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V,q element of CKM matrix Lop = —%(ab c, awm@i) thoe
\'

= CKM unitarity sensitive probe of BSM physics CKM matrix

—V,q element from super-allowed Fermi transitions [1,2]
—theoretical uncertainties dominant

n’ w31In(2) Gy = Fermi coupling constant
determined from muon g decay
Gim3c* Ft

\ Fermi transitions required

nuclear theory input

|Vud|2 —

Shift in the unitarity landscape

= New dispersion integral approach indicates discrepancy [3,4]
= Disagreementis (2 — 3)o

[Vual® + [Vys|? + [Vyp|? = 0.9985 (3)y. (4, . [1] C. Y. Seng (2022)

[2] P.A. Zyla et al. (2020)
[3] C. Y. Seng et al. (2018)
[4] Gorchtein et al. (2019)



Nuclear Fermi transitions

= CVC hypothesis: Pure Fermi transitions give nucleus independent ft values

K Gy = vector coupling constant
[4] Ft = for nuclear beta decay
2 2 V
GV|MF0‘ (1+ AR) [Mpol? = [(IT+19)]”

Fermi transition corrections

Ft(l1+ A%) = ft(1 +8%)(1 — 6c + Ons)

= NS corrections
— hadronic matrix elements modified by nuclear environment
—renormalization of Fermi matrix element due to INC forces

[4] Gorchtein et al. (2019)



Nuclear Fermi transitions

Ft(1+ AR) = ft(1+85)(1 — dc + dns)

= NS corrections
— hadronic matrix elements modified by nuclear environment
—renormalization of Fermi matrix element due to INC forces

Historical treatment (Hardy and Towner) [5]

= Ong from shell model and approximate single-nucleon currents
= ¢ from shell model with Woods-Saxon potential
= Dominant approach for a decade!

[5] Hardy et al. (2020)



yW -box

= Inner radiative correction governed by axial yW-box

euuaA

d4 _A[Q
SM = —ivV2G pe2 LN / d W T, (', p,q)

2m)* M3 — ¢% [(pe — q)% — m2]> ™"
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= Nuclear environment modifies
hadronic matrix elements in A}

= Ong parameterizes nuclear structure
correction to yW-box

5NS _ 2[ ,\Y/‘;‘ﬁl/,nuc. . ,\Y/Vjé,free n]
THY ( _ l/d4 1q-x T JH 4 T :
Wonue. (P @) = 5 [ dw e (o5 (p)|T [ &5, (2) T3, (0)'] | 6:(p))




ON'S

= Want to evaluate with NCSM eigenstates
= Express currents in momentum space [6] () = /d3r =17 70, 7)
1) Fourier transform 3-currents ’

2) Relate plane-wave states to QM states
3) Multipole expansion of invariant amplitude T;

Ts(q0, Q%) = —4m—\/M M; Z(QJ +1)

x (AN J M| [ 9(q) G(My + qo + i€) T (q) + TS (q) G(My + qo + i€) T57™9 (q)

+ T35 (q) G(M; — qo + i€) T56(q) + Ty (q) G(M; — qo + i€) T (q) | | AXi Ji M;)

[6] Haxton et al. (2007)



ON'S

= Want to evaluate with NCSM eigenstates

= Express currents in momentum space [6] () = /d3r =17 70, 7)

1) Fourier transform 3-currents
2) Relate plane-wave states to QM states
3) Multipole expansion of invariant amplitude T;

How do we efficiently

compute nuclear
Green’s functions?

Ts(q0, Q%) = —4m?\/MiMf S @7+1)
J=1

x (AXjJ Myl {T%QQ(Q) G(Mi;zyd T35 (q) + Tw G(My + qo + ie)

+ T3 (q)|G(M; — qo + i€)

5,ma
T g(‘i’)

T (q) + T3 ()| G(M, — qo + ie) T%ag(q)] ANJM,)

[6] Haxton et al. (2007)



No-core shell model (NCSM) .

