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•Motivation: reactor and gallium anomalies, general decoherence effects in 
reactor experiments 

• A QFT calculation of standard decoherence effects in reactor and 
radioactive source experiments 
w. Raphael Krüger, arXiv:2303.15524  

• An explanation of the gallium anomaly in terms of new physics quantum 
decoherence without sterile neutrinos 
w. Yasaman Farzan, arXiv:2306.09422 
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The gallium anomaly

�
2
null/dof p-value

CS1, BEST 32.1/2 1.1⇥ 10�7 (5.3�)
CS1, all 36.3/6 2.4⇥ 10�6 (4.7�)
CS2, BEST 34.7/2 2.9⇥ 10�8 (5.5�)
CS2, all 38.4/6 9.4⇥ 10�7 (4.9�)

Table 2: Evaluating the null-hypothesis R = 1 for the BEST experiments (inner and outer volumes

combined) and for all gallium experiments, for the two recommended cross sections CS1 and CS2 from

Haxton et al. [16]. We give the �2/dof for the null-hypothesis and the corresponding p-values. In the bracket

the p-values are converted into two-sided Gaussian standard deviations. The analysis includes experimental

uncertainties as well as the cross section uncertainties as provided in [16].

combined with the correlated uncertainty due to the cross sections from eq. (10). To test
the null-hypothesis of no neutrino disappearance we define
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with Ri and �i given in table 1 and the index i runs over the used data points; �iCS is the
relative uncertainty of the cross section derived from eq. (10), which depends on the index
i whether a Cr or Ar source has been used. In order to take into account the asymmetric
cross section errors we use for �iCS the upper (lower) error if the value of the pull parameter
⇠CS at the minimum is larger (smaller) than zero. The results of this test are summarized in
table 2, where we give the �2 of the null-hypothesis for using only the two BEST data points
or for combining all 6 gallium data points. We see that for both cross sections, very low
p-values are obtained, corresponding roughly to 5� significance, with CS2 leading to slightly
higher significances.

3.2 Fitting gallium data with the decoherence model

To test the decoherence model introduced in section 2, we modify the �
2 definition from

eq. (11) in the following way:
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where hPeeii is the ⌫e survival probability averaged over the detector volume as well as the
neutrino energy lines corresponding to each data point i, for details see [6, 10]. As before,
we take into account the asymmetric cross section uncertainties by chosing �

i
CS depending

on the sign of ⇠CS at the minimum, and we include the uncertainties on the leptonic mixing

5

Farzan, TS, 2306.09422 
cross sections CS1, CS2 from 
Haxton et al., 2303.13623

electron capture decay: 
51Cr → 51V + νe

Eν = 750 keV (90%) & 430 keV (10%)

R = observed detection rate / predicted rate
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Giunti, Li, Ternes, Tyagi, Xin, 2209.00916
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FIG. 10. Comparison of the contours delimiting the [(a) and (b)] 2� and [(c) and (d)] 3� allowed regions in the (sin22#ee,�m2
41)

plane obtained from the combined analysis of the data of the reactor rate experiments with di↵erent flux models, the spectral
ratio experiments,reactor the Tritium experiments, and the solar bound with those obtained from the Gallium data with
di↵erent cross sections. Also shown is the 3� bound obtained from the combination of the Tritium and solar bounds. The
figures di↵er by the use of [(a) and (c)] NEOS/Daya Bay [45] or [(b) and (d)] NEOS/RENO [46] spectral ratio data. The
best-fit points are indicated by crosses.

One can see that the goodness of fit is high. There is a
3.1–3.3� indication in favor of 3+1 active-sterile neutrino
mixing in the global fits with the NEOS/Daya Bay data.
The indication decreases to 2.6–2.8� if the NEOS/RENO

are used. The values of the best-fit points are in any case
around sin22#ee ' 0.02 and �m

2

41
' 1.3 eV2.

Figure 10 shows the 2� and 3� allowed regions in
the (sin22#ee,�m

2

41
) plane obtained from the global fits
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best-fit points are indicated by crosses.

One can see that the goodness of fit is high. There is a
3.1–3.3� indication in favor of 3+1 active-sterile neutrino
mixing in the global fits with the NEOS/Daya Bay data.
The indication decreases to 2.6–2.8� if the NEOS/RENO

are used. The values of the best-fit points are in any case
around sin22#ee ' 0.02 and �m

2

41
' 1.3 eV2.

Figure 10 shows the 2� and 3� allowed regions in
the (sin22#ee,�m

2

41
) plane obtained from the global fits

see also 

Berryman, Coloma, 
Huber, TS, Zhou, 
2111.12530; 
Goldhagen, Maltoni, 
Reichard, TS, 
2109.14898; 

Brdar, Gehrlein, Kopp, 
2303.05528 

• solar neutrinos, reactor experiments (and cosmology)

eV sterile neutrino oscillations disfavoured

severe tension of 4 − 5σ
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• Arguelles, Bertolez-Martinez, Salvado, Impact of Wave Packet Separation in 
Low-Energy Sterile Neutrino Searches [2201.05108] 

• Arguelles, Conrad et al., New Clues About Light Sterile Neutrinos: Preference 
for Models with Damping Effects in Global Fits [2211.02610] 

• Akhmedov, Smirnov, Damping of neutrino oscillations, decoherence and the 
lengths of neutrino wave packets, [2208.03736]; Jones, Comment on... 
[2209.00561], Akhmedov, Smirnov, Reply to comment... [2210.01547] 

• Jones, Marzec, Spitz, The Width of a Beta-decay-induced Antineutrino 
Wavepacket [2211.00026]

5

Can quantum decoherence have an effect on the 
gallium/reactor tension?
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•  High-precision reactor experiment  
JUNO coll., 1507.05613 

• decoherence effects in JUNO? 
Gouvea, Romeri, Ternes, 2005.03022; 
Wang et al. (JUNO) 2112.14450;  
Marzec, Spitz, 2208.04277

6

Can quantum decoherence effects show up in future 
reactor experiments?

