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e Atomic exchange correction in 8 decay
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Double-beta decay

Two-neutrino DBD is the rarest

2vB™ B (A, Z) > (A, Z+2) +2e +2V,
observed decay with 727 > 108 yr.
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F. Simkovic, O. Nitescu and J. D. Vergados, Double-beta decay, Book Chapter (2026)

There is an increasing interest in the process due  0vB B~ : (A, Z) = (A, Z+2) +2¢~
to the possible observation of Ov3~ 3~ decay.

Ve = Ve Majorana particle

GERDA, CUPID-0, CUPID-Mo, NEMO, CUORE, EXO-200 , KamLAND-ZEN
nEXO, LEGEND-200(x5), CUPID, SuperNEMO, CROSS, AMoRE, SNO+, PandaX
COBRA, CROSS, ACCESS, MONUMENT, BINGO, .
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Finding the needle in the haystack (2vB8 vs 0v3B)

F. §imkovic, O. Nitescu and J. D. Vergados, Double-beta decay, Book Chapter (2026)
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Finding the needle in the haystack (2vB8 vs 0v3B)

Natural Abundance %

F. Simkovic, O. Nitescu and J. D. Vergados, Double-beta decay, Book Chapter (2026)
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Why precise predictions for DBD?

The theoretical predictions are required in:

@ neutrino mass scale determination from Ovfg
decay and from (ultra-)low Q value 8 and EC
transitions (KATRIN, Project-8, ECHo,
HOLMES, PTOLEMY, NuMECS)

@ dark matter searches as they are unavoidable
background sources in liquid xenon experiments
(XENON, LUX-ZEPLIN, PandaX, XMASS,
DarkSide)

@ constraining BSM parameters from the shape
of B and BB spectra (most DBD experiments)
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DHFS self-consistent method

The relativistic wave function of the bound electron

2w (1) Qo (P
l//n,x(r)=Z($‘() ’ (r)),

e NS i (1) Qe m (F)

where the large- and small-component radial functions obey the radial
Dirac equation

(d k+1

d_+ )gllk‘_(EnK =V(r)+me)fue =0,
’

d k—1\ .

(d_ - _) fm( + (Enk - V(r) - me)gm« =0.
r r
Bound states (E, < m,): discrete energy levels (n, «, tux, Enx = me — |tnel),

Wnilw i) = Onn Ok and

V(r) = VDHFS(r) = Vnuc(r) + Ve (r) + Vex(r)

The nuclear potential is obtained from a Fermi distribution for the proton density

Po Pp () jave
pp(r) = e V() =-a |rp_ g dr’. GOTY

0
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DHFS self-consistent method

The electronic potential is

U
St

Ve (r) = a

The local exchange potential with the correct the asymptotic behavior is

Slater 3 3\1/3
vez‘ (‘)— gﬂ/(i)
Vex() ) -

[p(r)] 18 r < ILatter,

(Z-N+1)
*% = Vaue(r) = Ve (r) 7 2 Tlatter-

@ start from an approximate electron density
(Moliére parametrization of the Thomas-Fermi potential)

@ solve the Dirac equation

@ update the electron density from the obtained wave functions

P = 3 b (P Y (1)

@ repeat and stop when the atomic binding energy is not changing oy
(e tolerance) b
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Self-consistent potentials

VEH(Z,r)= Voue(r) + VI (Z,r) + VS (Z, 1), BB,
~V2A(Z,r)= Vaue(r) + 2Va(Z, 1) = V3T (Z, 1), (B*B*),
—VI(Z,7)= Vaue (1) +2Va(Z,7) = VT (Z,7), (BTEC),
V((Z+2,r)=Vouc(r) + Ve (Z+2,7) + Ve (Z+2,7), (ECECQC).
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Bound states for neutrino-emitting modes

A%

150

O. Nitescu, S. Ghinescu, S. Stoica and F. Simkovic, Universe 10 (2), 98, (2024)
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Total biding energy and atomic relaxation energy

o = Z[m— pi+(B-Dm]+ Zvnuc(rn Z
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Atomic exchange correction in 8~ decay

77T(Ee) = fs(QTs +T52) +(1 _fs)(ZTp +TI§) = US(EK) + 175 (Ee)
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Exchange correction calculation: current status

The overlap between final continuum and initial bound states,

(W) = /0 P2 (g (Eer )8l o () + i Eerr) £ (r)] dr

@ good knowledge of the continuum w.f. over large distances
@ integration method

@ orthogonal continuum and bound w.f. for the same atomic system
Phys. Rev. A 45, 6282 (1992)
<L//I-j(,/<|d/n/<> =0

Standard calculations (true DHFS)  Our calculations (modified DHFS)

