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CKM unitarity tests and the Cabibbo anomaly
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o the SM predicts | Vyg|? + | Vus|* + | Vi|? = 1
® re-evaluation of “inner radiative correction” and precise lattice QCD calculation of £, (0)
C. Y. Seng, M. Gorchtein, H. Patel, M. Ramsey-Musolf, ‘18 A. Czarnecki, W. Marciano, A. Sirlin, ‘19; A. Bazavov et al, ‘18
® led to ~ 20-30 tension in CKM unitarity test
|Vual? + [Vus|® 4+ |Vw)* —1=—(1.65+0.73) - 102

BSM physics in the 5-10 TeV range? Can we trust the nuclear corrections?
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https://inspirehep.net/literature/1683922
https://inspirehep.net/literature/1743986
https://arxiv.org/abs/1809.02827

Why EFTs? Scales in g decays

Jy = My,
~ 100 GeV

Hy =y
~ GeV

P = M,k
~ 100 MeV

Hexe = Mg Q
~ MeV

Energy

(>~
‘&9 LA-UR-26-20188

= I QED +QCD I I Weak interactions I
w
v A 4
& QED +QCD Xl
+
= operator ~ C;

yidl

ZEFT

p— nye*
operator ~ gy

PN — nNye*
operators ~ gh,,

|

p— nyet

operator ~ C&)

PN = nNy,e*
potentials 7;

Hard Integrate out
G~ q - my heavy SM fields
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Nuclear matrix elements

Exploit scale separation to set up

1

T

T

decay rate as expansion in o and (/)"

V. Cirigliano, W. Dekens, J. de Vries, S. Gandolfi, M. Hofericther, EM,
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https://inspirehep.net/literature/2791204

EFTs and the factorization of the half-life

1 GEVeal’mS [ o), 1127 5
1T  Olog2 [Ceff (M)] () < [1 + 0r(1)]
2
[Céﬁ‘/)(u)} : hard and soft photons expansion in «, as, Ke/mpy
* matching at electroweak scale, RG evolution from my to u ~ my [ PQCD]
® 1-body matching Fermi theory to xPT at i ~ my [dispersive + LQCD methods]
® running from my to p ~ kr and matching at ke [PQED]
and d¢: and photons, sensitive to nuclear details expansion in

derivation of EW operators
two- and three-nucleon matrix elements
® |ow-energy constants

ok, f: ultrasoft photons expansion in o, Q/kr
® sensitive to global nuclear properties, e.g. charge, radii [PQED]
_® each object depends on a factorization scale 1 resum large logs and estimate higher orders
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EFTs and the factorization of the half-life

1 G?—" Vud|2mg 4 /

—-=——"(1+AR)(1 1 -

; 3log 2 (1+ Ag)(1 +dr)(1 + ons — dc) x f

J. C. Hardy and I. Towner, ‘20
® very similar to the “standard” half-life
A oc gv(my), 8k — C9 ()

1. better factorization of the nuclear and low-energy dynamics
2. resummation of log Q/kr in addition to log Q/my

SNs — Ons

systematically improvable definition of EW operators
8h — 0R
4. higher order pQED calculation in consistent scheme
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https://inspirehep.net/literature/1821327

Hard Modes
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Hard modes: matching onto \PT

X Fermi theory + QED +QCD

»CFermi = - 2\/§GF Vud CB éLfYM v 5_77+’Yuq + [’QED
— — V2Gr Vi 8171 {gVNT+N 1+ gWNNTTNNN + gUN Nt N NN + . } + L0

C; encodes contributions of photons and gluons from my to Ay,
e photons with |G| ~ A, are not in the low-energy EFT
o their contribution is hidden in EFT low-energy constants

w=1+3 () M =3() o

_® gy is common to neutron and nuclear decays see Vincenzo’s and Misha’s talks
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Potential and Soft Modes
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Potential modes. g and two-body weak currents

o 14 e

a0) b0) c0) a1) b1) c1) d1)

the second important regime is qo < |q| ~ k= “potential”
photon emission puts the nuclear intermediate state far off-shell
can neglect nuclear excitation energy in energy denominators & sum over intermediate states

similar to “closure approximation” in Ov3/3 (made more systematic in EFT)

