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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).

Dark Sector Candidates, Anomalies, and Search Techniques
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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
¢ ~ g sin(myt)

 Local dark matter density defines:

/2p% 10-22
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ULDM cont’d

2 | 3 10722 eV
» Oscillation period: "¢ — m—¢ ~ L3 year x me

* Range of masses:

107% eV < my < 10712 eV



Theoretical set-up: SM + Scalar singlet

* Dim-5 and 6 terms in Lagrangian:

L., = ZO‘TB(LO“)TMHH : ya%(m) LA HH

| z and y are 3x3 symmetric matrices | | 7\ scale of NP |

* Generates neutrino mass terms and Yukawa couplings:
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TwoO neutrino case

Am* = Am® + 2(maPor — mij11)e + O ()Afngz)
= Am? [1 4+ 2na sin(myt)] .

Mass squared difference

Mixing angle



v, — Ve appearance oscillation probability

o o ARPL
PLe = sin” 20 sin” Xg XE = "F

d-modification |

P11 = oo = O PLe = sin® xg sin? {210 + ng sin(myt)]}

A m? modification

yi2=>0 PLe = sin® 20 sin® {xe[l + 2na sin(myt)]}



Neutrino experiments

| =5 x 10'? protons/sec

Pontecorvo 1959
Schwartz 1960

Danby et al 1962 /10 Pions produced at target, E > 2 GeV, 2 steradians
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FIG. 1. Proposed experimental arrangement,

Led to first v beam and discovery of v, Z v,



Neutrino oscillation experiments

* Relevant Timescales T

Td
Tr

Te

- the source-to-detector distance.
- the time-resolution of the detector.

- the running time of the experiment.

T4 T, Te N, /day P

Daya Bay 2.7 x107° 4x10° 5x10" 800 Pss
DUNE 43 x1073 1x10° 2 x10° 16 Py Pue

JUNO 1.8x107% 1x10* 2 x 108 83 Pss

KamLAND 6.0 x 107*% 9x 10° 3 x 108 2 Pss

SK, SNO 9 x 10* 3 x 108 10 P..
T2HK 1.0x 1073 9x10* 9 x 107 56 P, P




Time-averaged modulations (74 < 7/)

* Mixing angles

O = 0 + Mo, Sin(mgt)

1 [T

(sin® 20;;) = / dt sin“[20;; + 21, sin(myt)]
T¢
1

=5 1 — cos(46;5)Jo(4ms,)] -

Use best experimental results on mixing angles



Time-averaged modulations |DUNE

LDUNE = 1300 Km

Mass modulation 8-1‘2" \
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(sin’[AMZL/(AE)]) = — [ dt sin® {xgj[l + 2na, sin(mgt)]}
T¢ 0

= sin® (xg;) + 2X%U772AU cos (2xgjj) + O (Xg,-jniij)




Time-averaged modulations | Kamland
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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

m in 0 . = H
UOTMUO — I,u nmo 0 - m —|— mo-
0 0 ms

el < 1



Modified PMINS matrix

1—%62 I€ 0
U=UyV, V= I€ 1—%62 0 —I—(’)(e3)

0 0 1
0 0 €” J 6cosé sin 20z sin 20
— | = — 13 SIN 2023 SIN 2013
12 12 tan 2615 4
A13 = 613 €
A dep = : O (€3
(923 — 923 P COS 912 SIN 912 ( )

Am21 — Am%l (1 + 262)
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CP Violation

€ = €psin (myt)

2€0

5CP:7755in(mqbt)+O(77§)v 15 Sin 207,

Pue = Ppe

Time-averaged effect not because CPV is zero




CP Violation

e Current Bound from

(912 — (912 — 6(2)/[2 tan (2(912)]

€0 < 0.34 — n5 <0.74

Kamland
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Probing time-averaged CP violation

I Complex perturbation I I Modified PMINS matrix I
my pe'? 0 — %62 ee'” 0
UOTMUO = | wpe¥ m 0 V=|—-c® 1-— %62 0] +0 (63>
0 0 ms3 0 0 1
_ 21 2
Paa — C sm X21 — 4C sm X31 — 4C sm X32

