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What to work on to win a Nobel prize”
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Beta decay

a

NdsS

1896- Becquere
uranium, identified f with the electron
1898- Curie-Sklodowska, Curie discover polonium and radium

' to work on to win a Nobel prize”

been an excellent choice for a century!

discovers spontaneous radioactivity of

1899- Rutherford systematized a, f, y rays, identified a with He-4

1934- F.&I. Joliot-Curie discovered i+ decay with S - positron

1956- Lee & Yang proposed parity non conservation in /-decay,
confirmed by Wu experiment

1961- Glashow proposed electroweak unification
1967- Weinberg & Salam implemented Higgs mechanism
1973- Neutral weak current discovered at CERN

1973- Kobayashi, Maskawa: 3-flavor quark mixing matrix
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That was the bright side...

Niepce de Saint-Victor: observed radioactivity in 1857 cited in
Becquerel-father’s book

Cox, Mcllwraith, Kurrelmeier (1928); Chase (1929-30)
“Apparent evidence of polarization in a beam of beta rays”

1930: Pauli postulated existence of neutrinos
1934: Fermi formulated the contact theory of beta decay

1938: Klein predicted i, ~ \/4m\/§/GF ~ 100 GeV

1957: Wu's experiment was crucial to prove Lee-Yang’s
conjecture, but Chien-Shiung Wu was not awarded the NP

1963- Cabibbo: proposed 2-flavor quark mixing
to reconcile u, 5, K decay rates
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Precision Era: V-A + Radiative Corrections
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Precision Era: V-A + Radiative Corrections

V - A theory (Sudarshan&Marshak and Gell-Mann&Feynman 1957); S-PS not excluded

Radiative corrections to muon decay: important evidence for V-A theory
RC to muon decay - UV finite for V-A but divergent for S-PS

Muon lifetime 7, = 2196980.3(2.2)ps —> Fermi constant G, = 1.1663788(7) X 107°GeV~2

But: RC to neutron decay - UV divergent even in V-A theory!
Kinoshita, Sirlin, Behrends, ...

- - UV cut-off
o <+
1-loop RC to spectrum: AP°d*p = —P%p | 61n — + finite
21 M,
Is weak interaction universal for leptons and hadrons?
il . . 8% —
1967: Sirlin applied current algebra: —Pod?’p 301 + 20] In(A /M)
general UV behavior of / decay rate at 1-loop 27

O : average charge of fields involved: 1 + 2Qwﬂ =0but1+20,,=2

Finiteness of RC to muon decay was accidental!

Eventually, massive W-boson renders RC to beta decay UV-finite
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In SM the same coupling of W-boson to leptons and quarks, Gy, = Gﬂ

Before RC were included: Gy, ~ 0.98G,
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Precision, Universality and CKM unitarity

In SM the same coupling of W-boson to leptons and quarks, Gy, = Gﬂ

Before RC were included: Gy, ~ 0.98G,

Large log(M,/M,) in RC for neutron —> Gy, ~ 0.95G,

Kaon and hyperon decays? (AS = 1) — even smaller coupling!

Cabibbo: strength shared between 2 generations | G$5=0| = cos 0.G,
|G$S:1| = sin .G,

Cabibbo unitarity: cos? O + sin? O-=1

Kobayashi & Maskawa: 3 flavors + CP violation — CKM matrix V

/ A\
(1) (Vir Ve Vi) (@) . T
~ \CKM unitarity - completeness of the SM: VV' =1
i cd  Tes T i Top row unitarity constraint: | Vudl2 + | VMSI2 + |V, =1
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Detailed understanding of £ decays
argely shaped the Standard Model

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

v
=
O
n
O
an
o
<
-
<
O
7y

electron

electron muon
neutrino neutrino neutrino

GAUGE BOSONS
VECTOR BOSONS

LEPTONS




Cabibbo Angle Anomaly:
Status and BSM interpretation



Status of Cabibbo unitarity

| o
Val? + 1V P + | Vg |> = 0.9985(6), (4), 2% 4
<095 ~005 ~10° | '
0.225
V,,and V _determinations - i W
inconsistent with the SM 3 W

Superallowed nuclear p: |V, ;| =0.9737(3)

At variance with kaon decays + Cabibbo unitarity

K—rnfv: |V,|=02233(5 0.970 0.971 0.972 0.973 0.974 0.975

|vud|
Unitarity — |V,,| = \/ 1= |V, |* =0.9747(1)

K — uv
b [ Vi Vial = 0.2311(5) PDG[S=25]: |V, |=0.2243(8)
T — UU
Unitarity — |V, ;| = [1 4+ | V,,/V, ,]*17? = 0.9743(1) Unitarity — | V,,| = 0.9745(2)

But consistent with the free neutron decay: | V,al =0.9743(9)



CAA summary - 3 anomalies!

Vial? + Vo2~ 1 -

-0.00176(56) -3.1c

Kuz
1 = -0.00098(58) -1.7¢

1 2
AS), = [VEs|? ( ) +1| -1 =-0.0164(63) -2.60

Can it be a signal of BSM?
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CAA in presence of RH currents

« In SM, W couples only to LH chiral fermion states Cirigliano et al.
* New physics with couplings to RH currents could explain
both unitarity deficit and K;-K, difference

 Define ¢ = admixture of RH currents in non-strange sector
ez + Acy = admixture of RH currents in strange sector

PLB 838 (2023)

1
AL = 2€g + 2Ag V2 €
2 _ 2 i B ‘
ACKM = 2€R - ZAGRVuS i :‘ :‘ ! ' gg;,(s).ég
AS) = Deq + 2Aex(2 - V2) biges ——
) 1/2 Vs
—_ 1 + ACI(M _ Vid Ko e _ 1 2A
Al FERNE) = Tk LT AAR
CKM - -0.001~
ud r |
From current fit: : B W Ao
I | | A®
~0.002 | |l 2
'||||||“||'|‘;||||||||||||
-0.010  -0.005 0.000 0.005 0.010
Aep

Review the “0” that defines the significane of the Cabibbo angle anomaly!
11



Vus from world data



Vus/ Vud from K , = K — uv/n,, = & — pv

12
Vas| Sk — L Koy M l—mﬁ/mii 1 — 16 _ 15, |
Vua| Jr L' Mkt 1 —m2 /m? o MU

T2(y)

Inputs from experiment: Inputs from theory:

From K*BR fit:  [KLOE,CNTR]  J,, Long-distance EM corrections
BR(K*,»() = 0.6358(11) Jgy)2) Strong isospin breaking
Tk. = 12.384(15) ns Flfe = filf.

From PDG: f+/f.. Ratio of decay constants
BR(z*,,(,) = 0.9999 Cancellation of lattice-scale
.. =26.033(5) ns uncertainties from ratio

NB: Most lattice results already
corrected for SU(2)-breaking: f,./f. .

