

v
T (Ek, p) |
0 299\/ L/
— A el ytical
* Numerical

2 5 lo? 2 nH 104 z ) 10' 2 5 lor, 2 . lo-r
TNLO(E’ k. p) AlMeV]

Vanasse et al. (2015)

NLO ISOSPIN DEP, 3-BODY FORCE
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A FULLY PERTURBATIVE PIONLESS EFT A=2, 3 CALCULATION @NLO

> 4 Leading Order Parameters

> nn and np Scattering lengths: 3S,, 1S,.

> pp scattering length.

> Three body force strength to prevent Thomas collapse.
> 5 Next-to Leading Order parameters:

» 2 effective ranges.

> Renormalizations of pp and 3NF.

> isospin dependent 3NF to prevent logarithmic divergence in the binding
energy of 3He.

> Only 3H and 3He binding energies are “many-body” parameters. All the rest-
very well known scattering parameters.
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MAGNETIC “"M1" A=2, 3 OBSERVABLES IN PIONLESS EFT

De-Leon, DG (2018) in prep.

@@@@ 6 é

n+p—>d+y

Pionless: Kirscher, et al. (2017), Vanasse (2017)
chiral: Pastore et al (2013), Bacca and Pastore (2014)
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ADDING THE MAGNETIC PHOTON
» 4+2 O Parameters

€
One body N (kd + ) o - BN
2Mpn
z_ z - Z Nucleon magnetic moments —well known experimentally

> 542 NLO parameters:
Two body
L Li(t's + s't) - B +{Lh(t1t) - B

4 SR

T\/PtPs K1 at as

M Lo 1)\?
lo(p) = — 22 — .
2(1) TPt Ko at)

LECs can be calibrated by any 2 of the experimentally known A=2, 3 observables, and then to be used
to post-dict the other 2 observables.
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A FULLY PERTURBATIVE PIONLESS EFT CALCULATION OF A=3 M.M @NLO
TRITON MAGNETIC MOMENT
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A FULLY PERTURBATIVE PIONLESS EFT CALCULATION OF A=3 M.M @NLO
TRITON MAGNETIC MOMENT

305 Tt e e ]
T T = e B Using experimental
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A FULLY PERTURBATIVE PIONLESS EFT CALCULATION OF A=3 M.M @NLO
TRITON MAGNETIC MOMENT

305‘ ......................................
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.......................................... - 1—bodyLO,Z assssssanss .
2.95 — Full NLO, L. L, = 0, ERE to calibrate LECs
S B From A=3
; 2.9 ------------------- . Full NLO'ERE -----------
g . Full NLO,Z
285 - - - - - - ———- — Exp data - B
________________________________ 1™ = 3.837,(3.49ggs) - 1072
2.8 20 _
S I £ =246} (—3.53erE) - 10~2.
5 103 2 5 104 2 5 105 2 5 106 2 5 107
A [MeV]
HE MAGNETIC MOMENT From A=2
-2
""""""""""""""""""""" y 20 __| -2
lbdwERE ..................... {7 = 3.86z,(8.37egne) - 10
R e yoo _§ -2
e - 1—bodyL0,Z Iz = =249z, (—2.49ge) - 1077
- Full NLO, Ly, L, = 0,ERE
=) - Full NLO,Ly,L, = 0,Z
e .. Full NLO, ERE
g . «. Full NLO,Z
2 e — Exp data
215 e .
A5 P9 =0 Z0= 1 7o =0
........................... T Tl | L0 )
227 o Z7R9 =1+ yp, ~ 1.408 p{dﬁ? = p;F ZNLO = { 4 (z{““ . 1) =z ¥ Lo = Zacl 5 D850

2 5 163 2 5 164 2 5 105 2 5 106 2 5 107
(VNN



¢

M1 OBSERVABLES IN PIONLESS EFT @ NLO X

A FULLY PERTURBATIVE PIONLESS EFT CALCULATION OF A=3 M.M @NLO
TRITON MAGNETIC MOMENT

305[ T e e
3 - 1—body LO,ERE
.......................................... - 1—bodyLO,Z
2.95 — Full NLO,Ly,L, = 0,ERE
S
= 2.9 ““|.. Full NLO,ERE |7
5 ... Full NLO,Z
p It 1 1) TRy R — Exp data e - - -
X
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A [MeV]
3
HE MAGNETIC MOMENT
2
""" - 1—body LO,ERE
-2.05 - 1—bodyL0,Z
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s - Full NLO,Ly, L, = 0,Z
T I I Full NLO, ERE .
R R . FullNLO,Z
2 e — Exp data
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22

I\ = 3.83;,(3.49gpg) - 1072
™ = —2.46z,(—3.53gre) - 1072

Unnaturally small LECs:

M L, 1 1 Pi — 1y (1)
l = —_ —_— ) (/-‘) = "r’t\/PtPs
! (IJ’) T/ PtPs K1 (#’ ai ) (/-1' Ag ) : !

