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Introduction
• Dark matter constitutes ~ 27% of total energy density of the Universe
• Plethora of candidates for DM
• Focus today on Ultra Light Dark Matter (ULDM).

US Cosmic Visions 2017



Main features of ULDM
• Small mass implies a large occupation number per de Broglie volume.
• Must be a bosonic particle

• Consider a scalar field that will oscillate with a Compton frequency

• Local dark matter density defines:

� ⇡ �0 sin(m�t) (1)

�0 '

q
2⇢��

m�
⇠ 2⇥ 10

10 GeV

✓
10

�22 eV

m�

◆
(2)

� ⇡ �0 sin(m�t) (1)

�0 '

q
2⇢��

m�
⇠ 2⇥ 10

10 GeV

✓
10

�22 eV

m�

◆
(2)



ULDM cont’d

• Oscillation period:

• Range of masses:
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Theoretical set-up: SM + Scalar singlet
• Dim-5 and 6 terms in Lagrangian:

• Generates neutrino mass terms and Yukawa couplings:
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Two neutrino case
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⌫µ ! ⌫e appearance oscillation probability
⌫µ ! ⌫e appearance oscillation probability
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Neutrino experiments

Pontecorvo 1959
Schwartz 1960
Danby et al 1962

I = 5 x 1012 protons/sec

I/10 Pions produced at target, E > 2 GeV, 2 steradians

c τ = 7.8m ⇒ Decay length L = 111m

10% of pions decay

Nflux = 10-9 I

# events ~ 1 per hour

Led to first ν beam and discovery of  νe≢ νμ



Neutrino oscillation experiments
• Relevant Timescales
Table: The relevant experimental parameters. Time scales are given in
units of second. Notice that ⌧r is a rough approximation since it varies
for di↵erent energy bins. N⌫ is the unoscilalted event rate.

⌧d ⌧r ⌧e N⌫/day P↵�

Daya Bay 2.7⇥ 10�6 4⇥ 103 5⇥ 107 800 Pēē

DUNE 4.3⇥ 10�3 1⇥ 106 2⇥ 108 16 Pµµ,Pµe

JUNO 1.8⇥ 10�4 1⇥ 104 2⇥ 108 83 Pēē

KamLAND 6.0⇥ 10�4 9⇥ 105 3⇥ 108 2 Pēē

SK, SNO 9⇥ 104 3⇥ 108 10 Pee

T2HK 1.0⇥ 10�3 9⇥ 104 9⇥ 107 56 Pµµ,Pµe

⌧�

⌧d - the source-to-detector distance.

⌧r - the time-resolution of the detector.

⌧e - the running time of the experiment.

⌧d ⇠
< ⌧� ⇠

< ⌧e , (14)



Time-averaged modulations (⌧� < ⌧r )

• Mixing angles
Time-averaged modulations (⌧� < ⌧r )
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Time-averaged modulations |DUNE

Mass modulation
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Time-averaged modulations | Kamland



CP Violation | Toy model

• z matrix is real, y matrix is complex
• Only off-diagonal elements of y are non-zero and purely imaginary
• CP-conserving parameters are quadratic in ⌘⌘
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Modified PMNS matrix
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CP Violation
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CP Violation

• Current Bound from 

Kamland
Pµe = Pµ̄ē

✓12 ! ✓12 � ✏20/[2 tan (2✓12)] (28)

�m
2
21 ! �m

2
21/(2 + 2✏20). (29)

Pµe = Pµ̄ē
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Probing time-averaged CP violation
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Probing TA CPV
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Time-resolved modulations (⌧� > ⌧r )
Probe time dependence of P↵�(E )

Time-resolved modulations (⌧� > ⌧r )
Probe time dependence of P↵�(E )
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SK and SNO
• Search for periodic time variations < 10%
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Figure 5: 1� contours for the sensitivity of Daya-Bay to detect ULDM signal due to modulation of �m
2
31

(blue), and ✓13 (orange).

The sensitivity of Daya Bay to time modulation of ✓13 and �m
2
31 is shown in Fig. 5. The bound on

⌘�21 is weaker than the bound given in Eq. (39) from KamLAND on time-averaged modulations.
We did not extract bounds from KamLAND for time-resolved modulations. First, the analysis is more
complicated due to the di↵erent distances between the detector and the reactors. Second, the statistics is
relatively low. Thus, we expect the KamLAND bounds to be weaker.

5.2 Future sensitivities

The future DUNE experiment will measure Pµµ and Pµe. Fig. 6 shows the expected sensitivities of
DUNE to modulations of the mixing angle ✓13 (left), the mass-squared di↵erence �m

2
31 (middle), and the

CP-violating phase �CP (right). We consider the total run time for the experiment to be 7 years with an
event rate of 6000 unoscillated events/year. We have checked the sensitivity to these parameters in both
Pµµ and Pµe, and the latter yields better sensitivity for all of them. For each of the three parameters,
a specific energy bin has been selected. We show the 1� contours for two possible choices of integration
time. The first choice fixes the integration time to contain approximately 10 unoscillated events, such that
the calculation is valid (see Appendix A). The second choice fixes the integration time to 100 days. The
sensitivity we obtain in the case of DUNE to ⌘�31 is slightly stronger than the sensitivity quoted in [?].
This di↵erence might be due to di↵erent energy bins that are being probed, or due to a di↵erent method
to look for modulations, or due to di↵erent sensitivities of survival and transition probabilities.