Motivation

Can quantum decoherence e�ects show up in future

reactor experiments?

High-precision reactor experiment JUNO coll., 1507.05613
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Figure 3-1: The expected prompt energy spectrum of JUNO with a nominal luminosity for six
years of data taking with a 20 kt detector and 36 GWth reactor power (a total of 100k IBD events).
A 3%/

�
E energy resolution is assumed.

As the uncertainty of sin2 �12 shrinks from the current level to better than 1%, the lower limit
of the e�ective mass for IH can increase by a factor of two (see Fig. 3-2). In a background-
dominated neutrinoless double beta decay experiment, a factor of two improvement in the
e�ective mass sensitivity corresponds to a combined factor of 16 improvement for the ex-
perimental parameters of the running time, detector mass, background level and energy res-
olution [119, 120]. Therefore, the precision measurement of sin2 �12 is crucial for the next
generation of the neutrinoless double beta decay experiments, which aim to cover the whole
parameter space corresponding to IH.

• be a powerful discriminator for models of the neutrino masses and mixing. First, �12 is
more sensitive than other mixing angles to the quantum corrections since �m2

21 � |�m2
31|.

Therefore, neutrino-mixing models will be better constrained when the accuracy of �12 is
improved. Second, taking the prediction of the tri-bimaximal mixing (TBM) [122–124] for
�12 as an example:

�TBM
12 = arcsin

1�
3

� 35.3� , (3.3)

the value of non-zero �13 may induce further corrections for �12. Depending on the sign of �12

corrections, two categories of mixing models, TM1 and TM2, are defined respectively [125].
TM1 and TM2 correspond to the mixing matrix keeping the first or second column of TBM
unchanged. A measurement of sin2 �12 better than 1% is a powerful tool to discriminate
between TM1 and TM2 and may shed light on the mechanism of the neutrino masses and
mixing.

The muon (anti)neutrino and electron antineutrino disappearance e�ectively measure �m2
µµ

and �m2
ee [95, 96] (two di�erent combinations of �m2

31 and �m2
32), respectively. When combined

with the precision |�m2
µµ| measurements from muon (anti)neutrino disappearance, the precision

measurement of |�m2
ee| will:

56

decoherence e�ects in JUNO? Gouvea, Romeri, Ternes, 2005.03022;
Wang et al. (JUNO) 2112.14450; Marzec, Spitz, 2208.04277
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• perform a QFT calculation of the oscillation amplitude, taking into account 
localization of external particles for reactor and gallium experiments 

• „first principle“ calculation of decoherence effects 
 
 
R. Krüger, T. Schwetz, 2303.15524 (EPJC) 

7

Our goal:



Th. Schwetz - Prague Sept 2024

•S. Nussinov, Solar Neutrinos and Neutrino Mixing, PLB 63 (1976) 201; 

• B. Kayser, On the Quantum Mechanics of Neutrino Oscillation, PRD 24 (1981) 110; 

•C. Giunti, C. W. Kim, U. W. Lee, When Do Neutrinos Really Oscillate?: Quantum Mechanics of Neutrino Oscillations, PRD 44 (1991) 3635; 

• J. Rich, The Quantum Mechanics of Neutrino Oscillations, PRD 48 (1993) 4318; 

• K. Kiers, S. Nussinov, N. Weiss, Coherence Effects in Neutrino Oscillations, PRD 53 (1996) 537; 

•W. Grimus and P. Stockinger, Real Oscillations of Virtual Neutrinos, PRD 54 (1996) 3414; 

•C. Giunti, C.W. Kim, U.W. Lee, When Do Neutrinos Cease to Oscillate?, PLB 421 (1998) 237; 

•C. Giunti and C. W. Kim, Coherence of Neutrino Oscillations in the Wave Packet Approach, PRD 58 (1998) 017301; 

• L. Stodolsky, The Unnecessary Wave Packet, PRD 58 (1998) 036006; 

•W. Grimus, P. Stockinger, and S. Mohanty, The Field Theoretical Approach to Coherence in Neutrino Oscillations, PRD 59 (1999) 013011; 

•C. Y. Cardall, Coherence of Neutrino Flavor Mixing in Quantum Field Theory, PRD 61 (2000) 073006; 

•M. Beuthe, Oscillations of Neutrinos and Mesons in Quantum Field Theory, Phys. Rept. 375 (2003) 105; [hep-ph/0109119]. 

• E. K. Akhmedov and A. Y. Smirnov, Paradoxes of Neutrino Oscillations, Phys. Atom. Nucl. 72 (2009) 1363; [0905.1903]. 

• E. K. Akhmedov and J. Kopp, Neutrino Oscillations: Quantum Mechanics vs Quantum Field Theory, JHEP 04 (2010) 008; 

•D. Hernandez and A. Yu. Smirnov, Active to sterile neutrino oscillations: Coherence and MINOS results, PLB706 (2012) 360; 

• E. Akhmedov, D. Hernandez, and A. Smirnov, Neutrino Production Coherence and Oscillation Experiments, JHEP 04 (2012) 052;. 

• B. J. P. Jones, Dynamical Pion Collapse and the Coherence of Conventional Neutrino Beams, PRD 91 (2015), no. 5 053002

8

Decoherence in neutrino oscillations
large literature (very incomplete selection):

lecture by A. Smirnov
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The „standard oscillation formula“

Neutrino oscillations – the naive approach

Neutrino oscillations in vacuum
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naive approach is problematic at least for the following reasons: 
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• production and detection regions are localised in space   
inconsistent with plane wave ansatz for neutrino propagation 

→
∝ e−i(Eit−pix)

•plane waves correspond to states with exact energy/momentum    
neutrino mass states are distinguishable particles  
why is the sum in the amplitude coherent (inside modulus)?
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• production and detection regions are localised in space   
inconsistent with plane wave ansatz for neutrino propagation 

→
∝ e−i(Eit−pix)

•plane waves correspond to states with exact energy/momentum    
neutrino mass states are distinguishable particles  
why is the sum in the amplitude coherent (inside modulus)?

