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Isovector channel of nuclear interaction

Introduction: collective modes and interaction

@ Isovector channel of interaction = Symmetry energy in Equation of State (EOS)

E E - -
A0 = 2 (p.B=0)+5()F S(p):J+L(”3 ”°)+..‘ p=lto—te
Po p
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@ Collective phenomena in many-body systems = properties of interaction

@ Probing collective nuclear response = Heavy-lon (HI) collisions
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Isovector channel of nuclear interaction

Introduction: collective modes and interaction

@ Isovector channel of interaction = Symmetry energy in Equation of State (EOS)

_ Pn—Pp
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p
@ Collective phenomena in many-body systems = properties of interaction

o Probing collective nuclear response = Heavy-lon (HI) collisions
@ Dipole excitations in neutron-rich nuclei:

skin € core

o Giant Dipole Resonance (GDR)
o Pygmy Dipole Resonance (PDR)

Strength

[S. Burrello et al., arXiV:1807.10118, (2018).]
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Isovector channel of nuclear interaction

Introduction: collective modes and interaction

@ Isovector channel of interaction = Symmetry energy in Equation of State (EOS)
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@ Collective phenomena in many-body systems = properties of interaction
@ Probing collective nuclear response = Heavy-lon (HI) collisions
@ Dipole excitations in neutron-rich nuclei: ‘“‘6?’“
o Giant Dipole Resonance (GDR) HE md“”
o Pygmy Dipole Resonance (PDR)
[S. Burrello et al., arXiV:1807.10118, (2018).] s 2 eationEnrgy (MeVs” »
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[X. Roca-Maza et al., Phys. Rev. C94, 044313 (2016).]
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Isovector channel of nuclear interaction

Spin-flip and isospin-flip transitions

@ Charge-exchange (CEX) reactions: nuclei keep mass constant but change charge
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Isovector channel of nuclear interaction

Spin-flip and isospin-flip transitions

@ Charge-exchange (CEX) reactions: nuclei keep mass constant but change charge
@ Contribution of various mechanisms:

o multi-step transfers via intermediate states (sequential pick-up/stripping processes)
o direct conversion of nucleon (N) (through meson exchange)
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Isovector channel of nuclear interaction

Spin-flip and isospin-flip transitions

@ Charge-exchange (CEX) reactions: nuclei keep mass constant but change charge
@ Contribution of various mechanisms:

@ multi-step transfers via intermediate states (sequential pick-up/stripping processes)
o direct conversion of nucleon (N) (through meson exchange)

b Pa b i s @ Fermi (F) and Gamow-Teller (GT) transitions
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@ Monopole = analogy to GT of -decay

la4+5 A2 b+5 B
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Isovector channel of nuclear interaction

Spin-flip and isospin-flip transitions

@ Charge-exchange (CEX) reactions: nuclei keep mass constant but change charge

@ Contribution of various mechanisms:
o multi-step transfers via intermediate states (sequential pick-up/stripping processes)

o direct conversion of nucleon (N) (through meson exchange)

b ha b o5 s © Fermi (F) and Gamow-Teller (GT) transitions
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@ Monopole = analogy to GT of -decay
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Isovector channel of nuclear interaction

Spin-flip and isospin-flip transitions

@ Charge-exchange (CEX) reactions: nuclei keep mass constant but change charge

@ Contribution of various mechanisms:
o multi-step transfers via intermediate states (sequential pick-up/stripping processes)

o direct conversion of nucleon (N) (through meson exchange)

b ha b o5 s © Fermi (F) and Gamow-Teller (GT) transitions
B
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@ Heavy ions = complex many-body nature ] E
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Heavy ion charge-exchange reactions and NUMEN project

Single CEX (SCEX) reactions with heavy ions

@ Direct reaction = Distorted Wave Born Approximation (DVWBA)
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Heavy ion charge-exchange reactions and NUMEN project

