The GSI Time Anomaly: Facts and Fiction

Carlo Giunti
INFN, Sezione di Torino, and Dipartimento di Fisica Teorica, Universita di Torino
mailto://giunti@to.infn.it
Neutrino Unbound: http://wuw.nu.to.infn.it

7 September 2008

NOW 2008
Symposion on “Physics of Massive Neutrinos”
6-13 September 2008

Conca Specchiulla, Otranto, Lecce, Italy

C. Giunti — The GSI Time Anomaly: Facts and Fiction — NOW 2008, 7 Sep 2008 — 1



mailto://giunti@to.infn.it
http://www.nu.to.infn.it

The GSI Experiment

Schematic layout of the secondary nuclear beam facility at GSI

Primary beam Production target

508 MeV/u 12Sm 1032 mgicm? Be Degrader

731 mg/em? Al 400 MeV/u "“proe*

Z

FRS ESR

Injection from
>~ UNILAC

{Litvinov et al, nucl-ex/0509019}

SIS: Heavy lon Synchrotron
FRS: FRagment Separator
ESR: Experiment Storage Ring
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Number of EC decays per 0.64 seconds
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{Litvinov et al, arXiv:0801.2079v1 [nucl-ex]}
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dNec(t)

(1) i Aec N(t) = Aec N(0) e
(2) %i(t) = Aec(t) N(t) = Aec(t) N(0) et

A= AEC + A,B*' + Aloss

Xec(t) = Aec [1 + acos(wt + ¢)]

Fit parameters of t3'Pr data

Eq. | MoAec A a w x°/DoF

(1) | 34.9(18) | 0.00138(10) - - 107.2/73

(2) | 35.4(18) | 0.00147(10) | 0.18(3) | 0.89(1) | 67.18/70
Fit parameters of :7°Pm data

Eq. | MoAec A a w x?/DoF

(1) | 46.8(40) | 0.0240(42) - - 63.77/38

(2) | 46.0(39) | 0.0224(41) | 0.23(4) | 0.89(3) | 31.82/35

T(34°Pr>8T) = 7.06 4+ 0.08 s

(a) = 0.20 £ 0.02

{Litvinov et al, arXiv:0801.2079v1 [nucl-ex]}

T((2Pm®%*) = 7.10 £ 0.225
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Neutrino Mixing?

{Litvinov et al, arXiv:0801.2079v1 [nucl-ex]}
li = Ir+ve |Ve) = cos¥|vy) + sind|vs)

Initial lon at rest: Mass M;

Massive vx: Momentum B, Energy Ex = \/pi + m?
Final lon: Momentum —p,, Energy M¢ —|—p,%/2Mf
Ey+ Ms+p2/2Ms = M;  Ey+ Mg + p3/2Ms = M;

2
Am 5 5

AEEEz—Elzsz Am?=m3 — m3
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Am?
2M¢

AE=E - E ~

Am? = Am2 ~ 8 x 10 5eV? Mf ~ 140 amu =~ 130 GeV

AE ~3.1x10710eVv

_27r

T 0
AE

~19.1s v =1.43

about 3 times larger than  Tgg >~ 7s

AE is the massive neutrino energy difference!
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Can the GSI Time Anomaly
be due to

Neutrino Mixing?

NO
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Interference: Double-Slit Analogy

I
— NO INTERFERENCE
NO INTERFERENCE
INTERFERENCE = OSCILLATION
b Ve = cos Yy + sin vy

Decay rate of 1 corresponds to fraction of intensity of incoming wave
which crosses the barrier

Fraction of intensity of the incoming wave which crosses the barrier
depends on the sizes of the holes

It does not depend on interference effects which occur after the wave
has passed through the barrier

Analogy: decay rate of I cannot depend on interference of 1 and v,
which occurs after decay has happened

C. Giunti — The GSI Time Anomaly: Facts and Fiction — NOW 2008, 7 Sep 2008 — 11




Causality

INTERFERENCE OF v; AND v,
OCCURRING AFTER THE DECAY
CANNOT AFFECT THE DECAY RATE




arXiv:0801.1465 and arXiv:0805.0435
H.J. Lipkin

Causality is violated explicitly

arXiv:0801.1465: The difference in momentum §p, between the two
neutrino eigenstates with the same energy produces a small initial
momentum change 6P ...

arXiv:0805.0435: Since the time dependence depends only on the
propagation of the initial state, it is independent of the final state, which
is created only at the decay point. Thus there is no violation of
causality.

