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Standard Model: making sense of beta decays
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—> Parity violation 1956-7 (Lee-Yang, Wu)
—> V - A theory 1957 (Sudarshan, Marshak, Gell-Mann, Feynman); S-PS not excluded
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Eventually, massive weak bosons render RC to beta decay UV-finite: A = MW,Z
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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

/i




Detailed understanding of £ decays
argely shaped the Standard Model

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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electron muon
neutrino neutrino neutrino
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Status of Cabibbo unitarity anno 2024

, o
0.226 -
[ Vial> + [ Vi I* + | Vi )> = 0.9985(6), (4)y, 4
~095 ~ 0.05 ~ 107 | :
0.225
V,;and V,  determinations B ; W
inconsistent with the SM S
0224
Superallowed nuclear g: |V, ;| =0.9737(3) F R o
At variance with kaon decays + Cabibbo unitarity 0.223
K—ntv: |V,|=0223305) - 0.970 0.971 0.972 0.973 0.974 0.975
Unitarity — |V,,| = \/ 1= |V, |* =0.9747(1) Vudl
K — uv
|V IV, =0.2311(5) PDG[S=25]: |V, |=0.2243(8)
T — UU
Unitarity — |V ;| = 0.9745(2)
Unitarity —» |V ,| = [1+|V,,/V ,]*1""* = 0. 9743(1)

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?



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 significance of the Cabibbo angle anomaly!
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Are all SM contributions under control?




Nuclear radil and Vyg:
An impressive interplay of

Theory + Experiment



V., from superallowed decays

Superallowed 0+-0* nuclear decays:
only conserved vector current
many decays
all rates equal modulo phase space

Experiment: f - phase space (Q value) and t - partial half-life (t1/2, branching ratio)

a0l HH -

® 8 cases with ft-values measured N "Rb~a i
to <0.05% precision; 6 more cases % 9
with 0.05-0.3% precision. E of | s
x [ ‘
o ‘ 0+1
® ~220 individual measurements S | b
with compatible precision u 7 0 o
% 10¢ 7] | BR =
= 10F ] O } 01
wHESEEE Hardy & Towner
22Mg BCa 2Ga “Rb = >3 m m PRC 91, 025501 (2015)
3090 10C 34C| 38mK 4ev 54CO NUMBER OF NEUTRONS, N Updated to 2017
3080 | 140 26mAI 34Ar 4ZSc50Mn {
- s ft values: same within ~2% but not exactly!
3070 .
_ { Reason: SU(2) slightly broken
ft 20e0; a. RC (e.m. interaction does not conserve isospin)
3050 :]{‘5-!5 b. Nuclear WF are not SU(2) symmetric
3040 | E‘ . (proton and neutron distribution not the same)
3030 e 11



Vug extraction: Universal RC and Universal Ft

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

ft(1+RC+ISB)_ Ft(1 + AY) = ft(1 + Sp)(1 = C+5NS)(1+AV)

T

~ Measured QED Isospin-breaking  Nuclear strucé Umversal 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)

4 Universal RC

3000}
3080 j
3070/
f 3060 :
3050

3040

3030

~ Measured QED

Isospin-breaking  Nuclear struc

3100

22Mg %Ca 2Ga “Rb
Lle: “CI®"K “V *Co
"o BmAl MAr2Sc®Mn {
)
¢=
[
2984.43s

Vo2 =
Vid F1(1 + AY)

Z of daughter
Average of 14 decays Hardy, Towner 1972 - 2020

Pre-2018: %t = 3072.1 £ 0.7 5

PDG 2022: Ft=3072 %25

| VL?;_OJF | = 0.9737 (l)exp, nucl (3)NS (I)RC[3]t0tal
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S
T

D + FNS corrections to f-spectrum

PEO

f=m>> ?ﬁe |E(E, — E,)F(E,)C(E,)Q(E,)R(E,)r(E,)

Ume

Unperturbed beta spectrum
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Unperturbed beta spectrum Recoil correction

Atomic screening and overlap
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D + FNS corrections to f-spectrum

- E,
f=m>>| dE,|p,|E(E, — E,) EE)C(E)XE)R(E)IE,)
Unperturbed beta spectrum Recoil correction

Finite nuclear size
Fermi function: e+ in Coulomb field of daughter Atomic screening and overlap

Shape factor: spatial distribution of decay

Traditionally: assumed that decay probability equally distributed across the entire nucleus

Recent development: N
o . p.(1) Y
isospin symmetry + known charge distributions
—
Only the outer protons can decay: p..(N
all neutron states in the core occupied , t : e’ —
Photon probes the entire nuclear charge '/V Seng, 2212.02681

MG, Seng 2311.16755

13



Impact of precise nuclear radiion Ftand V,

Recent measurement at ISOLDE Plattner et al, arXiv: 2310.15291

IS in Al 27-26m 3s523p 2P3;; —> 3s24s 254, transition

SUAT26m — F§(p2)2726m 4 0 Moem — Moy
ma7 (Mo + M)

sv*7:20m — 377.5(3.4) MHz

Wilfried’s talk
R.(*°"Al) = 3.130(15) fm
Previously guessed R.(**"Al) = 3.040(20) fm
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Many theory ingredients to translate
atomic measurements into Vud