→

Two approaches:

• assume wave-packets for neutrinos

•QFT approach, neutrino as internal line, wave-packets for external particles

• relation of the two approaches e.g., Akhmedov, Kopp, JHEP (2010) [1001.4815]
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Decoherence

Neutrino oscillations – the naive approach

Decoherence

P‹–æ‹— =
ÿ

i
|U—iUú

–i |2 + ›
ÿ

i ”=j
U—jUú

–jUú
—iU–ie≠i„ji

¸ ˚˙ ˝
interference terms

„ji ¥
�m2

jiL
2 E

decoherence: 0 Æ › Æ 1 æ damping of interference terms

I “Quantum” decoherence:
› < 1 appears already at amplitude level:

|A|2 =
ÿ

ij
Aú

j Ai

I “Classical” decoherence:
› < 1 due to averaging of the probability:

P Ã
⁄

dx |A(x)|2 , x = L, E

14
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• Feynman diagram for joint process of production, propagation, detection 

• early papers:  
Rich,1993; Giunti,Kim,Lee,Lee,1993; Grimus,Stockinger,1996; Kiers,Weiss,1998 

• review paper: M. Beuthe, Phys. Rept. 375 (2003) 105 [hep-ph/0109119]
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QFT approach to neutrino oscillations

The QFT approach to neutrino oscillations

Joint process of neutrino production and detection
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pB

p1

p2

p3

p4

�̄

Figure 1: Feynman diagram for the total process in an oscillation experiment.

3 Neutrino oscillation amplitude and event rate

We now move to the discussion of the amplitude relevant for neutrino oscillation experiments
consisting of neutrino production, propagation and detection. To be specific, we consider
neutrino production by the decay of a particle A into two final state particles and an anti-
neutrino, A � 1+2+ �̄, and anti-neutrino detection via the process B + �̄ � 3+4. We have
in mind reactor neutrinos, where the production process corresponds to the beta decay of a
nucleus (A), and the detection process is the inverse beta decay reaction on a proton (B), but
many of our considerations will apply also in other circumstances with minor modifications.
The total process A + B � 1 + 2 + 3 + 4 is illustrated in fig. 1. The neutrino is considered
as an internal propagtor and does not appear as external particle [4, 6, 38]. We now follow
the common approach [12] and calculate the amplitude for the total process, by assuming
wave packets for all external particles, both initial state (A, B) as well as final state particles
(1, 2, 3, 4).

We proceed in complete analogy to the discussion in section 2 but generalize it to the
case of macroscopically separated production (P ) and detection (D) regions. In analogy
to eq. (2.17), we obtain the following expression for the amplitude describing production
of an anti-neutrino with flavour � and detection of an anti-neutrino with flavour �4 (see
e.g., [12, 14] for explicit derivations):

iA�� =
�

j

U�jU
�
�j

�
�

i=A,B,f

Ni

� �
d4p

(2�)4
iM̃P

/p � mj

p2 � m2
j + i�

iM̃D e�ip(xD�xP )

�
�

I=P,D

�2

�3
pI�EI

exp

�
�(p � pI)2

4�2
pI

� (p0 � EI � vI(p � pI))2

4�2
EI

�
. (3.1)

Here, U�j are elements of the PMNS mixing matrix, the normalization factors Ni are de-
fined in eq. (2.11), M̃P,D are the reduced matrix elements of the production and detection
processes, the sum over j runs over the neutrino mass states with neutrino mass mj, xP,D

are space-time points located in the production and detection region. In the second line
of eq. (3.1) we obtain two Gaussian factors related to the approximate energy-momentum
conservation at production and detection points, with the momentum spreads �pI , energy

4In the case of reactor neutrino experiments we have of course � = � = e.

7

early papers:
Rich,1993; Giunti,Kim,Lee,Lee,1993; Grimus,Stockinger,1996; Kiers,Weiss,1998

review paper:
M. Beuthe, Oscillations of Neutrinos and Mesons in Quantum Field Theory,
Phys. Rept. 375 (2003) 105 [hep-ph/0109119]

16
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•macroscopic separation of the two vertices 

•wave packets for external particles 
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3 Neutrino oscillation amplitude and event rate

We now move to the discussion of the amplitude relevant for neutrino oscillation experiments
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in mind reactor neutrinos, where the production process corresponds to the beta decay of a
nucleus (A), and the detection process is the inverse beta decay reaction on a proton (B), but
many of our considerations will apply also in other circumstances with minor modifications.
The total process A + B � 1 + 2 + 3 + 4 is illustrated in fig. 1. The neutrino is considered
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the common approach [12] and calculate the amplitude for the total process, by assuming
wave packets for all external particles, both initial state (A, B) as well as final state particles
(1, 2, 3, 4).

We proceed in complete analogy to the discussion in section 2 but generalize it to the
case of macroscopically separated production (P ) and detection (D) regions. In analogy
to eq. (2.17), we obtain the following expression for the amplitude describing production
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e.g., [12, 14] for explicit derivations):

iA�� =
�

j

U�jU
�
�j

�
�

i=A,B,f

Ni

� �
d4p

(2�)4
iM̃P

/p � mj

p2 � m2
j + i�

iM̃D e�ip(xD�xP )

�
�

I=P,D

�2

�3
pI�EI

exp

�
�(p � pI)2

4�2
pI

� (p0 � EI � vI(p � pI))2

4�2
EI

�
. (3.1)

Here, U�j are elements of the PMNS mixing matrix, the normalization factors Ni are de-
fined in eq. (2.11), M̃P,D are the reduced matrix elements of the production and detection
processes, the sum over j runs over the neutrino mass states with neutrino mass mj, xP,D
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early papers:
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3 Neutrino oscillation amplitude and event rate

We now move to the discussion of the amplitude relevant for neutrino oscillation experiments
consisting of neutrino production, propagation and detection. To be specific, we consider
neutrino production by the decay of a particle A into two final state particles and an anti-
neutrino, A � 1+2+ �̄, and anti-neutrino detection via the process B + �̄ � 3+4. We have
in mind reactor neutrinos, where the production process corresponds to the beta decay of a
nucleus (A), and the detection process is the inverse beta decay reaction on a proton (B), but
many of our considerations will apply also in other circumstances with minor modifications.
The total process A + B � 1 + 2 + 3 + 4 is illustrated in fig. 1. The neutrino is considered
as an internal propagtor and does not appear as external particle [4, 6, 38]. We now follow
the common approach [12] and calculate the amplitude for the total process, by assuming
wave packets for all external particles, both initial state (A, B) as well as final state particles
(1, 2, 3, 4).

