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The “Darmstadt oscillations” - Experimental data
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The “Darmstadt oscillations” - Experimental data

Periodic EC—decay rates - the “Darmstadt oscillations”
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The “Darmstadt oscillations” - Experimental data

Properties of nuclei and H-like ions in EC—decays

@ Nuclei 19pPr>9+ and 142Pm®1+ are the states with JP = 1+
@ Nuclei 140Ce®®+ and 14O0Nd®%+ are the states with JP = 0+
@ H-like ions 140Pr8+ and 142pré0+: hyperfine states (1s)-_1
-2
and (1s)F:%

@ Energy level difference: AE = E

@ Lifetime of (1s)._s state: 7(1s) , ~ 10—?s
2 =2

@ Selection rule: AJP = 11 - Gamow-Teller transition
(Konopinski, 1966)
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Weak decays rates, measured at GSI (Experiment)

Decay rates of H-like 4°Pr>8+ and He-like °pPr>"+
ions: GSI, PRL 99, 262501 (2007))

uopss+ _, 1oced+ 1y A = 0.00219(6)s7,
LOpyS8 _, 1M0CeSTH et 1, — ALY = 0.00161(10)s7Y,
WOpSTH MO0y - ALY =0.00147(7)s7?
LOpySTH _, 1400e%0+ et 11 — ALY = 0.00154(11)s7?

RU/M. =136(9) RN =0.96(8) RE/I =1.49(8)

T= % : Té'é) =457s, Té'j) =621s, Té'ée) =680s, nge) = 650s
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Weak decays rates, measured at GSI (Experiment)

First—forbidden continuum and bound state 5~ decay
rates of bare 2°7TI81* and 29°Hg®* ions

207T|81+ N 207Pb82+ +e” + 7 ’ 207T|81+ N 207Pb81+ + Ue
205Hg80-‘r N 205T|81-‘r LTe 4+ l“/'e , 205Hg80+ N 205T|80+ + 1767

Experimental data: (GSI, PRL 95, 052501 (2004)

exp
b/c

= 0.188(18)

2077181+

Experimental data: (GSlI, to be published)

exp
b/c

= 0.20(2)

2051480+
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Weak decays rates, measured at GSI (Experiment)

Properties of bare and H-like ions in 5~ decays of
bare 207T|81—|— and 205H980+

@ Nuclei 2°7Pb®2*+ and 205Hg8+ are the states with JP = 3~
+

@ Nuclei 2°7TI®* and 295TI8* are the states with JP = 1

@ Hyperfine states of H-like 2°7Pb81* and 295TI8%* jons :
(ns),::o and (ns),: 1: AEns = E(ns),: o E(ns),: -

@ Shabaev (1994): AEIN = —3.275eV(AELY = —3.244eV)

2n+7) + V(0 +7)? —1(2+7)
(B+29)[(n+7)2 —v(2+ 7))

@ Selection rule: AJP = 0~ - first—forbidden S—decays
(Konopinski, 1966)

AErtlr; = AEgs
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Weak decay rates, measured at GSI (Theory)

Theoretical analysis of weak decays of 4°Pr>8+ and
140pr57+ jons (PRC 78, 025503 (2008))

Hw (X) = i;; ud [¥n ()7 (1 = 9a7°) ¥p ()] [Wwe (X) (L = 7°)te (x)]
with a neutrino as a massless elementary Dirac particle
R il
g = 2F2—|— 1 M::;'Z f(QF:,Z —1)
e i T e T
s = 3 Mol z 1
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Weak decay rates, measured at GSI (Theory)

Theoretical analysis of weak decays of 4°Pr>8+ and
140pr57+ jons (PRC 78, 025503 (2008))

Mer = ~294GrVao [ 43U (Vi) = ~284GrVao | 4 pus(r)

@y _ JEX D) pws (1)
e Jd3x pws(r)
Q5+—me
f(Qg+,2) = / (Q+ —me—E;)?\/E2 —m2F(Z,E;)E dE,
Me
F(Z.E0) = (1437) r23+27) - (2o D, )|
Py = E.% —m3
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Weak decay rates, measured at GSI (Theory)

Theoretical analysis of weak decays of 4°Pr>8+ and
140pr57+ jons (PRC 78, 025503 (2008))