= Ab initio approach to many-body Schrodinger equation for bound states and
narrow resonances [ 7]

’I’YLCLCC

H|w) ")y =E7T|w)™) T =YY ek

N=0 «

Anti-symmetrized products of

—NN+3N Interactions are sole input many-body HO states

— Two body: NN-N4LO(500) [8]
— Three body: 3N, [9] NN 41\ /

ax \ M

Accessible transitions

10C — 108 140) — 14N

[7] Barrett et al. (2013)
[8] Entem et al. (2017)
[9] Soma et al. (2020)



Lanczos continued fractions method

10

= Reformulate as inhomogeneous Schrodinger equation [10]

J"TN\ _ AlwwJ™T
(H-EL)|®y ") =0|¥3 ")
Hv, =0, v, + v, ‘U > 3 O ‘I’,{;T>
HY, =BV, + oV, + 3. Y (eyT[otoe T
Hv, = BV, + v, + BV
Hv: ] 272 /)):V: . a:vj N [3’4V5 Choose specific starting vector

[10] Marchisio et al. (2003)
[11] Haydock (1974)



Lanczos continued fractions method

11

= Reformulate as inhomogeneous Schrodinger equation [10]

(H - E1)|®4 ") =0

Hv,
Hv,

Hvl = oV, + ﬁlVZ

HV2 = ﬂ1V1 T O,V, + ﬁ2V3

Pov, +a, vy + BV,

ﬁ3V3 + o, V, + ﬁ4vs

AR

= Resolvent cast in terms of Lanczos
basis vectors with continued fraction
coefficients [11]

= Avoids direct calculation of
Intermediate nuclear states

[10] Marchisio et al. (2003)
[11] Haydock (1974)



Sns IN NCSM

TB(QU:QQ) — _47”:(1—0\/ M?,Mf Z(2J+ 1)
J=1

q

x (ANgJy Myl [T}ng(q) G(My + qo +i€) T3 (q) + TS (q) G(My + qo + i€) T3 (q)

+ T30 (q) G(M; — qo + ie) TSh(q) + T3 (9) G(M; — qo + ie) T (q) ||| AN J; M; )




G(M; — gy + ie) terms: T = 0 EM current Preliminary

13

(10B|TFL3 Gruc(Ei — A0) T)ZS 1 42°C) (1°B|T]2S"> Gruc(Ei — o) TFL 5, 1= o/ *°C)
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G(M; — gy + ie) terms: T = 1 EM current Preliminary
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(1OB|TJeI='?L Gnuc(Ei - qO)TJm:%T= 1|10C) (1OB|TJrT;ag'5 Gnuc(Ei - QO)TJe|= 2, T= 1|10C)
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G(M; — gy + ie) terms: T = 1 EM current Preliminary
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Sns IN NCSM

TB(QU:QQ) — _47”:(1—0\/ M?,Mf Z(2J+ 1)
J=1

q

x (ANgJy Myl [T}ng(q) G(My + qo +i€) T3 (q) + TS (q) G(My + qo + i€) T3 (q)

+ T30 (q) G(M; — qo +ie) TSh(q) + T3 (9) G(M; — qo + ie) T (q) || AN J; M; )
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.+ gy + ie) terms: T = 0 EM current Preliminary
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G(M; + qo +ie) terms: T = 1 EM current

50

(10C|TFL3 Gnuc(Ei + o) T)Z 12 11°B)

40
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Preliminary

1 EM current

G(M; + qo +ie) terms: T
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2, 7=11""B)

g' ° Gnuc(Ei + qO)TJeI=

ma
=

(roc|T
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Conclusions

= Both 655 and §¢ calculations underway in NCSM/NCSMC
= Consistent framework for nuclear structure corrections to Fermi transitions
= 140 — 4N transition within reach

Outlook

= Additional checks on 6yg determination

= Ensure numerical calculations respect symmetries of T;
= More serious uncertainty quantification

