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: d
V,q element of CKM matrix Lec = _%@, e, fL)yuwﬂ@sLL> +h.c.

= Precise V,4 from superallowed Fermi transitions

2 h7 7T3111(2) Gr = Fermi coupling constant
’Vud’ — determined from muon g decay

- GEmic Ft(1+ AY)

— hadronic matrix elements modified by nuclear environment
— Fermi matrix element renormalized by isospin non—conserving forces

K
G% |Mpo|?(1+ AR)

]‘—t:ft(l—l—(%%)(l—(SC—l—(SNS) Ft =

[2] Zyla et al. (2020)



Historical treatment

Last 30 years
= Ons from shell model and approximate single-nucleon currents
= ¢ from shell model with Woods-Saxon potential

Since 2018

= Data-driven dispersion integral approach for A}, [3-4]

* Reduced radiative correction uncertainty by factor of ~ 2
= Yields V4 with (2 — 3)o deviation from unitarity

[3] Seng et al. (2018)
[4] Gorchtein et al. (2019)
[5] Hardy et al. (2020)



Historical treatment

Last 30 years
= oys from shell model and approximate single-nucleon currents

Evaluate corrections with ab initio NCSM
Sinc 10C — 10B

= Yields V4 with (2 — 3)c deviation from unitarity

[3] Seng et al. (2018)
[4] Gorchtein et al. (2019)
[5] Hardy et al. (2020)
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v Leptonic current
AR and 6NS NME of charged

/ weak current
8

= Tree level beta decay amplitude My ce = ——LAFA r',p)

7

= Hadronic correction in forward scattering limit

d4q MI%V em,foe)\qa
(2m)* My, — ¢2 [(pe — @)* — mZ]q?

OM = —i\/§GF€2LA/

Ve — > > o
—q q
o; > T) > Of
> v >
P 2

[6] Seng et al. (2023)



v Leptonic current
AR and 5NS NME of charged

/ weak current
9

= Tree level beta decay amplitude  M;,ce = ——LAFA(P’aP)

= Hadronic correction in forward scattering limit

Ve ' e
q
SM = O (Ee) M 7
8% e tree
> oF
P
Pe-q 2 5
b (E)—é/ d*q MI%V 1 1 My(ppe)_q T3(v,|q])
WA M ) (2m)t MR, — ¢ 2 + e (pe — q)2 + i€ v +(0)

[6] Seng et al. (2023)



At and Sy

Leptonic current

NME of charged

/ weak current
10

. G
= Tree level beta decay amplitude  M;yce = TIQLAF)‘(p’, p)
= Hadronic correction in forward scattering limit
b b,f | ! |
,nuc ,Iree n
5NS — 2[ yW yW ] !
>
\ 7
I~W 1 4 1q-T T
T (p.q) = 5 | d'z e (¢r(p)|T [T (@) T3y (0)T] |01 (p)

[6] Seng et al. (2023)



Nonrelativistic Compton amplitude | N /

5

= Goal: Non-relativistic currents in momentum space [7]
= Rewrite currents with A-body propagators

JH(t, &) = e TR0, 8) et —— | G(BE) =) Elnzﬁl

n

/ B e T ¢ (p)| T8 (0,8) G(My + v+ ic) JHY(0,0)|64(p))

A3z 8—ic}'-f<¢f (p)’JgVU(O, 6) G(M@ —V+ 36) ng(oa f)";bz (p)>

[7] Haxton et al. (2007)
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Nonrelativistic Compton amplitude | .
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= Goal: Non-relativistic currents in momentum space [7]
= Rewrite currents with A-body propagators
= Fourier transform currents into momentum space

L - S Translation
J(r) = e J(q) + Invariance

TH (p,q) = in/MiMy (| J2 () G(My + v +i€) JiY (—7)| @)

of

'@ll \ J

+ 9 M@Mf <(I)f|J;£;r}(—(T)G(Mz_V‘|‘ZE) ng(@)|¢3>

[7] Haxton et al. (2007)
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Nonrelativistic Compton amplitude | -7
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= Goal: Non-relativistic currents in momentum space [7]
= Rewrite currents with A-body propagators

= Fourier transform currents into momentum space

= General multipole expansion of currents

M (q) 3:/6137“ M (g, 7) p(7) T5a(q) = ]d?’?" —(V x MY (q, )) /()

Lynm(q) = f d’r é(VMJM(q,F)) .