13 * slides stelen from M. Moulson CKM’23



New development: QCD + QED on the Lattice

Giusti et al. First lattice calculation of EM corrections to P, decays
MMPNEREIE - Ensembles from ETM

* Ny=2+1+1 Twisted-mass Wilson fermions

§SU(2) + 5EM — _0-0122(1 6)
« Uncertainty from quenched QED included (0.0006)

Compare to ChPT result from Cirigliano, Neufeld ’11:
§SU(2) + 5EM = —00112(21)

Di Carlo et al. Update, extended description, and systematics of Giusti et al.
PRD 100 (2019) Isu + Oem = —0.0126(14)
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24+1+1

N¢

Ne=2+1

N¢=2

fk/fr on the lattice and result for V /V .

Some lattice groups include strong isospin breaking, others work in isospin limit

2
VBesuy |3 (i) fr = 1) + 51 ST (ME — M2 = M2In 55 )|

Isospin breaking

Q

ISB from yPT OSU(2)

FIAG2023 fs/frs

FLAG average for Ne=2+1+1 LQCD (]\GC — 2 _I_ 1 _I_ 1)

ETM 21
CalLat 20

- ey freslfoe = 1.1934(19) fxlf, = 1.1978(22)

FNAL/I\éIILC 14A

ET

HPQCD 13A

MILC 13A

HH MILC 11 (stat. err. onIY
—1— ETM 10E (stat. err. only)

H—E FLAG average for Ny=2+1 LQCD (Nf — 2 + 1):
e feelfe = 1.1917(37) Folf. = 1.1946(34)

.|
— RBC/UKQCD 12
H Laiho 11
MILC 10

ZSIX>Z=Z
|:'UUJC
O

O

} FLAG average for Ny=2
HH ETM 14D (stat. err. only)

ALPHA 13A
ETM 10D (stat. err. only)
} -.: ETM 09
I { | | QCDSF/UKQCD 07

1.14 1.18 1.22 1.26
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Vus from K£€3 = K — mev, muv

C2G2m5 0 _
F(KKS(Y)) — 11(921;531( SEW |Vus|2 |f4l—{ " (O)|2

X Ixo(Akr) (1 + 2A§<U(2> + 2AIE(1}4)

with K € {K*, K'}; € € {e, u}, and:
Ce?  1/2 for K, 1 for KY
Sgw  Universal SD EW correction (1.0232)

Inputs from experiment: Inputs from theory:
(K ( )) Rates with well-determined ﬁKOﬂ_(()) Hadronic matrix element
! treatment of radiative decays: (form factor) at zero
» Branching ratios: K, K;, K* momentum transfer (¢ = 0)
- Kaon lifetimes AKSU(Z) Form-factor correction for

L /(42} kr) Integral of form factor over SUR) breaking
phase space: is parameterize A KZEM Form-factor correction for
evolution in ¢ long-distance EM effects

° 83 Only 24_ (Or jq_’, jq_")
* K,5: Need 4, and 4,

16



Fit to K£3 branching ratios of K¢, K;, K

Fit to K rate data (2022)

7 input measurements:
KLOE ’06 BR #°z’/w*n~

NA48 T'(Kg — mev)/T'(K, — mev), 1

KLOE ’11 7
KTeV 11 g
KLOE-2 '22 BR reviz'n
KLOE-2 ’20 BR muvin'n

New!

2 possible constraints:
*XBR=1
* BR(K,;)/BR(K,;) = 0.6640(17)
From ratio of phase-space
integrals from current fit to

dispersive K,; form factor
parameters

Only sum constraint used for fit

Parameter Value
BR(z 7 (7)) 69.20(5)%
BR(z"") 30.69(5)%
BR(K ;) 7.15(6) x 10
BR(K ;) 4.56(20) x 104

T 89.58(4) ns
x¥ndf = 0.36/3 (Prob = 95%)

Little correlation for K,; K,; from fit

10-20% correlations with 7%7% 7z~

Input measurements
essentially unchanged

Fit to K* rate data (2014)

17 input measurements:
3 old r values in PDG
KLOE =
KLOE BR uv, nn®

KLOE BR K,;, K5
with dependence on

NA48/2 BR K,3/nn’, K ;/nn’
BR K,,/KDal
3 old BR zz"uv
KEK-246 K ,/K,;
KLOE BR zznr, nn'n®
(Bisi '65 BR #a’z’/zrr removed)

1 constraint: X BR=1

Much more selective than PDG fit
PDG ’16: 35 inputs, 8 parameters

Parameter Value S
BR(uv) 63.58(11)% 1.1
BR(r") 20.64(7)% 1.1
BR(zzm) 5.56(4)% 1.0
BR(K,;) 5.088(27)% 1.2
BR(K ;) 3.366(30)% 1.9
BR(rx"7") 1.764(25)% 1.0

T, 12.384(15) ns 1.2

x/ndf =25.5/11 (Prob = 0.78%)
compare PDG ’16: 53/28 (0.26%)

With ISTRA+ '14 BR(K /7 n")

* BR(K,;) = 5.083(27)%

* Negligible changes in other
parameters, fit quality

17

Fit to K, rate data (2010)

21 input measurements: Parameter Value S
5 KTeV ratios BR(K.,) 0.4056(9) 1.3
NA48 BR(K,;/2 track) BR(K”3) 0.2704(10) 1.5
! KvI:/ict)hEdBeR:ndence onrt BR(37°) 0.1952(9) 1.2
CLOE N AZS SR (e K BR(z*r 7') 0.1254(6) 1.3
KLOE. NA4S BR(y3 ﬂo)“ BR(z'n (yg)) 1.967(7) x 103 1.1

H + —_ -5
BR(2n'/z*n") from K, fit, Re &'/z BR(”f_”) 4.15(9) x 10_5 1.6
KLOE 1, from 32 BR(z'mypg)  2.84(8) x 105 1.3
Vosburgh ‘72 7, BR(27") 8.65(4) x 104 1.4

BR(yy) 5.47(4) x 10-4 1.1

KTeV BR(z 7w y/z" 7 (y)

E731, 2 KTeV BR(r 7 ype/rmy) _*L 51.16(21) ns 1.1

14ndf = 19.8/12 (Prob = 7.0%)

Essentially same result as 2010 fit
Current PDG (since '09): 37.4/17 (0.30%)

1 constraint: X BR =1

Compared to KI|2:
Many decay channels

multiple consistency checks possible



K — x transition form factors

Hadronic matrix element:

K(P) (p)

(m|Jo|K) = f(0) x [f(t)(P+Pp)a+ [ (t)(P—P)a] >

(= (P~p)

K, decays: Only vector form factor: £, (¢)

K, decays: Also need scalar form factor: fy(t) = £, + f_ . p—
K T

To extract Vs: need a phase-space integral over the form factor
Parametrize FFs —> best option: dispersion representation

Perform a fit to Dalitz plot
K. avgs from [KTeV [KLOE]1sTRA+ [IYEY 2010fit*

NA48 K,; data included in fits but not shown

Dispersive + ChPT parametrization
025 [ °o
Bernard et al. ‘09 O 68%CL contours
=
- [ ¢
f(t) =exp | — (A —H(t))
_mTC
_ ; 0.2 Integrals
fO(t) — exp 2—2(lnC _ G(t))] ] Mode  Update 2010
| My — My K%;  0.15470(15) 0.15476(18)
. . K*;  0.15915(15) 0.15922(18)
H,G: obtained from K-t phase shifts K%  0.10247(15) 0.10253(16)
0.15 I 25 — 26 — 27 Only tiny changes in central values

A, X 108

18



Long-distance EM correction

Mode-dependent corrections AEM ., to phase-space integrals I, from
EM-induced Dalitz plot modifications

« Values depend on acceptance for events with additional real photon(s)

« All recent measurements assumed fully inclusive

FlaviaNet analysis and updates used Cirigliano et al. 08
« Comprehensive analysis at fixed order e2p?

