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EW Interactions and CKM Unitarity

Hardy and Towner, 2013.
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EW Interactions and CKM Unitarity
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CKM Matrix: S =V Vs Vi s
b Via Vis Va b

SM (Unitarity):  |Vaal® + [Vus|> + V> =1 £ 1073 2

[Vial & 0.97£77 from: Neutron Decay, Mirror Beta Decay, Pion Beta Decay,
or Superallowed Beta Decay?
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Measuring CKM Unitarity

@ Neutron Decay: Well-known Q-value and BR, no nuclear-structure or isospin corrections.
Needs precise T /5 and correlation measurements. Hard to handle.

@ Mirror Decay: Easy-to-handle generalization of Neutron Decay.
Needs additional isospin and nuclear-structure corrections.

@ Pion Decay: 7T — 70etw,, Pure vector transition without nuclear-structure corrections.
Extremely rare with BR of ~ 1078,

@ Superallowed Decay: 07 — 01, Pure vector transition with easily handled isotopes.
Requires isospin and nuclear-structure corrections.
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Vua from Superallowed 3-Decays
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Vua from Superallowed 3-Decays

Single-Nucleon Isospin
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Outer—Correct|on Nucleus-Dependent
@ Single-Nucleon: Short-distance electroweak loop effects,
universal to all decays

@ Outer-Correction: QED correction depending on electron energy
and nuclear charge

@ Isospin: Accounts for imperfect isospin symmetry in real nuclei

@ Nucleus-Dependent: Radiative correction sensitive to internal
nuclear structure
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Vua from Superallowed 3-Decays

Single Nucleon Isospin
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@ Improve V,,4 from superallowed [3-decays by calculating dys for various nuclei.
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@ We need an ab initio method and an effective EW theory for higher-order interactions.
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e EW Operators for dng
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PHYSICAL REVIEW C 110, 055502 (2024)
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Ab initio electroweak corrections to superallowed # decays and their impact on V,;

Vincenzo Cirigliano
Martin Hoferichter
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Intograte out

heavy SM fields

Many-body cal
Nuclear matrix

Q<K My < My < Mw

Exploit different separation of scales to write correction as expansion in a and Q/A,
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Ab initio electroweak corrections to superallowed B decays and their impact on V4
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Martin Hoferichter®,” and Emanuele Mereghetti ©*
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Ab initio electroweak corrections to superallowed B decays and their impact on V4

Vincenzo Cirigliano®,' Wouter Dekens ©," Jordy de Vries®,>* Stefano Gandolfi©,*

Martin Hoferichter®,” and Emanuele Mereghetti

4 F T |HEH o

e Leading-order EM and Weak interactions, O(aqes,/Mr)

@ Energy-dependent, proportional to external momentum

@ Replaces charge-radius corrections, grows with A
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Ab initio electroweak corrections to superallowed B decays and their impact on V4

Vincenzo Cirigliano®,' Wouter Dekens ©," Jordy de Vries®,>* Stefano Gandolfi©,*

Martin Hoferichter®,” and Emanuele Mereghetti

4 F TlHEH Flx

NLO EW interactions, O(aM;/Ay)
Energy-independent, Long-range

Corrections from magnetic moments and recoil

Induces UV sensitivity and cutoff dependence
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Ab initio electroweak corrections to superallowed B decays and their impact on V4

Vincenzo Cirigliano®,' Wouter Dekens ©," Jordy de Vries®,>* Stefano Gandolfi©,*

Martin Hoferichter®,” and Emanuele Mereghetti
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o Cutoff dependence absorbed by contact terms, O(F;ZA;)
@ LECs could be extracted from LQCD or other models
@ Can also be used as free parameters for a global V4 fit
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Effective Field Theory for Radiative Corrections

PHYSICAL REVIEW C 110, 055502 (2024)

Ab initio electroweak corrections to superallowed B decays and their impact on V4
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@ Mixed-scale photons important for required precision, O(a?)
@ Include corrections to Fermi function
@ Soft photons also induce three-body terms (excluded for now)
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Effective Field Theory for Radiative Corrections
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@ Mixed-scale photons important for required precision, O(a?)
@ Include corrections to Fermi function
@ Soft photons also induce three-body terms (excluded for now)

MEimy = [ 5P S Wy lrig) [7 P 4 (i 0 3)] 1D, 5= F,GT. 7,50

i<J
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© Nuclear Structure from First Principles
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“Ab Initio” Nuclear Theory

1) Nuclear Interaction

Py T P Q Pvp
Chiral Effective Field Theory: 1 L in
I - I3 N n//\\n
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“Ab Initio” Nuclear Theory

1) Nuclear Interaction

Py T P Q Pvp
Chiral Effective Field Theory: 1 L in
I - I3 N n//\\n

2) Many-body Quantum Mechanics
Direct Diagonalization (NCSM):