[Wnk): Viuc(r) + Ve (7) + Vex(r) [nk) and |¢’Ees>:
[WE.s): Vaue(r) + Va(r) Voue () + Vo (r) + Volater ()
Phys. Rev. A 90, 012501 (2014) O. Nitescu, S. Stoica and F. Simkovic Phys. Rev. C 107, 025501 (2023)

Rev. Mod. Phys. 90, 015008 (2018)

Phys. Rev. C 102, 065501 (2020)

Phys. Rev. D 102, 072004 (2020) O
Appl. Radiat. Isot. 185, 110237 (2022) CIFINGH )
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The B-decay of 4°Ca — #5Sct+e™ + v,

’
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our result: Phys. Rev. C 107, 025501 (2023) Rev. Mod. Phys. 90, 015008 (2018)
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Experiment vs Theory

63Ni — 93Cut+e™ + 7, 0 = 66.945 keV

our result: Phys. Rev. C 107, 025501 (2023) Phys. Rev. A 90, 012501 (2014)
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Experiment vs Theory
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Experiment vs Theory*

210pp — 210" 4o~ +¥, Q= 16.96 keV
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2vBB decay rate via Taylor expansion

We get a more accurate expression of the 2vB8 decay rate

-1 4
|72 (a1, 60| =63 (a) M2y

G¥ 1 ,GZ (1 G2
X1+ &g)—2— + 2 &2 =22 4 |22 + &51 | —= ),
{ &31 Gz 3 &31 Gz 3 &31+ &51 G2

by performing in the matrix elements the following Taylor expansion

E, - (E; - Ef)/2
[En - (Ei-Ep)/2]” - €2,
1
E, - (E; - Ef)/2

X{1+( K.L )2+( K.L )/1+...}
En~(Ei - Ef)/2] " \En - (Ei - Ef)/2

F.Simkovic, R. Dvornicky, D. Stefanik, and A. Faessler, Phys. Rev. C 97, 034315 (2018)

M,If”éT =me Z Mp GT(n)
n

=me Z MF gr(n)

O. Nitescu, S. Stoica, R. Dvornicky and F.Simkovic, Univers 7 (5), 147 (2021)
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2vBB decay rate via Taylor expansion
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Adding exchange and radiative corrections to 2vBf3 decay

O. Nitescu and F. Simkovic Phys. Rev. C 111, 035501 (2025)

G2V_me(G,Bm3)4 1 /E-"Ef‘m«dE /E-‘-Ef-Equ
N 877In2  mll Jn, “ ¢

2
Me

XPey Eey [1 + 77T(Ee1 )]R(Em LEi —Ef — Me) Pey Ee, [1 + UT(Eez )]
XR<Ee2s E; - Ef - me)Fss(Eel )Fss(Eeg)jN
with ~§ = {0,2,22,4}.

a
2n

R(Ee, EM™) =1+ —g(E., EM™)

: 4 2
g(E., E]®) = 3In(m,) - 3. —Lig (i)

4 B 1+
tanh™? B 2 (E(:'nax - E(,)2 .
+T l2(1+/3 )+T —4tanh™ B
tanh™! EM™ -E, 3
Y R R - 24 m[2(EM - E,)]
B 3E, 2
(\i'rrlu'ur{c‘)
where g = p./E.. 50
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Radiative corrections to 2v33 decay
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Exchange correction for 8 and 883 decay

O. Nitescu and F. Simkovic Phys. Rev. C 111, 035501 (2025)

— n7(E,) for 3 decay
..... 0T (E,) for 8 decay
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O. Nitescu and F. Simkovic Phys. Rev. C 111, 035501 (2025)
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Summed electron distributions*

O. Nitescu and F. Simkovic Phys. Rev. C 111, 035501 (2025)
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Angular correlations in DBD

The differential DBD rate for a 0 — 0% nuclear transition with respect to the
angle 0 < 6 <  between the emitted electrons can be written as,

ar
d(cos0)

r A
—(1+Kcos0), where K=-—.
2 r

O. Nitescu, S. Ghinescu and F. Simkovic, Universe 10 (12), 442, (2024)

For 2vBpB decay we have,

2 2 2y L 142 o2 142 2
r= _(geff)4|M2v |2ln(2) G3¥ + £31G5” + 5 €3, G35 + (5 &5y + €51) GT”

=(8a GT ;
HEY + &1 HEY + § &5, H3Y + (565, + &51) HYY

e e

GI2Vv me (G |Vial m2)* 1 Ei-Ef-me Ei-Ef-Ee¢, Fys(Egy)Fys (Eoy)
o (T 8aTIn(2)  mll Pei Ee, PesEey In dE,,dE,,.
Hy me” Jm m Eys(Ee,)Eqs (Ee)