OM L 1\2 -
a9 =2 (w2 ) 1) = e 22

ool

i Ly Ko Ly
L, L, 4x; 20L,

-- small L, might originate in yEFT, where NLO current is
pure isovector?

LG @ L Fidi G2
141 @ 141 292 +(1<—>2):

fjl = ZT1X7'2 09— —F5
i ( )4f2 Tm2g o mE @ mE 43

-- small |, numerical coincidence?
Both |, and |, are essential at NLO.
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3-BODY OBSERVABLES FROM A=2 LECS

VS EXP DATA L) Gewed o) (one)
- 1
- ) ’ . .

- 0.9
2T o
> NLO contributions small - EZ o6
. .. . 28 0.5
> might originate in SU(4) £5 o4
symmetry dominance? 5 03
. e 2% 02

» Post-dictions accurateto <1% (5%) =° .
for Z (ERE) parameterizations. o1

. . -0.1 -

» All observables are consistent with Full NLO L0 Mo Shortrange
each other in the Z- 2-BODY OBSERVABLES FROM'A=3 LECS
parameterization. ] Yoo Gy e )

» ERE parameterization postdictions " ——
of A=2 and A=3 inconsistent @ 5T o B
NLO. -ER

= 2 "
» Theoretical systematic 2F 05
. ‘3.2 0.4
uncertainty? 55 o5
@ 5 02
bt oa4 | BR L (B, | & | Yop (g}  Yop {1y}
g
) Full NLO LO NLO. Short range
range contributions

corrections
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VS. EXP. DATA:

> NLO contributions small -
> might originate in SU(4)

symmetry dominance?

» Post-dictions accurate to <1% (5%)
for Z (ERE) parameterizations.

» All observables are consistent with
each other in the Z-
parameterization.

» ERE parameterization postdictions
of A=2 and A=3 inconsistent @
NLO.

» Theoretical systematic
uncertainty?

3-BODY OBSERVABLES FROM A=2 LECS

{ft3g) (nM]

<ﬂ3He> [HM]

One-body, LO

2.847 22.811)
(

NLO range corrections |3.020 (3.050)

Full NLO

2.967 (2.910)

2.11 (-2.007)
-2.185 (-2.156)
-2.1267 (-2.0202)

Experimental data [9] 2.9789

-2.12762

2-BODY OBSERVABLES FROM A=3 LECS

Yy, [nM]

(fia) [nM]

‘One-body, LO
Full NLO, L., Ly=0
Full NLO

1.180 (1.180)
1.206 (1.163)
1.245 (1.198)

0.8798 (0.8798)
0.8798 (0.8798)
0.858 (0.8487)

Experimental data

1.2450+0.0019 [11]

0.8574 [10]
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BAYESIAN UNCERTAINTY ESTIMATE

> An EFT expansion of an M1 observable

(M) = (Mi)Lo - (1+ ay” + O(5%))

» EFT suggests that CRI/ILO — QRI/ILO/5 are natural.
1 1

> § is the expansion parameter.

> If § is known, then a Bayesian approach was developed by

considering possible values of the next order.
Cacciari and Houdeau (2011), Furnstahl, Klco, Phillips, Wesolowski (2015), GrieBhammer, McGovern, Phillips (2016)

» However, the results show that15 ~ 0.05 - far less than the naive
expansion parameter 0,,4ipe = <

> Thus, we need first to assess the expansion parameter.
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BAYESIAN UNCERTAINTY ESTIMATE

> An EFT expansion of an M1 observable
(M) = (My)o - (1+ ap,” + O(5%))

> EFT suggests that . RI/ILO = aM10/5 are natural.

(ua) = (uadro - (L +¢ 5)
(Usp) = (Usp)ro - (1 + CugH(S)
(.U3He> ~ (.UBHe>LO ’ (1 + CM3He5)

(Yn+p—>d+y> ~ (Yn+p—>d+y>w (1 + CYn+p—>d+y6)

NLO
> If €M,  are natural, and independent, and probe the same physics, then they

can be “Bayesian” i.i.d.

> Naturalness means that for many “Bayesian measurements”, they would have mean
of about 1, and 1-sigma of half an order of magnitude.

, NLO ,
> Information theory: ©¢M; are log-normal with average 0 and STD of about 310
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BAYESIAN UNCERTAINTY ESTIMATE

> How many “measurements” do we have in our study?