Seng et al. Calculation of complete EW RC using hybrid current algebra and
JHEP 07 (2022) ChPT with resummation of largest terms to all chiral orders

« Reduced uncertainties at O(e*p?)

+ Lattice evaluation of QCD contributions to y# box diagrams

» Conventional value of Sgyy subtracted from results for use with
standard formula for V,

Cirigliano et al. ’08 Seng et al. ’21

AEM(KO ) [%: 0.50 + 0.11 0.580 + 0.016
AEM(K* ) [%6] 0.05 +0.12 0.105 + 0.023
AEM(K* ) [%, 0.70 + 0.11 0.770 + 0.019
AEM(KY 2) [%] 0.01 £0.12 0.025 + 0.027

Seng, Galviz, MeiBner 1910.13208; Seng, Galviz, MG, MeiBner 2103.04843; Seng, Galviz, MG, MeiBner 2203.05217;
Feng, MG, Jin, Ma, Seng 2003.09798; Ma, Feng, MG, Jin, Seng 2102.12048
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| V.| £..(0) from world data

Vil £:(0)
. .0'21 . .0'21 5.
K,e3 0.2162(5)
K,u3 0.2165(6)
Ke3  0.2169(8)
. Ku3 0.2125(47)
K*e3 0.2169(6)

=43 0.2168(10)

- L
0.21

0.215

% err

0.23

0.26

0.39

2.2

0.30

0.47

Approx. contrib. to % err from:

BR

0.09

0.15

0.38

2.2

0.27

0.45

T

0.20

0.18

0.02

0.02

0.06

0.06

A

0.02

0.02

0.02

0.02

0.11

0.11

Int

0.05

0.07

0.05

0.08

0.05

0.08
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f

(0) on the lattice and extraction of | V|

FLAG ’19 - Ny= 24141 FLAG ’21 averages:
Web update _
Dec20 | [l FNAUMLCIS N =24141  £,(0) = 0.9698(17)
‘_'E— FNA'—/M“—g 135 Uncorrelated average of:
PNAL/MILG 13 FNAL/MILC 18: HISQ, 5sp, m, — 135 MeV,
- Ny=2+1 new ensembles added to FNAL/MILC 13E
— 1 PACS 19 ETM 16: TWMW, 3sp, m, — 210 MeV, full ¢°
o JLQCD 17 dependence of £, f,
g— RBC/UKQCD 15A
— RBC/UKQCD 13 —_ =0.
—il— FNAL/MILC 12| Ny =2+ f:(0) = 0.9677(27)
L] - JLQCD 12 Uncorrelated average of:
—— RBC/UROCD 1 FNAL/MILC 12I: HISQ, m, ~ 300 MeV
—[[]— RBC/UKQCD 07 RBC/UKQCD 15A: DWF, m, — 139 MeV
= N,=2 JLQCD 17 _not included because only single
lattice spacing used
] ETM 10D
B ETM 09A
Kastner 08 @ ChPT f.,.(O) — 0970(8)
S;”mgi'r'fgj 05 ° ® Ecker 15, Chiral Dynamics 15:
Bijnens 03 O Calculation from Bijnens 03,
L&R 84 O ChPT, etc. with new LECs from Bijnens, Ecker 14
0.95 0.97 0.99

| Vis | = 0.22330(35)¢5p(39)12(8)18

(53), = 0.24 %

21



Summary on|V, |

High-precision world data on leptonic and semileptonic decay channels
Theoretical evaluation of form factors, decay constants, radiative corrections as important as data
Past ~5 years: ChPT is officially superseded by lattice; LQCD results very consistent!

Great consistency among semileptonic channels

Ku?2 channel: first ever QCD+QED calculation on the lattice

2
B3)  _ (vKs|2 1
Ay = |VEs] <|Vus /Vud|K~2> +1| -1 =-0.0164(63) -2.6¢

Ku? - K£3 discrepancy confirmed Unitarity — | Vbﬁﬂl — \/1 — | VEZ3 2 =0.9747(1)
Cabibbo anomaly even w/o info on V! o o 5 2e_1f
Upcoming exp. Belle Il, NA62, KOTO Unitarity — | V. *| = [1 + [ (V,,/V,»"* 717> = 0.9743(1)

Hyperon and tau decays: not precise enough or inconsistent — Belle Il, Super Tau-Charm Factory?
[Vus| = 0.2250(27) (Hyperon Decays) [Vius| = 0.2207(14) (Tau Decays)

| VIOP| = 0.9743(6) | Ve | =0.9753(3)
22



Vug from world data



Vug from neutron decay

; dod % |2 _ 5024.7 s
Neutron decay: 2 measurements neede ud! = 0+ 3gA2)(1+A}§)
RC AX: bottleneck since 40 years Pre-2018: AX = 0.02361(38) Marciano, Sirlin PRL 2006

Post-2018: AX = 0.02479(21) MG, Seng Universe 2023

i C-Y Seng et al., PRL 2018; PRD 2019
Since 2018: DR+data+pQCD+EFT+LQCD A. Czarnecki, B. Marciano, A. Sirlin, PRD 2018

AX uncertainty: factor 2 reduction K. Shiells et al, PRD 2021, L. Hayen PRD 2021
P-X Ma, X. Feng, MG, L-C Jin, etal 2308.16755

Experiment: factor 3-5 uncertainties improvement; discrepancies in 7, and g,

g, = — 1.27641(56) PERKEO-III B. Mirkisch et al, Phys.Rev.Lett. 122 (2019) 24, 242501
340 <
g, = — 1.2677(28) aSPECT M. Beck et al, Phys. Rev. C101 (2020) 5, 055506; 2308.16170
_ +16
Ao < h = 877'75(28)—12 UCNT F. M. Gonzalez et al. Phys. Rev. Lett. 127 (2021) 162501
r = 887.7(2.3) BL1 (NIST) Yue et al, PRL 111 (2013) 222501

PDG average Single best measurements only

| Vieen | = 0.9743 (3), (8),, (Drcl9;oa | Vieen | = 0.9740@2), 3 (Drcl#iorar

24


https://arxiv.org/abs/2308.16755

Vug from semileptonic pion decay

Pion decay zt — JZO€+I/e: theoretically cleanest, experimentally tough
0.9799 | A 23
V. o|* = - Vol = 0.9739 (27 1
[ Via] (1+5) 0.3988(23)s"! Via™ (2Dexp (Dre
RC to semileptonic pion decay 0 uncertainty: factor 3 reduction