But in calculation of effect: The phase difference at a time t between
states produced by the neutrino mass difference on the motion of the
initial ion in the laboratory frame with velocity V = (P/E) is

b~ —6E-t=Am>/2E

oFE E
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arXiv:0801.2121 — arXiv:0801.3262

A. N. lvanov, R. Reda, P. Kienle - M. Faber

» [ > F+v with final neutrino state lv) = Z |Vk)
k

» Not even properly normalized to describe one particle:
jlve) =0 = (vy) =3
> Different from standard electron neutrino state  [ve) = > U |vi)
k

2
PrFyy =

> UM
k

7é P]I—)]F—i—ue = Z |Uek|2 |Mk|2
k

Plomive |Mo|2§kj |Uek|* = [ Mo]*=Psm

2
#Pswm

> U

Prpiry — |[Mol?
mi—0 P
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Quantum Beats?

» GSI time anomaly can be due to interference effects in initial state
» Two coherent energy states of the decaying ion = Quantum Beats

@)

l a \[CE
‘\‘ﬂ " -4' ; ’
_“‘."”

\\::W“‘WJ

» Incoming waves interfere at holes in barrier

[

’\"
g

INTERFERENCE = QUANTUM BEATS

INTERFERENCE = OSCILLATION

V, = cos Yy + sin Yy

» Causality: interference due to different phases of incoming waves
developed during propagation before reaching the barrier
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» Quantum beats in GSI experiment can be due to interference of two
coherent energy states of the decaying ion which develop different
phases before the decay

> Coherence is preserved for a long time if measuring apparatus which
monitors the ions with frequency ~ 2 MHz does not distinguish between
the two states

> |I(t = 0)) = A1 |I1) + Az |l) (|AL]> + |A2)* = 1)

Fr=Ti~Mh = [I(t)) = (Al e BtL) + Ay e Bt |]12>) e Tt/2

Pec(t) = |(ve, F|S|I(t))|? = [1 4+ A cos(AEt 4 @) Pece™' ¢

A=2|A1||Az|, AE=E—E, Pgc=|ve,F|S|I1)|? ~ [(ve, F|S|I2)|?

dNEc(t)

5~ NO)[L+ A cos(AEt + )] Tece 't

C. Giunti — The GSI Time Anomaly: Facts and Fiction — NOW 2008, 7 Sep 2008 — 16




dNEc(t)
dt

= N(0)[1 + A cos(AEt + @) Tece

AE(£3OPr®1) = (5.86 4 0.07) x 10 ®eV,  A(23°Pr®®*) = 0.18 +0.03
AE(}?Pm®T) = (5.82 £0.18) x 1070 eV, A(F?Pm®T) =0.23 +0.04
A = 2| A1]| A

» Energy splitting is extremely small

> AP/ AP ~1/99  or | Ap[?/|Asf? ~1/99

» It is difficult to find an appropriate mechanism
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Hyperfine Splitting

smallest known energy splitting

140 Pr 58+ 140 Ce58+
S$=1/2
I=0
EC
— @
\‘ v
S$=1/2

Fetes{02 X7 F=ies=12

{Litvinov et al, PRL 99 (2007) 262501, arXiv:0711.3709}
AE~10%V =  T~10°% f~GHz

too large to explain the GSI anomaly

Tgs) >~ 7s fgs) ~ 0.14Hz AEgs) =271/ Tgs) =~ 6 X 10710 eV
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Towards the Epilogue?

> Berkeley Group arXiv:0807.0649

» 12pm — %2Nd + v, 42Pm in an aluminum foil
no oscillations at a level 31 times smaller than GSI

» Reanalysis of old *2Eu — *2Sm + v, data == no oscillations

» "It might be argued that our experiment using neutral atoms would be
insensitive to the proposed neutrino oscillation effect, since the participation
of the remaining atomic electrons could provide a decoherence of the
neutrino momentum states in the larger phase space of the final atomic
states after the decay.”