Muonic X-rays Measured isotope shift
AE,p_is (u*'Al) [5y (26 Al 27A1)]
AE)p_ig (M26Mg)

Theory
(Many-Body QED )
Theory
QED

(Nuclear Polarization )

ESRZ (26mAL 27A1)]

!
[R(7A1) R(*Mg) R(*"Al)

‘
A

Theory Y Theory
@sospin symmetry ( Isospin breaking)
3y
(Ft=F1(1+8) (1 — 8¢+ bys))
A
Beta decay Theory '
26m 26 e '
Ao Me :
(QEC, Ty, , Branching RatioJ : Theory
(Nuclear Structure)

3 2984.4313)S  Theo

Vv =
Vil = 515 agy«—6M89




Impact of precise nuclear radiion Ftand V,

Recent measurement at ISOLDE Plattner et al, arXiv: 2310.15291

IS in Al 27-26m 3s523p 2P3;; —> 3s24s 254, transition

Myey, — Moy

5y27,26m — F5<’,.2>27,26m € M
Mo (Moey + M,)

sv*7:20m — 377.5(3.4) MHz

Wilfried’s talk
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We re-examined ~ALL ingredients MG et al, arXiv: 2502.17070

Careful reevaluation of f-value (QED)
isotope shift factors F, M (Many-body QED)
charge radii of Al-27, Mg-26 (Nuclear theory)

Major impact on Ft value uncovered

F1[2mAl - 2Mg] = 3072.4(1.1) s — 3070.0(1.2),,, S
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Many theory ingredients to translate
atomic measurements into Vud

Muonic X-rays Measured isotope shift
AE,p_is (u*'Al) [5y (26 Al 27A1)]
AE)p_ig (M26Mg)

Theory
(Many-Body QED )
Theory
QED
Nuclear Polarization
( ) ESRZ (26mAL 27A1)]
[R(7A1) R(*Mg) R(*"Al)
Theory “. Theory
@sospin symmetry ( Isospin breaking)
.
(Fr=f1(1+8) (1 - 6+ b))
A
Beta decay Theory :
26m 26 '
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(QEC, T}/, , Branching RatioJ ' Theory
(Nuclear Structure)
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Impact of precise nuclear radiion Ftand V,

Recent measurement at ISOLDE Plattner et al, arXiv: 2310.15291 Many theOry ingredients to translate

: L atomic measurements into Vud
IS in Al 27-26m 3s523p 2P3;; —> 3s24s 254, transition

m m Muonic X-rays Measured isotope shift
26m — 27
Sp27-26m — F5<I’2>27’26m + M AEp_ (,Lt27A1) [51/ (26mA1, 27A1)]
My7 (Mogy, + M) i
AE)p_ig (ﬂ Mg )

Theory
(Many-Body QED )

sv*7:20m — 377.5(3.4) MHz

Wilfried’s talk Theory
QED
Rc (26MA1) — 3130(15) fm (Nuclear Polarization ) ESRZ (26’”Al 27A1)]
Previously guessed R, (2°"Al) = 3.040(20) fm \ T
[R(7A1) R(*Mg) R(*"Al)
We re-examined ~ALL ingredients MG et al, arXiv: 2502.17070 Theory Theory
@sospin symmetry ( Isospin breaking)
Careful reevaluation of f-value (QED) [«% = AT _&5 s )]
isotope shift factors F, M (Many-body QED) d - ‘S
charge radii of Al-27, Mg-26 (Nuclear theory) 26mBAelta dfg’&y / Theory
— Y& :
(QEC, T}/, , Branching RatioJ ! Theory
Major impact on Ft value uncovered (Nuclear Structurg

F1[20mAl - 2Mg] = 3072.4(1.1), s — 3070.0(1.2) s V-, B

Fi(1 + AY)

Al-26m—> Mg-26 is the most precisely measured transition —> impacts the V.4 determination!
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One radius makes a difference in BSM search!

Anno 2025: Cabibbo anomaly disappears — 2.5¢ to 1.30 (?)

1V 12+ |V, > =0.9985(7) —> |V, |* + | V,.|* = 0.9991(7)
\

0.228
0.227 \
Hardy & Towner This Work

0.226 | 0" > 0" average \ 26mA| > 26Mg

— 0225 ¢

MG et al, arXiv: 2502.17070

on/Pion decay

%) .
T Leptonic Ka
T 0.224
Semileptonic Kaon decay

0.223 |

0.222

0.221

0.971 0.972 0.973 0.974 0.975 0.976

|Vud|

But: only f was revisited; need to check ¢ and o,

15



Test of isospin symmetry in T = 1, OTisotriplet

Isospin symmetry was assumed— but we know that it is slightly broken!
Why isospin limit is good enough for QED corrections to spectrum?