[7] Haxton et al. (2007)
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Nonrelativistic Compton amplitude
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= Goal: Non-relativistic currents in momentum space [7]

= Rewrite currents with A-body propagators
= Fourier transform currents into momentum space

= General multipole expansion of currents

5,mag

T3(v, \q\)—4m‘_,‘«/MM 22J+1 (wf{ TR G(v 4 My +ie) Ty + TS50 G(v + My + i) T

+ T30 G(—v + M +i€) Ty + T G(—v + M; + 'iﬁ)l’ff%ag} (191)|w3)

[7] Haxton et al. (2007)



[8] Barrett et al. (2013) [11] Entem et al. (2017)
[9] Weinberg (1991) [12] Soma et al. (2020)

No-core shell model (NCSM) [10] Epefbaum (2009)

15

= Ab initio approach to solving many-body Schrédinger equation [8]
= Sole input are nuclear interactions from chiral effective field theory

_ NN @ NN-N4LO(500) [11] T
~3N @ 3N(Inl)-N2LO(650) [12] } H|Wy ") =E" " |¥y ")

Anti-symmetrized products of \
many-body HO states

mam

N :Nmax+1\ Z ZC}]\;@T JWT
: N=0 «
N;zl G B T>SD Z Z (SD J”T J“T>SD |\I! T> R |®000>

N=0 «




[8] Barrett et al. (2013) [11] Entem et al. (2017)

[9] Weinberg (1991) [12] Soma et al. (2020)
No-core shell model (NCSM) [10] Epefbaum (2009)

16

= Ab initio approach to solving many-body Schrédinger equation [8]

= Sole
—N
_3 - » M
Accessible transitions
Anti- 1OC N loB 140 N 14N 18Ne N 18|: 22Mg N 22Na
N
N=N_,+

maa:

T>SD Z Z (SD J“T J”T>SD |\I! T>®|‘I)ooo>




Nonrelativistic Compton amplitude

= Goal: Non-relativistic currents in momentum space [7]

= Rewrite currents with A-body propagators
= Fourier transform currents into momentum space

= General multipole expansion of currents

Ts(v, |q|)—4ﬂz‘_}‘1/ﬂ/[ 22J+1 (xpf{/

+ T5,mag

G(—V + M; + iE)

mag

TS, +

v+ My + i€)

+ T§5|G(I/ + My +ie) (I},

|
2y
y
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Lanczos continued fraction
method to compute nuclear
Green'’s functions [13-14]

5,el
TJ 0

G(—I/ + M; + i€

i

e () v

[7] Haxton et al. (2007)
[13] Hao et al. (2020)
[14] Froese et al. (2021)



Lanczos continued fraction method

18

= Reformulate as inhomogeneous Schrodinger equation

(H — E1)|®) = O|¥)

Hv, =ov, + [g’lvz Select pivot as source term
HV2 = /31V1 T UV, F ﬁzvs O \I/>

Hv, = BV, + 0V, + BV, ‘"Ul> — ——

Hv, = PV +oa,v, +[5,V. \/<\Ij 010 \Ij>

[15] Haydock (1974)
[16] Marchisio et al. (2003)



Lanczos continued fraction method
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= Reformulate as inhomogeneous Schrodinger equation

(H — E1)|®) = O

HVI =V, + [3’1V2

HV2 = ﬁ1V1 T A,V, + ﬁzvs

Hv, = APRECASE Y AN

Hv, =

[53‘73 +a,vV, T [54‘75

)

= Resolvent reconstructed as linear
combination of Lanczos vectors

= Avoids brute force calculation of
Intermediate states

[15] Haydock (1974)
[16] Marchisio et al. (2003)



Symmetry tests of T; amplitude
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= Time reversal symmetry with exact isospin gives NME constraint
= Previously assumed nuclear T; matched nucleonic system

Nuclei Nucleons Pions
T (- v@) -1 (1. Q?) 7" (~v, Q%) = ~15" (v, Q) 17 (-1, Q%) = -1 (v, Q%)
T (—1, Q%) = - T3 (—1, Q%) = T3V (v, Q?) T (v, Q%) = 0

(OB|TR O () G(M+ie) TS5 ()| 0C) = (1oC| T (q) G(M+ie) TS (¢)|*°B)

(OB|TS V) (q) G(M+ie) T3 ()| 0C) = (1°C|T55'” (¢) G(M+ie) T2 (q)|*°B)

[6] Seng et al. (2023)



About one year ago...
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Poles of T3
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Poles

G(I/—I—Mf—l—ie) =

G(—V + M; + ’iE) =

*[]

i\

My,

= Numerical integration prone to instability
= Natural solution is Wick rotation

I/:?:VE

P = {M, — M; —ic}

Py = {M; — M, + ic}

Initially thought NMEs
and pole locations could
not be extracted...