We proceed in complete analogy to the discussion in section 2 but generalize it to the
case of macroscopically separated production (P ) and detection (D) regions. In analogy
to eq. (2.17), we obtain the following expression for the amplitude describing production
of an anti-neutrino with flavour � and detection of an anti-neutrino with flavour �4 (see
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fined in eq. (2.11), M̃P,D are the reduced matrix elements of the production and detection
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7

reactor experiments:
I production: A æ AÕ + e≠ + ‹̄e

I detection: ‹̄e + p æ n + e+

I ∆ A + p æ AÕ + n + e≠ + e+

Gallium source experiments:
I production: Cr æ V + ‹e

I detection: Ga + ‹e æ Ge + e≠

I ∆ Cr + Ga æ V + Ge + e≠

16
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• coherence properties of oscillation amplitude is determined by localization 
of external particles and their velocities 

• assume Gaussian wave packets in momentum space:

16

QFT approach to neutrino oscillations

The QFT approach to neutrino oscillations

Wave packets for external particles

superpositions of momentum eigenstates |kÍ

|„Í =
⁄

d k̃„(k)|kÍ , d k̃ © 1
2Ek

d3k
(2fi)3

normalization:

ÈkÕ|kÍ = 2Ek(2fi)3”(3)(k ≠ kÕ) ,

⁄ d3k
(2fi)3 |„(k)|2 = 1

specific case of Gaussian wave packets:

„(k) =
3

2fi

‡2

43/4
e≠ (k≠p)2

4‡2

p: the mean momentum
‡: momentum spread
”: spatial localization, with ‡” = 1/2
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The oscillation amplitude

The QFT approach to neutrino oscillations

The oscillation amplitude

iA–— Ã
ÿ

j
U–jUú

—j

⁄ d4p
(2fi)4 iM̃P

/p ≠ mj
p2 ≠ m2

j + i‘ iM̃D e≠ip(xD≠xP )

◊
Ÿ

I=P,D

fi2

‡3
pI‡EI

exp
C

≠ (p ≠ pI)2

4‡2
pI

≠ (p0 ≠ EI ≠ vI(p ≠ pI))2

4‡2
EI

D

kinematic neutrino 4-momenta at production and detection vertices:

pP = pA ≠ pAÕ ≠ pe≠

pD = ≠pp + pn + pe+

EP , ED are the time-components of the corresponding 4-vectors

xP , xD space-time coordinates of neutrino production and detection

20

effective momentum and energy spreads for 

neutrino production and detection processes
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20

generalizations for reactor & gallium configurations:  

• finite life-time of decaying particles 

• interactions with environment (effect in analogy to collisional line broadening)

effective momentum and energy spreads for 

neutrino production and detection processes
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The oscillation amplitude
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I perform integral over neutrino momentum
s

d3p taking into account
macroscopic separation of source and detector: L = |xD ≠ xP | æ Œ
Grimus, Stockinger, 1996 æ neutrinos go onshell pj = l̂

Ò
p2

0 ≠ m2
j

I square the amplitude and perform a time average due to unobserved time of
neutrino production

I perform the integral over the neutrino energy
s

dp0

23
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s

dp0
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…after some algebra:

The QFT approach to neutrino oscillations The decoherence terms
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 are calculable from 
localization properties of initial 
and final state particles

σm, σen
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• Localization decoherence: 
 
 
 

• energy/momentum uncertainty be large enough that individual mass states cannot 
be identified:  

• production/detection regions be localized better than oscillation length:  

• Energy decoherence: 

• the neutrino energy needs to be well defined  

• can be interpreted as neutrino wave packet separation ( )

σm ≫ Δm2/Eν
δloc ≪ Losc

σen ≪ Eν
vj ≈ 1 − m2

j /2E2
ν

21

The QFT approach to neutrino oscillations The decoherence terms

Localization decoherence

›loc = exp

S

U≠1
2

A
�m2

4E‹‡m

B2
T

V

energy-momentum uncertainty has to be large enough, such that
individual mass states cannot be resolved: ‡m ∫ �m2/E‹

›loc = exp
C

≠2fi2
3

”loc
Losc

42D

with ‡m”loc = 1
2 , Losc = 2fi

2E‹

�m2

production and detection regions have to be localised much better than
the oscillation length: ”loc π Losc (note ”2

loc = ”2
P + ”2

D)
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The QFT approach to neutrino oscillations The decoherence terms

Energy decoherence

›en = exp

S

U≠1
2

A
�m2L‡en

2E 2
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B2
T

V = exp
C

≠2fi2
3 L

Losc

‡en
E‹

42D

I for experiments at the oscillation maximum (L ¥ Losc) the neutrino
energy needs to be well defined: ‡en π E‹

I this term can be interpreted as decoherence due to neutrino wave
packet separation, identifying vj ¥ 1 ≠ m2

j /(2E 2
‹ )
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• Classical averaging of over space and energy has the same effect as intrinsic QM 
decoherence:  
                                       

• indistinguishable phenomenologically  
Kiers, Nussinov, Weiss, 1996; Stodolsky, 1998; Ohlsson, 2001 

• quantum mechanical uncertainties provide a fundamental lower bound on the uncertainty 

• to observe QM decoherence, classical averaging effects have to be suppressed down to 
the quantum level

|𝒜 |2

δ2
loc → δ2

loc + δ2
clas , σ2

en → σ2
en + σ2

clas

23

Classical averaging

Neutrino oscillations – the naive approach

Decoherence

P‹–æ‹— =
ÿ

i
|U—iUú

–i |2 + ›
ÿ

i ”=j
U—jUú

–jUú
—iU–ie≠i„ji

¸ ˚˙ ˝
interference terms

„ji ¥
�m2

jiL
2 E

decoherence: 0 Æ › Æ 1 æ damping of interference terms

I “Quantum” decoherence:
› < 1 appears already at amplitude level:

|A|2 =
ÿ

ij
Aú

j Ai

I “Classical” decoherence:
› < 1 due to averaging of the probability:

P Ã
⁄

dx |A(x)|2 , x = L, E

14
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• classical averaging due to experimental reasons: size of production region,  
finite detector resolutions (in space and energy),... 