® jxs given by matrix element of a two- or higher-body current 1°
(Brs = V20110,
V0 has an expansion in a and Q/A as “standard” vector & axial 2- and 3-body currents
Q

0 _ n_m _
% —ag Vama' €y EX—A—
X

n,m
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SNS at (’)(aQ/k,:)

[”? B s s <

a0) b0) c1) d1)

e diagrams with LO weak and EM vertices are proportional to external momenta

o_ (B0 4 € hph _ 1. 4E Tk (—()plk)
VE—(6—|—3E9 ;q4(7 Py +/<—>k)—> a(RaEo) (5 + 3. j<k2RA(T Py —|—j<—>k)

® correction suppressed by E¢/kr, still very important as it grows with Z
e replaces corrections linear in R = 1/5/3(r2,) in shape factor C and finite size corrections Lo
® scaling is somewhat similar to dns(E) in M. Gorchtein, ‘18, but we were not able to exactly map it
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§. LA-UR-26-20188 1/14/2026 | 8


https://arxiv.org/pdf/1812.04229

SNS at (’)(ak,:/mN)

Mi V id lﬁ) ﬁ) :Z%

a0) b0) c0) c1) d1)

® diagrams with NLO EM vertices do not require external momenta O(az, )
® |ong range corrections mediated by nucleon magnetic moments and recoil corrections™
* thanks to S. Novario and C.-Y. Seng for spotting two mistakes in our original paper

e ga 1 ; 1 —( —( .

Vg‘ag(q) - Z ?mi):@ (O.U) o 4 ES(Jk)> [(1 + Kp)T (I)p‘()k) + KknT (I)pr(7k) + (e k)],
j<k

=0 PO

rec ‘62
VO (q7P):ZI£|: q4

() e
> ig 9 (Puxa)-a? (o )
j<k

very similar to |. S. Towner, ‘92,
® ;"% is a Coulomb-like potential = induces UV sensitivity when acting in 'S, channel

= T same as m,; dependence of nuclear force & Ov38 D. Kaplan, M. Savage, M. Wise, ‘96 V. Cirigliano, et al, ‘18
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https://inspirehep.net/literature/339683
https://inspirehep.net/literature/418210
https://inspirehep.net/literature/1657912

SNS at (’)(ak,:/mN)

k£ F

a0) b0) c0)

® to absorb cut-off dependence, need

V5! = € (g Or + g5 02),

Extraction of g}V and gy
1. lattice QCD

B

O = ZTﬁU)ﬂm

j#k

2. calculate/model W~ Compton tensor at large Q?

3. match “EFT” and “dispersive” dns calculations in light nuclei

4. fit them to superallowed transitions, with V,q4

-

b1) c1) d1)

0, = Z (k)+(j<—>/()]

j<k

might take a long time...
“Cottingham”

model independent, inflate errors?

¢ when needed for illustration, assume “improved NDA” gf¥ ~ 1/my x 1/(2F,)?

Q LA-UR-26-20188
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O(a?) corrections to dxg

e

® at O(a?), the Fermi function and the nuclear-structure-independent correction &, depend
logarithmically on R A. Sirlin and R. Zucchini, ‘86, W. Jaus and G. Rasche, ‘87
aZ

fﬂ——+7%
ﬁ (e}

7T2

9
362+17|0gEeR+”'>’ 620(&22|ogEeH

can we understand large logs in terms of scale separation?