» “If multiple electron effects destroy the coherence of the mixed neutrinos’
momenta in the final state, this would be apparent in data from the GSI
group comparing the decay time spectrum of hydrogen-like and helium-like
stored ions.”

» "“A further desirable confirmation of the data from the GSI group would be
to examine the B decays of the hydrogen-like ions, which should show no
oscillations on the timescales available for examination.”
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» Comment of GSI Group arXiv:0807.2308

» ‘It is argued that orbital electron-capture decays of neutral 1*>Pm atoms
implanted into the lattice of a solid do not fulfil the constraints of true
two-body beta decays, since momentum as well as energy of the final state
are distributed among three objects, namely the electron neutrino, the
recoiling daughter atom and the lattice phonons.”

» "It is interesting to note that the observed modulation frequency, if indeed
due to the interference of two neutrino mass eigenstates, corresponds to a
very small neutrino and, thus, daughter recoil energy difference of about
810716 eV. This is much smaller than typical phonon energies excited by
the recoiling daughter nuclei in an aluminum lattice which are in the order of
meV. Thus, the modulations could be washed out in a solid environment.”

I Qec ®3 —-5MeV !

» “A measurement of the EC-decay of helium-like *¥2Pm ions should reveal
the (probably small) differences to the EC-decay of hydrogen-like ions (such
time-resolved measurements are planned, but not yet performed). And,
without doubt, the outcome of the three-body 5T decay of 1#2Pm is crucial
for the interpretation of the GSI data. The—not simple—evaluation of this
data is still in progress.”
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» Munich Group + F. Bosch (GSI) arXiv:0807.3297

>

180Re — 180W 4 4, 180Re in a tantalum foil
no oscillations at a level more than 10 times smaller than GSI

“The GSI oscillations are not observable in a conventional experiment with
radioactive atoms in a solid environment but must have to do with the
unique conditions in the GSI experiment where hydrogen-like ions are
moving independently in a storage ring and decaying directly by a true
two-body decay to a long-lived (ground-) state.”

“The recoiling daughter atom has not a well defined momentum, because it
moves in a lattice and can only assume momenta allowed by the phonon
spectrum. Therefore the effects causing oscillations in the EC decay to bare
ions coasting in a storage ring could be washed out in a standard
experiment.”

“However our non-observation of oscillations in the EC decay probability for
a system of atoms in a solid decaying to a short lived excited state might
restrict theoretical interpretations of the GSI oscillations.”
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Conclusions

Interference: due to phase difference of two incoming waves
Causality: there cannot be interference of waves before they exist

The GSl ion lifetime anomaly cannot be due to interference of decay
product before the decay product start to exist (neutrino mixing in the
final state)

The GSl ion lifetime anomaly can be due to interference of two energy
states of the decaying ion: Quantum Beats

No known mechanism, because

» Energy splitting of the two energy states: AE ~ 6 x 10 eV

» Ratio of probabilities of the two energy states: 1/99
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Schottky Mass Spectrometry

» Stored ions circulate in ESR with revolution frequencies ~ 2 MHz
» At each turn they induce mirror charges on two electrodes
» Revolution frequency spectra provide information about gq/m:

w qgB
2T 2mmy
» Area of each frequency peak is proportional to number of stored ions
006 L 1 — L 1 L 1 L
ssppds| s .wggAg AEIY  Mass value unknown
J N B, B0* AE| 9 Mass value known
- 4019+ o
=} 78Rp 37+ =
o 0.04- 9pg 46+ \
—
8,
é\ 76Kr 36+ 042+
2
Q 0.02 57 o 27+
1S

000 T T T T 1
50000 100000 150000 200000 250000

Frequency [Hz]

{Litvinov et al, arXiv:nucl-ex/0509019}
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140, 58+

Il More than 4 particles

B 4 particles Q.= 3388 keV
D 3 particles
[] 2 particles
+
[ ] 1 particle 140 cg58

1872 1874 1876 187.8 Time [s]
Frequency [kHz] - 61000.0
> About six initial 13°Pr®®* ions (f = gB/2wm-y)
» Two decayed via nuclear electron capture into :g0Ce®®"

> Seen because Ag = 0= Af/f = —Am/m (small)
» Other decayed via B decay (Ag = —1= Af ~ —150kHz)
or were lost (interactions with residual gas)
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Time after injection [sec]