22



Wick rotated T;

T3(ive,|q))

YE SN Z(ZJ +1) (0 f|{ T8 G(M + ivp) T + TSh G(My + ivg) T

+T30maga( -WE)T%+T3§1G(Mi—wwg}< ih)|w:)

23
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Wick rotation

Py = {M; — M, + ic}

Re v

27



Wick rotation

Py = {M; — M, + ic}

Re v

28



Residues for 19C — 1B in NCSM Second 1% below 0% sensitive

/ to interaction and N,,

29

Poles n=1 n =2 n=3

P_ [MeV] | ~1.6572 (J = 3) | —0.6974 (J =1) | —0.1861 (J = 1)

Table 1: Pole locations along v axis corresponding to n—th
excited state in T; for 1°C — 1°B transition at N,,,,,, = 5.

Re v

= Ground state 3" and low-lying 1" incur
residues after Wick rotation

= Remaining pole in residue terms must
also be treated




Electron energy expansion

?YW(EE) - ( ib‘.r’VV)\?Vic}‘:(Ezg) + ( ?VW)Res,e(Ee) T ( Q’W)Res,Tg (Ee)

= Wick rotated contour integral regular at E, = 0
= Electron propagator residue regular at E, = 0
= T3 residue contribution singular

—

—  Expand in electron energy

—

E)}/I/V(Ee) — O_I_Ee 1_|_( E))/W

)ReS,Tg (EG) + O(Eg)




Comment on yW-box diagram subtraction for

= No resolution for nuclear yW-box above pion threshold
= Compensate asymptotics with contributions from free nucleon box
= §ys extracted with only free nucleon Born contribution

B = 2 b
50—|—RES 2[50 e Born] 492 fme dEe |pe|E€ (Ee - Em) F(Zf’ Ee)(D’YW)Res,TS,

(Ee)

%% E,. —
' Sl dBe |Pe| Be(Be — E)?F(Zy, Ee)

5L =28,

f de De| B2 (Ee Em)zF(ZfaEe)
Sl dEe |Pe| Ee(Ee — Em)*F(Zy, Ee)
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Integral of NME

6pd RE>S =0.51%

1OC — 1OB

e

PRELIMINARY

i1
w N -

i == "

=

NN—N*LO(500) + 3N

Tmag (:D T5, el

Tmag (I,D T5, el

Tel ® 7I-5, mag T5, magl] ® Tel

T5, el é Tmag

32
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Integral of NME [MeV~!]
!—‘ N
ol o

=
o
1

O
Ul
I

o
o
I

NN—N4LO(500)+ 3N, N /=1

=2
—1 /=3
1OC—>1()B
PRELIMINARY

Thag g T5, el

Tel ® T5' mag

—}_——_-—l_

T5, mag Tel T5, el ® Tmag
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T residue contribution

= NME residues are transition matrix elements
to low-lying eigenstates

* Residue integral contains additional pole in
photon propagator

= Numerical techniques for safe integration

es(1d])

(yW—-box)r

1.50 A

1.25 ~

1.00 A

0.75 A

0.50 A

0.25 4

0.00 A

—0.25 A

—0.50 A

0.0

0.5

1.0

1.5

2.0
|g] [MeV]

2.5

3.0

3.5

34



T residue contribution

35

1.908 ~

1.906 A

= NME residues are transition matrix elements  _,...

~

to low-lying eigenstates 21002

= Residue integral contains additional pole in L o)
photon propagator

= Numerical techniques for safe integration

0.6 0.8 1.0 1.2 1.4 1.6
Ee [MeV]



Benchmarking éyg results

= Structure function F; instead of Compton amplitude T;
= Analytic results for integral over boson energy v

M? 7| ResT: 7
) = —922 Z 2 _ |Q4’ es T5(vk, |7])
(27T My, — a4, 93 f+(0)

.. Need all residue positions in
nuclear spectra

II.  Need transition matrix elements
with all excited states in spectra

Res Ts (v, |7])
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The pathway to &

0.20_ T T T T T ] 38

018 1 ——hQ=12 MeV

0.16f -
: i —/hQ=13 MeV

n I 1Niti 0.14} -
8¢ In ab initio NCSM over 20 = ook ] ——hQ=14 MeV

0 . ]
years ago S o 1 ——hQ=15Mev
PHYSICAL REVIEW C 66. 024314 (2002 bo 0.08-_ -: hQ=1 6 Mev
Ab initio shell model for A=10 nuclei 0'06.- ] *—hQ=18 MeV