Single CEX (SCEX) reactions with heavy ions

@ Direct reaction = Distorted Wave Born Approximation (DVWBA)
@ Single CEX A(a, b)B cross section (c.s.) (« = initial, 8 = final, J= 27+ 1)

do EaEp ks 1 2 / 3 (ST
[ —— M M, ka7 k = d ]C \ N k , k ,
dQ — (27h2) ka 2 j,2 Y IMasl®, Mag(ka,ks) 52; P () V.. (kas kg, p)

my,mpEx
mp,mp€f
IC(QS[;—) = Structure part Nup = Reaction part
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Heavy ion charge-exchange reactions and NUMEN project

Single CEX (SCEX) reactions with heavy ions

@ Direct reaction = Distorted Wave Born Approximation (DVWBA)
@ Single CEX A(a, b)B cross section (c.s.) (« = initial, 8 = final, J= 27+ 1)

do EaEp ks 1 2 / 3 (ST _
=2 P M, Mayp(ka,kg) = dPpK; Novs (ke kg,
dQ ~ (2mR2)2 ke 1,27 2 [Mapl"s Mag(kaks) = Z p 7 (0) Vo (ka kg, p)

my,mpEx
mp,mp€f
IC(aS[;—) = Structure part Nup = Reaction part

@ Distortion factor Mg =5(p — (ka —kg)) =3(p — das) = Plane Wave (PWBA)
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Heavy ion charge-exchange reactions and NUMEN project

Single CEX (SCEX) reactions with heavy ions

@ Direct reaction = Distorted Wave Born Approximation (DVWBA)
@ Single CEX A(a, b)B cross section (c.s.) (« = initial, 8 = final, J= 27 +1)

do  EnEs kg 1

99 _ _Zats kg Mas|?, ka,kg) = /d3 KCD (0) V..o (ka kg,
dQ ~ (2nh2)? ko j »:4 . mZAEal 045| Mas( 8) = Z P (p) s( 8,P)
mp,mg €S

ICEXSLP = Structure part Mag = Reaction part

@ Distortion factor Mg = 6(p — (ka —kg)) =(p — gag) = Plane Wave (PWBA)

T T T T
— PW= U, (g

@ Factorization at low q.g = [-decay
Nuclear Matrix Elements (NME) '

[Lenske H. et al., Phys. Rev. C (2018), submitted]
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Heavy ion charge-exchange reactions and NUMEN project

Double CEX and NUMEN project at LNS

@ Second order CEX reactions: double charge-exchange (DCEX) reactions

Double SCEX (dSCE)

b B b B
+
a A a A
2028-like"
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Heavy ion charge-exchange reactions and NUMEN project

Double CEX and NUMEN project at LNS

@ Second order CEX reactions: double charge-exchange (DCEX) reactions

Double SCEX (dSCE) Majorana DCEX (mDCE)

b B b B b B
b B b B
+
: A @ A a A a A a
2023-"like” 0v23-"like"
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Heavy ion charge-exchange reactions and NUMEN project

Double CEX and NUMEN project at LNS

@ Second order CEX reactions: double charge-exchange (DCEX) reactions

Double SCEX (dSCE) Majorana DCEX (mDCE)

b B b B B
b B b B
+
: A @ A a A a A a
2023-"like” 0v23-"like"

@ Missing theory for reaction mechanism = renewed experimental interest
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Heavy ion charge-exchange reactions and NUMEN project

Double CEX and NUMEN project at LNS

@ Second order CEX reactions: double charge-exchange (DCEX) reactions

Double SCEX (dSCE) Majorana DCEX (mDCE)

b B b B b B
b B b B
+
: A @ A a A a A a
2023-"like” 0v23-"like"

@ Missing theory for reaction mechanism = renewed experimental interest
@ double CEX < neutrino-less 23 (0v23) decay == NUMEN project @LNS

[Cappuzzello, F. et al., EPJ A51 (2015)]
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Heavy ion charge-exchange reactions and NUMEN project