ChPT: 6 = — 0.0334(10); gc(3)yo Cirigliano et al, 2003; Passera et al, 2011
DR + LQCD + ChPT: 6 = 0'0332(1)yW(3)HO Feng et al, 2020; Yoo et al, 2023

Talk by Saul Cuen-Rochin on Monday

25



ok wWNPE

V . from superallowed 0™ — O™ nuclear decays

Transitions within JP=0+* isotriplets (T=1N)4°' | 1°C 50D _%"’Al _)12 M""
Elementary process: p—>ne*v 2 | ool 11() SITN @ 31C] _)16 o
Only conserved vector current 2 o ISNe —18 F 387771\ _>18 Arl®

15 measured to better than 0.2% S ol | W )15( 12 Ca
Internal consistency as a check S el 2651 20 Al 1oy _>) Ti o

SU(2) good —> corrections ~small Tl 20S —>‘” P 251\,[11 —357 Cr

" umeeroFneuTRONS N || (g AT —>1 4 2 (1 52Co —5¢ Fe

55Ca =75 K 82Ga —%3 Zn

2Ti —22Sc¢ | 05As =85 Ge

ﬁ("r —)jg V ggBr —>7O Se

')OF(‘ —52 Mn f=Rb —4s Kr

1\1 —>;4 Co
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V., from superallowed 0™ — O™ nuclear decays

AR AR o S

" i bV et _ _
Transitions within JP=0+ isotriplets (T 1N) 4] 1°C 10 B %m N _)12 M""
*D— + 7} EERRERE A .
Elementary process: p—>ne+*v g e 11() _)11 N @ 3AC] _}m o
Only conser:j/ed \I;ector c;:rrent 0 E P ISNe -5 F ?gjnl\ _}7 _3‘1 ®
15 measure .to etter than 0.2% g - i "ﬁljf(, _>="2T] ) :_i;Sc —>i_§6 Cn
Internal consistency as a check 2 el #0951 —45 Al 1V S Ti e
SU(2) good —> corrections ~small Uy TS —ps P .251\[11 530 Cr
" NUMBER OF ;(I)EUTRON‘:,N 18_\ I _>13- Cl gé(:'() _>3é Fe
0 K || [5G % Zn
Z)Tl —) b( 66;\ —)26 C(
Exp.: f - phase space (Q value) Cr -8V TOBr —10 Se
t - partial half-life (t1/2, branching ratio) ,(,Fo —>)- I\In 37RI) —>“, Kr
l\l —> ( O
N 22Mg 38Ca 62Ga 74Rb
3090: 10C 34C|38mK 46V 54Co {
| 140 26mAI 34A 428 50M . .
20901 reen - ft values: same within ~2% but not exactly!
30701 Reason: SU(2) slightly broken
ft 3050 { a. RC (e.m. interaction does not conserve isospin)
3050 | { +§ . b. Nuclear WF are not SU(2) symmetric
w0l I% (proton and neutron distribution not the same)
]
3030 L a1 11y

20



Vug extraction: Universal RC and Universal Ft

To obtain Vud —> absorb all decay-specific corrections into universal Ft

j{(l + RC + ISBWC + ons)(1 + Aﬁ)

~ Measured QED Isospin-breaking Nuclear structure Universal RC
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Vug extraction: Universal RC and Universal Ft

To obtain Vud —> absorb all decay-specific corrections into universal Ft

ft(1 + RC +1SB) = Ft(1 + AR) = ft(1 + 5p)(1 — ¢ + Sns)(1 + AR)

|

~ Measured QED Isospin-breaking Nuclear structure Universal RC
3100
22Mg ¥Cq %2Ga “Rb 3090 -
3090 ] 10C 34C| 38mK 46V 54Co i
3080 | 140 26m A | 34AI' 4ZSc5°Mn { 7t 3080 ‘IL + } o
3070 ‘ > 3070 | s 1* EFEEEE {
ft w00 } e TR TR
3050 : { ,+‘ " (] Z of daughter
3040 i‘ . Average of 14 decays Hardy, Towner 1972 - 2020
3030 oy v v e e L
Pre-2018: ¢t = 3072.1 = 0.7 s
V| = 2984.43s PDG 2024: F1t = 3072+ 25
N Ft(1+A))

| VL?;_OJF | = 0.9737 (l)exp, nucl (3)NS (I)RC[3]t0tal
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Are all SM contributions under control?




Radiative Corrections to beta decay:
Overall Setup



RC to beta decay: overall setup

4
ot
v, (U
level amplitud o ~ Vua
Tree-level amplitude i =n, A(O") £ =p, A"
Radiative corrections to tree-level amplitude ~al2r ~ 1073 A
Precision goal for Vyq extraction 1 x 10~

Weak boson scale

Electron carries away energy E < Q-value of a decay Mo Mo~ 90 GeV
z>» My

E-dep RC L
- : ,In—, ...
P AN A

Hadronic scale .
Ay = 300MeV | Universal

Energy scales A
Nuclear scale Nuclear structure dependent
A = 10 =30MeV (QCD)

Decay Q-value (endpoint energy) Nucleus-specific
Ql-f:Ml-—Mf: I —10MeV

Electron mass Nuclear structure independent
m, ~ 0.5 MeV v (QED)
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RC to beta decay: separating scales

Generically: only IR and UV extremes feature large logarithms!
Works by Sirlin (1930-2022) and collaborators: all large logs under control

IR: Fermi function (Dirac-Coulomb problem) + Sirlin function (soft Bremsstrahlung)

UV: large EW logs + pQCD corrections % o § }

h 4 gb:Z,W,y
Inner RC: W,Z - loops Z Z
energy- and model-independent UV structure of SM ,, ? ) ? |
yW-box: sensitive to all scales ¢
New method for computing EW boxes: dispersion theory Wy
Combine exp. data with pQCD, lattice, EFT, ab-initio nuclear " \__/ ?

UV-sensitive yW-box on free neutron AX: Sirlin, Marciano, Czarnecki 1967 - 2006

2 2 ¢ IMZ IMZ ~ HO
= |V l+—<3In—+In—+a +0 + 2,
gV | I/tdl [ 2 { % M g} QED D}/ ]

, _ Nucl _ freen
Nuclear structure: ong = 2([,y W)

All non-enhanced terms ~ a/2x ~ 107> — only need to ~10%
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A WV