‘ _ E.(‘ ' P. Nav 11 \\l:()rm 1 dl)\r\ s o 004._
qu 1/[:, 11(/:1 2002 |Ill 1\ d13 '\\uwn';“r:"}u I”“Mm'” 0.00 6 é /.II. é é
Nmax

HO expansion incompatible with reaction theory _ | |

_ _ _ _ Combine NCSM with resonating
. Imprecise asymptotics group method (RGM) [17]
. missing correlations in excited states

lil. description of scattering not feasible

[17] Navratil et al. (2009)



No—core shell model with continuum (NCSMC)

39

= Generalized basis with NCSM states and microscopic cluster states
Y =S ol T a) + S f 07 3, (7) Ay | 77T
(87 vV

. ()
I.’a>NCSM T U./‘,v>()Yz(f12)]

/ \

RGM cluster states describing
long-range relative motion of
projectile and target

Static solutions to
Schrodinger equation

[18] Baroni et al. (2013)



§c in NCSMC

40

= Compute Fermi matrix element in NCSMC [19]

p—

T_\_‘@JWT;;MT?;> R ‘MF|2 - ‘MFO|2<]~ . 50)

= Total isospin operator T, = Tf) + TJEZ) for partitioned system

J; Ty M,

My ~ (AN J Ty M, | T | ANJ,T; M, )| + (A)\JfoMTf Ty A @y

JT T JTMT T,
/ o T Ay s T | AN JTMT T Ay Ty Ay @ T

NCSM matrix element
NCSM- Cluster matrix elements

[19] Atkinson et al. (2022)



10C structure at N,,,,,, = 9

‘10C> = an\loc, a)NCSM - Z/d’r WVJWT(T)AV‘QB + p, 1/>

= Treat as mass partition of proton plus °B
= Use 3/27 and 5/2~ states of °B
= Known bound states captured by NCSMC

6.580

(29

522238

3.3536

4.0060

State Encsy (MeV) E (MeV) Eexp (MeV)
ot —3.09 —3.46 —4.006
2t +0.40 —0.03 —0.652

l()C

"B+p

41



10C structure at Npqy = 9

Eigenphase shifts

+ ] °B[3/27,5/27]
6580 2 150 71 = 41 pommmmme P
' / BT TR
] ,' //’ Jem T Ty
522 5°38 ‘\ﬂ l’ I// /,/z e
] ! ) 7 7
8 :\" II/// ’,
4.0060 O, 50 - ! ” ',
3.3536 »| Bt @ I ! /4 .'
L 4 ] l //// ’
O —-———a‘/,—‘ ________ _g_‘_/:/_ ____________ 1
: 10 -~---~‘—____—---: -------
_SO_WB. T
Y Ji Ekin (MeV)

IOC
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10C structure at N,,,,,, = 9

125 -

100 1

= 17 and 2~ resonances 75—f
in 1°C analogs of °°Be 5 5
halo states 5 20-

= 37 resonance present © 251
—251

0-

Eigenphase shifts

1 °B[3/27,5/271]
lm=-1

— -
— ——
-
-
-
-

0

10C-p+°B

2

4 6 8
Ekin (MeV)
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10C eigenphase shifts N,,,,,, = 7 — 9 comparison

150

6 [deg]

100 -

50 -

] °B[3/27,5/27]
1 m=+1 .
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10B structure result at N,,,,,, = 9

10B) = Z co |1°B, ) Nnesyv T Z f dr v, (r)A, |?Be + p, v} + Z / dr v, (r)A, 9B + n, p)
o v 72

eco a2 _ _
s oy 850 B89/ = Use 3/2~ and 5/2~ states of °B and °Be
84363 " 5 8.07 p—ol_2* . .
Rl et = Eight of twelve bound states predicted
-_e N
7. 02 iy | - {3HG
% 6.8734_:':)? 0 1—;. .,_c <-
501956.02500. 12753 € “Be+p State E (MeV) Eeyp (MeV)
¥ i |
Mﬁ%?i'#ﬂglo 3* —5.75 —6.5859
4.4610 ' —\\1%)
= z0 1+ ~5.33 —5.8676
3.5871 ! 36
0* —4.30 —4.8458
2.1543 1* —4.26 —4.4316
1.74015
2+ —2.69 —2.9988
- 171835
0,550 — 2+ ~0.93 ~1.4220
™ .
p 2+ —0.70 —0.6664