• fundamental averaging effects due to experimental configuration and physics principles: 
• phase space integrals of unobserved particles: 

reactor experiments:  
momenta of outgoing particles in the source, neutron in the detector  
gallium: momenta of all outgoing particles (counting experiment) 

• gallium experiments: Doppler broadening of the decay line from   
due to thermal motion of source particles

Cr → V + νe

24

Classical averaging
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• nuclei localization: inter-atomic 
distances in cristal lattice or fluid 

• velocities: either thermal velocities or 
velocities for typical kin. energies of 
outgoing particles 

• electron/positron localization: 
distance the particle travels until it 
deposits one mean excitation energy 
(integrating  Bethe equation)⟨dE/dx⟩

25

Numerical estimates for gallium and reactors
Numerical estimates for reactor and gallium experiments

Particle localizations and velocities

Particle �x [nm] � [eV] v
Reactor (P ) N 0.24 410 1 � 10�6

N � N � + e� + �e N � 0.24 410 4 � 10�5

e� 260 0.38 0.99
Reactor (D) p 0.1 990 5 � 10�6

p + �e � n + e+ n 5 � 106 2 � 10�5 5 � 10�3

e+ 320 0.3 0.99

Gallium (P ) Cr 0.20 480 7 � 10�7

Cr � V +�e V 0.20 480 2 � 10�5

Gallium (D) Ga 0.27 370 6 � 10�7

Ga +�e � Ge +e� Ge 0.27 370 1 � 10�5

e� 310 0.32 0.83

Table 1: Spatial localization �x, momentum spread � = 1/(2�x), and velocity v of the external particles

involved in the production (P ) and detection (D) processes (first column) of reactor and Gallium source

experiments.

4 Numerical estimates

The QFT formalism outlined above allows to calculate the relevant uncertainties �loc (or
equivalently �m) and �en relevant for the localization and energy spread decoherence factors
�loc and �en, respectively, from the properties of the involved external particles. The required
input for their definitions in eqs. (3.11) and (3.12) are the e�ective energy and momentum
uncertainties eqs. (2.14) and (2.23), which in turn are derived from the momentum spreads of
all the external particles in the production and detection processes, as well as their velocities,
as defined in eq. (2.10). We will now evaluate �loc and �en for reactor neutrino and Gallium
radioactive source experiments.

4.1 Particle localizations and velocities

First we need to estimate the momentum spreads � of all involved particles, as well as their
velocities v. Similar estimates have been performed recently in [27] in the context of neutrino
wave packets. The momentum spread is calculated via the spatial localization �x, assuming
the uncertainty principle �x� = 1/2. We list the relevant quantities for all the particles
involved in the production and detection processes in reactor and Gallium experiments in
table 1. They are estimated as follows.

Reactor experiments. For the initial and final state nuclei N , N � in the production
process, via beta decay within the nuclear fuel, we assume that the localization is determined
by a typical interatomic distance [47]. We estimate this by using that the lattice parameter
of uranium oxide UO2 is a = 5.471 � 10�10 m and has 4 U and 8 O atoms in one unit
cell [51], which gives �x � a/121/3 � 0.24 nm. For the initial state nucleus we assume
a thermal velocity v =

�
kBT/m, where the temperature in the nuclear fuel ranges from

700 K at the outer egde to 2000 K in the center [52]. This is justified, as the fission products

14

I nuclei localization: inter-atomic distances in cristal lattice or fluid
I velocities: either thermal velocities or velocities for typical kin. energies of

outgoing particles
I electron/positron localization: distance the particle travels until it deposits

one mean excitation energy (integrating ÈdE/dxÍ Bethe equation)

32

R. Krüger, TS, 2303.15524

s. also Akhmedov, Smirnov, 2208.03736 
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• localization decoherence:

26

Numerical estimates for gallium and reactors R. Krüger, TS, 2303.15524

Numerical estimates for reactor and gallium experiments

Decoherence parameters - localization

1
‡2

m
©

ÿ

I=P,D

A
1

‡2
pI

+ v2
I

‡2
EI

B
æ ‡m ƒ ‡pI

for reactor and gallium experiments dominated by hadronic particles

‡m ƒ (400 ≠ 500) eV , ”loc = 1
2‡m

ƒ 0.2 nm

≠ ln ›loc = 1
2

3
�m2

4E‹‡m

42

¥ 1.3 ◊ 10≠19
3

�m2

1 eV2

42 3
1 MeV

E‹

42 3
500 eV

‡m

42

∆ QM localization decoherence irrelevant for all practical purposes: ›loc = 1

Note: classical spatial averaging is relevant and needs to be taken into account
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• energy decoherence:

27

Numerical estimates for gallium and reactors R. Krüger, TS, 2303.15524

Numerical estimates for reactor and gallium experiments

Decoherence parameters - energy

‡en ©

S

U
ÿ

I=P,D

1
‡2

pI
+ (1 ≠ vI)2

‡2
EI

T

V
≠1/2

¥

S

U
ÿ

I=P,D

1
‡2

EI

T

V
≠1/2

¥
;

0.33 eV (react)
0.0092 eV (gal)

including phase space integration and Doppler broadening:

‡en ¥ 0.5 eV , ”en ¥ 200 nm

≠ ln ›en = 2fi2
3 L

Losc

‡en
E‹

42
¥ 4.9 ◊ 10≠12

3 L
Losc

42 3
1 MeV

E‹

42 1 ‡en
0.5 eV

22

∆ QM energy decoherence (“wave packet separation”) irrelevant for all practical
purposes: ›en = 1

Note: classical energy averaging is relevant and needs to be taken into account

35
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• our result:    

• energy resolution of typical reactor neutrino detectors: 
 
           
 
about 6 orders of magnitude larger than  ! 

