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Neutrinos interacting with a new scalar

—Z D 8y 1PV + 84 2PTrln + 8y 3PTU5L5
Neutrino masses get modified
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We will show that
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Neutrino masses become time
dependent

m, (1) = m,) + g, by cos(myt + 6)



Neutrino oscillation
frequency Is modified

Am:(0) & Ami(d = 0) + 2((gym); — (g5m),)y cos(myt + 6)



Theory

Backgrounc




Ultralight scalars have interesting
properties
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Ultralight scalars have interesting
properties

N Py

|4 m¢

For ultralight scalar dark matter
(a,a'l=1—-aa"=a'a+1~N

N
It’s convenient to describe It as a coherent state



Quick review of coherent states

A coherent state Is a
superposition of states of the
harmonic oscillator

. J. Glauber, Phys. Rev. 131, 2766 (1963).
. G. Sudarshan, Phys. Rev. Lett. 10, 277 (1963).
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Quick review of coherent states

It Is an eigenstate of the
annihilation operator
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R. J. Glauber, Phys. Rev. 131, 2766 (1963).
C. G. Sudarshan, Phys. Reuv. Lett. 10, 277 (1963).
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Quick review of coherent states
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Quick review of coherent states

ala) =ala)
Summary 0
a=|ale
Effectively

a—a a — aF

R. J. Glauber, Phys. Rev. 131, 2766 (1963).
C. G. Sudarshan, Phys. Reuv. Lett. 10, 277 (1963).
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The scales determine the scalar state

Field state

| a)
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The scales determine the scalar state

1 | |
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The scales determine the scalar state
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The scales determine the scalar state

1 | |
pxt)= ) (ae™™ + ale™)
~ \/2VE,

l Coherent states

—ikx T ikx
(e + ae )

(x,1) = Z, :
¢ X, 1) =
T \/ZVE,c
l Non relativistic

D(x, 1) X \/2_%

cos(mt + 0)
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Neutrino masses become time
dependent

m, (1) = m,) + g, ihy cos(mt + 6)



First scenario




First: Very slow scalar modulations




Very slow scalar modulations
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Very slow scalar modulations




Very slow scalar modulations

My, < 1072° eV

¢(t)|a.u.]




What might happen?




What might happen?

2 2 2 2 2
m, Ams, > Amys, | Am3, | < | Amg, |




One way to determine the ordering

T2K/NOvA
(LBL)

Nunokawa, Parke, Zukanovich Phys. Rev. D 72, 013009
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One way to determine the ordering

T2K/NOovA Py, = 1)
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What is actually measured

T2K/NOrVA 2
(LBL) Am,,

2
JUNO Amee

Nunokawa, Parke, Zukanovich Phys. Rev. D 72, 013009



What is actually measured

Tz(IE]/BT())UA Amg, ~ Ams, sin® 0, + Amg, cos” 0,

2 .

JUNO Am;, = Amj, cos” 0, + Ams, sin” 0,

Nunokawa, Parke, Zukanovich Phys. Rev. D 72, 013009



Rephrasing the mass ordering
question

NO 1O

2 2 2
| Am?,| > | Amg, | Amg, | < |Amy,

Nunokawa, Parke, Zukanovich Phys. Rev. D 72, 013009



Rephrasing the mass ordering
question

NO 1O

2 2 2
| Am?,| > | Amg, | Amg, | < |Amy,

This naturally requires precise measurements

Nunokawa, Parke, Zukanovich Phys. Rev. D 72, 013009



Fortunately

another. JUNO claims that after 100 days of data taking
> | at 0.8% precision

they will be able to determine |[Am
and will continue to improve ultimately reaching 0.2%

atm

Parke, Zukanovich, Phys. Rev. D 111, 013008
JUNQ, Chin. Phys. C 46, 123001



Fortunately

another. JUNO claims that after 100 days of data taking
they will be able to determine |[Am?Z, | at 0.8% precision
and will continue to improve ultimately reaching 0.2%

how many units of Ay?. In this manner it is conceivable,

if JUNO measures |Am?, | close to the one given by

combining Daya Bay and RENO data, that NO could

be soon (in a year or so) determined, by the combined
(T2K, NOvVA and JUNO) disappearance measurements
alone. to better than 3 o i.e. a confidence level of 99.73%.

Parke, Zukanovich, Phys. Rev. D 111, 013008



The actual question

If nature’s

2 2
choiceis | Al > |Am,,

NO




The actual question

If nature’s

2 2
choiceis | Al > |Am,,

NO

But neutrinos
couple to ULDM



The actual question

If nature’s

2 2
choiceis | Al > |Am,,

NO

But neutrinos
couple to ULDM

Could we get

2 2
confused? A | < Amy,



The actual question

Can New Physics Spoil the JUNO-Long-Baseline Synergy in the Neutrino Mass

Ordering Determination?