4+ —0.19 —0.5609




[20] Caurier et al. (2002)
[21] Navratil et al. (2004)

10B structure result at N,,,,,, = 9

46

10B) = Z co |1°B, ) Nnesyv T Z f dr v, (r)A, |?Be + p, v} + Z / dr v, (r)A, 9B + n, p)
o v 72

o 241 . .
g Gy 8880 BO4 /) = Correct ordering of 37 and excited 1%
2 s _7-_"_6_%15253?;;3} = Sensitive to 3N part of Hamiltonian [20-21]
-_e N
7.002 =y A T
% 6.8734_:':)? 0 1—;. .,_c <-
501956.02500. 12753 € “Be+p State E (MeV) Eeyp (MeV)
mﬁ%ﬂ%ﬂsfu 3+ —~5.75 —~6.5859
4.4610 ' —\\1%)
= Z0 1+ ~5.33 —5.8676
3.5871 ! 36
0* —4.30 —4.8458
2.1543 1% —4.26 —4.4316
1.74015
2+ —2.69 —2.9988
= 171835
0,550 — 2+ ~0.93 —1.4220
b 2+ —0.70 —0.6664

4+ —0.19 —0.5609




10B structure result at N,,,,,, = 9

10B) = Z co |1°B, ) Nnesyv T Z f dr v, (r)A, |?Be + p, v} + Z / dr v, (r)A, 9B + n, p)
o v 72

g oy 8880 BEM /-

3.4363

“B+n

3516395 18(

)

4.4610 “7

O i+c1

3.5871

2.1543

1.74015

0.5560

0.71835

'C'Be ~
p

F_3%T=-0

IOB

= a + 6Li impacts structure of resonances

and bound states above threshold

State E (MeV) Eexp (MEV)
3t —5.75 —6.5859
1* —5.33 —5.8676
o* —4.30 —4.8458
1* —4.26 —4.4316
27t —2.69 —2.9988
27t —0.93 —1.4220
27 —0.70 —0.6664
4+ —0.19 —0.5609




20
Z of daughter
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= Goal: consistent nuclear theory corrections to Fermi transitions

= Larger basis NCSM calculations of dyg
— first fully consistent NCSM calculation
—residue could be dominant feature

= NCSMC calculations for 6 ongoing with Mack Atkinson

Outlook
= Benchmarking 8yg via Lanczos strength function approach

= Tackle large number of many-body calculations with realistic N,,,,,
— seperate inhomogeneous Schrodinger equation at each ||
— NG| X Neerms X Jmax = 50 X 4 X 3 = 600 many body calculations

= Improve limited uncertainty quantification
= Heavier transitions, e.g., **O - “N

49
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Electron energy expansion

b b

’YW(EG?) = Op 1 Ee 1+ -+ ( VW)ReS,Tg(

o= & / - | 5 My, laP  T(ivelq)
M (271')3 I MI?V _ q2 VE((]2 + i€1)2 f—|—(0)

= :§£/ d’q /dVE My, 71> iT3(ive, |q])
C3M ) @) ) 2 ME - (P +ia)® [ (0)
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Multipole expansion of amplitude

55

—

M (g, 7) = jslgr) Yy (7) MY (q,7) = jr(qr) Y, (7)

[7] Walecka (2004)



Multipole expansion of amplitude

p(q) = \/47TL( )/ V20 +1 Mjo(q)

J (¢, \/4%22 i)’V2J + 1 Ljo(q)

J(_’, A\ = ::1) —\/27T 2: J\/QJ +1 ()\Tﬁa’g(q) —

T?&(q))



Nuclear matrix elements of multipole operators

F(T)

<N(pf8fmTf ) | V’.#MT (0)|N(pz51m'_ﬂ )> — ﬁSf (pf) “ F1(T)’)‘M-|- [ 2 ot (pf _p?,)b':| Us, (p?;)<mTf |FTMT |mT1>

AN

Gy’

— T
(N(pgsymr,)| Ay, (0)|N(pisimr,)) = s, (pf) |GY )’:»'“75—,2mN

M (q,7) = js(qr) Yy (7)

/ l= by —
Asm(g,T) = M 5(q,7) - —V Ym(g,m) = (EV M%(Qa F)) "o
, y Lo S () = ( S Mouni(q,7) ) - &
Ay (g, 1) = —i qVXMJJ(q,fF)) & Jm\4;T) : p Mm (g,
. 1=
S ar(g,7) = MO (g,7) - 5 sa(a.) = (Mosela.) 7) - 25