•QM decoherence negligible — dominated by classical averaging (holds also for JUNO) 

• phenomenological constraint is dominated by classical energy resolution:  
   [Gouvea,Romeri,Ternes, 2005.03022, 2104.05806]

σen ≈ 0.5 eV , δen ≈ 200 nm

(0.03 − 0.06) MeV E/MeV ⇒ σclas ≃ 0.1 MeV

σen

σ < 0.47 MeV, δ > 2.1 × 10−4 nm

28

Summary energy decoherence R. Krüger, TS, 2303.15524  
s. also Akhmedov, Smirnov, 2208.03736
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Barenboim, Mavromatos, Sarkar, Waldron-Lauda, 2006 
Fogli, Lisi, Marrone, Montanino, Palazzo, 2007  
Farzan, TS, Smirnov, 2008; Bakhti, Farzan, TS, 2015 
Guzzo, de Holanda, Oliveira, 2014 
Hellmann, Pas, Rani, 2022 
Banks, Kelly, McCullough, 2023 
…
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Any decoherence effect on top of classical 
averaging will point towards new physics! 
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• three SM neutrinos (no steriles)

•modified QM evolution: 
 

    
dρ
dt

= i[ρ, H] −{ρ, D2} + 2DρD

30

Decoherence explanation of the gallium anomaly Y. Farzan, TS, 2306.09422

⌫̄µ ! ⌫̄e transitions [32], our explanation of the gallium anomaly can be combined with
the decoherence model for LSND proposed in [26]. To simultaneously explain the LSND
and gallium anomalies, we may allow for di↵erent decoherence parameters for neutrinos and
antineutrinos or accept that decoherence e↵ects happen only around neutrino energies of
0.75 and 30 MeV, but not in between or at higher energies. We do not address the Mini-
BooNE [33] anomaly, which requires an alternative explanation to this scenario. Similarly,
our model predicts no non-standard e↵ects at short-baseline reactor experiments (see [34]
for a discussion in view of recent developments related to reactor neutrino flux predictions).

Our model is based on the decoherence of the three standard-model neutrinos and does
not require an introduction of sterile neutrinos. Recent discussions of decoherence in os-
cillations of eV-scale sterile neutrinos can be found in refs. [35, 36]. Let us stress that the
decoherence that we postulate here requires exotic new physics which modifies the standard
quantum mechanical evolution; conventional decoherence based on particle localisation leads
only to tiny e↵ects which are negligible for all oscillation experiments considered here [37,38].

The outline of the rest of the paper is as follows. In section 2, we introduce the quantum
decoherence framework and identify the parameters of our scenario. Section 3 contains our
considerations of the gallium anomaly: we present our numerical analysis and determine
the decoherence parameters which can explain the gallium data. In section 4, we show that
our scenario can be consistent with the global data on the neutrino oscillations, provided
that the decoherence e↵ects decrease rather quickly with energy in order to be compatible
with the solar and reactor neutrino data. We comment on the possibility to also explain the
LSND results along with the gallium data. We summarize our findings in section 5.

2 The decoherence model

In the decoherence model, the evolution of the density matrix, ⇢ is modified as follows

d⇢

dt
= �i[H, ⇢]�D[⇢] . (1)

While H is the standard Hamilton operator, D accounts for the decoherence. To maintain
complete positivity, D[⇢] has to be of Lindblad form [39,40]

D[⇢] =
X

n

[{⇢, DnD
†
n}� 2Dn⇢D

†
n] . (2)

To ensure unitarity, i.e., dTr(⇢)/dt = 0, we impose the condition D
†
n = Dn. This also

guarantees the second law of the thermodynamics [40]. If we furthermore want the average
energy Tr(⇢H) to be conserved, H and Dn should be simultaneously diagonalized: [H,Dn] =
0.

From now on, we take a single D matrix. With the properties mentioned above, we can
write the Hamiltonian and the D matrix in the neutrino mass basis as

H =
1

2E⌫
diag(m2

1,m
2
2,m

2
3) , D = diag(d1, d2, d3) , (3)
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• three SM neutrinos (no steriles)

•modified QM evolution: 
 

    
dρ
dt

= i[ρ, H] −{ρ, D2} + 2DρD

•damping of interference terms:
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where mi are the neutrino masses and di are real quantities with dimension of square-root
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where �ij is the decoherence length. As a reference energy, we choose Eref = 0.75 MeV which
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independent parameters; �23 is then determined by using eq. (4), which implies that �23 is
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In such a case additional damping e↵ects may appear, not only damping the o↵-diagonal
elements of ⇢, but also driving ⇢ towards a matrix proportional to the identity matrix, see
e.g., [23, 25, 28, 29]. We will come back to this in section 4.1, when discussing the solar
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r = 2 r = 12
�
2
min/dof p-val. ��

2 #� �12 [m] �
2
min/dof p-val. ��

2 #� �12 [m]
CS1, BEST 2.0/1 0.16 30.1 5.1 1.44 1.7/1 0.19 30.4 5.2 1.44
CS1, all 7.7/5 0.17 28.6 5.0 1.74 8.3/5 0.14 28.0 4.9 2.10
CS2, BEST 2.6/1 0.11 32.1 5.3 1.19 2.2/1 0.14 32.5 5.4 1.44
CS2, all 8.4/5 0.14 30.0 5.1 1.44 9.2/5 0.10 29.2 5.0 1.74

Table 3: Best fit results for the decoherence model with r = 2 (left) and r = 12 (right) for the BEST

experiment (inner and outer volumes combined) and for all gallium experiments, for the two recommended

cross sections CS1 and CS2 from Haxton et al. [16]. We give the �2/dof at the best fit point where we

assume one e↵ective fit parameter (namely �12, see text for explanations), the corresponding p-values of the

best fit points, the ��2 to the null hypothesis, the number of two-sided Gaussian standard deviations when

converting the ��2 into a confidence level for 2 dof, and the value of �12 at the best fit point. The best fit

for �13 is in all cases at 0.04 m, which corresponds to the lower boundary of the considered range.