Shape factor and finite size effects are ~small corrections to Fermi function
1-2% ISB effect on top of a RC may be assumed negligible (but needs to be tested)
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Why isospin limit is good enough for QED corrections to spectrum?

Shape factor and finite size effects are ~small corrections to Fermi function
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ISB dominated by Coulomb repulsion between protons Miller, Schwenk 0805.0603; 0910.2790;
- Auerbach 0811.4742; 2101.06199;
Nuclear Hamiltonian: H = Hy + Vigg ® Hy + V- Seng, MG 2208.03037; 2304.03800; 2212.02681

Coulomb potential f iformly ch d sph V e’ EA 1r2 3R2 ] (1)
oulo otential Tor uniror charged sphere ~ — — 1 — — — T

ISB due to IV le, V, Ze” Z 27 (i) ze’ 70
ue to IV monopole, ~ reT (i) =
P BB g R3 &7 2 87R3 Y
’ A
) 1 (1 A
Same operator generates nuclear radii Rpm.¢ = X(fblzri (5 ﬂFTz(l)) [oy
\ i=1
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Test of isospin symmetry in T = 1, OTisotriplet

0, T=1,T.=0
RCh,—l \ z . B ~
RCh,O \ O ,T— l’TZ_ 1

RCh,l

In isospin limit nuclear radii in the isotriplet are not independent

1 o :
AMI(;) = 3 (ZlRIZ“ + Z_1R123,_1) — ZORIZJ’0 = (0 1if1sospin symmetry exact

Test requires that all 3 nuclear radii in the isotriplet are known;
Currently only the case for A=38 system
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Test of isospin symmetry in T = 1, OTisotriplet

0, T=1,T,=-1

\ 0Y,T=1,T,=0

RCh,— 1
RCh,O

T~ 0"T=1T.=1

RCh,l

In isospin limit nuclear radii in the isotriplet are not independent

1 o :
AMI(;) = 3 (ZlRIZD,1 + Z_1R123,_1) — ZORIZJ’0 = (0 1if1sospin symmetry exact

Test requires that all 3 nuclear radii in the isotriplet are known;
Currently only the case for A=38 system

26 20Si 20mAl: 3.130(15)7 | 25Mg: 3.0337(18)¢ 4.11(15)
30 2eS S0P (ex) 30Si: 3.1336(40) N/A
34 | 33Ar: 3.3654(40)® 32C1 35S: 3.2847(21)@ 3.954(68)
38 55Ca: 3.467(1)¢ 38mK: 3.437(4)¢ S8 Ar: 3.4028(19)® 3.999(35)
42 32Ti 32Sc: 3.5702(238)% | 32Ca: 3.5081(21)° 4.64(39)
AR 46 (4 4617 46mi. 2 ARNTN(99\a N /A

%(20 X 3.467(1)* + 18 X 3.4028(19)2) — 19 % 3.437(4)* = — 0.00(12)(14)(52)

Improvement of K-38m radius necessary! (Plans at TRIUMF on IS K-38m, K-377)

17



Data-driven approach to 1ISB

ISB dominated by Coulomb repulsion between protons Miller, Schwenk 0805.0603; 0910.2790;
o Auerbach 0811.4742; 2101.06199;
Nuclear Hamiltonian: H = Hy + Vigg ® Hy + V- Seng, MG 2208.03037; 2304.03800; 2212.02681

| | ze2 X /1, 3, .
Coulomb potential for uniformly charged sphere Ve r — Z =17 — =R¢ )| = —T;(1)
47 R? —

ISB due to IV le. V Ze® N 27.3) Ze>
ue 10 Monopaole, ~ . l) = ———
P I5B ™ ¢ 1R3 i Lot {zR3 0

Same operator generates nuclear radii Rpm.e = (/5| ZT ( T Tz(l)> [
\
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Data-driven approach to 1ISB

ISB dominated by Coulomb repulsion between protons Miller, Schwenk 0805.0603; 0910.2790;
o Auerbach 0811.4742; 2101.06199;
Nuclear Hamiltonian: H = Hy + Vigg ® Hy + V- Seng, MG 2208.03037; 2304.03800; 2212.02681

| | Ze? 1, 3,\/1 . .
Coulomb potential for uniformly charged sphere Ve r — Z —r7 — =R — —T,(1)

Ze? A Ze? .
24 i\ (1)

E reT (1) = ——M

STR3 i 10 azR3 0

A
1 1 .
Roma = | w101 17 (5 T Tza)) 9)
i=1

ISB due to IV monopole, Vigg =

Same operator generates nuclear radii

Superallowed isotriplets contain mirrors

Ohayon 2409.08193
Use info about radii of other mirror nuclei ! Ben’s talk
Ar=rnzUI)—rzn()=1.382(34) x I fm i }
E 0.15 %s.ca
A t
.[ — (N — Z)/A h 01l “’(F,Ne)E ?2(Ne,Mg)
54 i {34(S,Ar)
Agrees with ab-initio nuclear theory (Novario, 2111.12775) Iy > S
but more precise