Rt _ 31°QRI i)
EC/pt (Qm z-1)
22 Qe (Vs i) P
f(Qp+,Z —1)
2041 WP Q3
C2F+1 |<¢(Z 1)¢(1s)2>|2 Qfe

(He).th
Rec/s+ =

(H/He)th
Rec JEC
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= 1.40(4)

= 0.94(3)

= 1.50(4)

1 exp

1.36(9)

1 exp

0.96(8)

1 exp

1.49(8)
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Weak decay rates, measured at GSI (Theory)

Theoretical analysis of 5~ decay rates of bare 207T|81+

and 2%°Hg®°* ions: 0810.2167 [nucl-th]

Q 1
ﬂfoCZZ\ Z+1 ‘2 ns )\ﬁc (Qﬁf,Z—i-l)

(Z+1)
)2

- 2772Q%s| <wns

=0.190 [0.188(18)]>®

Rb/c =

h
RE)/c

207781+

h
Rkt)/c

=0.161 [0.20(2)]%*

205 H980+
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Weak decay rates, measured at GSI (Theory)

Massive neutrinos and weak decays of *°Pr>8+ and

Weak interaction Hamilton density operator

Fow (x) = 3; Vaa [Tn(x)7(1 — 9a7%) tp(X)]
X > Ug [y (X)7u(1 = 7°)e(x)]
j=1,2,3

Ueq1 = COS 01, cOS 013 , Ueo = sin 01, cOs 013 , Uez = sin 013

Solar neutrino data : 65,0 ~34% 2P ~0
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Weak decay rates, measured at GSI (Theory)

EC—decay rates of 1*°Pr°8+ and 4°Pm®* jons and
energy spectrum of neutrino mass—eigenstates

(H) _ 200 (m;) =2 1 3 20,,(2)y12 Q8
(k) Mm_M‘%m’Z CER)-EE =M
J1\N ) — 2Mm “;“\‘ “”\‘ S J\N ) = 2M,
(M1)in = 0.22+2.29x10 %eV| | H Jp (AM3,)exp = 0.80x10~%eV?

(M2)m = 0.224+4.11x10 %eV| | \ \  (AME,)exp = 2.40x10 3 eV?

(M3)n = 0.22+5.80x10 eV IR/ (AMZ; )exp = 2.48x10 3 eV?

“Darmstadt oscillations” in physics of massive neutrinos

A. lvanov et al. Trento 2008



Time—dependent EC—decay rates (Theory)

Time—dependent EC—decay rates

Weak interaction Hamilton operator
G — S
(1) = =Va [ (0.7 )2#(1 — g0l
X Z Ugj [Q;l/j (t, F)'Yu(l - 75)%7 (t,r)]

j
Amplitudes of EC-decays

t . .
Ain — out)(t) = —i / d7 (0ut|Hhy (0)[in) &' Eou—En-ie)r

A(M —d +re)(t) = > UgA(m — d + 1)(t)
j
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Time—dependent EC—decay rates (Theory)

Analogy with quantum beats of atomic transitions
(W. W. Chow et al., PRA11, 1380 (1975))

-
1\

d+V1
l / d+ 1y
Y d+ v,
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Time—dependent EC—decay rates (Theory)

Quantum beat criterion for time—dependence

2
SEq ~ Lh > 4.14 x 1075 ev \ dim
Td - ¥ d+ vy
Td S 1s
SEq > Ep(Ky) — Ex(Ky) = —
2 2
ms —ms 2nmvh ~15
_ —0.85 x 10~ 5 ev
2Mm Tec )

v = 1.43 TEC =7s
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Time—dependent EC—decay rates (Theory)

Amplitude of the decay m — d + 1; channel

d3k 12 22 ik iE (K .
- 213/2 — 1 82(K—K; ik -r—iEj(k)t
1/}l,j(r,t) = (27‘1’5 ) / /(ZW)Se 3 ( i) e J( ) uuj(k70-yj)

Am = d + 1)(t) / dr (d(G)(K)HO () /m(G)) e =

= V3 [2Mu2Eg ()EY(@) Mer (42)(272)72
| (AE(G) i)t
AE@) 1e Mo
AEj(q) =Ej(d) +Ea(d) — Mm

X e_%52(ﬁ + IZ])Z e
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Time—dependent EC—decay rates (Theory)