Double CEX and NUMEN project at LNS

@ Second order CEX reactions: double charge-exchange (DCEX) reactions

Double SCEX (dSCE) Majorana DCEX (mDCE)

b B b B b B
b B b B
+
: A @ A a A a A a A
2023-"like” 0v23-"like"

@ Missing theory for reaction mechanism = renewed experimental interest
@ double CEX < neutrino-less 23 (0v23) decay == NUMEN project @LNS

[Cappuzzello, F. et al., EPJ A51 (2015)]
~

® “°Ca(*0, ®Ne)*Ar @ 15 AMeV \
N
Understanding isovector channel through charge-exchange

@ ''°Cd(*°Ne,*°0)''°Sn @ 15 AMeV




First exploratory steps: one-step and two-step process

dSCE vs mDCE: diffraction pattern and distortion

@ Optical potential = double-folding integrals

Upe(r) = [ dre [ deppe(ee)onten) Vim(r + v — 1)
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First exploratory steps: one-step and two-step process

dSCE vs mDCE: diffraction pattern and distortion

@ Optical potential = double-folding integrals

Upe(r) = [ dre [ deppe(ee)onten) Vim(r + v — 1)
@ Analytical Form Factors (FF): F(r) o< (2Y)
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First exploratory steps: one-step and two-step process

dSCE vs mDCE: diffraction pattern and distortion

@ Optical potential = double-folding integrals

Upe(e) = [ dre [ deppe(ee)onten) Vim(r + xe — 1)
@ Analytical Form Factors (FF): F(r) o< (2Y)
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@ dSCE vs mDCE: - same 6 distribution
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First exploratory steps: one-step and two-step process

dSCE vs mDCE: diffraction pattern and distortion

@ Optical potential = double-folding integrals

Upe(e) = [ dre [ deppe(ee)onten) Vim(r -+ xe — 1)
@ Analytical Form Factors (FF): F(r) o< (2Y)
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N A\ _ —— dSCE (DWBA) |] N ~ Coherent Sum
10 \‘7//: \\\\ — — SCEX (PWBA) TEH0 ~ - Direct DWBA (scaled 0.83)
=k — — mDCE (PWBA) | ] -
= ‘ul \\ A — — dSCE (PWBA) % en
.
g, / \ i N
‘t 0 = 102 ,
; g
E 10 § 10 Vi
g e
=10 1E-4 “
g "
s
S 105 H
) ]
8
10 1E-06
0" 0 0 2 3 W 50 o
" O1ap (deg)
W'k ]
» | | | | | | | |
10 2 4 1 16 18 2A

[M. Cavallaro et al., EPJ WC 66, (2014)]
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@ dSCE vs mDCE: - same 6 distribution = analogy with transfer
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First exploratory steps: one-step and two-step process

dSCE vs mDCE: diffraction pattern and distortion

@ Optical potential = double-folding integrals

Upt(r) = /d"t / drppe(re)pp(rp) Vun(r +re —rp)
@ Analytical Form Factors (FF): Fi(r) oc (2Y)
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w'E \ —— mDCE (DWBA)| 3 1E401 Sequential DWBA
Wb —— dSCE(DWBA) | ] — Coherent Sum
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@ dSCE vs mDCE: - same 6 distribution = analogy with transfer

- similar distortion factor Np = (%)9 .
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dSCE vs mDCE: diffraction

First

@ Optical potential = double-folding integrals

Upi(r) = / dre / drppe(re)pp(p) Vam(r + 12 — 1)

@ Analytical Form Factors (FF): F(r) o (

do / dQ [norm. to PWBA]

10 N T T T T T T T T
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- similar distortion factor Np = (

)

or

exploratory steps: one-step and two-step process

pattern and distortion

do / dQ [norm. to PWBA]
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do /dQ(DWBA)

Distortion effects act only once also in two-step process!

do JdQ(PWBA)

dSCE vs mDCE: - same 6 distribution =- analogy with transfer

oo
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Role of competing mechanisms: transfer channels

Preliminary results: single CEX vs transfer

@ Isolate CEX from exp. cross section

= description of competing processes
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Preliminary results: single CEX vs transfer