Y5 (p f—pi)‘“} us, (pi) (mr, [Drare | mr,)
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NCSM/RGM ./o
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= Combine NCSM with resonating group method (RGM) [15]

— (A — a)-target and a-nucleon projectile in 25"'11] relative motion waves
—T4—q q CONNECts c.m. of each cluster

- (sT) (J7T) 50“ s )
‘(I)i’rT> — (AGQ1]T1T1>®QCY2_[§2T2>) }/l(fA—a,a,):| p— —a,a
H(A CL) {\I/I T1> EI 1T1 {\IJI T1> H(a) |\I/I T2> EIWQTQ |\IJI T2>

[15] Navrétril et al. (2009)



NCSM/RGM ./o
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= Combine NCSM with resonating group method (RGM) [15]

— (A — a)-target and a-nucleon projectile in 25"'11] relative motion waves
—T4—q q CONNECts c.m. of each cluster

(J7T)
0(r—TA—a.a)

JTTN\ _
‘(I)VT >_ 'r"A—a,a

(sT)
(‘A—aaﬂf“ﬂ)@‘acygI;rQTg)) Yz(ff'Aa,a,)]

= Require anti-symmetrization to preserve Pauli principle

1 (A o )' a! nti-symmetrize
-/41/ — \/ Al 1+ Z (_1)pPV - t/)A\et\t/vegn clu;ters

[15] Navrétril et al. (2009)



NCSM/RGM ./o
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= Combine NCSM with resonating group method (RGM) [15]

— (A — a)-target and a-nucleon projectile in 25"'11] relative motion waves
—T4—q q CONNECts c.m. of each cluster

@5, ") =

(sT)
(‘A—aaﬂf“ﬂ)@‘aQQI;rQTg)) Yz(ff'Aa,a,)]

= Require anti-symmetrization to preserve Pauli principle
= Use anti-symmetrized channel states as continuous basis ansatz
J*T

JT\ _ 2 e N2 'XL/ ()
|\Ij > B zy:/dr ' AV|(I)VT > r \ Linear variational

amplitudes

1

[15] Navrétril et al. (2009)



Solving RGM equations

= Solve orthogonalized RGM equations

_1 _11J"T /
Z/dr’ r'? N P HN %] , (ryr") Xy
vy
I/’
= Norm and Hamiltonian kernels primary computational challenge

Hi:rVT(r',r) = <<I),{,Wf A, HA, q)i:T> N,;]/ZT(?“,,T) = <(I>i;;?

) _ xdT)

A A, |07

Hamiltonian kernels Norm kernels

Well established solutions of multi-channel
Schrodinger equations



[20] Lane et al. (1958)
[21] Hesse et al. (1998)
[22] Descouvemont et al. (2010)

Solving RGM equations

63

) R J;”T / J™T
S / a7 NEHNE) T ey X ) pXe (1)

r/ r

= Solve coupled channel nonlocal integro—differential equations [20-22]
— split configuration space by large matching radius r,
—require continuity of wave function and derivative

Internal region External region
o i _ o J"T.N _ ~J"T
Xi (T) — 2% [5m'Hl (’{z/r) - qu, Hl—{—(’{q/?")] Xv (T) — CI/ WZ(KI/T)
r/
— Coulomb functions — Whittaker function asymptotics
— Expand over square integrable — Normalization constant ¢/, "

Lagrange functions



[20] Lane et al. (1958)
[21] Hesse et al. (1998)
[22] Descouvemont et al. (2010)

Solving RGM equations

64

r/ r

) R J:TT / J™T
Z/dr’ 2 INEHN Ty X (1) pXe ()

= Solve coupled channel nonlocal integro—differential equations [20-22]
— split configuration space by large matching radius r,
—require continuity of wave function and derivative

= Eigenstates and eigenenergies for bound states
= Scattering matrix and eigenstates for unbound states
= Ab initio description of scattering off light—nuclel



NCSMC

65

= Generalize NCSM/RGM expansion with discrete NCSM eigenstates [16]

1 ]JWT

7T Zc" T AaJ™T) +Z/dr P2 A, |07 N2 oxd, ()

(A

(J™)

‘.’a>NCSM T U./.’V>(S)Yl<m)]

h R, I g C ¢, and y, (r) from solving
h H X/ g 7 Y coupled equations

[16] Baroni et al. (2013)
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