Rate of neutrino spectrum of EC—decay

dN,,(t)
dt
1 d3q 1 d ,
- 2Mn, / (2r)?2Ea(d) 2F +1 gt Am — d +ve)(V)]° =
F==32

_ NG | aNnB)
S dt dt
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Time—dependent EC—decay rates (Theory)

Rate of neutrino spectrum of EC—decay

1/6—expansion and rate of neutrino spectrum of EC-decay
N o [ 20, o=@+ g 24
= W Fi(—k)
dNéft)(t) oYK - )2 / (2:;3 o —02(G + 7425-)2 Fi(d) 22
1 o (K K)? (4#512)3/2 Fi ( -k ;EJ)
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Time—dependent EC—decay rates (Theory)

Rate of neutrino spectrum of EC—decay. Diagonal
term

(1)

NV 2 ~

dNs. o<§:|ue,|2 s =0
( Ej(kj))? + €2

=% \ue,\zE,(k)zwa(E,a?j) +Ea(K) —Mm)| =

j mj:O
=E,(K)270(E,(K) +Eq(K) — Mp)
EC—decay rate. Diagonal term

N 1/ d3k 1 dNP) o
EC " 2Mpy J (27)32E, (70)3/2  dt  Im=o0 EC
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Time—dependent EC—decay rates (Theory)

Rate of neutrino spectrum of EC—decay. Interference
term

dN£§ 2 = =
x 3 UgUge ~3 00 R g (k)

i>]

2 28 ] cos [ (B(KE) & (60))1]
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Time—dependent EC—decay rates (Theory)

Frequencies of interference term of EC—decay

E1 < Eq(Ko1) < Ea(ko1) < Ez El(Ez(;__)) <Ei1<Ex< Ez(Ez(Ir))

1]
1=

[Fa| > [Fa| | | L
h | OF [ka| < [k

Ry
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Time—dependent EC—decay rates (Theory)

Probability density p(k, k1)

Probability density

p(Ka, K1) = O(|Ka| — [K]) o' (K2, K1) + O(|Ka| — [Ka|) p" (K2, K1),

Massless limit of probability density

lim OP(Ez, K1) = 24/ E, (K1)E, (K2)(27)300) (k; — K1)

Mg, My —
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Time—dependent EC—decay rates (Theory)

Definition of interference term

Definition of interference term

B 1 dNP@r) - - d3k, d3k,
(t)_/ (mo2p32 . ” (k2. ko) (27)32E4 (k1) (27)32E,(K>)

Result of calculation of interference term

2 2 / 2 "
AL = AL M)+
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Time—dependent EC—decay rates (Theory)

Low—frequency contribution to interference term

) 3 3
/\(Ezé(t)OC/ d°k; _ d-k, _
(2m)32E1 (k1) (27)32E,(k2)

< (o] — [Kal) ! (e, ) e ~2 0702 =K e (L) (D)

N [ 2¢ . 2¢ ]
(AEp (kSN2 422 (AEL(K))? + £2
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Time—dependent EC—decay rates (Theory)

High—frequency contribution to interference term

v . d3k1 d3k2
Lo~ | (zﬂ)?’zEl(k*)(zw)?’ZEz(‘?z)

< 0Ky — [Kal) ! (Ra. Ky) &~ (K2 — Ko’ \/E CCONE(KL)
2¢e
X[ e 2 +) 2]
(BER(RS))? +22 (AEs(K{))2 +e

2 2
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Time—dependent EC—decay rates (Theory)

1/6 expansions of contributions to interference term

ko — Ky

Eo(kp) ~ E(ky) > ||Z£I)| = ‘

2 5
— — IZ(_) * IZZ — 1
Ez(k(+)) — Ez(kz) - 217_, = Ez(kz) -0l =
2 Ex(k2) <5)
— — K(_) * Iz — 1
E (K — Ey(ky) + 222 ™ B (k) +O(=
1(6;7) = Exl) + st = Ea(k) 0 (3)
AE(K) = B, (K + Eq (K)) - Mo — AE(K,) — O X
2(21) 2(21)+ (21) m 2(2) 5
ﬁ ﬁ a . 1
AEy(KE) = Ex(kE) + Eg (k) — M — AE3(Ky) +O(5)
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Time—dependent EC—decay rates (Theory)