@ Isolate CEX from exp. cross section

= description of competing processes

@ Transfer sensitive to N-nucleus mean-field potential = no probe for F and GT
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Role of competing mechanisms: transfer channels

Preliminary results: single CEX vs transfer

@ Isolate CEX from exp. cross section

= description of competing processes

@ Transfer sensitive to N-nucleus mean-field potential = no probe for F and GT
@ Structure inputs: QRPA form factors (FF) [in coll. with H. Lenske]

shell model spectroscopic amplitudes [from J. Lubian and J. Ferreira]
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Role of competing mechanisms: transfer channels

Preliminary results: single CEX vs transfer

@ Isolate CEX from exp. cross section

~

= description of competing processes

@ Transfer sensitive to N-nucleus mean-field potential = no probe for F and GT
@ Structure inputs: QRPA form factors (FF) [in coll. with H. Lenske]

shell model spectroscopic amplitudes [from J. Lubian and J. Ferreira]

@ SCEX vs transfer for heavy ions: importance of coherent interference

“ca (0. "F) K @ 270 Mev “ca (o, "*F) K @ 270 MeV [0.7 - 1.4 MeV]
T e o 0 L L 0 L LA B e e o 10" — T 7T T T T T T
— % @™ s — SCEX
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N\ ~ a, " +
A \\/ \ K01 5) F,, (1) .
— < ./ 7" — -
5 N \ \,, scm‘( =
Z ok =~ . ——J z
'.é 10 // \\\\\ \ ,.\ transfer _g
E v \._,-\‘\ ‘\\. - E
3 / SUURS AU 3
oL . SOIN_ NSO i
Bm ~ 7 ST =N 7 B
s v \,_\~:\\ ~ s
v N 3x ~ °
sl N N
10 Q ~ 4
N X4
N
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Role of competing mechanisms: transfer channels

Final remarks and conclusions

@ Collective modes for isovector channels: dipole and isospin-flip excitations
@ Charge-exchange reactions with heavy ions in view of experimental interest

@ Interplay with multi-nucleon transfers feeding same outgoing channels
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Role of competing mechanisms: transfer channels

Final remarks and conclusions

Summary
@ Collective modes for isovector channels: dipole and isospin-flip excitations

@ Charge-exchange reactions with heavy ions in view of experimental interest

@ Interplay with multi-nucleon transfers feeding same outgoing channels

@ Role of distortion effects in direct and two-step double charge exchange

@ Importance of coherent interference between transfer and charge-exchange
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Role of competing mechanisms: transfer channels

Final remarks and conclusions

@ Collective modes for isovector channels: dipole and isospin-flip excitations
@ Charge-exchange reactions with heavy ions in view of experimental interest

@ Interplay with multi-nucleon transfers feeding same outgoing channels

@ Role of distortion effects in direct and two-step double charge exchange

@ Importance of coherent interference between transfer and charge-exchange
v

Further developments and outlooks

@ Complete theory of double charge exchange, of interest in 23-decay studies

@ Full determination of higher order combination of multi-transfer

@ Behavior of nuclear interaction in isospin channels: support to RIB
v
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Role of competing mechanisms: transfer channels
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Role of competing mechanisms: transfer channels

First exploratory steps: unit cross section

@ Optical potential = double-folding integrals

@ Love & Franey V) interaction
o Hartree-Fock-Bogoliubov density profiles

Upe(e) = [ dre [ deppe(ee)onten) Vim(r + ve = 1)
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Role of competing mechanisms: transfer channels

First exploratory steps: unit cross section

@ Optical potential = double-folding integrals

@ Love & Franey V) interaction
o Hartree-Fock-Bogoliubov density profiles

Upe(e) = [ dre [ deppe(ee)onten) Vim(r + ve = 1)

U (1) [MeV]
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Role of competing mechanisms: transfer channels