M, M, ~ 90 GeV , .
22w Universal correction

A, =10 -30MeV Nuclear structure o,

Electron mass

Fermi function, corrections to beta spectrum
IR

Unified Formalism for A}, and Sy

Dispersion Theory of the yW-box



yW-box by Marciano & Sirlin

dl¢ My Q*+v T, Q%)
DVA — 471aR / W )
W L em i M Q2 QF My

. . . . . VA
Marciano & Sirlin used loop techniques: Oy =

: 1 Qo
Short distance Q2>>  FPI5(Q?) = — PIs . =&
(Q ) Q2 W 87'(' A2 MT%V + Q2

Finite Q2 | DTS _ 12 . 12 I

pQCD corrections: Q Q T

Long distance Q2<< - elastic box I i%,

-O0—0O—
YW o M
MS 1987: asymptotic + pQCD + Born {A%} = o [ln TW + A, +2Cp

~4 .1 -0.24 1.85
Problem: connecting short and long distances
33



yW-box by Marciano & Sirlin

MS 2006 update

A ] 1 1 OéM—S OéMS 2 OéMS 3
Short distance:  pDIS — — = =1 == | = —Cy | =2 GLS and Bjorken SR to N3LO
DIS to N3LO ¢ ¢ T m m Larin, Vermaseren 1997
2 2
Q° > Q3
[
Interpolate between them
1.490 6.859 4.414
v : FINT ()2} — _ _
ector Dominance Model Ansatz (Q7) Q* - m2 + Frmd @i
[y
2 2
Q7 < Q1
Long distance: Born F(Q?*) = FP(Q?)
v YW Qo My 1% W v My Int
N ! N s/
~3.86 1.78 ~3.77 0.14(14) 1.66

Uncertainty reduced by a factor ~2 o



yW-box from dispersion relations

Model-dependent part or RC: y W-box

G Vu 2 d4k 2 ,ul/oz)\k.a
Sy = —i— v, T ‘ T,
7 Vo )yt mly — R (e~ k)P - mER3

q¥ZW+ 7ifq g\ JJZZI q\ZW+. ffq g\ ~q

H; H; H; : Hjy =
Generalized Compton tensor Commutator (Im part) - only on-shell
time-ordered product — complicated! hadronic states — related to data

[dxe ‘P(H(p) | T{J},(x)JE(0)} | H(p)) deeiqxwf(p) | [J4,,(0), J5H0)] | H(p))
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yW-box from dispersion relations

Model-dependent part or RC: y W-box

G Vu 2 d4k' 2 ,ul/oz)\k.a
Sy, = —i— g S : T,
7 v ) et = R (e — R milR?
Q¥ZW+ 7§¢q q\ ’fr/(;(/] q\ZWwL. 7§¢q q\ 7q
H; H; H; s Hjy .
Generalized Compton tensor Commutator (Im part) - only on-shell
time-ordered product — complicated! hadronic states — related to data
[dxe ‘P(H(p) | T{J4,()J550)} | H(p)) fderHf(p) | [J4,,(0), J5H0)] | H(p))
Generalized (non-diagonal) Compton amplitudes Interference structure functions

Imyv'

Amplitudes = analytic functions inside the contour C in the
complex v-plane with singularities on the real axis - poles + cuts

Rev'

Discontinuity ~ structure functions Im Tl?’W(y, 0?) = zﬂFiVW(V, 0?) ~Vi| Va
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Universal RC from dispersion relations

Cauchy theorem (dispersion relation) + some algebra

b e o« M2, AV V42V + Q2 By _(V, Q%)
7W(Ee) — / dQ M%/+Q2/ /‘I_\/V/2_|_Q2 2 Mf_l_(O)

ho 204E , [T dV v +3\/V’2 + Q% I3 (V,Q%) 3
; Ee — d @, Ee
m) = S [ / i oy Mo O

Structure functions are measurable or may be related to data

36
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Universal RC from dispersion relations

Cauchy theorem (dispersion relation) + some algebra

77W(E€) — _|_Q2

- o ]\42 > dy! V’+2\/V’2—|—Q2 Fs_(V, Q%) )
d 9
/ i / g MEE) O

W’W(Ee) —

b o 204E 5 [ dy v +3\/V’2 + Q? F
dQ
Vi (V' 4+ /V? + Q?)3

Structure functions are measurable or may be related to data

Dispersion in energy:
scanning hadronic intermediate states

L\ ELAST RESONANCE
(0} SCATTER NG REGION

e A e,

DEEP
INELASTIC
SCALING
REGION

Electron-nuc leon
scattering

ooooooooo
/~ THRESHOLD

"IZM
Q’2m,

36

(V/a Qz) 3
Mr) O

Dispersion in Q:

scanning dominant physics picture

Parton + pQCD

E NI Res. Regge
2 +B.G | +VMD
> 2
M? (M +m,) ~5GeV’ W



Input into dispersion integral - v/v data

Isospin symmetry: Mixed CC-NC yW SF (no data) <—> Purely CC WW SF (inclusive neutrino data)

37



Input into dispersion integral - v/v data

Isospin symmetry: Mixed CC-NC yW SF (no data) <—> Purely CC WW SF (inclusive neutrino data)

Free neutron yW box

0.08f

— 2006 MS

[ w—2() |8 DR

0.04f

[ = == w2019 CMSI ﬂ»f n ;
0.06k= = = =2019 CMS I/ ™

\
0.02} \‘\
\
B e .
0.00=—1 1 1 - 1 1 1 |7 1 1 1;}.._
10°10410310210! 10° 10! 102 10° 10* 10°

Q2 (GeV?)

M,(1,Q2)

Neutrino scattering data

® WA25
A CCFR
® BEBC/GGM-PS

Regge + Born + A

pQCD

— INT + Born + A
sl L

0' TR | el el
0.01 1
Q2 (GeV?)

Marciano, Sirlin 2006: AX = 0.02361(38) —> |V, ;| = 0.97420(10)£,(18)
DR (Seng et al. 2018): AX = 0.02467(22) —> |V ;| = 0.97370(10)7(10)
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Input into dispersion integral - v/v data

Isospin symmetry: Mixed CC-NC yW SF (no data) <—> Purely CC WW SF (inclusive neutrino data)

3 3.5
0.08 == == 2006 MS
" m— ()18 DR Lt B W o sk
} 2019CMSI B & 7 \ :
0.06k= = = =2010 CMS TIf2N ¥ \ oY) -
§ , \ —~ |
L \ = I
0.04fF \ =y 1
] \ 15 | %
[ A ] \ - 7 ® WA25
i / \ \ 1-// A CCFR
0.02 / \ g m  BEBC/GGM-PS
" > \ 05 [ Rg%gsa +Born + A
4 \ F P
) P S T SN S S S S R S N SR S A
=107 1072 10=10" 16° 10- 10° 10F 10* 10 001 0.1 1 10 100
Q2 (GeV?) Q2 (GeV?)

Marciano, Sirlin 2006: AX = 0.02361(38) —> |V, ;| = 0.97420(10)£,(18)
DR (Seng et al. 2018): AX = 0.02467(22) —> |V ;| = 0.97370(10)7(10)

Shift upwards by 36 + reduction of uncertainty by factor 2

Confirmed by lattice QCD:

i _ vV Seng, MG, Feng, Jin, 2003.11264
LQCD on pion + pheno: Ap = 0.02477(24)1 ocpr4-pheno Yoo et all, 2305.03198
LQCD on neutron: Ay = 0.02439(19) ocpe Ma, Feng, MG et al 2308.16755
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—FT: scale separation for free n

Cirigliano et al, 2306.03138
Effective Field Theory: explicit separation of scales + RGE running between
SM —> LEFT (no H,t,ZW) —> ChPT —> NR QED
Formal consistency built in, RGE, transparent error estimation (naturalness)
Precision limited by matching (LEC) and HO — relies on inputs (e.g. yW-box from DR)
To improve: need to go to higher order — new LECs, still tractable?
At present: order O(a, aq,, a?) — realistic to go beyond?