Gustavo F. S. Alves®.1:2:3.* Hiroshi Nunokawa®.* 7 and Renata Zukanovich Funchal®*:
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JUNO has

just started!

JUNO Releases First Physu:s Results f:
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0., & Am,+%: measured about twice percise
than previous experiments’ average
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Setup

We will assume the scalar only couples to the

third mass eigenstate

Am%l(t) ~ Amgl(gqb = () + 2m3g¢’3¢0 cos(m¢t)
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LBL and JUNO are asynchronous
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Instantaneous mass splittings
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Experimental result LBL
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Apparent mass ordering confusion

2 2
‘Am,ulul > ‘Ameel

1t
N
N

| p—
>
D)
[CE—
N
(‘T;
-
p—
X
p—
o
Z.
£
SR
~
~
<

g8 9 10 11 12 13 14 15 16

t |years]

55



Conclusions are time dependent
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Conclusions are time dependent
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Done with the first scenario

My, < 1072° eV




Second scenario

¢(1)|a.u.]




Several cycles over the
experimental livetime

¢(1)|a.u.]




Neutrinos start with different
Initial conditions

¢(1)|a.u.]




Neutrinos start with different
Initial conditions
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Neutrinos start with different
Initial conditions

A

Y20,

¢(1)|a.u.]

1072 eV < My, < 1071 eV
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Most explored scenario

1072 eV < m, <107 ev

Neutrino Oscillations as a Probe of Light Scalar Dark
Matter

Asher Berlin

Show more v

Phys. Rev. Lett. 117, 231801 - Published 30 November, 2016

DOLI: https://doi.org/10.1103/PhysRevLett.117.231801

[Submitted on 20 Dec 2025]

Ultralight dark matter search in a large liquid scintillator detector

Luis A. Delgadillo, O. G. Miranda, Hiroshi Nunokawa

OPEN ACCESS

Distorted neutrino oscillations from time varying cosmic
fields

Gordan Krnjaic'”, Pedro A. N. Machado'', and Lina Necib?#

Show more v

Phys. Rev. D 97, 075017 - Published 16 April, 2018

DOL: https://doi.org/10.1103/PhysRevD.97.075017

Home > Journal of High Energy Physics > Article

Signatures of ultralight dark matter in
neutrino oscillation experiments

Regular Article - Theoretical Physics | Open access | Published: 18 January 2021

Volume 2021, article number 94,(2021) Cite this article

@ You have full access to this open access article

Download PDF Y

Abhish Dev 84, Pedro A. N. Machado & Pablo Martinez-Miravé




Most explored scenario

| will show that we can also approach the
problem from an open systems perspective



Most explored scenario

| will show that we can also approach the
problem from an open systems perspective

But why would one like to do that?



Neutrinos as open systems

Physics

Benatti, et. al., JHEP 10.1088

Gago, et. al., Phys. Rev. D.,10.1103
Guzzo, et. al., EPJ C 10.1140

Lisi, et. al., PRL. 85.1166

Guzzo, et. al., Phys. Rev. D., 89.053002
Schwetz, et. al, JHEP JHEPO05 (2015) 007
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Extra CP sources
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Extra CP sources

Physics

Majorana phases
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Neutrinos as open systems

Extra CP sources

Portal to BSM

Physics

Majorana phases
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Neutrinos as open systems

Extra CP sources

Portal to BSM
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How the framework has been
applied to neutrino physics?




Open systems, open possibilities

Article | Publish 2 March 2024

Search for decoherence fromquantum gravntyw|th
atmospherlc neutrinos

The IceCube Collaboration

Nature Physics 20, 913-920 (2024) \ Cite this article

3483 Accesses | 4 Citations | 315 Altmetric | Metrics



How the framework iIs applied to neutrino physics

Motivation:

|

From: The IceCube collaboration, Nature Physics 20, 913-920
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How the framework iIs applied to neutrino physics

Motivation: Method:

p=—ilH,p] —D|p]

Dphase perturbation — dla’g(o Fa Fa 0, Fa Fa Fa Fa O)

|

From: The IceCube collaboration, Nature Physics 20, 913-920
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How the framework iIs applied to neutrino physics

Motivation: Method:
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From: The IceCube collaboration, Nature Physics 20, 913-920




How the framework iIs applied to neutrino physics

Motivation: Method:

p=—ilH,p] —D|p]

Dphase perturbation — dla’g(o Fa Fa 0, Fa Fa Fa Fa O)

Whatis [ ?

Where does it come from? How?
| Complete framework?