20
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Sc in NCSM

* N,,,, COnvergence for 0.14k

Oc Very poor

= Greater correlations
In bound states

required
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Ab initio shell model for 4=10 nuclei
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——hQ=12 MeV
—— hQ=13 MeV
——hQ=14 MeV
——hQ=15 MeV
—— hQ=16 MeV

——hQ=18 MeV
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&c In NCSM with continuum (NCSMC) [12,13]

10C) = 3 0 [°C, Ay + 3 / dr 4 (r)Ay "B + p, v)

@)
NCSM

= (3710

7o

[ T

- [Mp|* = [Mpo2(1 - 6¢)

25



Fermil matrix element in NCSMC

= Using NCSMC wavefunction compute Fermi matrix element Mg

= Isospin operator T, = T\" + T* for partitions
= Expression derived by Dr. Atkinson

Mp ~[(ANfJ T My, | T | AN T, Mo, )| +|(ANT Ty Mo, | Ty Ay | i 70
J Ty Mt J T Mo T Mo
@ A T | AN T T My e (@ | Ay T Ay D T
NCSM matrix element \

NCSM-Cluster matrix elements



10C structure result

19C) =) " cal™Cra)nesm + D / drv,(r)A, |°B + p, v)

| ' | ' | ! | | ' |
NN N4L0+3N1nl

— Phase and eigenphase shifts for p +
°B(3/2 ,5/2 ,1/27) scattering

— Two known experimental bound states
0% and 2% captured well

— NCSMC provides good description of 0%
for calculation of §,

State Energy (MeV) Excitation energies
0f  —3.62 (Exp.—4.006) 0.0
2% —0.11 (Exp.—0.652)  3.54 (Exp.3.3536)
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10B structure result

10B) = Z ca "B, &) nesy + Z / dr v, (r)

This value was corrected on
03/23/2006. What was
shown on Nucl. Phys. A745
(2004 ) 155 15 mcorrect.
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— Eight of twelve bound states predicted
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— Novel charge exchange partitions give
quality 0% structure for &, calculation
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State

3+
1+
O+
1+
2+
2+
2+
4+

Energy (MeV)
—5.75 (Exp. —6.5859)
—5.33 (Exp. —5.8676)
—4.30 (Exp. —4.8458)
—4.26 (Exp. —4.4316)
—2.69 (Exp. —2.9988)
—0.93 (Exp.—1.4220)
—0.70 (Exp.—0.6664)
—0.19 (Exp.—0.5609)

Excitation energies

0.43 (Exp. 0.7184)
1.45 (Exp. 1.7402)
1.49 (Exp. 2.1543)
3.06 (Exp. 3.5871)
4.82 (Exp.5.1639)
5.05 (Exp.5.9195)
5.56 (Exp. 6.0250)



10B structure result
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This value was corrected on
03/23/2006. What was
shown on Nucl. Phys. A745
(2004 ) 155 15 mcorrect.
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[13] Caurier et al. (2002)
[14] Navrétil et al. (2004)
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— Correct ordering of 37 and excited 17
— Ordering sensitive to three-body part of
nuclear Hamiltonian [13,14]

State Energy (MeV) Excitation energies

3t  —5.75 (Exp.—6.5859) 0.0

1*  —5.33 (Exp.—5.8676)  0.43 (Exp.0.7184)
0%  —4.30 (Exp.—4.8458)  1.45 (Exp.1.7402)
1t —4.26 (Exp.—4.4316)  1.49 (Exp.2.1543)
2% —2.69 (Exp.—2.9988)  3.06 (Exp.3.5871)
2t —0.93 (Exp.—1.4220) 4.82 (Exp.5.1639)
2% —0.70 (Exp.—0.6664)  5.05 (Exp.5.9195)
4%t —0.19 (Exp.—0.5609)  5.56 (Exp.6.0250)