()
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.35.3423
https://inspirehep.net/literature/20729

O(a?) corrections to dxg

e

® at O(a?), the Fermi function and the nuclear-structure-independent correction &, depend
logarithmically on R A. Sirlin and R. Zucchini, ‘86, W. Jaus and G. Rasche, ‘87

aZ 2 52 7T2 9 2
f:177+a2(S—ﬁz+zflogEeR+...>, 02 x a”Zlog EcR

can we understand large logs in terms of scale separation?
* soft and potential photons induce two more 2- and 3-body operators
VO = Cs(1, N) Vs + G5 (1, N) V5" + C: Vi (A) + CIVEP (M)
¢ Vs and V2 have trivial matrix elements
(fsliy =ZM®,  (fVPli) = Z2(Z - 1)MP,

()
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.35.3423
https://inspirehep.net/literature/20729

O(a?) corrections to dxg

MLMWM% Ll

| A i

* and matching coefficients that reproduce the log in the Fermi function and . correction
(g 18 SR (N VA T
Col) = a<2'°g/\2 16 T E Gi(m) =—a"(glog 5+ 5 ~ 3
C are scale and scheme dependent!
* V. and V have a logarithmic dependence on internucleon distances
CVi(rA) = —a® > log(rN)r P, CPVP(r,A) = Z Iog[ (r,,+r,k+r,k)] 7~ pYP pl
j#k i#j#k

® nuclear matrix elements of V,, V2" provide an operator definition of R
can relate to integrals over the weak and charge distributions?
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ons summary: integrating out potential and soft modes

® we can interpret this procedure as matching onto a theory with nuclear fields B; ¢

O =B} (iv-D+A)B;+ Bl iv-DB; — 2765 Via (CVB: VB iy PLe + h.c.) + O(E/kg).

can be extended to higher order, to include nuclear radii . ..
starting point for usoft loops & to reinterpret finite size corrections

® at the matching scale, the nuclear vector coupling Cy is
_ 1 1
Cu(fix = p) = MO C (1) (1 — 5c+ 551(?;) .
® integrating out the soft/potential modes shifts the single nucleon coupling with Z-dep. terms
g~ CY =gy [1+2(Cs - CF) + Z°CY]

® we can resum large logs by using high orders anomalous dimensions K. Borah, R. Hill and R. Plestid, ‘24

dcl9v o an? o 2
el =1 CE ), 49 = 20 (2) 5+ [VT— P ZZF D - 1]+ 7 (6 - %> ’

dlog

%S
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https://arxiv.org/abs/2402.13307

ons summary: integrating out potential and soft modes

® energy dependent and independent contributions

0 2 cT 2 ,3b
T DD {Q(MgTa?N M M+ Mis ) + 0 (M + M) ] ,
9v(pr)Me N=n,p

e=TFo— 2 R Y EMEy T <4<E>+1E+1<’"§>)
NS = o NALEO EWVIFN E— = ~ e - o " =
av(px )M o E \3 6 2\ E,

e all the nuclear physics input contained in two- and three-body matrix elements
X > X X))
MY = [ ar i = v,

o with Fermi, Gamow-Teller, Tensor and spin-orbit (LS) components

Vi = S () [7 0P+ o K] Ve =D hEatn) o @ [ 0P +j o k],
j<k j<k

Vit =3 M) SP@ [P +j e 0] Vsw =D sl [T OPP (L — L) - o+ < k],
j<k j<k

® and different radial dependence h(r)
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Extension of the ing operator to higher orders

2N current 3N current 4N current

NLO / -

O(Graey) . >Z
/

NLO, L b |
O(Gra? . .

(Gra’) _ derive 1° at higher orders

test convergence and theory errors

N’LO L Ly A

O((},.v(wf) : é f( .

N2LO,, N°LO
O(Gra®, Gra?e v Gr m*\' )
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Ultrasoft Modes
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Usoft modes. The Fermi and Sirlin functions

| . AV

S

* last step of the calculation involves photon momentum modes |qo| ~ |G| ~ Ee < R~
Fermi & Sirlin functions and “outer corrections”
e for Fermi function, use MS calculation of R. Hill and R. Plestid, ‘23
= 4y 2(1+n) A2 (2|pe| 1/2- >2<"”
F(B,u) = F(n+iy)"e™ e/cTE , =V1-a?22 y=7FZa
® recover the standard Fermi function by , — R~ "e'/277¢
e for the “outer corrections”

Sr(Ee. i) = a3 (8, E, i) + o*Z 9P (B, ) + ... .
e g3, E, ) is the standard Sirlin function in HBPT