The future Hyper Kamiokande, HK, experiment is similar to DUNE in the sense that they both have
similar L/E⌫ , and they both measure Pµµ and Pµe. However, the statistics of HK are superior to those
of DUNE, and therefore it produces better sensitivities to modulation amplitudes for a shorter running
time. The expected sensitivities in HK are presented in Fig. 7.

The future JUNO experiment will measure Pēē, and therefore is not sensitive to the �CP parameter.
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Current Bounds

⌘ ⌧� < ⌧r ⌧� > ⌧r
Bound P↵� Exp. Bound P↵� Exp.

⌘✓12 0.29 Pee ⌫sol 0.03 Pee SK,SNO
⌘✓13 0.21 Pēē ⌫rea 0.01 Pēē DB
⌘✓23 0.09 Pµµ ⌫atm �

⌘� 0.74 Pēē KL �

⌘�31 � 0.08 Pēē DB
⌘�21 0.05 Pēē KL 0.3 Pēē DB



Future sensitivities | DUNE



Future Sensitivities | HK



Future sensitivities| JUNO



Summary of current bounds and future 
sensitivitiesTable 2: Current and projected bounds on ⌘. New bounds are quoted in bold letters. Data are taken

from Super-K (SK), SNO, Daya Bay (DB) and KamLAND (KL).

⌘ ⌧� < ⌧r ⌧� > ⌧r JUNO DUNE HK
Bound P↵� Exp. Bound P↵� Exp. Bound P↵� Bound P↵� Bound P↵�

⌘✓12 0.29 Pee ⌫sol 0.03 Pee SK,SNO 0.004 Pēē

⌘✓13 0.21 Pēē ⌫rea 0.01 Pēē DB 0.01 Pµe 0.01 Pµe

⌘✓23 0.09 Pµµ ⌫atm � 0.03 Pµe

⌘� 0.74 Pēē KL � 0.4 Pµe 0.23 Pµe

⌘�31 � 0.08 Pēē DB 0.005 Pēē 0.01 Pµe 0.005 Pµe

⌘�21 0.05 Pēē KL 0.3 Pēē DB 0.004 Pēē

• The expected sensitivities to various ⌘’s of the di↵erent neutrino mass and mixing parameters from
JUNO, DUNE and HK.

We argued that naturalness considerations imply that, if the scenario we consider is to give an observable
signal in neutrino oscillation experiments, new degrees of freedom that interact with the ULDM are
required, with a mass scale lower the 10 eV.

A The statistical analysis of slow modulations

Slow modulations, ⌧r < ⌧� < ⌧e, allow us to split the running time of an experiment into smaller time
segments and measure P↵�(E) in each of them. For neutrinos propagating in a ULDM field, we expect a
small time varying perturbation to the transition probability,
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is the probability that is measured when integrating over time � ⌧�. To first order in ⌘, it coincides
with the vacuum transition probability.

Let us consider the case that we measure P↵�(E0, tn) by integrating over time interval �t around time
tn and in an energy bin of width �E around E0:
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where W (E) is a normalized weight function fulfilling
R
dEW (E) = 1. This function is calculated by the

product of the neutrino flux spectrum and their cross section in the detector. Its role is important for
wide enough energy bins such that the event rate is not uniform in energy.

In order to detect, or constrain, a time periodic modulation, it is beneficial to study the Fourier
transform of hP↵�(E, t)i:
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Pheno implications and bounds

1. Effective potential for ULDM field and consistency with neutrino masses,  
visible signal and naturalness requires:

2. Scalar mixing

3. CMB bound
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Conclusions
• Constraints on ULDM form neutrino oscillations.
• Time-averaged and time-resolved modulations of neutrino masses 

and mixings.
• Model which has a leading CP violating effect and modulation of CP 

conserving parameters is suppressed.  
• Presented a unique imprint of TA-CPV in neutrino oscillations.

I The bound on ⌘✓12 from time-averaged modulations: Previous bounds from time-resolved modulations

hold only for m� ⇠
< 7 ⇥ 10�18 eV.

I The bound on ⌘✓13 from time-resolved modulations: It is the strongest bound for m� ⇠
< 7 ⇥ 10�18 eV.

I The bound on ⌘�31
from time-resolved modulations: This constitutes the first bound on this parameter.

I The bound on ⌘� from time-averaged modulations from KamLAND: This is the first bound on this
parameter.

I The expected sensitivities to various ⌘’s of the di↵erent neutrino mass and mixing parameters from JUNO,
DUNE and HK.
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