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Neutrino oscillation is new physics

For neutrinos to oscillate, we need

‘CV — (iVLaaVLB — VLamaBV/ﬁ> + maEKRa

1
2

_— g
— (gWM ELO/YMVL@ +

V2 cos Oy
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| New physics
EV — 5 (imayLB mangoz
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VL %@VL Leptonic
v — 71 (PMNS)

: - V" = new fields T ;
£ ' N mixXing matrix
m=UmZ 9
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UV completion might result in new measurable effects 2/15



3+N neutrino oscillations

A brief review

’Va E ’Vz =€, U, T,51,52;..+yS3+N 1=1,2,....3+ N

d
Z@ Vo () = (Ho +Hi1) [va (1))

Holvi) = Ei|vi), FE; = \/’ﬁilQ +m?,  (vg|Hr Vo) : Hermitian
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A brief review

’Va E |Vz =€, U, T,51,52;..+yS3+N 1=1,2,....3+ N

d
i v (8)) = (Mo + Hr) [ve (1)

Holvi) = Ei|vi), FE; = \/’ﬁilQ +m?,  (vg|Hr |va) : Hermitian

2

2F

Amplitude  Sga (z) = (Va|va (2))

Sva () Probability
P () = |Spa ()]

3/15

Relativistic t =z,

d
da:SBa _Z

1
A= ﬁdlag (m%, ms, ..., m§+N)

Z Ui AU + Vi,




3+N neutrino oscillations

Vacuum mass basis S (z)=U'S(x)U H=UHU=A+U'VU

Diagonalization with a unitary X~ H = XAX'T  H = diag (A, A2, .., Asen)

o~

S(z)=Xe Hext  §(2) = Uxe BT (UX)!
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Diagonalization with a unitary X H = XHXT H = diag (A1, A2, ey A3 N)

~

S(z)=Xe Hext  §(2) = Uxe BT (UX)!
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-r1r(a a T
s=1]]s® s@ = (UX<“)> il 2™ (UX(“))

a=1

(a) _ s a9 (@
We need to solve g% =" UBanj k
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Analytic solutions

Unitarity + diagonalization

*
E X X5 = 0ij,
k

Z)\kXikX;k = (H)y,
k
d NXa Xy = (H)y,
k
Z)‘?NX%X;!C - <ﬁ2+N)z‘ja
k

[Yasuda, arXiv:0704.1531]
3-flavor [Kimura, Takamura, Yokomakura, arXiv:hep-ph/0203099]
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Analytic solutions

Unitarity + diagonalization Inversion of Vandermonde matrix
Z XiwXje = O, / 2+N \
\ > (1" (H
- (=1)" (HP)ijc24N—p,k
Z)\kXikak; = (H)j, . p=0
k Xik Jjk 7
SNXuXG = (HY),
1 jk (AN
pFk
R = Ao,
NN, X = (HPN i Cp,k Z g/
zk: * I < )i \ {atra Yk Y /
[Yasuda, arXiv:0704.1531]

3-flavor [Kimura, Takamura, Yokomakura, arXiv:hep-ph/0203099] 5/15



(Not meant to be read)

Solution of 4-flavor on 1 page

T 1 ,, 9 T 1\/ Q
= — _8+-= - = =L 4S8+ /2P —482 - =
)\172 1 S:]:Z\/QP 48 —|—S, )\3’4 4+8 5 P S’
~ ~ 1 ~
T =TrH, D=detH, AE§(T2—T2), Tp = Tr(HP),
3 T3  TA 1 /2 2
P = g7'2_,4, QE—?—I-T—AQ, 855\/§P+§f100891,
B 5 1 Ay o3 2 2
Fi= VA2 =3T A +12D,  G1 = jarceos ( o |, A1 =247 — 9T Ay + 277D + 2TA7 — T2AD.
1
X X* — SijAadsha — (H)ij (MaAz + Aoy + Agha) + (H2)ij (A2 4+ Az + \a) — (H?)i5
He (A2 = A1) (A3 — A1) (Ag — A1) ’
Xoo X ¥ — SijAAsAa — (H)iz (MAz + Mg + Asha) + (H2)i; (A 4+ As + 1) — (H?)i5
22 (A1 = A2) (A3 — A2) (A4 — A2) ’
ooy Ao — (H)ij (MA2 + M Aa 4+ Xoda) + (H?)ij (M 4+ Ao+ Aa) — (H?)5
s (A1 = A3) (A2 = A3) (Ag — A3) 7
~ "’2 ~3 .
X14X;4 _ (5@‘)\1)\2)\3 — (H)z] ()\1)\2 + )\1)\3 + )\2)\3) + (H )ij (>\1 + )\2 + )\3) B (H )23 ) 6/15
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(Not meant to be read)