10

Samuel J. Novario FRIB-TA, September 17, 2025



0®@0000000000

“Ab Initio” Nuclear Theory

1) Nuclear Interaction

Chiral Effective Field Theory: 1 _ &) ”

2) Many-body Quantum Mechanics
Direct Diagonalization (NCSM):

10

Samuel J. Novario FRIB-TA, September 17, 2025



0®@0000000000

“Ab Initio” Nuclear Theory

1) Nuclear Interaction

Py T P Q Pvp
Chiral Effective Field Theory: 1 L in
I . I3 N n//\\n

2) Many-body Quantum Mechanics
Direct Diagonalization (NCSM): Stochastic Methods (AFDMC):

10 At
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Chiral Effective Field Theory

1) Nuclear Interaction

ply . P Q D\v/p
Chiral Effective Field Theory: } %
| n/\\n
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Chiral Effective Field Theory

1) Nuclear Interaction

D — }v (Ai) p\\//p

gL Q~mg & 135 MeV /,/\_\

A ~ MmN ~ 1GeV

Chiral Effective Field Theory:
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Chiral Effective Field Theory

1) Nuclear Interaction
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W.G. Jiang, et al. 2020. Phys. Rev. C 102, 054301.
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Chiral Effective Field Theory

1) Nuclear Interaction
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W.G. Jiang, et al. 2020. Phys. Rev. C 102, 054301.

Samuel J. Novario FRIB-TA, September 17, 2025



000@00000000

Coupled-Cluster Theory

Samuel J. Novario FRIB-TA, September 17, 2025



000@00000000

Coupled-Cluster Theory

(PolEI|2R) (| (@o[FH|BR) | (PolF2ERD)

Decouple excitations: (®'| H |®o) — 0

@ Correlated ground state: (®q| H|®g) — Egs | etieo (@@ | aion) | @

Scales polynomially

(@RI @0) || (@ERIFI|DE) || (FRIFIPER) | (@7 2P

Anti-Hermitian Hamiltonian

PhIEL|Ro) | (@EPRIF|@Y) | (2PFDIF| L) |(PE | 2F
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Deformed Coupled Cluster Theory

22 O 22 Ne
Protons Neutrons

I T H—"%—{TTTTTTT]

Protons Neutrons

|13 ]

— =2
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P
— 1 —,
a1 —|

-

@ Restricted to closed-shell, Spherical @ Unrestricted, Quadrupole Deformation
@ J ? is good quantum number @ J, is good quantum number
@ Computational discount @ Computational penalty
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Deformed Coupled Cluster Theory

22 O 22 Ne
Protons Neutrons

I T H—"%—{TTTTTTT]

Protons Neutrons

@ Restricted to closed-shell, Spherical @ Unrestricted, Quadrupole Deformation
@ J ? is good quantum number @ J, is good quantum number
@ Computational discount @ Computational penalty

Now, all nuclei can be reached with minimal error from the broken symmetry.

PHYSICAL REVIEW C 105, 064311 (2022)

Angular-momentum projection in coupled-cluster theory: Structure of **Mg
G. Hagen®, S.J. Novario, Z.H.Sun®, and T. Papenbrock
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Odd-Odd State: Equation-of-motion method

EOM method builds biorthogonal eigenvectors of H
on the closed-shell ground state,

g R — » 2l
HR, |Dg) = E,R, | Do) ~ L
. (@olfT|2f) | (olfTI2f) | (olfri2zE)
<(I)0‘LMH - <CI)0|LMEM
(@piiey) | (@pEel | @aem | @
(@o| LRy |®o) =1
(@pTIDo) | (pTIDE) | (BERTIDE) | (PR
R, L target appropriate quantum numbers, 7+
(@PRNE|Do) | (@EPFIF@E) | (SR FH|PE) |(BERFIFT| @FE for charge-exchange.

5 = e_TéeT

|Mp|? = (®o| Lo O T Ry |®0)(Po| Li O |®o)
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Energies and Radii
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Transitions and Spectra
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Experiment: Charge-Exchange Reaction “O(d,?He)

3] I shell model (q=0.67)
— + Ab-initio CCSDT-1 (a,,=0.82)
14y - A "C(p,n) data
= 2; —#— This work
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Phys. Rev. Lett. 130, 232301(2023)
3% Gamow-Teller strengths from unstable 'O via the (d,?He) reaction in inverse
kinematics
S. Giraud,"2 * J. C. Zamora,' R 1231 D, Bazin,? Y. Ayyad, % S. Beceiro-Novo,*
Maher,"*# W. Mittig,":* F. Nday 25§ Noji,! S.J. Ni 10, J. Pereira,"? Z. Rahman,! >3 J.