(Ua) = (Ug)Lo (1 + Cud5)
(Usp) = (Usp)ro - (1 + ¢y, 6)
(Uspe) = (Uzpgelro - (1 + Cu3He5)

(Yn+p—>d+y> ~ (Yn+p—>d+y>w (1+ CYn+p—>d+y6)

> For Z-parameterization - n=4 observables probe the same physics - a fact
encapsulated in the similar values of LECs.

Student's t Distribution
0.45

mmmm Student — t(n = )
» For ERE- 2 sets of n=2 observables. 040 AN

0.35 1
> Thus, on aveeage in both cases, 6, 6grr = 0.03 030

> However, a 90% degree of belief: 020-

> 0.007 < Sgrg < 0.13

» 0.017 < 5ERE < 0.052 0.00 AARE
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BAYESIAN UNCERTAINTY ESTIMATE

> The probability that the NLO value will deviate by A from the true value of the

observable:
p'r( | IME [

e (8N, 0) o 1300}, )

Student’s-t with n=4 (n 2)
GrieBhammer et al. (2016) ST £ (OR ZUEREH ar
> Thus, at a 90% degree of belief, the theoretical uncertainty is:
> 0.5% for Z parameterization

> 10% for ERE-parameterization
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MAIN POINTS — M1 STRUCTURE

> M1 structure of A=2, 3 nuclear systems can be accurately
and precisely described with ~ 10 LECs!

> RG invariant, systematic and perturbative EFT (LO and
NLO)

> Bayesian theoretical uncertainty assessment, based on
naturalness of EFT expansion.

» Precision stems from small NLO contribution.

> Origin of small size of LECs is unclear: coincidence,
SU(4) symmetry, chiral EFT, something else?
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M1 STRUCTURE OF A=2, 3 NUCLEAR SYSTEMS
ACCURACY AND PRECISION WITH ~ 10 LECS!

> The Z parameterization is superior at this order!

> Enables consistent A=2 and A=3 description!

This work [nM| Experiment [nM]
Y, 1.245+ 0.006  1.2450 #+ 0.0019
(fra) 0.858 £+ 0.004 0.85744...
(ftag) 2.967 + 0.015 2.97896...
(flage) = —2.1267+0.011  —2.12750...

3% —

— Fp Z exp ERE

=.

= —  ———
1

K -

B0 Z exp ERE Z exp ERE

S 0

=

w

= 1 Z exp ERE
-2 [k bn |

(Ua) Yap (LH) (He)



PROTON-PROTON FUSION IN THE SUN

De-Leon, DG (2018a,b,c) in prep.
De-Leon, Platter, DG, arxiv (2016).
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THE NEW PROBLEM WITH THE SUN

» Standard Solar Model (SSM) is a simplified description of the Sun, as inferred by
helioseismology and solar neutrinos.

> A former great success of SSM is the acceptance that new physics was the
source for the missing neutrinos problem.

> About a decade ago, a new problem arose: “Solar Composition Problem”,
a downward revision of = 30% in the amount of “metals” in the Sun.

> creating, e.g., a = 40 deviation in helio-seismological observables.

> Note: 40 deviation is just 1.5%...

> A precision type of problem demands assessing uncertainties.

Basu 2009, Villante 2010, Serenelli (2013)



HOW WELL DO WE UNDERSTAND THE MICROSCOPIC
PHENOMENA IN THE SUN?

WHAT IS THE ORIGIN OF CURRENT UNCERTAINTY

ESTIMATES?
CAN WE IMPROVE THIS KNOWLEDGE?
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WEAK PROTON-PROTON FUSION IN THE SUN

Cannot be measured terrestrially — depends on
theory

Very low proton-proton relative momentum (E,,~6

kel).

Needed accuracy: ~1%.

expl —27n(E)]

S(E) =5(0)+ S'(0)E + S"(0)E?/2 + - -

Theory challenge: accuracy and precision




PROTON-PROTON FUSION: THEORY STANDARDS

WEAK PROTON-PROTON FUSION IN THE SUN — THEORY STANDARDS

SFIl — Adelberger et al., Rev. Mod. Phys. 83, 195 (2011)

4.01(1 = 0.009) X 107%> MeVb potential models,
4.01(1 £0.009) X 107% MeVb EFT",
3.99(1 = 0.030) X 107> MeV b pionless EFT.

2011

SFIl recommended value (2011): §,,(0) @b +0.009) X 102 MeV b.

5(0) = (40303 0.006) x 10~ MeV fm?