From: The IceCube collaboration, Nature Physics 20, 913-920
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| will give you one concrete example

An open system approach to neutrino propagating through a ultralight scalar
background

Lua F. T. Airoldi,"* * Gustavo F. S. Alves,"* % T Pedro A. N. Machado,*'* and Peter Vander Griend* *:

1. Mapping between model parameters and open system
framework

2. This simple model eludes previous analyses






The field can be effectively described as

P(x, 1) = ycos(c)

¢ € 10,2x]



Setup

We will assume the scalar couples with all mass

eigenstates with the same coupling constant



Impact on neutrino propagation

Neutrino Hamiltonian




Impact on neutrino propagation

Neutrino Hamiltonian

|
H, = Edlag(m1 : mz, )



Impact on neutrino propagation

Neutrino Hamiltonian

|
H, = Edlag(m1 : mz, )
Do

H, = g¢fdlag(m1, My, N,)COS &



How to approach the problem?
Typically:

1. Compute the time evolution for one neutrino.

Ut, &) = exp (—iH,(0)t)



How to approach the problem?
Typically:

1. Compute the time evolution for one neutrino.
2. Compute the oscillation probability. It will be a

function of an unknown phase.



How to approach the problem?
Typically:

1. Compute the time evolution for one neutrino.
2. Compute the oscillation probability. It will be a
function of an unknown phase.

3. Average over the phase. 1 JZJT



This particular example
IS easy enough to treat
analytically



Think of this problem as a door with a key

9



We will explore other methods

92
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Density

Operators




Quick review of density operators
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Quick review of density operators

The density operator satisfies

p=p" Tr(p)=1 p>0
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Quick review of density operators

The density operator satisfies

p=p" Tr(p)=1 p>0

Given a ket | y) the density operator for the state is

p = |yl
This Is a pure state.

Any pure state satisfies Tr(pz) =]



Quick review of density operators

Simple example

|lv,) =cos@|vy) +sinf|v,)

o= v ), | = ( cos? @ cos&’sin@)
o cos@sin@®  sin%0



Quick review of density operators

Mixed states have the form
P = Z pi lwi)(w; |
l

With Tr(p?) < 1



Quick review of density operators

Simple example

p = COS 0| v){v; | + sin 0| 291¢23

B (coszé’ 0 )
p T )
0 sin” @

Tr(p?) < 1

102



Quick review of density operators

Time evolution

atp(t) = —1|H, p(1)]
p(t) = UDp(O)U'(1)



Quick review of density operators

Time evolved neutrino state

|v,) = cos @e™™1"| v, ) + sin Be 52 | 1,

b= |u My, | = ( cos” 6 cos @ sin He"AEUt)
e e el . : .
cos @ sin Qe'BAE1n! sin @



Quick review of density operators

Time evolution with open systems

0,p(t) = — i[H, p()] — L"Lp(t) — p(t)L'L + 2Lp(£)L’



A taste of open systems effects

Time evolved neutrino state

o =), | = ( cos’ 0 COs @' sin He_’AEUt_FL)
e e el . : o .
cos O sin Qe'AEn—1L sin @



A taste of open systems effects

Time evolved neutrino state

o =), | = ( cos’ 0 COs @' sin He_’AEUt_FL)
e e el . : o .
cos O sin Qe'AEn—1L sin @

For large L

pe i = (50 0 )
) e 0 sinZ@



How to find the

master equation




How to find the

master equation

This is not a Al generated output*




How to get the master equation?

Recall

p(t, &) = U@, E)p(0)U' (¢, &)



How to get the master equation?

Recall

p(t, &) = U@, E)p(0)U' (¢, &)

Average

1

2T
T Jo
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e master eq
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Define

AU —



How
to
get th
e master eq
uatio
n?

Define

AU —

We
C
an rewrite

p(t) = U()p(0O)U + — p(0)AU
) T
(t9§)



How to get the master equation?

Define an effective hamiltonian
0,U(t) = — iV()U(t)  veimesseswetr



How to get the master equation?

Define an effective hamiltonian
0,U(t) = — iV()U(t)  veimesseswetr

We find the time evolution equation

1 27
0,0(t) = — i[V(1), p()] + 0, (—J dEAU(t, &)p(0)AU'(z, 5))

21 )



How to get the master equation?

To second order In perturbation theory

[

dtH(z, &) — J dTJTdT’H(T, EH(7', &)

0 0

U(t, &) ~ l—i[

0

We can determine V(7) and AU(t, &)



The master equation

2 4.2
gsPot o N A
e (mZp(t) + p(ym> — 21 p(f)in,)

0,p(t) = — 1[Hy, p(1)] —

m,, = diag(my, m,, ms)



The master equation
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The master equation

g4t

S P + poyiy — 21, o,

0,p(t) = — 1[Hy, p(1)] —

JUNO is the best candidate to search
for these effects.



The master equation

2 42

8590t . N A
S (p(0) + Uiy = 21, Py, )

0,p(t) = — 1[Hy, p(1)] —

Let’s have a look at the probability



How does the probability change?

