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Motivations



Neutrinos are Special

* Like other SM fermions, they are massive (at least 2 of 3)

* Unlike the other SM fermions, they are the only electric
charge neutral ones! This means only they can be
Majorana particles!



Neutrinos are Special

* Like other SM fermions, they are massive (at least 2 of 3)

* Unlike the other SM fermions, they are the only electric
charge neutral ones! This means only they can be
Majorana particles!

* According to Gell-Mann totalitarian principle: “everything
not forbidden is compulsory.” So they must be Majorana ...
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Neutrinos are (portal to) New Physics

 |f Majorana, lepton number is violated — Leptogenesis!



Neutrinos are (portal to) New Physics

 |f Majorana, lepton number is violated — Leptogenesis!

* Neutrino masses are New Physics either way

MpVLVR — y,,?Lﬁ@ V; = (VL, GL)
1 _ N
mMDLVE —>®(€LH>( %H) H = (h+, ho)

* They are active — participate in weak interactions!

 SU(2) gauge invariance further dictates that new physics
couples to charged leptons — lepton nonuniversality?

 |f there exists additional neutral fermions which do not
participate in weak interaction I.e. sterile neutrinos, It Is
possible that they mix with the active neutrinos

L (UV)”




High and Low scale UV

Deviations In weak interactions

o Va
Z UO&CLUZb W U:za
Neutral Current (NC) Va Charged Current (CC) ba

Vo = Uqiv1 + Ugorvo + Ugsrs + Uggry + ...

mas.... > MeV Not kinematically accessible
3

|[Amp|? ~ Z UaaUp, # 0o Or measurable mass effects

a=1

: — Lepton universality violation
ngh scale UV — Zero distance flavor transition in neutrino oscillation



High and Low scale UV

Deviations In weak interactions

o Va
Z UO&CLUZb W Uj;a
Neutral Current (NC) Va Charged Current (CC) ba

Vo = Uqiv1 + Ugorvo + Ugsrs + Uggry + ...

mys,... S MeV Kinematically accessible
all

|Amp|? ~ Z U..Uj, = dop And negligible mass effects
a=1

— No lepton universality violation

Low scale UV No zero distance flavor transition in neutrino oscillation



Constraints on 3+1 (s couvea & kobach (2016)]
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Low scale UV In v oscillations



3 active + N sterile model

* Neutrino “flavor” eigenstates are related to mass
eigenstates through v, = U¢,v,

U — Usxs Wsxn ] U'U = UU = 1
ZNx3 VNxN

(:sz, .8, a=1,2,3,4,.,3+N

active sterile mass eigenstates

* Relevant unitarity relations
Z UaiUj; + Z WarWpy = 6ag
a,B,...=eu,T, 7},] —123 I.J, ..=45,..,3+N

We4 We5 We3—|—N
— W,UJ4 WM5 W,UJ?)—l—N
WT4 WT5 WT3—|—N




Low scale UV: no zero distance

e Neutrino oscil

P(vg = vy) =

ation probability in vacuum
2

2
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e NoO zero distance effect

P(VB — Va)(CE

=0)= > UaiUpi + Y WarWi;
) I
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Sterile states kinematically accessible



Low scale UV: no zero distance

* Neutrino oscillation probability in vacuum
2

2
mg x

P(vg = vy) = ZUMUE@ e ' 28

e NoO zero distance effect
2

P(vg = va)(@=0)= > UaiUh; + > WarWi;| =6ap
) I

\ 7
Y

Sterile states kinematically accessible

 Can we make the expressions insensitive to details of the
sterile mass spectra & mixing?



Low scale UV: partial decoherence

 Decoherence occurs when the variation in phase due to spatial
and/or energy resolution is greater than 21t

5 Amgbaﬁ _ Amgbax_Amibx
2F

2F 2F?
- Spatial resolution

A B
or >
U~ TAm,)

OF| = 27

- Energy resolution
A E?
OF >
~JAmZ |z




Low scale UV: partial decoherence

 Decoherence occurs when the variation in phase due to spatial
and/or energy resolution is greater than 21t

5 Amgbaﬁ _ Amgbéx_Amibx
2F

2F 2F?
- Spatial resolution

A B
or >
U~ TAm,)

5E‘ 2> 2m

IAm?% | > 1.2 eV (if)/ fplr(;g) (for reactor)

- Energy resolution

AT E> SE/E\
oF 2 ‘A;?Lb‘m IAm? | > 7.9 x 10 3eV*? (ﬁ) (for reactor)
: . Am? Am3
Most experimental settings AT 1 o AMmlT

41F 15



Low scale UV: partial decoherence

 Decoherence occurs when the variation in phase due to spatial
and/or energy resolution is greater than 21t

5 Amgbaﬁ _ Amibax_Amibx
2F

2F 2F?
- Spatial resolution

A B
or >
U~ TAm,)

5E‘ 2> 2m

IAm?% | > 1.2 eV (g/ 5?8;) (for reactor)

More efficient to cause partial decoherence

- Energy resolution

A E2 SE/E\ 1
0 2 \AW2 ‘ @Z 7.9 x 107 3eV? (ﬁ) (for@
mab €X .
]Am%ﬂx

Am3,x
AE o AE

Most experimental settings



Low scale UV: partial decoherence

* For the mass range

Energy of reactor neutrinos
2 2
01 ev? S mf SQuevD

we can average out fast oscillations, assuming no
accidental degeneracy i.e. |Am3x| > |[Am3,]

. (Am3.x . ((AmZ
o (%5p7)) = (552~
Am? . x Am? -x
(= (F527)) = (o (F)) 0

Q

Q




“Model independent”