32: _ Gz%%j' (14 302) peEe(Eo— E.)? (av () PENR(B) (”‘SRC(E““ ")> (1.)

:i” 9
vector 72 11p O(a) | O(m, Imy)

coupling Enhanced | [no logs]

Total RC: 1 + Apgp = 1.07761(27) % o
Good agreement within errors!

Total RC from DR:1 + Arqr = 1.07735(27) %
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Nuclear-Structure RC Ong



History of oy ¥ W-box on nuclei

Jaus, Rasche 1990

y and W on same nucleon —> already in AX: drop!

Towner 1994

Nucleons are bound — free-nucleon RC modified: 51%

Jaus, Rasche 1990; Hardy, Towner 1992-2020

y and W on distinct nucleons —> only in nuclei: 6]65 S >

(B)

40



History of oy ¥ W-box on nuclei

Jaus, Rasche 1990

y and W on same nucleon —> already in AX: drop!

Towner 1994

Nucleons are bound — free-nucleon RC modified: 5]@5

04
(A)
Jaus, Rasche 1990; Hardy, Towner 1992-2020
y and W on distinct nucleons —> only in nuclei: 6]65 S >
Y
Seng et al. 2018: continuum contribution (quasielastic nucleon knockout) (B)

— can check the 51‘35 calculation explicitly in dispersion theory in Fermi gas model

MG 2019: energy dependence non negligible: #t = ft(1 + 5?,5 + 5]1\':;;(161’ +...)
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History of oy ¥ W-box on nuclei

Jaus, Rasche 1990
y and W on same nucleon —> already in AX: drop!

Towner 1994
Nucleons are bound — free-nucleon RC modified: 5]@5

04
(A)
Jaus, Rasche 1990; Hardy, Towner 1992-2020
y and W on distinct nucleons —> only in nuclei: 5]65 S >
Y
Seng et al. 2018: continuum contribution (quasielastic nucleon knockout) (B)

— can check the 51‘35 calculation explicitly in dispersion theory in Fermi gas model

MG 2019: energy dependence non negligible: 1 = fi(1 + 5y + 5E ey )

Old estimate: O0Ft=—-(1.8x04)s + (0x0)s
New estimate: 0Ft=—(3.5%x1.0)s + (1.6x£0.5)s

Two effects cancel but introduce 100% uncertainty: #t = (3072.1 £ 0.7)s - Ft = (3072 £ 2)s

Has to be checked in modern ab-initio nuclear theory
40



Dispersion theory of 0y¢ with ab-initio input

Low-momentum part of the loop: account for nucleon d.o.f. only

Ab-initio methods:
NN interaction from chiral EFT: systematically improvable, self consistent

Solve many-body QM problem with potential derived from yEFT

A. Ekstrom et al, 2212.11064

41


https://arxiv.org/abs/2212.11064

Dispersion theory of 0y¢ with ab-initio input

Low-momentum part of the loop: account for nucleon d.o.f. only
Ab-initio methods: A. Ekstrom et al, 2212.11064

NN interaction from chiral EFT: systematically improvable, self consistent

Solve many-body QM problem with potential derived from yEFT

First case study: 10¢ = 1B in No-Core Shell Model (NCSM)

NCSM result for 1°C — 19B: Compare to Hardy-Towner

ons = — 0.406(39) % Ong = — 0.347(35) % (2014)
M. Gennari et al, 2405.19281 Ons = —0.400(50) %  (2020)
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Dispersion theory of 0y¢ with ab-initio input

Low-momentum part of the loop: account for nucleon d.o.f. only

Ab-initio methods:
NN interaction from chiral EFT: systematically improvable, self consistent

A. Ekstrom et al, 2212.11064

Solve many-body QM problem with potential derived from yEFT

First case study: 10¢ = 1B in No-Core Shell Model (NCSM)

NCSM result for 1°C — 19B: Compare to Hardy-Towner

ons = — 0.406(39) % Ong = — 0.347(35) % (2014)
M. Gennari et al, 2405.19281 Ons = —0.400(50) %  (2020)

Second case study: 140 - 1*N: EFT + Green’s Function Monte Carlo method (GFMCQ)

GFMC result for: 140 —» 14N Compare to Hardy-Towner
8@ = — (1.76+0.11£0.88) - 10~ s = — 1.96(50) - 1072

V. Cirigliano et al, 2405.18469

Large error: unknown contact term
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Dispersion theory of 0y¢ with ab-initio input

Low-momentum part of the loop: account for nucleon d.o.f. only

Ab-initio methods:
NN interaction from chiral EFT: systematically improvable, self consistent

A. Ekstrom et al, 2212.11064

Solve many-body QM problem with potential derived from yEFT

First case study: 10¢ = 1B in No-Core Shell Model (NCSM)

NCSM result for 1°C — 19B: Compare to Hardy-Towner

ons = — 0.406(39) % Ong = — 0.347(35) % (2014)
M. Gennari et al, 2405.19281 Ons = —0.400(50) %  (2020)

Second case study: 140 - 1*N: EFT + Green’s Function Monte Carlo method (GFMCQ)

GFMC result for: 140 —» 14N Compare to Hardy-Towner
8@ = — (1.76+0.11£0.88) - 10~ s = — 1.96(50) - 1072

V. Cirigliano et al, 2405.18469

Large error: unknown contact term

More to come in the near future!
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A, UV

A

M, M, ~ 90 GeV , .
22w Universal correction Alg

Apq = 300 MeV

A =10 -30MeV Nuclear structure 0., Og

Electron mass

Fermi function,
corrections to beta spectrum

Nuclear Corrections



QED: Corrections to Decay Spectrum

-E,
C(E,)Q(E)R(E,)r(E,)

D - 2
f = m, dEe |pe | Ee(EO _ Ee)
me
Unperturbed beta spectrum Recoil correction

Fermi function: e+ in Coulomb field of daughter nucleus

(J

Shape factor: spatial distribution of decay Atomic screening and overlap corrections

Traditionally: assumed that decay probability is | (r) Y
equally distributed across the entire nucleus : Peh

Recent development:
isospin symmetry + known charge distributions

i +
Only the outer protons can decay: = : e
all neutron states in the core occupied 3/
A%

Photon probes the entire nuclear charge

Relative shift in f-values downwards of 0.01-0.1% Seng, 2212.02681
Non-negligible given the precision goal 0.01% MG, Seng 2311.16755
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A, UV

A

M, M, ~ 90 GeV , .
22w Universal correction Alg

Apq = 300 MeV

A, =10 -30MeV Nuclear structure. ONS

Electron mass . .
Fermi function

IR

Isospin breaking in nuclear WF: 4,
Tree-level effect — ISB “large”



Isospin symmetry breaking in superallowed f-decay

Tree-level Fermi matrix element : Mg *Ca “Ga “Rb
3090 10 344~y 38m 46 54
C CI*"K “V *Co
— + 17 i
MF - <f| T |l> 3080 | 140 26mAI 34Ar4zscsoMn {
+ . [ [ ]
7" — Isospin operator 3070|
|7), | f) — members of T=1 isotriplet fit 3060 {
3050 { + e [ ] ® [ ]
¢ s
3040: -
3030 e e e 1
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Isospin symmetry breaking in superallowed f-decay

Tree-level Fermi matrix element

Mp = (f17"]i)
N

7" — Isospin operator

|7), | f) — members of T=1 isotriplet

If isospin symmetry were exact, M — M, = \/5

Isospin symmetry is broken in nuclear states
(e.g. Coulomb, nucleon mass difference, ...)