_2
G (B E.7) = gt + 2 4 2 log 2
g (ﬂ7 aﬂ) Osirlin + 2 + > og mﬁ%
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https://arxiv.org/abs/2309.07343

Usoft modes. O(a?Z) corrections

O. L. Crosas, EM, ‘25

® O(a?Z) are also needed, in same scheme as the rest of the calculation
® computed diagrams in low-energy theory with nuclear dof
e diagrams are UV and IR divergent, IR cancels with real-virtual

e UV is renormalized by C'9")
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https://inspirehep.net/literature/3080882

Usoft modes. O(a?Z) corrections

A2 n —\ 11 98 . (1-8), -5+5
g (5"‘)‘i{ (5 +z) et %ot (755) + =5 <\/

1. ((1=8\% 3-8 4-53+8 ,1+p8 52
‘/3“2<<1+5)>+ T e

v

+
QQ
N———

22 +2, 1+8 1 148 . 4
- log 5 +1252Iog176(—6+105+35 +35)_B
3
1-8\ (1+5)? B
+(1— 1+5> 14454< 1+5(430 2208 — 395° + 484°)

+ 434 — 6528 + 327532 — 9663> }

® not much worse than the Sirlin function ...
* [, =logu?/mZ absorb scale dependence of ays & CL)
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O(a?2Z) corrections

in the limit 3 — 1

2 2
5 (3. B =N U L
BB T 7684 36 6

agrees with Z. Chao, R. Hill, R. Plestid, P. Vander Griend, ‘25
® |og agree with Sirlin and Zucchini, if . = my
® diagrams (g) — (/) are UV finite also in the heavy particle theory = finite part agrees with Sirlin
® diagrams (a) — (f) are UV divergent

2 2
52 (3 E 4| 15, ™ @ _4 | 5, ™
g (5. E) (@—(f B—1 = { 473 } VS GSirin = T { 5>+ ]

o difference is most likely due to the different UV regulator (my vs. dim. reg.)
® regulator and scheme dependence should be absorbed by Céﬁ") and o2Z potentials
® numerically ~ 5-107* for Z = 26.
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https://inspirehep.net/literature/3080860

O(a?2Z) corrections

0.015

e
=)
S

P_ ‘CégV)(u)r?(,u)ﬁ + 6R(1))

=4
=3
S
=

0.010
0.050

Rel. error (%)

0.005 2

Ratio of rel. errors

analogous to (1 + A%)f(1 + &%)

=3
=3
=
S

0.000

Nuclear charge Z

e effect of the correction is large, 1 - 1073 - 3. 1073
e estimate missing pQED corrections (O(a?,a®Z?,...)) by varying u € [Eo, 4E]
® scale variation decreases by factor of 10,10 < 1.5- 104
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(Partial) Summary: ingredients for V4

1 GE|V,alPrt ®7 5
1 _ GelVua"me [C8 m] F) = 11+ Fa(i)]

t 3 log 2

[Céﬁ”(u)]zi

® matching and running at NLL in o and «s
® single nucleon v-W box

® matching and running from my to u ~ kg

® operators at O(aey), O(aer)
® |ow-energy constants
® higher order terms & UQ

o, i
* 0(a?2)

_* extend to subleading power in £ x R & interplay with traditional finite size
‘:9 LA-UR-26-20188

[yet to begin...]
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Nuclear Matrix Elements

more in G. King’s talk

[ ><
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Nuclear matrix elements in 'O

T=1 140(0+) - 14N(0 ) T=0 6Li(0*) - ®He(0*)
01251 -, GTp, M9 =-0.056

GTn, Mgr$ =027

T x 10, M9 =-0.005

GTp, ME,=0.011

GTn, MSL,=0.043

0.1uv

:

0.05 ;'v ,,,*QM 0.100{
.

W T .