L L, ., i
PU,-1v,)~1-— Py (sm (20,3) + sin (26’12))

d \2
SECIAN

A? Y2\ sin*(20
+exp (—( Zm) ) (2 13)\ /1 — sin*(20,,)sin* A, cos(2| A,, | £ @)




How does the probability change?

L L, ., i
PU,-v)~1—— (sm (20,3) + sin (26’12))

2 Aee — COSz 912A31 + Sin2 912A32
(qubl)z p ® , = arctan(cos 20,, tan A,;) — A,; cos 20,
—exp | — A 5
cos* 0, ~ 1

A? Y2\ sin*(20
+exp (—( Zm) ) %\ /1 — sin*(20,,)sin* A, cos(2| A,, | £ @)



How does the probability change?

1, .
P, -7v,) =1~ > (sin*(26)3) + sin*(26,,)) P, ~ sin”20,, sin” A,,
2
(A%))? Am;
—exp | — P A.. = L
’ ( 1 . Y 5

A? Y2\ sin*(20
+exp (—( Zm) ) (2 13)\ /1 — sin*(20,,)sin* A, cos(2| A,, | £ @)



How does the probability change?

L L, ., i
PU,-1v,)~1-— Py (sm (20,3) + sin (26’12))

(1, — m)
A? )2 $ _ v s
—exp (—( il) )PQ AU B g¢¢0 E -

A? )2\ sin*(20
+exp (—( Zm) ) (2 13)\ /1 — sin*(20,,)sin* A, cos(2| A,, | £ @)
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How does the probability change?

L L, ., i
PU,-1v,)~1-— Py (sm (20,3) + sin (26’12))

(1, — m)
A? )2 $ _ v s
—exp (—( il) )PQ Alj B g¢¢0 E -

A? )2\ sin*(20
+exp (—( Zm) ) (2 13)\ /1 — sin*(20,,)sin* A, cos(2| A,, | £ @)

Scaling as L°/E*




Consequences

0.5




Consequences

For large L

R L i
Puv,—-rv,)—>1- 5 (sm (26,;) + sin (26’12))



The exact solution

L L, ., i
PU,-1v,)~1-— Py (sm (20,5) + sin (26’12))

—JO(NZbl)P@

)
sin“(260
"‘J()(Aftm) (2 13)\ /1 —sin*(20,,)sin* A,, cos(2| A,, | £ D)




To leading order they coincide

2

Jo@) =1 - % + 0%

X2 X2 A
exp _I =1—Z+@(x)



Open system can be mapped to model
parameters

g¢¢0(mi — mj) — Aml;,-(m,;)ij

For JUNO: Delgadillo, arXiv:2512.18186 130



Statistical decoherence, not quantum
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Statistical decoherence, not quantum
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Statistical decoherence, not quantum

p(ta 51) p(ta 52) p(ta 53) p(ta 54) p(ta 55) p(ta 56)

e "l " sl "ol i il

1 2T

21 )

p(t) = deU(t, E)p(O)U(1, &) Tr(p”) < 1



Routes to pursue

“The end of a story Is like the end of a good meal.
We’'’re sated but it doesn’t mean that we will never be
hungry again.”

— Kate Tellers



Can we have an observable quantum
decoherence effect?

Dynamical field regime

..................... P> Scalar modulation




How the master equation should look

0,p(t) = — i[Hy + H¢(t)9p(t)]
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Requirements

1. We must fix the scalar state p.
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1. We must fix the scalar state p.

2. The field must have a nontrivial variance (A¢A@)



Requirements

1. We must fix the scalar state p .

2. The field must have a nontrivial variance (A¢pAqp)

3. The field must not oscillate too fast



Routes to pursue

Can we probe true quantum
decoherence instead of

statistical decoherence?
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Routes to pursue

Intrinsically Quantum Effects of Axion Dark Matter are Undetectable

Yunjia Bao,”*”* Dhong Yeon Cheong,">”%° Nicholas L. Rodd,” "
Joey Takach,” " Lian-Tao Wang,1’2’3’4 and Kevin Zhou® "
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Routes to pursue

Intrinsically Quantum Effects of Axion Dark Matter are Undetectable
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Any hope from the neutrino side?
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If neutrino masses are clocks,
can we hear them tick?
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If neutrino masses are clocks,
can we hear them tick?

Yes.
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And even If we listen only to the
sound of silence...



And even If we listen only to the
sound of silence...

We can still learn something new!
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And even If we listen only to the
sound of silence...

We can still learn something new!
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Thank you!
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“Vectorizing” the time evolution
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' jon
“Vectorizing” the time evolut
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This can be treated analytically

U(t, Q) =

| 0 0 0 0 0 0 0 0
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The averaged evolution
cos(A) = Jo(Af)cos(A)

Oscillation probability

cos* 0,5 sin*(20,,)

PU,—->1, = PSM(17€ - U,) + >
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