1 1 1 1 1 1
0.02 0.04 0.06 0.08 0.1 0.12 0.14



Test of iIsospin symmetry using mirror fit

r_q fm ro.sg fm T0,exp fM r41 fm AM(Bl) fm?  rdy fm Ref. [38]

20C  2.638(36) 0B*  2.531(38) i°Be  2.361(36) 9.72(25) N/A
o o . . . . 0 2.706(11) IN*  2.623(10) sic 2.508(09) 10.41(12) N/A
Fill in missing entries using mirror fit  {iNe 293109)  #F*  2.863(07) BO 2.777(07) 12.08(12)  13.4(5)
22Mg  3.071(05) 22Na*  3.017(05) 22ZNe  2.948(04) 13.24(12)  12.9(7)
2681 3.137(04) 2m Al 3.088(04)  3.132(08) 2Mg  3.030(03)  —3.5(0.7) 13.77(12) N/A
2 2 305 3.224(07)  30P*  3.181(06) 081 3.132(06) 14.50(13)  N/A
r—1 41 = AI(ZT‘H T AI) AT 3.365(11)  34C1 3.328(04) 315 3.284(04) 15.66(13)  15.6(5)
9 5 y/ 1 38Ca  3.469(04) W/MK 3.440(07)  3.437(05) BAT  3.402(06) 0.6(1.1) 16.58(13)  16.0(3)
Tosg — 7“_|_1 4+ — A[(QT.H -+ A[) 32Ti  3.576(05) 33Sc 3.545(04)  3.558(16) 32Ca 3.510(04) —2.0(2.4) 17.46(13)  21.5(3.6)
’ 2/ 0 33Cr  3.670(05) v 3.642(05) 3STi  3.610(04) 18.29(14) N/A
S0Fe  3.719(04) 29Mn  3.693(04)  3.728(41) 20Cr  3.664(04) —6.6(7.8) 18.73(14)  23.2(3.8)
5aNi  3.741(05) 53Co  3.715(04) 5eFe  3.688(04) 18.93(14)  18.3(9)
27Zn  3.820(03) SeCu*  3.797(03) SNi 3.773(03) 19.66(14) N/A
%2Ge  3.927(06) 92Ga  3.906(06) 927n  3.883(06) 20.65(15) N/A
4Sr 4.205(12) TARb  4.187(12)  4.194(17) WKr  4.168(12) —1.9(6.5) 23.32(19)  19.5(5.5)
4 - I I I I =
2 - -
|| O i } |
g
At present can test 5 isotriplets = 2 ¢ ?-
A=26 shows significant ISB (?7?) < |
Others consistent with O within errors < Error in 7g.exp
6 F ]
{ Error in ro s }
8 F ]
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Closing in on |SB: neutron radii from PVES

Another ISB combination involves neutron radius vs proton radius of the mirror companion
N
1 _ 1 [p2  p2
M == [Rn,l Rp’_ll

e /e

Neutron radius of stable daughter: APV — _ GFQ2 Ow FNW(QZ) 77
from parity-violating e-scattering I 2ra Z FCh(QZ) Af_ \Af
Ryw ~ R,

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

Cadeddu et al, 2407.09743: feasibility study for PVES on I2¢ at Mainz

3-5% PV asymmetry at backward angles —> 0.3-0.5% R, extraction possible
PVES on stable superallowed daughters (Mg-26, Fe-54, ...) + mirror fit — test of ISB!

3-fold cross check: Rp’_l from R, ; (i) mirror fit (i) and IS measurement (jii)
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Reference radil from muonic atoms:
Nuclear Polarization

Gorchtein 2501.15274

See also talks by
Saori, Natalia, Sonia, Mehdi, Vadim, Chen Ji, ...



Nuclear Charge Radii from py atoms

Lepton feels pointlike Coulomb potential far outside the nucleus
Finite size effects modify this potential in the vicinity of the nucleus

Interplay between atomic and nuclear radii

al g = (Zame,,)_ ~ 500000 fm Z~!
\%
a”‘A = (Zam,,)™' =~ 250fm Z~!

R, ~11fmxA'

From Z~ 50 R, = a!, — very sensitive to nuclear radii

1S

AE,¢ x Zom (R / a{"S)2

For precision: include higher-order corrections (QED + nuclear structure)

QED: numerical solutions of Dirac/Schroedinger radial equations, or analytical Za-expansion
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In presence of nuclear polarization

Muon may induce polarization of the nucleus
Structure constant ay; —> electric dipole polarizability
Charges inside nucleus are displaced against each other

ar; has dimension of volume
— 13
AE\g < — Zam, ag/(a;)

Empirical scaling (giant dipole resonance) az; & 0.00225A° fm?