Low—frequency contribution to interference term

) 3 3
/\(Ezé(t)OC/ d<k, _ d-k, _
(2m)32E1 (k1) (27)32E,(k2)

x 0(|kz| — [K]) ' (K2, K1)/ E2(kz2)Ea(Ka)
o —30%(kp — k)2
x |27 6(E2(K2) + Ea(Kz2) — M) + 27 6(Ex (Ky) + Ea(K) — M)
X COS [(EZ(EZ) - El(lZl))t}

Am3,
2Mm

w1 = Ea(ky) — Ex(ki) =
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Time—dependent EC—decay rates (Theory)

High—frequency contribution to interference term

" d3k d3k
2@ (1) o / 1 2
O [ s

32E1(Ky) (27)32E5(k2)
x O(|ka| — |kz|) p" (K2, K1) \/ E2(Kk2)Ex1 (K1)
X e _%52“22 - IZ'1)2

x [277 S(E2(Ko) + Eq(K2) — M) + 27 8(Eq (K1) + Eq (K1) — Mm)}

m2 — m?2
o8 [(Ez(@; + Ef(lzl))t}
mi-mfi  Amj

Eo(k2) + Ea(ki)  2Qn

Qo1 = Ez(lzz) ~ El(lzl) ~ Qy
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Time—dependent EC—decay rates (Theory)

Time—dependent EC—decay rate

EC—decay rate in the rest frame of mother ion

Aec(t 5
Aec(t) =1+ agc cos(wpit) + 8gc €oS(L221t)

AEC
EC—decay rate in the laboratory frame

Aec(t)

=14 agc cos (E) + 8gc COS (ﬁ)
e EC T EC T

EC G
Periods of time-dependence

_ 21y AmyMmh T 2ry  AmyQuh

Tec = = G =
w21 Am%l le Amgl
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Time—dependent EC—decay rates (Theory)

Amplitudes of time—dependent EC—decay rate

Amplitudes of periodic time—dependence

2 3 3
<?EC> = sin 2012 / d7k _ d7kz _
Aec Qf J (27)32E4(ky) (27)32E2(Kz)

y <9(|l§2| - |‘§1|)P'(|iz7|21)> o — 1 02Ky —Ky)?
O([ka| — |ka]) p"(k2, k1)

x [277 S(E2(Ko) + Eq(K2) — Mm) + 27 6(Eq (Ky) + Eq (K1) — Mm)} -

B p sin 26,5
~ \(1-p)sin20;,

Ex(k2)E1(Ks)
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Time—dependent EC—decay rates (Theory)

Influence of off—shell properties of massive neutrinos

@ Due to non—conservation of 3—-momenta massive neutrinos
are off-shell. This means that on—shell relations
Ej(P) = (P2 + m?)!/2 between energies E;(p ) and
3-momentap = IZJ orp = IZ”(*) are only approximate.

@ For the correct calculation of the periodic dependence on
time one cannot use on-shell relations between energies
and momenta of massive neutrinos for the analysis of the
differences of neutrino energies and momenta due to their
sensitivity to off-shell and on—shell states. For example,
see A. Gal: 0809.1213 [nucl-th].
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Time—dependent EC—decay rates (Theory)

Experimental time—spectrum and KamLAND problem

Experimental time—spectrum of EC-decay rate

AT
AT =5x0.0645s=0.32s=— Ng = gl 1800
G

2
)\(EHC)(t) = )\(EHC){l + agc cos (—Wt) }
Tec
KamLAND problem
47yhMp
Tec =5
m3,

(Am3;)es = 2.22(3)x10*eV? > (Am2; )kamLanp = 0.80(5)x 104 eV?

=7s=— (Am3;)cs = 2.22(3) x 10~ *eV?
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Time—dependent EC—decay rates (Theory)

Solution of KamLAND problem

Assumption: Neutrinos get mass—corrections
Ey,(r) = \/IZJ2 + (m; 4 dm;(r))?, caused by a strong Coulomb
field of the daughterion:  vj — 37, U~ W™

{
Y4
poY; > P,
2 vj v, vj

A(m —d +y)(t) /d X W5 (r )W (r )Qp(z)( e ol (Ba+Ey (1) —Mnm)t

ol (Ea+Ev; (R)=Mn)t <¢(Z)> Mer
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Time—dependent EC—decay rates (Theory)