First exploratory steps: unit cross section

@ Optical potential = double-folding integrals

@ Love & Franey V) interaction
@ Hartree-Fock-Bogoliubov density profiles

Upele) = [ dre [ deppe(ee)onten) Vin(r + ve = 1)

@ Analytical Form Factors (FF)

ou ou
FL(I‘)—J() NL (8 ), NL /drr R (E)

U@ MeV]

R =4.80 fm
[ R=318fm

QU/ar[MeV /fn]
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Role of competing mechanisms: transfer channels

First exploratory steps: unit cross section

@ Optical potential = double-folding integrals

@ Love & Franey V) interaction
@ Hartree-Fock-Bogoliubov density profiles

Upele) = [ dre [ deppe(ee)onten) Vin(r + ve = 1)

@ Analytical Form Factors (FF)

ou
FL(I‘)—J()NL( ), NL /drr R (8[‘)

@ DCEX c.s. with schematic FF: o ]
o Single state dominance a0 ————
= dSCE ~ [FF(q)]?
o Closure approximation
= mDCE ~ (K'| FF? |k)

U@ MeV]

9U /3r [MeV /fm |
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Role of competing mechanisms: transfer channels

Microscopic form factors: QRPA calculations

@ Realistic calculations: microscopic FF from QRPA (with HIDEX code)

o Difficult to isolate contributions for each state
o Excitation energies do not match experimental ones
@ Main contributions at larger values of E

SI(E) = / dr (5pi(r,E)®  6pi(r, E) = QRPA transition densities

0025 LI S T T T T 0023 T
2Ne (01 F natural parities ol atural parities
g oo
4 oot
0.005
0
unnatural parities =141
002 —=J=11 002
) 0015 | 4
& ol -
[
0,005 —}l n [ I‘\ P J
JaJ "‘L A .,I \ P LN =] X
R R N 56
E [MeV] E [MeV]
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Role of competing mechanisms: transfer channels

SCEX reaction '°Cd (*°Ne,*°F)'*In: results
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% T e
i s i
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t t t t t
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= o= - - e —
s ————
o

-

2.k - 4
= -
= //
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£ d
£ s

\ , \ ,

2 i

£ [fm]
1 a T T T
W \\ 1cd ('Ne, Mk, @) "In, @)

ReF, (1) [MeV /fm]

ImE, (r) [MeV / fm]
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SCEX reaction ''°Cd (

Role of competing mechanisms: transfer channels

'Ne,?°F)!n: results

L = 0 generally
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angles, but
other
contributions
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Role of competing mechanisms: transfer channels

Competing channels: two-nucleon (2N) transfers

@ Isolate CEX contribution from cross section

= description of competing processes (2N-transfer)
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Role of competing mechanisms: transfer channels

Competing channels: two-nucleon (2N) transfers

@ Isolate CEX contribution from cross section

= description of competing processes (2N-transfer)

@ Transfer sensitive to N-nucleus mean-field potential
= no probe of Viyy responsible for F and GT response
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Role of competing mechanisms: transfer channels

Competing channels: two-nucleon (2N) transfers

@ Isolate CEX contribution from cross section
= description of competing processes (2N-transfer)

@ Transfer sensitive to N-nucleus mean-field potential

= no probe of Viy responsible for F and GT response

oE 2e2e,?N)?8 o0 @ SCEX vs transfer for intermediate mass nuclei:

o Direct process dominant at energy E~100 AMeV
o Important contribution of both at intermediate E

do/d0 [ub/sr]

0'Eff R I PN

Is
i /
/ El
!
i

50100 O
E/A [Mev]
[Lenske H., Wolter H.H., Bohlen H.G., PRL62 (1989).]
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Role of competing mechanisms: transfer channels

Competing channels: two-nucleon (2N) transfers

@ Isolate CEX contribution from cross section
= description of competing processes (2N-transfer)

@ Transfer sensitive to N-nucleus mean-field potential

= no probe of Viy responsible for F and GT response

oE 2e2e,?N)?8 o0 @ SCEX vs transfer for intermediate mass nuclei:

o Direct process dominant at energy E~100 AMeV
o Important contribution of both at intermediate E

do/d0 [ub/sr]