Effectively shifts the extracted radius by
OR, g Zam,0.00225 fm> x A>

x x ~ 3.6ZA x 107°
Ry, 2R3 afs 2% (1.1fm x Al/3)?
45Rch Z A
Typical precision SR/R ~ 10™* —> precision requirement on NP 10 ~
R, 10 20

Accuracy of calculated NP reflects directly in the precision of nuclear radii (not via this formula)

23



Nuclear polarization - basics

2nd order PT AE,= Z(O’lAHCIN>{Z [ $nl ](NI AHCI o)

N =0 n €oT €T Wy Ericson, Hiifner 1972
Friar 1977
d.S
Perturbation: transition induced by Coulomb interaction AHc(f) = ey ' = _ l p(tT v)
First approximation:
nucleus much smaller than atom [Z | n {n| | ]
Lg™E€G T Wy

nuclear energy splittings much larger than atomic energy

Npol-induced potential - 0-function at origin; relativistic treatment of nuclear system

= > 1o
é é

A—->A* > A

Start with leading-order result:

’ i (q° = v)T, = (¢ + )T,
q*(q* — 4mv?)

Bernabeu-Jarlskog 1974, Rosenfelder 1983

" $,,0) |2J

17T
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Nuclear polarization - basics

Im parts of forward Compton amplitudes AE . — 8a’m o2 | g4 (q° = )T, = (¢° + 29T,
nt — . ¢n£( )l q q4(q4 . 4m21/2)
~ photoabsorption data
1 1
ImT1<V,C]2): mFl(V7q2) ImTQ(V7q2): EFQ(V7q2)
Real photoabsorption data: ! g I o 1l
| I% | |
Nuclear range v < 140 MeV 1000 f % i i
- L + | |
Hadronic range v > 140 MeV 3 - T |
= + %‘;H* | ﬁc% |
° + + + : % :
B % :
Nonrelativistic 1 V’”‘” dv oo bt T T ﬁ%
ap=—| —o@| “F - | | :
Migdal sum rule EL™ o2 ae V2 V) : ! I l T o

0.001 0.01 0.1 10 100
v (GeV)

: : : Baldin sum rule (relativistic)
Total photoabsorption data in hadronic range: scales as ~A

1 (®dv
Nuclear polarizability scales as A5/3 op+pu=7=| —o0)
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A-scaling of total photoabsorption in hadronic range

Fit to nuclear photoabsorption — CS per nucleon Total hadronic photoabsorption on carbon and lead in the
shadowing threshold region
MG et al, 1110.5982 M. Mirazita®, H. Avakian®, N. Bianchi®*, A. Deppman®, E. De Sanctis®, V. Gyurjyan®,

V. Muccifora?, E. Polli?, P. Rossi?, R. Burgwinkel®, J. Hannappel®, F. Klein®, D. Menze?,
W. Schwille®, F. Wehnes®

Invariant mass [GeV]

F _— e o T B e s e 1.2 1.5 1.8 2.1 2.4
Proton 1 400 3 . 3 i Carbon (v) 2 i ] ] { i ]
300 < Seor E )
E ~ 3 ] F Carbon (a)
L EOF ) TR £ a0of 3 - .
=77 100 E '% - ; L | 2 .
Y 1 o BA v il 8 oo o E . 3 7]
1 10 100 1000 10000 1 10 ot ; j %ﬁ‘ ] -k FF ]
: - g 200 ‘ - g
/\400 3 12 100 3 ZAl 5 - e o g ﬁﬁ'ﬁ -] :
£ 300 - ¢ 300 (= g 100 ‘g R N § SN S,
o] E\ :_ PPN DEPEEPEEPEE RPN i . i P -_- :' —— -'-:-"-‘-‘.-.
3200:_ \\\\ 200 E\\\\\\ - ot S e S B e e ] A‘: @O . 3 & ;g‘g §
o E 100 F T ' ] S % *
100 i 500 | Lead @ 4 z
1 10 1 10 400 :... -E bn' + RPN SRS
400 400 | 3 E N
'S 300 | “cu 300 E- *7Pb o 300 ] ] ] Z Lead (b)
s | 3 200 , s < .
S200 1 200 |- [~ ; \{WW,‘ : © B
©10f/ T Al 100 F = : 100 - i E 1
ok | | ol o L 1 sl o bl .
1 10 100 1 10 0 0.5 1 1.5 2 2.5 3
v (GeV) v (GeV) Energy [GeV}] T ¥7 g doo  ______ _
FATFPI S SR .
J!
SR EE
. . . . a1 i T
Oscillating around Acs = A in resonance region; Y s 2 25 3
Energy [GeV]

Shadowing (Aeff < A) at high energies

For p-atoms: v = 6_,/0_, ~ 500 MeV
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https://arxiv.org/abs/1110.5982

A-scaling of total photoabsorption in nuclear range

Dipole polarizability: external input (nuclear theory or data)

Fit from oxygen to lead

~ 0.0518 MeV fm’A?