Acharya et al, PLB (2017) y EFT: ‘S(O) :8;83‘21) x 1072 MeV fm2‘

NPLQCD, PRL (2017)- S(0) £ 4.029 (0.006)(0.03)(0.012)(0.027)x10~23MeV fm?2

2013

2016

2017
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A PREDICTIVE AND VERIFIED THEORY, A CHECKLIST:

d Simplicity

dBenchmarking vs. past
calculations.

dReproducing other
experimentally measured
reactions. p+p—od+v,+e

V
3H+ He+e +V

J Quantitative error
assessment.
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ADDING THE WEAK INTERACTION

» 441 LO Parameters

One body _
GT, = (n[|GT[lp) = V3 (5})
e+
l v, axial coupling constant, “known” from neutron g decay.
ga

> 5+1 NLO parameters:

“Calibrating the Sun”. via Muon Capture on the Detite on

Two body
ptd—->n+n+tv
- “MuSun” " !
2 D dl L d nd-capture
EEw . A E, =
+ : n
L ]

1A pp-fusion<: v e l’l——'

.

model-indepéndent connection via EFT & L, ,
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ADDING THE WEAK INTERACTION

» 441 LO Parameters

One body _
GT, = (n[|GTlp) = V3- (55)
e+
| V, axial coupling constant, “known” from neutron g decay.
ga
> 5+1 NLO parameters:
Two body
. GTemp <3HHGT( )H3He> \/_ 1. 213 002)
2-body analogue of g4, we fix it from *H decay rate,
L14

repeating the procedure taken in Y EFT.



A CALCULATION OF PP-FUSION N 4

RENORMALIZABLE AND NATURAL CONVERGENCE

ga=1271 g,=1275

- - 1-body LO, Z,
1.8 —-= 1-body NLO, Z,
— L4 =0,2Z4

Spp (0) astrophysical
S-factor [a.u]

ga=1271 gs=1.275

ga=1271 gs=1275

LO NLO,

range
corrections

Short range A [MeV]

contributions

Astrophysical pp fusion S factor. 3H decay calculation, fixing L5
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THUS,

> Benchmark: using the same parameters as yEFT calc.

(caveat - pending mistake in cp)
ngf T (Acharya et al.) (4.08110:922)x10723MeV - fm?

Spp 4.076x10~%3MeV - fm?

» Consistent also with NPLQCD.

» However, recent measurements of the neutron half life
indicate that a much higher g, is favored
PDG

Spp(0,94 = 1.2701) 4.09 t4, 0.06 L2y parsiife 0.02X1072°MeV - fm? recom.
Syp(0,94 = 1.2766) 422 +,, 0.06 3y pafiire 0.02x107**MeV - fm? UCNA

Still missing the theoretical systematic uncertainty...
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PROTON-PROTON FUSION — MAKING THEORY RELIABLE AGAIN ﬂ A7

A PREDICTIVE AND VERIFIED THEORY, A CHECKLIST:

v’ Simplicity

v' Benchmarking vs. past
calculations.

J Reproducing other
experimentally measured
reactions.

J Quantitative error
assessment.
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ELECTROMAGNETIC ANALOGUES TO THE WEAK OBSERVABLES

€ v, \e f v
e @
Operators:
Ve 3H%3He+e_+\7€ n—pt+e +v, EM Weak

p+p—od+v +e Weak observables 1-b | (tnp) 0,07° |gaoTt™

% 2b | LysTd,L,dTd | LyysTd

n+p—>d+y

EM observables
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A PREDICTIVE AND VERIFIED THEORY, A CHECKLIST:

v’ Simplicity

v' Benchmarking vs. past
calculations.

v Reproducing other
experimentally measured
reactions.

J Quantitative error
assessment.
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90

E&M AND WEAK: QUANTITATIVE AND QUALITATIVE SIMILARITI

ES

3H and 3He are very similar! Operator structure similarity!
1L """"" vl " LA S LA "5 LA LA S LA P LA S LA S LA "5 LA " LA S LA P LA S LA S LA " LA S LA S
Vi Electromagnetic weak
0.995} "\ ‘.. O One-body Ko, K1 ga
P T TTTTTTTT T _5 Two-body L1, Ls Li,a
0.99[] .. »|One-body o, or’ ortT, vt~
5 :‘.% Two-body Lit's, Lat't Liat's
0 .
0'985i ;.% A=29 . an A pp fusion:
| —— =) d magnetic moment: (fiq) App(0)
098] == LOa=0,an # ap X g A= %H, *He magnetic moments: | *H B-decay:
| - s i b6 (s, (o) (GT),(F)
0.975 o) H/» He )
2 5 103 2 5 104 2 5 105 2 5 106 2 5 107 ) ~
R 0 L 1 1 1
Similarity in LEC calibration _ LA p—— | (p——
gA 27T\/ PtPs Q¢ Qs
0
5T In(l; 4) = 51 M L1( 1)( 1)
(gA) T/ PtPs K1 H a; H as
0
In ll ~ 50
T () (1)