What is the role of transfer processes at

intermediate E for heavier colliding systems?
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El
!
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| ,
50 100 50 100
E/A [Mev]

[Lenske H., Wolter H.H., Bohlen H.G., PRL62 (1989).]
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Role of competing mechanisms: transfer channels

Post /prior representation and non-orthogonality

@ Preliminary tests = DWBA calculations (FRESCO code)
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Role of competing mechanisms: transfer channels

Post /prior representation and non-orthogonality

@ Preliminary tests = DWBA calculations (FRESCO code)
@ Structure ingredients: overlap functions
<116 Cd|115 Cd), <116 Cd|117ln>, <20Ne|21 Ne), .
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Role of competing mechanisms: transfer channels

Post /prior representation and non-orthogonality

@ Preliminary tests = DWBA calculations (FRESCO code)
@ Structure ingredients: overlap functions
<116 Cd|115 Cd), <116 Cd|117ln>, <20Ne|21 Ne), .

@ Overlaps ~ product of single particle wave functions and spectroscopic amplitudes
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Role of competing mechanisms: transfer channels

Post /prior representation and non-orthogonality

@ Preliminary tests = DWBA calculations (FRESCO code)
@ Structure ingredients: overlap functions
<116 Cd|115 Cd), <116 Cd|117ln>, <20Ne|21 Ne), .

@ Overlaps ~ product of single particle wave functions and spectroscopic amplitudes
o Shell Model (SM) with zbm and glekpn interactions (NuShellX code)

[in coll. with Ferreira J., Lubian J.]
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Role of competing mechanisms: transfer channels

Post /prior representation and non-orthogonality

@ Preliminary tests = DWBA calculations (FRESCO code)
@ Structure ingredients: overlap functions
<116 Cd|115 Cd), <116 Cd|117ln>, <20Ne|21 Ne), .

@ Overlaps ~ product of single particle wave functions and spectroscopic amplitudes
o Shell Model (SM) with zbm and glekpn interactions (NuShellX code)

[in coll. with Ferreira J., Lubian J.]

@ Lack of consistency = overlap within
the same structure calculations of

CEX (in future!)
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Role of competing mechanisms: transfer channels

Post /prior representation and non-orthogonality

@ Preliminary tests = DWBA calculations (FRESCO code)
@ Structure ingredients: overlap functions
<116 Cd|115 Cd), <116 Cd|117ln>, <20Ne|21 Ne), .

@ Overlaps ~ product of single particle wave functions and spectroscopic amplitudes
o Shell Model (SM) with zbm and glekpn interactions (NuShellX code)

[in coll. with Ferreira J., Lubian J.]

@ Lack of consistency = overlap within
the same structure calculations of

CEX (in future!)
@ Check dependence on SM model space
of valence orbits
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Role of competing mechanisms: transfer channels

Post /prior representation and non-orthogonality

@ Preliminary tests = DWBA calculations (FRESCO code)
@ Structure ingredients: overlap functions
<116 Cd|115 cd), <116 Cd|117/n>, <20Ne|21 Ne), ...
@ Overlaps = product of single particle wave functions and spectroscopic amplitudes
o Shell Model (SM) with zbm and glekpn interactions (NuShellX code)

[in coll. with Ferreira J., Lubian J.]

ll()Cd (20NC, ZOF (2+)) llﬁlno‘128 (5+)

o
L S S B @ Lack of consistency = overlap within
‘— Post - post (with NO) .
= rioc o) the same structure calculations of
or - o
— = Post- post (woNO) |3

— - Prior - post (wlo NO) CEX (in future!)