Sy = 27.3(8) MeV and &

1.69(6)

Some lighter nuclei: data (Ahrens et al, 1974)
£ y_,

(MeV)  (mb/MeV) £(7)

0.196

Li 100 1.1
140 0.197 1.1
210 0.198 1.1
Be 100 0.192 2.5
140 0.194 2.5
210 0.195 2.5
C 100 0.313 1.7
140 0.316 1.7

27
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Nuclear polarization - leading order

Loop integral is evaluated in two different ways for nuclear and hadronic parts
—> nuclear polarization (NP) and nucleon polarization (nP)

Hadronic: exact relativistic expression; direct use of real and virtual photoabsorption data

Evaluated on H, He isotopes — use the A-scaling of cross section to extrapolate to arbitrary A
pnA 2
05 (0)]7 A

uD
|55 (0)]? 2
Carlson, Vanderhaeghen 2011, Carlson, MG, Vanderhaeghen 2013, 2016, ...

AB S| = —28(2) peV > [AERS], = —28(2) peV

Nuclear shadowing (Aeff < A) concentrated at high energies, ~does not affect Npol
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Nuclear polarization - leading order

Loop integral is evaluated in two different ways for nuclear and hadronic parts
—> nuclear polarization (NP) and nucleon polarization (nP)

Hadronic: exact relativistic expression; direct use of real and virtual photoabsorption data

Evaluated on H, He isotopes — use the A-scaling of cross section to extrapolate to arbitrary A

v 19 s(O) A
Phs (0)[2 2

Carlson, Vanderhaeghen 2011, Carlson, MG, Vanderhaeghen 2013, 2016, ...

[AERE™] ) = —28(2) peV » [AEg],, = —28(2) peV

Nuclear shadowing (Aeff < A) concentrated at high energies, ~does not affect Npol

Nuclear: keep dominant longitudinal response

d dvSy( 2
AFE ——8042\@7,5 \2/ q/ V5L %W o
y+q2/2m . =L"’“‘”d1/ )
o 2 thr y2
Leading-order nuclear polarization
2, _
AE}:%) = —27Toz\gbn5(0)\2aE1 V2o2mi e’ (V)Erfc(ﬁ(ﬂ)) E.g., Rosenfelder 1983
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Nuclear polarization - beyond leading approximation
= — H

Approximation scheme: e = Zam, R, = Ch/alS

M, Eg

define small parameters €, = (Za)2

2Uy

[ENucl. Exc.
U

29



Nuclear polarization - beyond leading approximation

¢, =Zam. R, =R /a"
Approximation scheme: 1 riich ch/ 4

define small parameters . — (Za)2 n, _ Eg
2 p) Uy E/l)lucl. Exc.
o0
: , L , _ 2 —27
Corrections in €;: variation of atomic WF over nucleus volume Fp= J redre™ """ prye(r)
0
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Nuclear polarization - beyond leading approximation

¢, =Zam. R, =R /a"
Approximation scheme: 1 riich ch/ 4

. m Eyg
define small parameters €, = (Za)2 ro__

p) Uy E/l)lucl. Exc.

&)

i i .. i _ 2 —27
Corrections in ¢;: variation of atomic WF over nucleus volume FR — [ redre amrrpNuc(’”)
0

Corrections in €,: keep Coulomb energy in the Green’s function

Obtained via radial integral with Coulomb GF and atomic WF

00 o0 1.2
L /
o= UN /dr/dr’qbns(r)gl( VN,’T’T)gbns(’l“’) 1.0:
0

2m, rT
0.8 -
K(”)(\/(—J_z) :
0.6F

0

*New closed-form expressions for CD correction

Until now taken in leading-log approximation 04l

from Friar 1977
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Nuclear polarization - beyond leading approximation

Final expression: leading-order + corrections

AETET = AENE Fr(e)) KW (/&)
+ AENG Fr(e) KW (y/€5). e = (Za)*m,[2vy,

vn & 500 MeV
All ingredients have simple parametrization in terms of few input parameters

Easy to use and reproduce! Evaluate and compare to entries in Fricke, Heilig (used to extract radii)
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Nuclear polarization - beyond leading approximation

Final expression: leading-order + corrections

AETET = AENE Fr(e)) KW (/&)
+ AENG Fr(e) KW (y/€5). e = (Za)*m,[2vy,

vn & 500 MeV
All ingredients have simple parametrization in terms of few input parameters

Easy to use and reproduce! Evaluate and compare to entries in Fricke, Heilig (used to extract radii)

Rinker, Speth 1978:

a’B%k*Z Z N
4E, = (2| © B B3, 4 S (B - B9 2
2M !_A N N 0 A N N l_J

Energy-weighted (TRK) sum rule to normalize
Polarizability ~ inverse energy sum rule —> enhanced sensitivity to low-lying states (PDR)
Long-range part of the induced dipole potential ~ aEl/r4 taken between atomic WF

Already noted in Ericson, Hifner 1972
30



Results, Uncertainties, Comparisons



Predictions for Npol for 3 < Z < 41 — not the final answer (which is 42)

Uncertainties:

Polarizability 10%; Fr (Gauss vs hard sphere), Coulomb distortion (higher orders in ¢,)

If a “better” dipole polarizability at hand — simply rescale the NP contribution

Z—FElement A apr (fm?) —~AEN —AEY Total NP Entry in [7] Texp
4 Be 9 0.192(19)° 0.44(4)(0)(0) 0.063(6)(0)(0) 0.50(4) 1.0(3) 10
5—B 10 0.230(23)%* 0.99(10)(0)(1) 0.13(1)(0)(0) 1.12(10) 1.0(3) 7
6—C 12 0.313(31)° 2.1(2)(0)(0) 0.27(3)(0)(0) 2.4(2) 2.5(7) 0.5
7-N 14 0.405(40)%* 3.8(4)(0)(1) 0.48(5)(0)(0) 4.3(4) 3.0(9) 5
8—0 16 0.580(58)° 7.8(0.8)(0.1)(0.1) 0.79(8)(1)(1) 8.6(8) 5.0(1.5) 4
9—F 19 0.700(70) 11.9(1.2)(0.1)(0.2) 1.28(13)(1)(1) 13.2(1.2) 9.0(2.7) y
10—Ne 20 0.741(74) 15.7(1.6)(0.2)(0.3) 1.78(18)(2)(1) 17.5(1.6) 19(6) 5

21 0.783(78) 17.0(1.7)(0.2)(0.4) 1.88(19)(2)(1) 19(2) 18(5) 4

22 0.823(82) 18.0(1.8)(0.2)(0.4) 1.98(20)(2)(1) 20(2) 18(5) 4
11—Na 23 0.870(87) 23.3(2.3)(0.3)(0.6) 2.64(26)(4)(1) 26(3) 25(8) 2
12—Mg 24 0.915(91) 30.0(3.0)(0.5)(0.8) 3.46(35)(6)(2) 33(3) 38(11) 2

25 0.961(96) 31.3(3.1)(0.5)(0.8) 3.61(36)(6)(2) 35(3) 31(9) 3

2 1.01(10) 32.3(3.2)(0.5)(0.9) 3.75(38)(6)(2) 36(3) 33(10) 3
13— Al 27 1.10(11)° 42.2(4.2)(0.8)(1.2) 4.80(48)(9)(3) 48(5) 40(12) 2

Close agreement with F&H for light elements

Should not be taken for granted: approaches are different

Nucleon polarization surprisingly large ~10% — has been neglected until now!



Oexp

Total NP

n
1
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24
24
25
32
28
25
29
27
26
107
26

I —~~ "~ N "N "N "N "N "N /N

N’ e’ e v v e e N N N N

N Y N e N e N e N N Y R

N e v e e v N N N N N N N

\)))))))))))))

U U U U U U U e U U e U
SN SN SN SSINSIN SN IN SN SSN NN N TN

,(((((((((((((

o N N N e N N e N N Y Y YR

LN SN - N -SIN -SSIN -, N-SSN SN ,N NN N N

N— e N e N N N N N N N N

\Rg NN N e N N N N N N N N N

e N N N N N e e N N N N

)((((((((((((

i
SN SN SN IIN SN -S,AN SN S,N NN NN N

N N N N N N N N N N N N N

0 I~ © 00 O OO w4 O N oMM H © oo
o MmN N <
— — <
7 7 T
I~ 0.0) (@) -
™ i Ll (@]

Nucleon polarization from Ca on exceeds exp. precision!
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/Z —Element

A

ARl (fm3)

—AEY Total NP Entry in [7] Toxp

26—Fe 54 2.65(26) 371(37)(21)(19) 48(5)(3)(1) 419(47) 362(109) 48
56 2.79(28) 384(38)(22)(20) 49(5)(3)(1) 433(49) 403(121) 44

57 2.86(29) 391(39)(22)(20) 50(5)(3)(1) 441(50) 390(117) 56

58 2.93(29) 397(40)(23)(20) 50(5)(3)(1) 447(50) 400(120) 54

27—Co 59 3.00(30) 433(43)(26)(23) 56(6)(4)(2) 489(56) 438(131) 50
28—Ni 58 2.93(29) 459(46)(29)(25) 59(6)(4)(1) 518(60) 437(131) 46
60 3.07(31) 467(47)(30)(25) 61(6)(4)(1) 528(61) 461(138) 45

61 3.14(31) 476(48)(30)(26) 62(6)(4)(1) 538(63) 426(138) 54

62 3.22(32) 484(48)(31)(26) 62(6)(4)(1) 546(64) 458(138) 45

64 3.36(34) 502(50)(33)(27) 64(6)(4)(1) 566(66) 438(138) 49

29—Cu 63 3.29(33) 506(51)(35)(29) 68(7)(5)(1) 574(68) 538(161) 47
65 3.44(34) 530(53)(36)(30) 70(7)(5)(1) 600(71) 489(147) 49

41—Nb 93 5.78(58) 1264(126)(156)(92) 177(18)(20)(3) 1441(223) 1127(338) 16

Agreement worse for larger Z, nP contribution important!