Time after injection [sec]

140 p 58+

30
50 T =P t=49.92s

adit AT ?_14oce58+

Revolution frequency - 59260 [kHz]

T T T T T T T T T
96 98 100 102 104 106 108 110 112 114 116

EC
—>  t=18.64s

J O

w142,
Pm

50 7

{1142, 460+
60+. 1 Nd

8" or loss
80 t=67.84 s

T T T T T T T T T
72 74 76 78 80 82 84 86 88 90

Revolution frequency - 59270 [kHz]

{Litvinov et al, arXiv:0801.2079v1 [nucl-ex]}

140p 58+ . 140 .58+
5 Pr — 55 Ce + Ve

f154{2|;)nﬂ|60—i- _)flng Nd60+ + v,
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Number of EC decays per 0.64 seconds

70 ——

e e et AL I L DL L DAL B o
0 10 20 30 40 50 60 70 80 90
Time after injection into the ESR [sec]

{Litvinov et al, arXiv:0801.2079v1 [nucl-ex]}
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arXiv:0801.2121 — arXiv:0801.3262
A. N. Ivanov, R. Reda, P. Kienle - M. Faber

» [ - F+4+v decay rate in time-dependent perturbation theory

with final neutrino state  [v) = |v)
K

» Not even properly normalized to describe one particle:
jlve) =0 = (v|y) =3

» Different from standard electron neutrino state

[ve) = > Uklv)
k

C. Giunti — The GSI Time Anomaly: Facts and Fiction — NOW 2008, 7 Sep 2008 — 27




Time-Dependent Perturbation Theory

Pt ‘ / dr (v, FHw (D)D) me(fr)m

Hw(t) = /d3x%W(x)

Effective Four-Fermion Interaction Hamiltonian

() = T cosBcB ()11~ 1)1~ g1 )p(x)

- % st zk:U:"Dk(X)%(l —7°)e(x)A(x)7°(1 — ga7°)p(x)

(Vi F|Hw (T)|I) = U, e AEE T, with AE, = Ex + Er — E

. .
IAEct _ LiAEt/2 sin(AExt/2) s o S(AE,) ol AEkt/2
/ dre e NS mo(AEL) e
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2

Propin(t) = 4m? > Uk e 25 6(AEL) Tk
k
T~ T; 0(AEy) satisfied by wave packet
2
P]I—>IE‘+V t) Z U* iIAEkt

Two-Neutrino Mixing

' AE |2
Prop(t) ‘COS# e'BEt L sing AR =

1+ sin2¢ cos(%)

Am?t
=1+sin29
4+ sin cos( N )

Am?
2M

AE=AE,—AEy,=E - E =
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2
» Standard QFT: Py, = |(o, FISID)* = | > (v, FIS|L)

k

» S-matrix operator at first order in perturbation theory:
S=1- i/d4X%W(X)
» Effective four-fermion interaction Hamiltonian:

() = cos 8 (p(1 = 1)e(xA(x)7° (1 — 47°)p()

— % coste S0 = 27)elIRN (1~ 811°)pl)

> (vi, FIS|T) = Uy My with

My = —i% cos fc d4x(1/2k, F|7k (x)7, (1 —7°)e(x)A(x)7¥° (1 — gay) p(x)|L)

> Ploriy =

> UZMy| different from standard P = |Uek | | M |?
K K
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» Check: in the limit of massless neutrinos decay probability should reduce
to the Standard Model decay probability

Psy = |Msml®

with

Mgy = —i% cos B¢ d4x(1/e,F|De(X)’)’p(1—’)’5)5(X)’_7(X)'YP(1—gA’)’S)P(X)|H>

where v, is the Standard Model massless electron neutrino

My = —i& cos Oc [d*x (i, Flok(x)7,(1 —7°)e(x)A(x)y* (1 — gay®) p(x)|T)

2

My — Mgm
my—0
2
2
Ml
mk—)O

2
#Pswm

D Uk

k

ProFyy =

> UMy
k

WRONG!
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» Correct normalized final neutrino state ((ve|ve) = 1):

|Ve)