\\\\\\\\\ Prior - prior (/o NO)

@ Check dependence on SM model space
of valence orbits

do /dQ [mb / sr]

@ Post-post, prior-post, prior-prior
equivalence only when including

non-orthogonality (NO) terms

el e
1075
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Role of competing mechanisms: transfer channels

pectives and outlooks: towards DCEX

"°ca (*Ne, *0) ""’sn
R

7 @ Two-step process:

1 @ One state only (118Ing )
= 0.3 nb (exp. 50 nb)

@ Several intermediate states

@ Contribution of continuum

S R A R R
e w024 i6 is 20 22 20 % %
Ll
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Role of competing mechanisms: transfer channels

pectives and outlooks: towards DCEX

"°ca (*Ne, *0) ""’sn
R

7 @ Two-step process:

1 @ One state only (118Ing )
= 0.3 nb (exp. 50 nb)

@ Several intermediate states

@ Contribution of continuum

S R A R R
e w024 i6 is 20 22 20 % %
Ll

@ 3™ order processes:
@ Accurate evaluation of NO

= work in progress
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Role of competing mechanisms: transfer channels

pectives and outlooks: towards DCEX

"°ca (*Ne, *0) ""’sn
R

i @ Two-step process:

@ One state only (116Ing )
= 0.3 nb (exp. 50 nb)

@ Several intermediate states

@ Contribution of continuum

S R A R R
e w024 i6 is 20 22 20 % %
Ll

@ 3™ order processes:
@ Accurate evaluation of NO
= work in progress
@ 4" order processes:
e o - -
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Role of competing mechanisms: transfer channels

Perspectives and outlooks: towards DCEX

"°ca (*Ne, *0) ""’sn
R

— DCE through one state (1)~ "1n1)]

i @ Two-step process:

@ One state only (116Ing )
= 0.3 nb (exp. 50 nb)

@ Several intermediate states

@ Contribution of continuum

S R A R R
e w024 i6 is 20 22 20 % %
Ll

@ 3™ order processes:
@ Accurate evaluation of NO
= work in progress

@ 4" order processes:

@ No implementation yet of NO
o Exp. c.s. reproduced for 2n/2p
transfer (sim + seq)

= Good performances of FRESCO

Understanding isovector channel through charge-exchange




Role of competing mechanisms: transfer channels

Double Charge Exchange (DCE) as a 2-step process:
analogies with 2v double beta decay » s

sa+z A —.pabtgzo B

MO Up.ka) = (G 0B TynGH (@) TynlaA ). . A

N .
2 nuclear interaction

G(e) = 32 G )0l ——> Cermediaesates
~=c.C'

= ME e = 3 I ;wéii?(ka Gy ) MESD (k)
~

DY
Smgle CEX Single CEX

%W energy
0" , L 17

Goy(Wy.wa) =

LN 0y Wa — Wy + 17
40 K Within standard model
S
= M) (DGT) 2v double beta decay g .
) Xe oy,
_y (O Zporme X151 o orre |05 ) [“”<
" /2045 (050) + E.(13) — Ey o
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Role of competing mechanisms: transfer channels

DCE Transition matrix element

- i‘f((.gCE)(ka-ka) = (\Ef_)J’BH}vNQH)( )TwnlaA ).

> Single state dominance (ex: 0* %1 %0

small momentum transfer ~F(q)
/v
d’o E.Es kg o 2 A (SOE) 2] 5 (SCE) 2
T = @rheyt kel KT (@) PIK T @) fap

Product of beta decay strengths
associated with the two steps

» Closure approximation (one-step process)

M (kg ko) = Y (=) 5SS (as) M550y 5 () Vs, (K5, Ka).
SM.5, S,
~ FZ(r)
= 1‘1((£,i)52)5,\,(Qu3) = (ks. fle"52 " Ss,5,)snr (1, 2) T (2)7 (1) [ Kad).
’ Two:body transition operator,
. Pl tsr(@3)ts(6a) similar to DGT

Vasi(kg ko) = | g~ —p—=——
2m)3 w(ka) — w(ky) +in
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Role of competing mechanisms: transfer channels

The Schrédinger Equation

Set of Coupled Equations:

(611 — Elgi)wi(R) + ) {&jIH — Elgi)vi(R) =0
i#£j

v

Distorted Wave:

(¢j|H — Eloj)x;(Rj) =0

Aibos ot

($1K — Elgj)e ™ Ri(R) = 0
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Role of competing mechanisms: transfer channels

Distorted Wave Born Approximation

1. i—=j—k:

(dilH — Eloi)xi(Ri) =
(9j|H — Eloj)vj(R;) = —(&|H — E|di)xi(Ri)
(PkIH — Eldw)bi(Ri) =

—(ok|H — Eloi)xi(Ri) — (px|H — El¢;)¥;(R;)

2. Ty amplitudes:

0

7D = 6 plH — Elgi™)

T = (il — Elgut™)
T = el M — Elg) 67 (g1 — Elgi) )

v
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Role of competing mechanisms: transfer channels

The Hamiltonian

H =K + Veore—core + VA(n1) + Va(r2)
=K + Uap(Ri)+
+Veore—core(Rec) — Uan(Ri) + Vig(ng) + Vas(r2B)
— H(R) + V

H =K+ Veore—core + V1(r1) + V2(r2)

=K+ Usg(Ri)+
+Veore—core(Rec) — Ua(Rx) + Via(ria) + Vaa(ra)
— H(R{) + V
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Role of competing mechanisms: transfer channels

Prior vs. Post

Evaluating the previous brakets:

(9j|H — Elpj) = H; — Ej ;

= (9j|Vil#i) + (&j]0i) [Hi — Ei] = (9j1Vjl¢i) +[H; — Ejl(¢;l9i)
= V™" 4 K[ H; — E] = Vi + [H - EK;
[H,' — E;]X(Ri) =0 KJ'i = <¢J’¢I>
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Role of competing mechanisms: transfer channels

I' Prior/Post and NO
T = O oulH — Eloi?)

v
prior

T = GOVEer 4 K [H: — Bl

T;E,-l) = <XE(_)\ VISt + [Hk — Ek]Kki|X,('+)>
1 — 0S
T = Ve

Il' Prior and post give the same in 1% order if converged
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Role of competing mechanisms: transfer channels

I' Prior/Post and NO
T’ = O @ulM — Ele) G (¢317 — Eloi) ™)

T(2) _ () VPrior L e TH-— ENG:(VP + K. [H: — E: (H)y _
ki <Xk |( ki + kJ[ j J]) J( i + Jl[ i I])|Xi >

= (O IVE GVE™ 13D + (D K H; — E16VE™ 1x{D)

T2 = A |(VP 1 [He— Bl Kig) Gi(VP™ + Kji[Hi— ED)x ) =
ko= IV +Hk= Bl Kig) Gi(Vi;™ + KiilHi— Ei])Ix; )

= OIVEE G VEP N D(R)) +0

I Prior-post has zero NO term
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Role of competing mechanisms: transfer channels

T’ = O @l — Ele)) G (g1 — Eloi) ™)

’

T = (x ("|(v"°“+[Hk—Ek]Kk,) GI(VE™ +[H;— E1K;) X\ ) =

—< . )lvp°sf@\47°5f\x, (R)) + <k>|v:;-°“G[H E]K,,|x<+’>

TS = ONVE + KiglH — ED G(VE™ +[H— ElKi) I ) =
<XS< )lvpnor ijlzost|x(+)( )+ <Xk )|KkJ[H _ E]G:lvjlnost| f )
< Xk )|V;fjrlor@[HJ - Ej]Kji|Xi+)>

+07 | KGIH; — E1GIH; — EKilx ™)
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Role of competing mechanisms: transfer channels

!' Post-post and prior-prior in a full bases

T = (ol — Elg) 6 (i — Elodld™) |

In the limite — 0
G eil(H — E) = 6P gV — (9]

Tli\ilo,post—Post _ _<X$<_)¢k| \/P05t|¢j> <¢J-|¢,-XI(.+)> J

£ {0l = 1

NO,post—post (1,post)
Tki - Tki

And same for prior-prior

Understanding isovector channel through charge-exchange
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