PLe —C2ls|n Xo1 —I—C3 sin’ x31 —I—C Sin X31 SIN X271 COS X3




Probing TA CPV

2
é- _ (ng) —1— (Ue2 Uﬂl + Ue]- UN2)2 E2 i O (64)
ne T cacs 202, U2, 0 0

CaaCan , [CaaCaa | [CaaCad 2\ 2 o
Eaas = \/ 32 —I—\/ 31 —I—\/ T 1— (1—2Ua3) €5 COS”

I Real part pert. I

===> |n principle, we can extract phase of perturbation from these quantities.

SO # O Ilmplies time-averaged CPV




Time-resolved modulations (74 > 7/)

Probe time dependence of P,3(E)

Pos(E,t) ~ Pgﬁ(E) + €a8(E) sin(myt) + C’)(ei@)

€ne = 27 SIn 20 sin® xg + 2NAXE sin’ 20 sin 2xg

- Generate CL CL = !1 exp ( leNt t<(§0)82f;<3)>((f1"¢_t/<2)\<€(a5)(>/;_)>\ )]



SK and SNO

e Search for periodic time variations < 10%

< 0.03 | _ _
1612 10 minutes < 7 < 10 years = 107 eV < my < 7x 1075 eV
Mo, < 0.3
Daya-Bay _j
Search for time variations in P@ : O'%j
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Current Bounds

i Tp < Tr T > Tr

Bound P,3 Exp. | Bound P,z Exp.
11915 0.29 Pee Vsol 0.03 P.. SK,SNO
16,3 0.21 Pze  Vrea 0.01 Pza DB
16,5 009 P,. Vatm —
15 0.74 Péé KL —
T A5; — 0.08 Pza DB
A, | 0.05  Paz KL 0.3 Pzz DB




Future sensitivities | DUNE

DUNE: Total 6000 events/year, 1, = 7 years
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Future Sensitivities | HK

E £ [0.4,0.9] GeV (32000 events/year)
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Future sensitivities| JUNO

JUNO: Total 30500 events/year, t., = 6 years
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Summary of current bounds and future

sensitivities

n T < Tr Ty > Tr JUNO DUNE HK

Bound P,z Exp. | Bound P,z Exp. Bound F,s | Bound F,g | Bound F,3
1015 0.29 Pee Vsol 0.03 Pee SK,SNO 0.004 Péé
U 0.21 P:z Viea 0.01 Ps: DB 0.01 P 0.01 P
76045 0.09 P Vatm — 0.03 P
Ns 0.74 Pz KL — 0.4 P 0.23 P
NAsy — 0.08 P DB 0.005 Ps; 0.01 P, | 0.005 P,
NA5, 0.05 P.: KL 0.3 Ps: DB 0.004 Ps;




Pheno implications and bounds

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

47Tm¢ > 4 i
2 PDM Requires a new
/\V f, ~ 5 10 5 10eV degree of freedom
y m, coupled to ULDM

2. Scalar mixing

Consistent with ep

A/\2 , 01 y /\2 y /\1/ 2 d at [
e S 0, N o m ()7

167 vimy, PDM 167 vimy 10 eV eV experiments
3. CMB bound

Does not constrain

—2 mixing angles or CP
>m, <0.2eV T1A34 S 3 x 10 phase




Conclusions

e 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.

»  The bound on 161, from time-averaged modulations: Previous bounds from time-resolved modulations
hold only for my, < 7 x 107 1% eV.

»  The bound on UL from time-resolved modulations: It is the strongest bound for my < 7 X 1018 ev.

»  The bound on A3 from time-resolved modulations: This constitutes the first bound on this parameter.

»  The bound on 15 from time-averaged modulations from KamLAND: This is the first bound on this
parameter.

P  The expected sensitivities to various 1's of the different neutrino mass and mixing parameters from JUNO,
DUNE and HK.
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