—~1/2
(Z |<VJ:F|S|H>|2> > [v) (vi, FISIT)
J k

-1/2
= <Z|Uej|2|Mj|2> > UseMic i)
J k
» Standard decay probability:

Piobive = |(ve, FISI? = 3 (v, FIS|)? Z |Uek? [ Mil?
k

PioF4+v. — Psm
mk—>0

» In experiments which are not sensitive to the differences of the neutrino
masses, as neutrino oscillation experiments,

M=M= |ve) =) Ul |vi)
p
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Time-Dependent Perturbation Theory

At = [ " dr (v, FHw (1))

-1/2
[ve(t)) = (Z IAj(t)I2> > Aw(t) vk
J k

1/
PrFiv. = (Z|Aj(t)|2> ZAi(t)/O d7{ls, vi|Hw (T)|l;)
; p

Prosptv. = z |Ak(t)|2
k
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Quantum Beats

lg)

Fig. 1 Diagram of the four level system. A photon is absorbed by the g
state|b) and excites a superposition of stata$ and |b) whose energ'
separation i\E = hw,,. Emission of a second photon leaves the syste
the final state|f).

I (t)oc | tag| 2| tra| 267768 + | g | 2| | 26—t

+ | Hagllpgliraltin| € 05+ 1Y2 cOS@apt + 6).  (4)
Examination of this expression shows that it consists o
parts, one incoherent term (first two terms) describing
independent decays of the two state$ and |b) and on
coherent or cross term (last term) which decays at the a
rate of the two states and, most importantly, is modulated
angular frequencyw,,. The modulation frequency is 1
difference of the two angular frequencies in eqn.i(@)@a, =
| wa — ax|, and the coherent term in eqn. (4) is therefore te
the quantum beat. The anglés included in egn. (4) to descr
the phase of the quantum beat, which depends on a nun
factors such as the excitation and detection polarisatior
transitions. When the transition moments and decay rat:
equal, as is often the case, a particularly simple expres:
derived for the four level system. In this case eqn
becomes

lg(t) < [1 + cos@apt + O)]e— ™, (5)

clearly illustrating the contributions of the incoherent
coherent terms to the fluorescence decay. In this special ¢
quantum beat is 100% modulated. It is important to poir

{ Carter, Huber, Quantum beat spectroscopy in chemistry, Chem. Soc. Rev., 29 (2000) 305}
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M

+1

J=1 0

-1
= ~
£
€ 'S
0246810120 1 2 3 4

t/us fIMHz

Fig. 2Zeeman quantum beat recorded forR(@) line of the 17U transitiol
in CS; in an external field of ~15 Gauss. The laser polarisation
perpendicular to the magnetic field direction and prepares a cohe
between theM = 1 sublevels as shown in the level diagram. Thi
manifested by a single quantum beat on the fluorescence decay; the r
of the Fourier transform is also shown. The less than 100% modul
which is observed in virtually all quantum beat measurements in mole
is due to incoherent emission from the excited states.

T
>
z
s
=
0.0 0.5 1.0
ths
0.0 20.0 40.0 60.0 80.0
fIMHz

Fig. 6 Nuclear hyperfine quantum beats recorded folPth€,(3/2) line in
avibrational band of th&?=+ — X2IT transition in the AOD van der Waal
complex. The inset shows the fluorescence decay which exhibits v
modulated quantum beats. Following Fourier transformation the
frequencies between hyperfine levels in 838+ state are clearly visible

{ Carter, Huber, Quantum beat spectroscopy in chemistry, Chem. Soc. Rev., 29 (2000) 305}
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Praseodymium (£3%Prg;)

—t+—4549.7

1+,2+,3+ —————1860 LI iggi ___________
1672
1502 1565
G+,6+,7+) ——————1320 4- ——1370
o- 1147.4 O+ 1183.2
967 983.2
- 763.73.05 S IT:100% - - (B)- == BT oo S T
@5+ 576.7 —
o3+ l‘ FODO- - oo
3+ 31918 -
1+ — 5 TWoun 0330 M e:100%

{NuDat, http://www.nndc.bnl.gov/nudat/ }
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3.26-4 7.86 == 1420.7 75997
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i 2900
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7518 |
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0.26 596 2 i 1903.1
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||| 1903
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