Solution of 4-flavor on 1 page

M2 = g—Si%\/2P—4S2+ % Ag4 = 72-—1—81 %\/273—482 — g,
N N . - For (n>4)-flavor,
T=TrH, D=detH, A= 5 (T2 - T2), 7T, =Te(HP), eigenvalues have
3 be numerical
P = 272—A, QE—%—I-TTA—AQ, SE%\/§P+§f100891, 0
Fi = \/.A2 — 3T Ay, +12D, G; = %arccos (QATI?)) . A =2A4% —9TAA, +27T°D + 27 A3 — 7T2AD.
1
o,y x = Stedsha - (H)ij (A2As + Aoda + Asha) + (H2)ij (A2 + Az + Ag) — (H?)y
s (A2 = A1) (A3 = A1) (Aa = A1) ’
x,x, = Suhidsha = (H)ij (M As + A + Asha) + (H2)i; (A + Xs + M) — (HP)3
e (A1 = A2) (A3 = A2) (A1 — Ag) 7
XXt — 0ij A1 A2 g — (ﬁ)z] (A2 + A1 g + Aadg) + (ffz)ij (A1 4+ Ao+ Ag) — (ﬁ3)7;j
eI (A1 — A3) (A2 — A3) (Mg — A3) 7
XuX?, = JiiMAods — (H)i; (MA2 + Mids + Xodsg) + (H2)ij (A + X + A3) — (ﬁ?))ij. 6/ 15

(A1 = A1) (A2 — A1) (A3 — Ag)



3-flavor scenario

One interesting quantity for CP violation (Jarlskog combination)
jgf; = Im (UBJU* U;kﬁak) , BFa,jFk
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3-flavor scenario

One interesting quantity for CP violation (Jarlskog combination)
jél; = Im (ﬁﬁjﬁ;jﬁgkﬁak) , BFa,jFk
Unitary scenario (arbitrary matter potential)

I |(H2),, (), ]

A21A31A32 zl: CIkt ( n-flavor )

ik
34

Unitary relations J12 + J13 = j2L 4 28 = J81 4 j82 — g | ) Ji% =0
\_" ,

Diagonal matter potential

)\21)\31)\32ij = Im { (Hg)aﬁ (HO>504} Z €ikl — A21A31A32Jﬂ;
l

[Naumov, IJMPD 1, 379 (1992)] [Harrison & Scott, 21, arXiv:hep-ph/0203021] 7/15




Low scale “nonunitarity”

Definition: light steriles states (3+N) kinematically allowed to participate in
oscillation but heavy enough that their fast oscillations are averaged out

Leading order in small “active-heavy” mixing H=A+UWVU
[CSF, Minakata & Nunokawa, arXiv:1609.08623, arXiv:1712.02798]
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o Im{(UUT)Ba (UHU a5 (32 + As) - (Uﬁ2UT)a5_}

g e _ 1213 ]
g {OU o |[(UHUN 0 (01 + A3) = (UHU )] }
gt e _ A1 23 o
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Definition: light steriles states (3+N) kinematically allowed to participate in
oscillation but heavy enough that their fast oscillations are averaged out

Leading order in small “active-heavy” mixing H=A+ UTV@
[CSF, Minakata & Nunokawa, arXiv:1609.08623, arXiv:1712.02798] Nonunitary!

Unitary relations violated

o Im{(UUT)Ba (UHU )ap (hz+Xs) (Uipm)aﬁ_} In vacuum
Yoot Jpa = WS 2, g ; .
] 12A13 ] Jso, +J5, = —Im (l/lf )5O£LL)1({61 ,
Im { (UUN) ga [(UHU ) 0g (M1 + A3) — (UH2UY),,
jzé N jQi _ m{( )8 ( ))\B ()\ 1 3) — ( ) A }, chlx + J2i _ —Im{(UUT)ﬂa Ua2UEQ},
21123
T~ ~ - 31 32 1 *
731 | 732 fm {(UUT)BO‘ (UHUT>aB (A1 +A2) — (UHQUT)aﬁ } JhatJpa = Im{(UU )ﬂa Ua3UB3} '
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Low scale “nonunitarity”

Definition: light steriles states (3+N) kinematically allowed to participate in
oscillation but heavy enough that their fast oscillations are averaged out

Leading order in small “active-heavy” mixing H=A+ UTV@
[CSF, Minakata & Nunokawa, arXiv:1609.08623, arXiv:1712.02798] Nonunitary!

Unitary relations violated

. m { (UU) g0 (VAU ) Oz + Xs) = (UH?UT) 0] | In vacuum
pa T o _ 213 DRI = —m{(UUY), UaUs
o~ Im { (UUY)ga |(UHU ) ag (A + A3) = (UH?UY)ag 21 | 723 ;
JECIX+J2?M — { 3 )\21)\23 i }, JBO‘—'—J a — _Im{(UUT),Ba Ua2U/82})
P _ - 31 32 _ t «

o I { (UU) g [(UHU o 1 + X0) = (UH2U ) o]} P 50 = i { (UUY) 5, UesUs |-
L+ TE = : -