In presence of isospin symmetry breaking (ISB):

|Mp|* = | My|*(1 = 6;)

ISB correction almost singlehandedly aligns ft-values!

MacDonald 1958

Sp~ 0.17% — 1.6%!

Crucial for V, ; extraction

45

B 22Mg 38Ca ezGa 74Rb
3090 : 10C 34C| 38mK 46V 54Co
3080 | “O *"Al *Ar *Sc*Mn
[

3070

o B
“n

%11 %]1] I T T T T TN

Z of daughter

J. Hardy, 1. Towner, Phys.Rev. C 91 (2014), 025501



3090
b.=+0.004 )
3080 i -
® ® |
3070 ? ?%Tiki ’ ]
o -

3060

20 30

Z of daughter

10 40

Independently of Vyq and CKM unitarity: internal

: (3)
Like A KM

BSM searches with superallowed beta decays

Induced scalar CC —> Fierz interference bF

e
(E,)
— 0.0028(26) ~ consistent with 0

| + b,

b

consistency of the data base with SM!

does not require other experimental inputs to make a statement on (B)SM

Entangled with nuclear theory uncertainties — a global effort of nuclear theory community needed

0010F ~ [ T
i n—evy

S, T interaction flips helicity:
Suppressed at high energy

& 0.0007

Beta decay vs. LHCon S, T
Complementarity now and in the future!

Gonzalez-Alonso et al 1803.08732

-0.010,

0.005 -
10

—-0.005

0.010F
— T—evy

0.005
10

- —Il

-0.005F

[Projections] |

0000 0001 0002

€r

10000 0001 0002 ~0.001

€r

0002 —-0001
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Nuclear model dependence of o

J. Hardy, I. Towner, Phys.Rev. C 91 (2014), 025501

RPA

SM-WS SM-HF PKO1 DD-ME2 PC-F1I IVMR?* DFT

T, =—1

10C 0.175 0.225 0.082 0.150 0.109 0.147 0.650 _

140 0.330 0.310 0.114 0.197 0.150 0.303 | L. Xanyvong, N.1I4. szrnolva, Phys.IRev. CQ7I (2018), I024324

2Mg  0.380 0.260 0.301 55| SM-WS (2015) —— SV-DFT (2012) ]

34 Ar 0.695 0.540 0.268 0.376 0.379 . SM-HF (1995) SHZ2-DFT (2012) +—w—

3BCa 0.765 0.620 0.313 0.441 0.347 RHF-RPA (2009) -:-«--- Damgaard (1969) ---@-

T —0 2 - RH-RPA (2009) & IVMR (2009) ---- =
L =

26m A 0.310 0.440 0.139 0.198 0.159 0.370

(1 0.650 0.695 0.234 0.307 0.316

BmK - 0.670 0.745 0278 0371  0.294 0.434

8¢ 0.665 0.640 0.333 0.448  0.345 0.770 .
46y 0.620  0.600 0.580

Mn  0.645 0.610 0.550 .
4Co 0770 0.685 0.319 0393  0.339 0.638

2Ga 1475 1.205 0.882 .
“Rb  1.615 1405 1.088 1.258  0.668 1.770 | | | | | | |
x2/v 14 6.4 49 37 6.1 4.3b S 10 15 20 25 30 35

Z of parent

HT: )(2 as criterion to prefer SM-WS; V4 and limits on BSM strongly depend on nuclear model

Nuclear community embarked on ab-initio 0. calculations (NCSM, GFMC, CC, IMSRG)
Especially interesting for light nuclei accessible to different techniques!
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Data-Driven o, from nuclear radii

ISB-sensitive combinations of radii can be constructed Seng, MG 2208.03037; 2304.03800; 2212.02681

aMO = 1 (2R +2_1R% ) - ZoR? (1) in isospin limi
B =5 \“1%p1 —1Rp 1 0Rpo AMB = ( used for ft-value in isospin limit

AM(D = — (rgw) + <Nl 1) ( 1)) Neutron radius: measurable with PV e- scattering!
e /e_ , 5
Z:7 APV = _ GrQ® Oy Iyy(Q7) R ~R
- 7 F (QZ) NW n
Ay ~ 4 4 2ra Ch
f

Z-boson couples to neutrons, photon - to protons;
PV asymmetry at low Q2 sensitive to the difference (r 1) —(r; 1) neutron skin

Extensive studies in neutron rich nuclei (PREX, CREX) —> mput to physics of neutron stars

Upcoming exp. program at Mainz (MREX)

Neutron skins of stable daughters (e.g. Mg-26, Ca-42, Fe-54)

PV asymmetry on C-12 for a sub-% measurement of R, N. Cargioli, MG et al, 2407.09743
Unexpected connections via neutron skins:

ISB for precision tests vs. EoS of neutron-rich matter
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Summary & Outlook

Cabibbo Angle Anomaly at 2-30

Future experiments:

Neutron: UCN7, TSPECT (67, : 0.4 — 0.1s); PERC, Nab (6g, : 4 = 1 x 107%)
Competitive! But: resolve existing discrepancies (e.g. “beam-bottle” lifetime)
Kaon decays: NA62, BELLE Il K#3 vs Ku?2 (+ Lattice effort!)

Pion: 7+ — 7' *L PIONEER @ PSI (6BR: 0.3%—>0.03%) but 2033+

Nuclear uncertainties under scrutiny: Oy in ab-initio and EFT
5 & Oy for 15 decays from 19C to "*Rb — Community effort required!