- - - e

0.075

0.050

—_ . —_—
. —
TE —0.05 . .... IE
mag _ £
C-010{ o N t GTp, Mgj=-048 o 00250
. N 4 GTn, MZT9 =018 :;':v""v"
-015 .7 t Tx10, MP™ =0.016 0-000 gt
N .
020 %2 t  GTp, MSf,=0.054 -0025 % &
' S
CT  — .
-0.25 v L e _0.050] W
20 2 4 3 8 10 12 0 2 3 3 ) 10 12
r(fm) r(fm)

V. Cirigliano, W. Dekens, J. de Vries. S. Gandolfi, M. Hoferichter, EM, ‘24

® nuclear matrix elements in A = 6 (for benchmarking) and A = 14

QA 1 + Kp CT 47 NN AN

hg??p(r) = 4’7?3?(0 =3my 1 herp(r) = *?(Qw + 9v2)drg(r)
* VMC calculation with N?LO local chiral potential at Ry = 1 fm A. Gezerlis, | Tews et al, ‘14
e for local terms, Gamow-Teller component dominates, tensor small.

® contact can be sizable (depending on LECs)

q LA-UR-26-20188 1/14/2026
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https://inspirehep.net/literature/2791204
https://arxiv.org/abs/1406.0454

NME in '#O: energy independent components

1.00 A V.
075 s '... $ BO-UN ME, =152
s ., ¢ ®Be-SLiME, =212
0.50 : . 5Li—>%He M}, = 1.5
T; 0.25 &
£ e
G 0.00 s ht(r)=—logr/Ra
—-0.25 .°. ,'.
—050{ % ¢
v
0 2 4 6 8 10 12 14
r(fm)
® after including both L and Lo spin-orbit term is very small
e the o® V, potential vanishes for A = (1.02R) ", with R? = 5/3(r?)
standard choice . = R works pretty well for *O!
® putting everything together [after fixing LS]
5O = — [ 81185 — 0.2) + 0.2], 5+ 09] e, + 01,2 | - 107 = —(3.1+£08) - 10~
= —1.96(50) - 1073 J. Hardy and I. Towner, ‘20
1/14/2026 | 23

® larger than Towner and Hardy 6NS
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https://inspirehep.net/literature/1821327

NME for '“O. Energy dependent pieces

1.75 Al Ve
i L) + MO-UN ME, =622
’ )
1.50 J % t  ®Be-OLiMf, =3.92
125 N . } SLi-CHe ME, = 2.61
= N .
£1.00 .
£ "
Qo075 o

Ve o aYl ko (TW)Pf()k) + THk)P{’)
0.50

0.25

0.00

® the energy dependent operator leads to (neglecting small 7-exchange corrections)

2
B el (B T
gvlVi

6 2E,
® corrections matches closely O(aZRE) “finite size” corrections if

SﬁsziF

MEp = M,(EO)Zi ~ 5.6 = 10% too small
’ 2R,
‘@ LA-UR-26-20188
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QMC calculations of dyg in 1°C

EFp ¢ EFp Model |Method 51(\?5) E
Plus M Plus
NV2+3-Ta | VMC |- (4.03 4+ 0.25 £ 0.69) - 10731.01 - 103
GFMC |- (4.43 4 0.21 £0.77) - 1073|0.97 - 1073
NV2+43-Tax| VMC |- (4.18 +0.31 £ 0.62) - 10731.06 - 103
GFMC |- (4.25 4+ 0.31 £ 0.66) - 1073|1.08 - 10~3
AVI84+UX | VMC |- (4.48 +0.27 +0.67) - 1073|1.02 - 1073
GFMC |- (4.06 + 0.40 + 0.48) - 1073|1.17 - 1073
c AVIS+IL7 | VMC |- (4.55 +0.26 + 0.61) - 1073|1.01 - 1073
£ .
=-0.15 * o 4+ magGTp + magGT,p GFMC |- (4.32 +0.29 £ 0.64) - 1073|1.06 - 1073
T _o.20 :—1 Aol (b) A magGT,n 4 mag GT,n
R 10x T 10x T .
025 o 10% LS 10x LS G. King et al, ‘25
—0.3 T b3 5 © T

)
r(fm)

e Quantum Monte Carlo calculation of dys in '°C, with 3 different interactions.
® about 5% spread from different interactions (first step towards full UQ)

® |ong-range part of the result agrees well with dispersive result of M. Gennari et al., ‘24