@ Charge-exchange experiment with the AT-TPC and S800 Spectrograph (FRIB)
@ Calculations match experiment by including effective 2BCs

@ Gamow-Teller strength function reveals nuclear structure of **N

@ Method to study Gamow-Teller distributions in unstable nuclei
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Experiment: [3-Delayed Spectrum
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PHYSICAL REVIEW C 110, 034323 (2024)

Firs

S. Neupane .2 N. Kitamura.'* Z. Y. Xu.! R. Grzywacz,'# S.J. Novario, J. Okolowicz %7 M. Ploszajczak
B.S.Hu .M. Allmond * A. Chester,” J. M. Christie ,' I. Cox . J. Farr." I. Fletcher.' J. Heideman,!

D. Hoskins.' T. T. King . A. Laminack *S. N. Liddick.”' M. Madurga,! A. L. Richard.® P. Shuai."* K. Siegl.!
P. Wagenknecht.* and R. Yokoyama!

@ [-delayed neutron spectrum with VANDLE and CALRION (NSCL)
@ Calculations match experiment only at low energies

B-delayed neutron spectroscopy of 0

9

@ High-order proton correlations and continuum coupling missing
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2v 33 decay of ¥Ca
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(Ex — Ee)/2 (MeV)
. 2
v12 (flOLH) (111 Oli) -1
=12 EE S| < T
currents decreases NME, but still too large,

likely due to deformation of 48Ti.
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d Standard Model: 0v/33 Decay of *3Ca

o 48Ca-48Tj
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0.5 _
C. Adams et al. 2022 (R. Stroberg)

APS /Alan Stonebraker
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PHYSICAL REVIEW LETTERS 126, 182502 (2021)

Coupled-Cluster Calculations of Neutrinoless Double-f Decay in *Ca
S. J. Novario, P. Gysbers.™ J. Engel®.* G. Hagen*' G.R. Jansen®,"? T. D. Morris. P. Navritil®,
T. Papenbrock®,'? and S. Quaglioni

@ 0vfBB MEs for “8Ca smaller with ab initio methods

@ First estimation of unknown contact interaction

@ Coupled cluster calculations in spherical and deformed bases
@ 2v(3f3 calculation agrees with experiment
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OvBS Decays: New Models

PHYSICAL REVIEW C 97, 014606 (2018)

Neutrinoless double-8 decay matrix elements in light nuclei

S. Pastore,! J. Carlson,! V. Cirigliano,' W. Dekens,"* E. Mereghetti,' and R. B. Wiringa®
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@ Benchmarking and Validation
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Superallowed Target Nuclei
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Results: Binding Energies

-4
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@ Binding energies for parent and daughter from CC
@ Requires triples correlations (CCSDT-1)
@ Deformed CC BE results improve with A
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Deformed Transition Target State

Spherical "B
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Superallowed: 0O — N
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T = 1 transition. Closed-shell reference state: J-scheme.

Gamow-Teller componenets dominate over tensor.

Short-range behavior doesn't agree likely due to interaction regulation.
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Superallowed: 0O — N
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T =1 transition. Deformed reference state: M-scheme.
Deformation probably causes disagreements. Add triples correlations?

Qualitative agreement promising given different methods and interactions.
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Extracting V4

MO = YN Vg = 0.97364(10) exp (12) A (22)out (12)5¢ (43) 55 (20) s
Vid = 0.97364(56)tot, Viua = 0.97405(37) o1 (Towner, Hardy)

N
PREL\N\\NP\P\
s . ] e B ot Transition Merse, | Mario ., Mt | MET..
- CCSD: 1.8/2.0 ENM Co" —— *Fe 0C _, g 20.327 0.082 0.044 0.027
0 - N -0.486 0.239 0.050 0.031
SAl — ZMg -0.221 0.229 0.048 0.060
SiCI— %S -0.368 0.305 0.047 0.056
* K — PFAr -0.407 0.330 0.048 0.059
2S¢ — #Ca -0.229 0.218 0.053 0.062
) ] -0.268 0.225 0.058 0.066
j, 5'Mn — 5°Cr -0.270 0.231 0.060 0.067
: - - 1 [ **Co — *Fe -0.273 0.235 0.062 [ 0.070

7 [fn]

Need consistent dc, Need uncertainty quantification, Need SO validation,
Fit contact terms to check accuracy and precision of V4
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Summary and Outlook

Extended r-space EW operators to HO-space.

Computed EW transition densities for superallowed -decays.

Expanded transition denities to CC and compared to VMC.

o Utilized results to calculate dys and |Vyq/?.

Calculate dng for medium-mass superallowed candidates.

Study convergence, additional interactions and correlations.

Apply transition density machinery to Ov 55 models.
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