If disagree with other calculations, also extracted radii disagree

What do we learn from comparing two theory calculations?

If disagree — which one’s right? If agree — what if both wrong?
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Nuclear polarization - how good is good enough®

Compare to more advanced calculation by Natalia et al:

NP Natalia MG
33CI AE,¢: 104(24) eV vs. 99(11) eV

37Cl AE,4: 100(23) eV vs. 106(12) eV

Take the simple model to the extreme: 203pp,

Should not work great: €,=1.76 and €,=1.33

NP Natalia et al 2504.19977 MG
298pp AE,: 5.7(6) keV vs. 4.9(7) keV

nP (nucleon polarization) ~10%, unexpectedly large

Simple E1 polarizability approach gives the bulk of NP
Fine details (magnetic, higher multipoles) important for IS — but are below uncertainty!
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ight vs. Heavy

Anything heavier than lithium: a-p+ Bmy + V()] | Vnem) = Enk|Unkm)

numerical solution of Dirac eq. with “realistic” charge distribution (e.g. 2pF, 3pF, ...)

Nuclear polarization: ~effective potential between muon Dirac (or Schrodinger) WF

But uncorrelated with bound-state QED calculation
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fe

Anything heavier than lithium:

Nt vs. Heavy

numerical solution of Dirac eq. with “realistic” charge distribution (e.g. 2pF, 3pF, ...)

Nuclear polarization: ~effective potential

between muon Dirac (or Schrodinger) WF

But uncorrelated with bound-state QED calculation

Light (hydrogen - lithium): Za-expansion Friar 1977
1. Analytical Schrédinger WF with point Coulomb + corrections on top Eides-Grotch 2000
2. Npol: part of two-photon exchange elastic + inelastic Pachucki et al., 2212.13782

3. Computed systematically via #-expansion (slow convergence!)
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ight vs. Heavy

Anything heavier than lithium: a-p+ Bmy + V()] | Vnem) = Enk|Unkm)
numerical solution of Dirac eq. with “realistic” charge distribution (e.g. 2pF, 3pF, ...)
Nuclear polarization: ~effective potential between muon Dirac (or Schrodinger) WF

But uncorrelated with bound-state QED calculation

Light (hydrogen - lithium): Za-expansion Friar 1977
1. Analytical Schrédinger WF with point Coulomb + corrections on top Eides-Grotch 2000
2. Npol: part of two-photon exchange elastic + inelastic Pachucki et al., 2212.13782

3. Computed systematically via #-expansion (slow convergence!)

o = /dSR I’R'pf,(R)W (R, R',wn)p (R') Hernandez et al, 1909.05717
N#No
d>q (4mo 2 : 1 e
%% R)le :—Z2 0 2/ ( ) _ iq-R _ _—i1q-R
2 , 3/2 — -,
_ W(Za) 16,,(0)]? (:}”) l(en_1+,7_lnz> n=+/2mw|R - R’
T N i 2

Point-Coulomb extracted at step 1, has to be subtracted — cancellations inherent to the method
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5A

2., — €lastic piece

A : ..
6pol — inelastic piece

Alarming 95% cancellation!
Maybe OK because 100% correlated
Intrinsic approximations may destroy

this correlation — dangerous!

Compare with my simple model
7 6Li2+ U 7Li2+

AEY o= 23(2)meV  24(2) meV
Factor 2 off for Li-6, OK for Li-7
Relativistic effects expected to matter

for lightest systems

=xample of cancellation: u ’Li?

Li Muli et al, 1910.14370

5{0) 1.66
5§o> 0.75
5 i 7.85
65
sy — 155.0
58 [F— 165.4 ‘
o)
65
65os
&%) H -12.0
(593 - 23.47 )
52 -1.41
57, P -200.65 70
E@em [E— 188.87 14 )
5§o/+5§em 1 -11.78 2.2
~200 -100 O 100
[meV]
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Conclusions & Outlook

Presumable quote by Wolfgang Pauli:

Nothing is worse than a wrong theory describing data

But:

How about agreement between two wrong calculations?



Nuclear charge radii: crucial input to SM tests and BSM searches at low energies

Cabibbo (CKM) unitarity and Vyq: nuclear corrections current bottleneck - use R¢h as input
Nuclear polarization crucial to extraction of Rch, from atomic transitions

Are uncertainties of NP firmly under control?

NP is related to dispersion corrections in e-scattering and to NS correction in -decay
Look for a uniform treatment of all of these

Ab-initio methods are hot right now: (potentially) very accurate and systematically
improvable — are not easy to understand and are very expensive computationally;

viable recipe for nuclear radii tables? — no single ab-initio method covers full nuclear chart
Generally, u atoms difficult: nuclear and atomic scales are not well separated;

full-blown ab-initio nuclear calculation per se is not enough to guarantee precision

Methods used in light and heavy p-atoms are different - should be reconciled
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