The GT operator similarity to the M1V operator su%%(ests that one can

adopt the uncertainty assessment from the E&M sector!
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PROTON-PROTON FUSION - FINAL RESULT ﬂ o1

A PREDICTIVE AND VERIFIED THEORY, A CHECKLIST:

v’ Simplicity

~23MeV - fm?
~23MeV - fm?

S11(gs = 1.2701) = 4.09 + 0.02
S11(gs = 1.2766) = 4.22 + 0.02

v' Benchmarking vs. past -
calculations.

v Reproducing other
experimentally measured

reactions.
A predicted increase of 2-57% over SFll

*H
gy halflife
stat. syst.
unc. unc.

v Quantitative error
assessment.



PRECISION BETA DECAY STUDIES TO PINPOINT BSM EFFECTS

Glick Magid et al, PLB (2017)
On-going experiments and theory challenges

| ai | -
5.l Wsetap |
L
§ o Y-FiST -
il ]
b
% S S SN 0

6
BETA ENERGY (MeV)
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5

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 « ¢!
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@

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

—

Momentum transfer

M]M(q)=fd?<jj(qx)17]m(5<)-3(?<) x g’

.| +|E|Z)
el
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8

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

—

Momentum transfer
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56

.
_/\




PRECISION B-DECAY STUDIES TO PINPOINT BSM EFFECTS

57

i.e., for general Gamow-Teller transition:

me =2 A
® o (1 ‘|‘b? ‘|—6113v,8\))¢

Naive standard model prediction: ag, = —%1 and b =0

In the presence of tensor couplings:

Cr|?+|C.|? Cr+C!
(-1_|T| |T| ),andb=2 TCAT

W=

aIBv N —

Cal?
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Note (1):

Standard model deviations are nuclear theory
challenge:

1) Radiative corrections.

2) Shape corrections
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Me > .
O (1+b Fagyp V)
€
~ Cr | +|C |2 Cr+C;
agy ~—3(1 - T|CA|2T ), and b =2 TCAT

Note (2):

a) Sensitive to combination of tensor couplings, with spectrum averaging of energy

h) Spectrum, i.e., integration over angle, sensitive only to Fierz term, 1.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.



PRECISION B-DECAY STUDIES TO PINPOINT BSM EFFECTS

O, B - D) o 1£2y
Ca

€

ICr? +1Cr )

R
[—
|
N
e P

Ca

/
T

€

( ICr|? +1|C
X | 1—

Cal?

)

).

B (> — 1)tanh™'(a) +a

5

a = 2kv/(k?
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Unique possibility to separate between left and right-handed couplings!

(Cr—Cr")/Cy

o6t@ 1 osd) 1 06l(c)
0.4} I o4 | o4 @
0.2} { 3 o2 1S 02
0.0} { 5 oof & 00l
~02} | 5-02} | & 02}
_0.45. ” —0.45- - —0.45- 0
-0 6 .: -0 6 -0 6
00T 007 000 003 004 -004 —002 000 002 004 -004 —002 000 002 004
(Cr+Cr")/Cy (Cr+C7"Y/Ca (CT+C1"Y)/Cyp

Cr=C=0 Cr/Ca =Cl/Ca =0.005 Cr/Ch=—C7/Ca=0.2
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Again:

Standard model deviations are nuclear theory challenge:

1) Radiative corrections.

2) Nuclear shape corrections — note the natural Aicqg << 1 suppression.

d>wg= 26 1
dQ/And2, /Ande w2 2]+ 1

> 14 2(1+ D. g8

X— J— .

> |4 s B
1

+ g(ﬁ-a)(ﬁ-a)] <||i§||>2},

(€0 — €)°ke F=(Zs, €)

with
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SUMMARY

» Solar p-p fusion: a simple, validated, pionless theory with

only few parameters predicts the fusion rate with high
precision.

> High experimental uncertainty stemming from g,

> For electromagnetic regime: accurate and precise theory
with unique theoretical uncertainty estimate.

> Reviving the role of magnetic moments in

understanding nuclear structure: flow of EFTs? SU(4)
symmetry?

> Some mysteries regarding NPLQCD/pionless EFT works.

» Beta decays are an intersection of new approaches in
experiment and theory - to study BSM physics.