(>~
‘&9 LA-UR-26-20188
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https://inspirehep.net/literature/2968017
https://inspirehep.net/literature/2791210

Higher order corrections to ong

0.02
IOCO+_> IOBI)+ o
0.011 Pow
P W e
Tg 0.00 “pagetesseosss g 0 f}o(j)Jfo =
£ ¢ VEx 107!
= 0014 & :
(@) }} &
b i A
002 Re\_\N“N
—0.03 ;
0 2 6 8 10
r [fm]

b’ Ly’
P

é*:_’_

;
&

thanks to G. Chambers-Wall

® Graham Chambers-Wall has started derivation & implementation of 3-body operators
e calculation is not complete, but so far corrections look in line with xEFT power counting
® parallel work at UW on loop corrections

(>~
‘g LA-UR-26-20188

— see M. d'Souza talk
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Coupled cluster calculations in medium mass nuclei

\‘ 0.1
PP«E\—\N\\NA“ * 4
e ot B st 0.0
CCSD: 1.8/2.0 EM MY Ly SR | * + *
0.10
e 3
- 3
P 202
AN P CosD S {
pa S e 0278
= 0.243
0.063 —03
- 100xT,,, = 0274 EM1.8/2.0
A o4 t NNLOu:
' ’ ' 7 [fm] ’ ’ " +  Hardy and Towner
i S » Ot (2t @3 < o
thanks to S. Novario (WashU) MR ¥ SO Y

e S. Novario computed dxs for 11 transitions with 2 interactions (EM1.8/2.0 and NNLOs,:)

® error includes many-body truncation error (Nmax) and CC approximations (triple/no triple
correlations)

o still missing Hamiltonian and operator truncation
® |ong-distance part of dng agrees well with Hardy and Towner adopeted values

%S
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Coupled cluster calculation in medium mass nuclei

4 4 EM1.8/2.0
3 —— NNLOgqt

% 0 R 0

-1

-2 -2

-3

EM1.8/2.0
-4 —— NNLOy -4
0.9730 0.9732 0.9734 0.9736 0.9738 0.9740 0.9742 0.9744 -6 -4 -2 0 . 2 4 6 8
Vid dv

* missing a 3-body O(a?) ME to do full EFT analysis X
thinking of alternative strategies to extract them
® missing d¢ with same interactions X
o if we take ft, 55, Ag and ¢ from Hardy and Towner & fit V.4, and 2 LECs
EM1.8/2.0 V,y =0.9737140.00045 x?/dof =1.3
NNLO:at Vi = 0.97366 4 0.00048  x2/dof = 1.1
only éxs error!

[ ><
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Coupled cluster calculation in medium mass nuclei

4
4 EM1.8/2.0
3 —— NNLOgs
2 2
1
N 0 £ 0
-1
-2 -2
-3
EM1.8/2.0
-4 —— NNLOs -4
0.9730 0.9732 0.9734 0.9736 0.9738 0.9740 0.9742 0.9744 -6 -4 -2 0 . 2 4 6 8
Vid av

e compatible with Hardy and Towner, ‘20, with larger error
Vadlsy =45-107" vs  §Viyls  =29-107*
® not much sensitivy to LECs, which are compatible with zero and enlarge error

not fully consistent EFT analysis yet!

%S
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https://journals.aps.org/prc/pdf/10.1103/PhysRevC.102.045501

Conclusion

® precision 8 decays are important probes of BSM physics
... but they require precise theoretical input!
* EFTs provide a systematic organizational tool for assessment/re-evalution of th. uncertainties

o “refactored” half-life formula according to photon virtuality

o derived lowest-order two-body operators for dxs in chiral EFT

o clarified some nuclear-structure dependence of nuclear-structure-independent corrections
e calculated O(a2Z) corrections in heavy nucleus theory

o performed first QMIC and CC calculations in '°C, O and medium mass nuclei

TO DO:
® higher order corrections to dns and “outer corrections”
® more rigorous assessment of nuclear theory error on the NMEs
multiple chiral Hamiltonians, different cut-offs, multiple methods
e calculate ¢ with the same method
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