For OvBpB decay we have,

T (G |Vual)*m? o mppl” [ EEr-me Fys(Eey ) Fos(Eey)
o :W (ga)* MO | 2| / Dos By poy oy |18 e Fus(Be) L
Al 7 m2 S, Ess (Ee,)Esy (Eey)
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Electron phase shifts

8«(Ee, 1) exp(—iA) ,[bgz_me sin(per — €5 + n1n(2per) +A)
N o Wik 74
fu(Ee,r)] 77 Pel” ,}% cos(per — €% +nIn(2per) +Ay)

Ax = Ay + O
0. Nltescu, S. Ghinescu and F. Simkovic, Universe 10 (12), 442, {2024)
i . i 4

15 . '. .
‘ 2 : 3
1.0} ~ - d
05 3 L
ST =
~0.5! B " .
I 3 e ",
-1.0} L
-15
107 1071 0.001  0.010  0.100 1 12 14
E, —m, [MeV] [11)‘ fm]
0 2 3
T T
L9 L
z z
= 2 [\ /
= 0 |
T 920 T
e = 50
-40
100 0 50 100 150 200 250 300
7 [10° fm] 7 [10° fm]

Ovidiu Nitescu ovidiu.nitescu@nipne.ro July 9, 2026, INT-26-2a 27 /36


https://doi.org/10.3390/universe10120442

G-1(Ee. R)

30p —— real part
imaginary part
20r modulus
10F
VAN —
—10r 180
10 1000001 0010  0.100 1
E, —m, [MeV]
6F
af
of
0
_of
_af
107 107 0001  0.010  0.100 1

Ovidiu Nitescu

E.—m, [MeV

(E..R)

Js1

1.0

0.5

0.0

-0.5.

107

1074

0.001 0.010
E. —m, [MeV]

0.100 1

107

0.001 0010
E. —m, [MeV]

0.100 1

9, 2026, INT-26-2a




Angular distributions for 2vB3 decay

20
_1s 2 3 2 15F
Fys(Ee) = 18-1(Ee. R)|* +|f1(Ee, R)|
Egs(E.) =2Re{g_1(E.,R)f; (Ec,R)} 10
=21g-1(Ee. R)||f1(Ee. R)|. )
Bl
2 A2V
k2V(E.,,E.,) = _M oF ]
1> mez 212
d?T27[(dE,, dEe,) Y
1073 1072 1071 107
E, —m, [MeV]
O. Nitescu, S. Ghinescu and F. Simkovic, Universe 10 (12), 442, (2024)
10"} 10°)
10! 107!
%I(I %II\
D i
h 10 .".: h 0 \\S‘\
E‘ :‘/{"/ &
107! | 1074 k‘\ ~
1077 1077 07 f0-T 10" 10°7 10 1077 1077 107 (
E,, —m, [MeV]

Ovidiu Nitescu

ovidiu.nitescu@nipne.ro

E,, —m, [MeV]

July 9, 2026, INT-26-2a

29 /36


https://doi.org/10.3390/universe10120442

Angular correlation factors for 2vB3 decay
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Phase shifts in 0v8 decay within LRSM
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Atomic exchange correction for 0vBB decay within LRSM
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Angular distributions for Ov8 decay within LRSM
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Deviations in the decay rates for Ov3f3 decay
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Angular correlation factors for OvBB decay

0.00f : i : ; i 0.00 o ' Schem(-;A
—e— Scheme D
-0.20 -0.20
= -0.40 £-0.40
A S Y
SE SE
S B
-0.60 -0.60
-0.80 ¢ -0.80
0.45 0.45
38030 250,30
S S
<1 0.15 < 0.15
0.00 0.00
4 80 120 160 200 240 0.0 08 1.6 24 32 4.0
A Q [MeV]
o

Ovidiu Nitescu

ovidiu.nitescu@nipne.ro

July 9, 2026, INT-26-2a 35/36



Conclusions and Outlook

Interaction of charged leptons with atomic systems:

@ precise model based on self-consistent DHFS method for emitted /captured
charged leptons; atomic relaxation energies for EC/ECEC processes;

Exchange correction for 8~ decay:

@ the orthogonality condition, i.e. (z!/,;L,KM,,K) = (), is the most important
ingredient in the atomic exchange correction; our model is in agreement
with the experimental 8 decay spectra;

Phase shifts in the angular distributions for DBD:

@ electrons are most likely emitted in the same direction when one of them is
below 2 keV;

Phase shifts in the angular correlation factors for DBD:

@ large deviations in K for both 2vBS decay and 0vB3 decay; smooth trend in
K vs Q with electron phase shifts; NMEs constrains from a K fit. .
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