Solution of KamLAND problem

Neutrino mass—corrections in strong Coulomb field

oF

-100F

-200F /

-300—# /

10° am(r) [ev]

-400F

500

-600F

-700F

-800k:

10 20 30 40 50
r [fm]

Am — d + 1)(t) /d3x W (1) W ()2 (1) ! (B +Esy (=Mt

x e (Ed""EV R) Mm <w15 >MGT R = 5712 fm
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Time—dependent EC—decay rates (Theory)

Neutrino masses from the “Darmstadt oscillations”

dmi(R) = —7.37 x107%eV my(R) = —4.11 x 10~%eV
AyMm
TEC = 2 2
(m2 + 5m2(R)) — (ml + 5m1(R))
2m2(5m2(R) — 2m1(5m1(R) = (Am%l)eg — (Am%l)KamLAND

(M1)h = 0.22 +2.29 x 10~ % eV

(M) = 0.22 + 4.11 x 10~ % eV

(M3)ih=0.22+5.80 x 1073eV — Y~ (Mj)n ~0.67eV < LeV
j=1,2,3

(Am3,)exp = 0.80 x 10~* eV

(Am3,)exp = 2.40 x 103 eV
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Nuclear positron (3™) decays of H-like ions

Nuclear positron (51) decays of H-like heavy ions
140Pr58+ N 140C657++e++Ve 142Pm60+ N 142Nd59++e++ue
Neutrino and positron energy spectra are continuous
E,,—I—E_,_=Q5+—me

d
E1‘(Q5+,z—1) =E;/E2 —mZ(Qg+—me—E;)?F(Z—1,E,)

T @ Z=1)
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Time—dependent 3" —decay rates

Time—dependence of 5t—decay rates of H-like heavy
ilons (PRL 101, 182501 (2008))

Amplitudes of the 3*—decay of the H-like heavy ions
A(m —d+ et + Ve)(t)FMFaF’MF/(t) =

= Z UgA(m — d + e + 1)) (t)eme —rrm,, (1)
j

Am—d + et + I/j)(t)FMFﬁF/MF/(t) =

— i / dr ((d(@))em, e (B (K)HD (1) (M) )
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Time—dependent 3" —decay rates

Time—dependence of 5t—decay rates of H-like heavy
ions: (M)em. — (d)rFm., + €7 + 16

Rate of neutrino energy spectrum of the  3*—decay of the
H-like heavy ions

dNVe(t) 1 1 d
+1 a /MZ |A(m _> d+e++ye)(t)FMF—>F’MF/ ‘2

dt  2M, 2F

F7MF/

d3kgy  d3p,
(27)32Eq (27)32E.,

xF(Z —1,E,)
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Time—dependent 3" —decay rates

Time—dependence of 5t—decay rates of H-like heavy
ions: (M)em. — (d)rFm., + €7 + 16

Rate of neutrino energy spectrum of the  3+t—decay

dN, (1) 1 | Mol

_ 213/2
dt E11 a2z ()
Qg+—me
x dE. E, \/E2 - m2F(Z — 1,E
/me + =+ + e ( +)

x (27)6(Qg+ —Me —E, —E,)E,

x {1+ 2U5Uq cos | (/B2 +m? — | [EZ + m?)t] }

i>]
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Time—dependent 3" —decay rates

Time—dependence of 5t—decay rates of H-like heavy
ions: (M)em. — (d)rFm., + €7 + 16

The sT—decay rate of the H-like heavy ions

3
(H) /oy d°k 1 dN,(t) _\(H)
Az (t) = / (27m)32E, (n62)%/2 dt Apr (14 Ry (1))

Time-dependent part of the 3*t—decay rate for 6,3 =0

Qg+ —Me T E— F(z-1,E
R6+(t) X / dE+E+ E_%_ — mg (Q6+—me—E+)2 ":(E?IBJFT-;_))

Me

X COS [(\/(Q5+ —Mme —E4 )2+ m%—\/(Q5+ —me —E; )2+ m%)t}
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Time—dependent 3" —decay rates

Time—dependence of 5t—decay rates of H-like heavy
ions: (M)em. — (d)rFm., + €7 + 16

d / 2
Ef(Q5+,Z—1) == E_|_ E_%_ - mg (QI@+—me—E+) F(Z—l, E+)
/
/ \

Period of the time—dependence of the  3+—decay rate

27vh(Qg: — Me)