Figure 1: Allowed regions for the decoherence lengths �12 and �13 at 1, 2, 3� for 2 dof obtained by fitting

combined gallium data. The left (right) panel corresponds to an energy dependence of the decoherence

parameter with the power r = 2 (12). We use the CS2 cross section. The black-solid contours/blue regions

assume �23 = �12 + �13 � 2
p
�12�13 whereas the dashed contours use �23 = �12 + �13 + 2

p
�12�13.
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Figure 2: Predicted event ratios at the best fit point for the combined gallium data for r = 2 and the

CS2 cross section (red lines). The red shaded boxes indicate the 1� correlated cross section uncertainty on

the predictions. Black data points show the observed ratios with error bars at 1� including statistical and

experimental systematic errors.

r = 2 r = 12
�
2
min/dof p-val. ��

2 #� �12 [m] �
2
min/dof p-val. ��

2 #� �12 [m]
CS1, BEST 3.0/1 0.08 29.1 5.4 0.99 2.6/1 0.11 29.5 5.4 1.12
CS1, all 9.1/5 0.10 27.2 5.2 1.27 10.3/5 0.07 26.0 5.1 1.44
CS2, BEST 3.5/1 0.06 31.2 5.6 0.87 3.1/1 0.08 31.6 5.6 0.93
CS2, all 9.8/5 0.08 28.6 5.4 1.05 10.3/5 0.07 28.1 5.3 1.44

Table 4: Same as table 3 but setting �13 ! 1. The number of standard deviations relative to the null

hypothesis are obtained by evaluating ��2 for 1 dof.
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angles ✓12, ✓13 by introducing the pull parameters ⇠✓12 , ⇠✓13 , and �s212
, �s213

are the 1� errors on
sin2

✓12, sin
2
✓13 from NuFit-5.2 [44, 45].

The results of the fit are provided in table 3 for the two recommended cross section from
eq. (10) and fitting either only the two BEST data points or all gallium data combined.
Figure 1 shows the allowed parameter range for the decoherence lengths �12 and �13 using
all gallium data and the CS2 cross section (other combinations give similar allowed regions).
We consider two representative examples for the power law, namely r = 2 and r = 12. As we
will see below, consistency with neutrino oscillation data requires that decoherence e↵ects
become weak very quickly as the neutrino energy increases, requiring values of r & 10.

We find that the best fit point for �13 is driven towards the boundary of our considered
region, at �13 = 0.04 m, which e↵ectively means full decoherence at the distances relevant
for gallium experiments. In this limit the survival probability becomes

P
gal
ee ⇡ 1� 1

2
sin2 2✓13 �

1

2
cos4 ✓13 sin

2 2✓12
�
1� e

��12L
�

(�13 ! 0) , (15)

where we have used �23 ⇡ �13 � �12. Since 0.5 sin2 2✓13 ⇡ 0.043, the suppression due to
decoherence of the 3rd mass state is not enough to account for the ' 20% suppression in
gallium experiments, and therefore we need to invoke decoherence in the 12 sector corre-
sponding to the last term in eq. (15). Numerically we have 0.5 cos4 ✓13 sin

2 2✓12 ⇡ 0.404.
Hence, we need partial decoherence in the 12 sector to obtain Pee ' 0.8. This is reflected in
the allowed region for �12 visible in fig. 1, indicating values �12 ' 1�2 m, comparable to the
typical sizes of gallium experiments. From fig. 1 we also see, that the results are very similar
for both sign options to determine �23 according to eq. (8), and they become identical in
the limits �12 � �13 and �12 ⌧ �13. For definiteness we will adopt the negative sign for the
following discussion.

In table 3 we provide the �2 values at the best fit points. To calculate the corresponding p-
value to evaluate the goodness-of-fit we assume one e↵ective free parameter. The justification
for this is that �13 is driven to small values, where predictions become independent of it,
see eq. (15). In all cases shown in the table we find p-values in the range between 10% and
20%. While this is a huge improvement compared to the p-values of the null hypothesis (see
table 2) the fit is not perfect. This is related to the partial decoherence in the 12 sector,
which is required for the reasons discussed above. It leads to a distance dependence on the
scale of gallium experiments which in particular predicts di↵erent event ratios in the inner
and outer detector volumes of the BEST experiment. We illustrate this on one example fit
in fig. 2 which compares the predicted ratios at the best fit point to the observed values.
While currently this is acceptable within uncertainties, the distance dependence of Pee at
the scale of 1 m and few 100 keV neutrino energies is a specific prediction of this scenario.

In table 3 we also provide the��
2 of the best fit points with respect to the null hypothesis.

Here we use 2 dof to evaluate these values as both parameters, �12 and �13, have to be changed
to move from the best fit point to the null hypothesis which corresponds to �12,13 ! 1. We
obtain that the decoherence model is preferred over the null hypothesis at the level of around
5� in all cases considered in the table.

We note that decoherence in the 13 sector is actually not required by the fit; the allowed
regions at 1� extend up to �13 ! 1, c.f. fig. 1. In table 4 we give the properties of the

7
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Consistency with other oscillation data

Figure 3: Comparison of relevant length scales at di↵erent neutrino energies. Lines in black show the

decoherence length 1/� for � = 2 m and r = 10, 11, 12; the region around and above these lines is a↵ected

by the decoherence terms. Blue lines show the vacuum oscillation lengths due to �m2
21 and �m2

31. Further-

more, we show approximately the regions probed by gallium experiments (red star), short-, medium-, and

long-baseline reactor experiments (green regions), atmospheric neutrinos (cyan region), as well as acceler-

ator experiments including the long-baseline experiments T2K, NOvA, DUNE (purple) and short-baseline

experiments LSND and MiniBooNE (magenta). The red curve shows the distance of the MSW resonance

inside the sun from the solar center. We also indicate the energy of the 7Be solar neutrino line and the size

of the matter potential at the center of the sun converted into a distance (grey), as well as the energy range

relevant for 8B solar neutrinos (red region).

survival probability is determined by vacuum oscillations. As mentioned above, in this case,
the decoherence e↵ects are indistinguishable from standard averaging and hence we expect
no modification of low energy solar neutrinos compared to the standard oscillation picture.