& A31A32

NHS identity violated as well 8/15



Low scale “nonunitarity”  “Unitary NHS®

102 NO, (UUY), = (UUT),, = 0.98, (UUY),,, = 0.02"/? NO, (UUY),, = (UUY),, =098, (UUY),, Z\O.OQeiﬂ/B

bk — A —k——k——k -k = — A=k =k ——k - A —A—— k- =k — =k — =k —

eV

1
T

10_3j

—
=
|
'

i

Tik
gl

k#j

Proc@e e @@l @ @@l i PG PP P Purn P

A21 A31 Aszj;"._’ff|l'f3 I

T j=1p=3g/cm? —— jk=12,p=3g/cm’
B N — i — — 2 o/em3
1 ] —™— j=2,p=3 ¢/cm? FLEJ] gk =13,p =3 c/f-mg
1 ) —_— k=2 = ol
] —— j=3,p=3g/m? Jjk=23,p=3g/cm
1 . e jk=12.p=0
-e— j=1,p=0
| e oo —0 <o jk=13,p=0
' T ar ceae jk=23p=0
e j=3,p=0 -
1077 - —————— : R 10° 10t 102
100 10! 102 E, [GeV]
E, [GeV]
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Unitary relations violated NHS identity violated



Nonstandard neutrino interactions (NSI)

We can parametrize the matter potential with NSI as [Dev et al., arXiv:1907.00991]

1
1 *'eee'_ 57%1/7M3 Eeu €Cer
* 1
* * 1
€l €ir €rr — 5Mn/Ne
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We can parametrize the matter potential with NSI as [Dev et al., arXiv:1907.00991]

1
1 +‘€ee'_ 57%1/7h3 eeu €er
* 1
* * 1
€l €ir €rr — 5Mn/Ne

Unitary relations (if U remains unitary) Z ij =0
k

Modified NHS identity

)\21)\31)\32ng = A21A31A32J§Z4[1m {27 {(Ho)m Vi + Vay (HO)WB} (Ho) g4 }]
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Nonstandard neutrino interactions

NO.! _E(a(a — E”” — 0.02

L
.,

—_
—
L]
|
e

N—o

€ep = —0.02¢=7/3 p =3 g/cm?
"""" €p = —0.0263 p =3 g/em?

— €u=0o0rp=0

10°

10!
E, [GeV]

102

Modified NHS

NHS for diagonal

potential
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Strategy

Unitary relations

ZJJ’“_O
k

,
Yej/ \No
[ NHS identity ] Low scale nonunitarity
Tik _ Jk
A21A31 45250 = A21831 8323, NSI? A challenging task

Ye’s/ \No but doable in principle

Diagonal matter potential
NSI? 12/15
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Other new physics

Quasi (pseudo)-Dirac scenario for Earth-crossing neutrinos

Earth-crossing neutrinos, NO, 634 = 5 = 616 = 0.03

—— Standard
"""" Am2, = 107° eV?
. Apple— 1074 eV

0.0
10

E, [GeV]

[Anamiati, Fonseca & Hirsch, arXiv:1710.06249]
[Anamiati, De Romeri, Hirsch, Ternes & Tértola, arXiv:1907.00980]

C
- = mry, mp vy
C
(VL VR)(me)( )
D R VR
my,.mr << mp
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mis = p; |14 O(2L2s)]
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Quasi (pseudo)-Dirac scenario for Earth-crossing neutrinos

Earth-crossing neutrinos, NO, 634 = 5 = 616 = 0.03

0.6

0.4

0.1

0.0
1

—— Standard
....... ATRES == 10—5 {"\I."Q
wr Kyl 14 eV

10!
E, [GeV]

[Anamiati, Fonseca & Hirsch, arXiv:1710.06249]
[Anamiati, De Romeri, Hirsch, Ternes & Tértola, arXiv:1907.00980]

C
- = mry, mp vy
C
(VL VR)(me)( )
D R VR
my,.mr << mp

m p

mis = p; |14 O(2L2s)]

Connection to leptogenesis

max| ~, o0m
- 2m,

€

[CSF, Gregoire & Tonero, arXiv:2007.09158]
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NuProbe

The analytical solutions (up to 7-flavor) is implemented in NuProbe
(https://github.com/shengfong/nuprobe).

The last plot is produced using simplified density profile for the Earth

#HRHA#HE Matter density profile ##8#8##
# Earth radius [km]
Re = 6371

# Layers in [km]
LL = np.array([e, 0.1, 08.45, 8.81, 1.19, 1.55, 1.9, 2])"Ra

# Matter densities in [g/cm”3]
rho_LL = [2.6, 5, 1@, 13, 18, 5, 3.6]

14/15


https://github.com/shengfong/nuprobe

Takeaway

Neutrino oscillations can be a probe to new physics (beyond the standard 3-
flavor paradigm)

Analytic solutions render new physics more transparent
Low scale nonunitarity is qualitatively (quantitatively) different from NSI

- For the former, unitary relations and NHS identity are violated

— For the latter, unitary relations are satisfied while the NHS identity is
violated only for nondiagonal matter profile

Analytic solutions implemented in a NuProbe up 7-flavor and accept arbitrary
mixing matrix and matter potential
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