~8x10°s
(Am3,)cs

Tg ~
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Time—dependent 3" —decay rates

Time—dependence of 5t—decay rates of H-like heavy
ions

On the experimental time—spectrum of the  3T—decay rate

0.02

t[s]
0.05 0.1 0.15 0.2 0.25 03

AT 0.32 ' :
Nsypin = —— = ~ 4000 = A{) (t)exp = AGY

Ts+ T+
Bosch, report at EXA08, Kienle, report at PANIC08
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Summary

Summary. Conditions for existence of interference
term in EC—decay rates

@ Coherence of massive neutrinos v in the final state of the
EC—decay, caused by the entanglement of electron only
with the electron neutrino e, which is a coherent
superposition [ve) = >_; Ug|yj) of massive neutrinos vj,

@ Non-conservation of 3-momenta of massive neutrino
leading to the off-shell states of massive neutrinos,

@ Energy conservation, imposed by the Fermi Golden Rule,

@ Overlap of energy levels of massive neutrinos due to the
energy uncertainty 60Eq ~ 27h /74, caused by the
experimental time differential detection of the daughter
ions during an interim 7y

A. Ivanov et al. Trento 2008 “Darmstadt oscillations” in physics of massive neutrinos



Summary

Summary. Conditions for non—existence of
interference term in EC—decay rates:
0807.2750 [nucl-th]

@ Conservation of energy and 3—momenta for all EC—decay
channels m — d + ; with neutrino mass—eigenstates v

Cohen, Glashow, Ligeti, Disentangling Neutrino Oscillations,
arXiv: 0810.4602 [hep-ph]
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Summary

On the approaches by C. Giunti (PLB 665,92(2008)
and H. Kienert et al., arXiv: 0808.2389 [hep—ph]

Starting assumption

Analogy with quantum beats of atomic transitions: Two closely

spaced mass-eigenstates |[m’) and |m”) of the mother ion in the
coherent state

Im) = cos 6 |[m’) + sing|m”)

decay into one final state |d ve)

A. Ivanov et al. Trento 2008 “Darmstadt oscillations” in physics of massive neutrinos



Summary

On the approaches by C. Giunti (PLB 665,92(2008)
and H. Kienert et al., arXiv: 0808.2389 [hep—ph]

Expected consequence: 0811.0922 [nucl-th]

A (1) = Agc (L + 25in 20 c0S(AEmmit))  Tec ~ 1/AEmm
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Summary

On the approaches by C. Giunti (PLB 665,92(2008)
and H. Kienert et al., arXiv: 0808.2389 [hep—ph]

Unexpected consequence 1: 811.0922 [nucl-th]

ATV (1) = Ag+ (1425in20 cOS(AEmmit)  Tpi = Tec ~ 1/ AEmymy

@ In contradiction with the experimental data at GSI

Bosch, report at EXA08, Kienle, report at PANIC08
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Summary

On the approaches by C. Giunti (PLB 665, 92 (2008)
and H. Kienert et al., arXiv: 0808.2389 [hep—ph]

Unexpected consequence 2: 0811.0922 [nucl-th]

Statistical population of the mass—eigenstates |m’) and |m”)
leading to the production of the coherent state

) = —sing|m’) + cos ¢ |m")
with the decay rates:
A™() = A (1 — 25in 20 COS(AEmymet))

Agﬂ)(t) = Ag+(1 — 25sin 260 cos(AEmmnt))

A. Ivanov et al. Trento 2008 “Darmstadt oscillations” in physics of massive neutrinos



Summary

On the approaches by C. Giunti (PLB 665, 92 (2008)
and H. Kienert et al., arXiv: 0808.2389 [hep—ph]

m

Aec(t) = PmAlD (1) + Pa AR (1) =
= Aec(1+2sin20 (Pm—Pg) COS(AEqymit)) = Agc Pm =P = 5
Mgt (1) = PmAG (1) + P A (1) =
= Ag+(1+2sin 20 (Pm—Py,) COS(AEmmit)) = Ag+  Pm =Pg = %
Unexpected consequence 3: 0811.0922 [nucl-th]

@ No time—dependence of both EC and 3* decay rates

“Darmstadt oscillations” in physics of massive neutrinos
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