High energy: Let us now focus on 8B neutrinos with energies above the SK detection
threshold of 4.5 MeV [48]. The relevant region is indicated by the red-shaded box in fig. 3.2

When the high-energy solar neutrinos propagate out from the center of the sun to the surface,
the evolution follows adiabatically the e↵ective mass eigenstates in matter until they cross
the MSW resonance. After the resonance we have basically propagation of the vacuum mass
states. The red curve in fig. 3 shows the location of the MSW resonance in the Sun as a
function of neutrino energy. Below 2 MeV, the density even in the Sun center will be too
low for a resonance. In order to be consistent with the success of the MSW mechanism we

2The L range for this box is only for illustration purposes and has been chosen as [0.02R�, R�], with
R� denoting the solar radius and 0.02R� is approximately the production region for 8B neutrinos inside the
Sun.

10
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Consistency with other oscillation data

Figure 4: Survival probability Pee as a function of the baseline L for E⌫ = 3 MeV with the decoherence

lengths �12 = 1.44 m (both panels) and �13 = 0.04 m (1) for the left (right) panel and for several values of

r. The black dashed curve corresponds to the standard three flavour oscillation probability, which overlaps

with the r = 12 curve. Oscillation parameters are taken at the NuFit-5.2 best fit point [45]. Probabilities

are averaged over a Gaussian energy resolution of 0.03%
p
MeV/E⌫ .

KamLAND we need a very steep energy dependence, r & 10, in order to compensate the
factor LKamL/LGal ⇠ 200 km/(2m) = 105 by the factor (0.75MeV/E⌫)r. The future JUNO
reactor experiment at L ' 60 km may be able to further strengthen the requirement on r.

From fig. 3 it is clear that for all the other oscillation experiments, including atmospheric
and accelerator neutrino experiments, decoherence e↵ects on our model will be negligible, if
the power law extends to E⌫ & 0.1 GeV.

LSND, MiniBooNE and short-baseline reactors. From figs. 3 and 4 it becomes
clear, that in our scenario short-baseline reactor experiments are not a↵ected: decoherence
e↵ects at short baselines would spoil the oscillation signatures observed at medium and long-
baseline reactor experiments. Similarly, we cannot explain the MiniBooNE anomaly [33], see
magenta bar around 103 MeV in fig. 3: decoherence at such small baselines would distort
the oscillation signatures observed in atmospheric and long-baseline accelerator experiments.
In both cases (short-baseline reactor experiments and MiniBooNE), decoherence e↵ects are
completely negligible under the power law assumption with r & 10.

The LSND experiment, reporting evidence for ⌫̄µ ! ⌫̄e transitions [32], corresponds to
the magenta bar around 30 MeV in fig. 3. If we assume the same decoherence parameters
for neutrinos and antineutrinos and the power law with r & 10, it is clear that no e↵ect is
predicted for LSND. However, as there are no other observations in this energy range3, we
can introduce decoherence e↵ects there to explain LSND as well, for instance adopting a

3Note that within the standard model, coherent neutrino–nucleus scattering as observed by COHER-
ENT [53] is a flavour-universal neutral-current process and is therefore not expected to be a↵ected by
flavour transitions due to decoherence. However, in the presence of decoherence, the bounds on new physics
such as non-standard neutrino interactions with non-universal couplings should be reconsidered.
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Decoherence explanation of gallium — discussion
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• solar and reactor neutrinos require steep energy dependence of 
decoherence effects:    

 other oscillation evidences not affected
γ ∝ E−r

ν , r ≳ 10 − 12
⇒
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• solar and reactor neutrinos require steep energy dependence of 
decoherence effects:    

 other oscillation evidences not affected
γ ∝ E−r

ν , r ≳ 10 − 12
⇒

•predict distance dependence in gallium exps. (still compatible with BEST) 
slightly modified MSW transition region in  for solar neutrinosPee(Eν)

•no effect predicted in MiniBooNE or SBL reactors

• expect standard three-neutrino neutrino cosmology
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Bakhti, Farzan, TS [1503.05374] 
assume Gaussian energy  
dependence:

37

Can be combined with decoherence explanation of LSND

 

 

 

 

d1 ≈ 0

d2,3 =
1
λi

exp [−
(Eν − Ei)2

2(0.1Ei)2 ]
λ2 = 2 m, E2 = 0.75 MeV

λ3 = 300 m, E3 = 35 MeV

γij=(di−dj)2
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• BEST results make gallium anomaly highly significant  
difficult to explain without being in conflict with other data 

•QFT framework to study decoherence effects 
standard QM localization/wave packet effects are negligible 

• presented an explanation in terms of new-physics decoherence, 
consistent with oscillation data, cosmology, and potentially compatible 
with an LSND explanation

≈ 5σ
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Thank you for your attention
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Single vertex case

The QFT approach to neutrino oscillations

Single vertex case

transition probability i æ f :

Pif = |È„f |iT |„iÍ|2 © |iA|2

definition of the matrix element for momentum states:
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Single vertex case

The QFT approach to neutrino oscillations

Single vertex case

for Gaussian WPs and neglecting WP spreading:

iA Ã iM fi2

‡3
p‡e

exp
5
≠ (�p)2

4‡2
p

≠ (�E ≠ �pv)2

4‡2
e

6

with
�p ©

ÿ
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and e�ective momentum and energy spreads:
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e © ‡2
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and a weighted velocity and velocity-squared:

v © 1
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