Nuclear charge radii across superallowed isotriplets
Stable: p-atoms @ PSI, radii of unstable nuclei @ ISOLDE, TRIUMF

Neutron skins of stable daughters with PVES @ MESA

Interplay with the nuclear EoS program: neutron skin via symmetry energy vs. ISB

BSM: Cabibbo anomaly(ies) and superallowed dataset consistency
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Backup



Status of Cabibbo Unitarity

0.976
0.975
KE3 1 |Vl =41 = [V,
- | Ku2: Vol = 1NJ 1+ [Vl V,
S 0.974
= ] +_ O+
0.973
3
= 8 7
0.972 2 @ «OO
- U E Q
_ RS Vz) 7, |[Beam]
0971 ! ! ] ! ! ] ! ! ] ! ! . ] / ! ] ! ! ! l !
878 880 882 884 886 888



yW-box from DR + Lattice QCD input

Currently available neutrino data at low Q2 - low quality:;
Look for alternative input — compute Nachtmann moment M3(O) on the lattice

First direct LQCD computation 7= — ﬂoe_ve Feng, MG, Jin, Ma, Seng 2003.09798

’]ﬁln em
5 LQCD gauge ensembles at physical pion mass W< E > e eo
Generated by RBC and UKQCD collaborations (A')fu‘” (B)"

w. 2+ 1 flavor domain wall fermion

]l B '];V.A O@j{ﬁm ]“.'“4
2 2 m° ™ ~
Match onto pQCD at Q“ ~ 2 GeV
0.0SIIIIIIIIIIIIIIIII IIII[IIIIIIIIIIIIII ((V‘) (D)
Quark contraction diagrams
0.06 = //i
VA, m __
W= 2.830(1 I)Stat(26)SyS
‘gh 0.04 641 - —— :
= e o o |
— 3 - PT (o4 maich with 7= Independent calculation by Los Alamos group
— 2 — PT (n=4 down to 1 GeV)
0.02 - — 641 type (A) only | |_ e QY =2 GeV
— 24D. type (A) only = Yoo et all, 2305.03198
- - | : VA, m __
| | [ i | W 2‘810(26)stat+sys
Oolllll[lllzlllléllll011111111121111311114
Q° [GeV] Q° [GeV]

(before cont. extrapolation) (after cont. extrapolation)
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Cirst lattice QCD calculation of y W-box

Direct | f on d n 0 + v |2 _0.9799 I

rect impact for pion decay 7 — e v, w! =T 115) 0.3988(23) 51
Previous calculation of © — in ChPT Cirigliano, Knecht, Neufeld and Pichl, EPJC 2003
Significant reduction of the uncertainty! 0: 0.0334(10) gc(3)po = 0.0332(1),1(3)no

Indirectly constrains the free neutron y W-box
— requires some phenomenology
Based on Regge universality & factorization

Independent confirmation

Seng, MG, Feng, Jin, 2003.11264
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First LQCD calculation of yW-box on the neutron

Much more challenging than pion:

Numerically heavier

Excited state contamination requires longer time
Large contribution from low Q ~ g4 ,uV absent for pion

Split into long/short distance separated by ts

Mo (Q%) = MpP(Q% ) + MyP(Q%, L5, t)

RBC/UKQCD 2+1 domain wall fermion

Ensemble m, [MeV] L T a  [GeV] Neont
24D 142.6(3) 24 64 1.023(2) 207
32D-fine 143.6(9) 32 64 1.378(5) 69

A = 0.02439(19) ocp Vs 0.02467(22)pg

The result slightly lower than DR;
Finer lattice calculations underway
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Global fit to charge radii o

Experimental input:

" MIrror nuclel

i B. Ohayon, 2409.08193

C,CfiM: BE EoEaa reference radii from muonic atoms;
et . -mmmas measured isotope shifts
sr;

sa[;[TP 1)

- R eans 025

F | ,

[
1 - I_N 0.2r 32(si,Ar) 8o ¢
'8(0,Ne)
Ar = ’I“N7z(l) — TZ,N(I) = 1.382(34) x I fm | 015 %5.Cay
5 EZZ
I=(N-2)/A o1l ‘9<F,Ne>{ (Ne,Mg)
Linear fit to known radii in isotriplets (red) “(FoN) I { “e a0
predictions for unknown radii 0.05 t Ezs( 3‘:<Af70a>
Na,M
I} 37(Ar,K) ’
Compare to ab-initio theory estimate (blue) B . T
0.02 0.04 0.06 . . .
Navario et al, Phys.Rev.Lett 130
I=(N-2)/A
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Global fit to charge radii off mirror nuclel

B. Ohayon, 2409.08193

4 -
2 -
: }
&
=2 )
= m
S 4 °
< Error in 7 cxp
-6 {
} Error in 7y sg
-8
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Oy iN ab-initio nuclear theory

M. Gennari, M. Drissi, MG, P. Navratil, C.-Y. Seng, arXiv: 2405.19281

Low-momentum part of the loop: account for nucleon d.o.f. only
First case study: 10¢ = 9B in No-Core Shell Model (NCSM)
Many-body problem in HO basis with separation Q anduptoN =N, ..+ Np_,;;

> Nuclear interactions from Chiral EFT:

+« NN-N4LO+3 NI Entem, Machleidt and Nosyk, 2017 PRC:
nl .
4 * Gysbers et al., 20_19 NatU(e, _ _
. N N- N LO+3N Inl Kravvaris, Navratil, Quaglioni, Hebborn and Hupin, 2023 PLB

N=N T l\ 5 //A

max \ I ﬁ Q
z o A= Npuih©

Evaluate the m.e. of nuclear Green’s function N =1\——6—-:0/---

1 Difficulty: N=0
- _ Hy @ |nverting a
large matrix!

G(z) =

| anczos continuous fraction method
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r[““a% o) r[““a% @T Te\ @T Tghﬁ@% @TT&G\ @

Large negative contribution: low-lying 1+ level in 108
Large GT and M1 rates favor a two-step process

Check Q-independence and convergence w.r.t. N__

Ab-initio Sy

p—
(@)

|
—

OOl
SN S

I
W N

"
10C SN 10B

dns = — 0.390 %

-

NN — N1LO(500) + 3N},

5,

T

D, e 5 ‘((\a% e

“\‘&60

—0.38]
g —0.40

N I
05 —0.42 1

—0.44

> o %

E7@18 MeV
20 MeV 10 10
18 MeV
16 MeV C — B
@ —— @ T il
AT T

538 = —0.406(39)% !

X

numerical results

le—1
-1
11 J=2
0O J=3
e el
S ]
s —1
=, ¢ — 19
A
—3- 5NS: —0411%
_4- NN — N*LO(500) + 3Ny,

5,0 5. o 2% cH w2®

T@a% @T ’T“@% o) Te\ @T Tg)}“‘&% ®TT5@\ @T

T=1T,=-1,J=(0"%

~~~~~~~~ , T=1T=0J" =%
G 7w

T=T,=0,J"=(1%

Final result for 1°C — 10B:

Sng = — 0.406(39) %
arXiv: 2405.19281

Compare to Hardy-Towner (old-fashion SM)

Sys = —0.347(35)%  (2014)
Sns = — 0.40050)%  (2020)

58



Ab-initio Oy in EFT:
140 = %N with Variational Monte Carlo

V. Cirigliano et al, arXiv: 2405.18469

5% = —(1.76+0.11£0.88) - 107>

Uncertainty:
assuming unknown

counter term to be of 100 MeV
“natural size”
NN  _ 9) 2
gy1yr = 1/(4myF7) o s Viowe ~ Viecot ~ ;_2% Ve ~ €280
9 N

Compare to Hardy-Towner 2020: Oys.p = — 1.96(50) - 1073

Promising avenue: all logs under control and are consistent
Downside: EFT non-renormalizable —> unknown counter terms external to the theory
Need extra input (dispersion theory; explicit modeling; fit to data)
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