» With partial decoherence, we have2

3
Plvg = va) = + > UasUg;
j=1

Leaking term

—2 ZRe (Ua;U3,;UUsr) sin® —
J7Fk
— Zlm (UajUEjU;kUﬁk) Sin(Ak — AJ)QZ
— _
7 “Model independent”
3+N
Cap = Y [Wasl?|Wsy|?
J=4

U,i :generic complex matrix (nonunitary)
Cyp : real positive term



“Model independent”

» With partial decoherence, we have2

3
Plvg = v,) = —|— ZUajUEj
j=1

Leaking term

—ZZRe (Ua;U3,U % Ust) sin® —
J7Fk
— Zlm (UajUEjU;kUBk) Sin(Ak — AJ)QZ
— _
7 “Model independent”
3+N
Cap = Y |Wasl?|Wps> Need high precision experiments!
J=4

U,i :generic complex matrix (nonunitary)

N Not independent
Cop : real positive term



3+N unitarity constraints

 From the identity

3+N 3+N
Cap = (Z Wa12> (Z W5J|2> — > [ WarWs|?
I1=4 J=4

I£J
3 3
= (1 - Uaﬂ) <1 - |U5i2> — D WarWg, |’
i=1 i=1 I#J
e we derive
d WarWps? =0 = Chg*= (1 -> |Um-|2> (1 -> IUml2>
I#£J i=1 i=1

Wa[ — 0, WBJ S — anﬁin @(1 — Z |Uai2> (1 — Z U5z|2>
=1 =1

N dependent!



Probing N
e For 8 =a, the 3+N constraints are

! 3 2 3 2

— 1= 121 < <[1- e

(-] << (1-Xwr)
* Rearranging, we have

3
Caa S (1 — Z |Uai’2) S \V/ NCozoz

=1
e Suppose the data show

3
(1 o Z ‘Uai‘z) — 'V Mcaa
=1

N < M is excluded within our framework



Strategy of testing low scale UV

2

3
Y UasUs;

=1

P(Vﬁ — Va) = Caﬁ +

(A) Nonunitary U, (Ak — A

—2> "Re (Ua;Us;UspUsy) sin® 5

(B) Unitary U,; where C,s=0 A
— > TIm (Ua;Ug;UsUsi) sin(Ag — Aj)z
J#k

(1) Fit shows a (no) discrepancy between (A) and (B)

— Indication of a (no) UV



Strategy of testing low scale UV

2

3
Y UasUs;

=1

P(Vﬁ — Va) = Caﬁ +

(A) Nonunitary Uq; L (Ap— Az

—2> "Re (Ua;Us;UspUsk) sin 5

(B) Unitary U,; where C,s=0 A
— > TIm (Ua;Ug;UsUsi) sin(Ag — Aj)z
J#k

(1) Fit shows a (no) discrepancy between (A) and (B)

— Indication of a (no) UV
(2) Fit prefers nonzero C.s — hint of low scale UV



Strategy of testing low scale UV

2

3
> UaiUg;

J=1

P(Vﬁ — Va) = Caﬁ -+

(A) Nonunitary U, (Ak — A

—2> "Re (Ua;Us;UspUsy) sin® 5

(B) Unitary U,; where C,s=0 A
— > TIm (Ua;Ug;UsUsi) sin(Ag — Aj)z
J#k

(1) Fit shows a (no) discrepancy between (A) and (B)

— Indication of a (no) UV
(2) Fit prefers nonzero C.s — hint of low scale UV

(3) Fit prefers a nonzero C.s but outside “3+N
constraints”

- likely a low scale UV but

 Partial decoherence conditions are not fulfilled
e Cannot be described by our 3+N model



Experimental sensitivity: JUNO
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Matter effects



Matter effects

* Introduce matter effects as periurbations
1 (N,
CC: A=2V2GrN.E, NC:B:\/iczFNnEz5 (N )A

@| < |Am@

 No assumption on size of UV besides [W| < 1
» “Model-independent” for 0.1 eV* <m? <1 MeV? ?




Matter effects

* Introduce matter effects as periurbations
1
CC:A:Q\/iGFNeE, NCB:\/iGFNnE:§(

Al < |am3 D

 No assumption on size of UV besides [W| < 1
» “Model-independent” for 0.1 eV? < m? <1 MeV? ?

| Ay | Al 3
= |14
Q ~ Am2, < W] Additional requirement
IAI

N
-] A
v)

2

» Generically fulfill unless very small W

W2 ~1073(W?2 <107") = Am2, ~m?2 > 1eV3(10"=3) eV?)



Remarks

Neutrinos are (portal to) New Physics
If sterile neutrinos mix with active neutrinos — leptonic UV

Low scale UV preserves lepton universality — Large room
for UV: can be tested In neutrino oscillations

Partial decoherence allows “model-independent” test
0.1 eV* <m? <1 MeV?
With small matter effects, remains “model-independent”

Situation with strong matter effects (e.g. lceCube with
neutrinos passing through the Earth, DUNE) under study



%
Remarks KNS
@ 2
8, ‘0
’)0. v
Neutrinos are (portal to) New Physics %

If sterile neutrinos mix with active neutrinos — leptonic UV

Low scale UV preserves lepton universality — Large room
for UV: can be tested In neutrino oscillations

Partial decoherence allows “model-independent” test
0.1 eV* <m? <1 MeV?
With small matter effects, remains “model-independent”

Situation with strong matter effects (e.g. lceCube with
neutrinos passing through the Earth, DUNE) under study
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JUNO site




JUNO detector

—— Muon Tracker

‘— ‘ Outer Vessel
Water Pool

20 kton pure water

6 kton mineral oil

20” PMTs

‘ - .' ——  Veto PMTs



JUNO for Ge —>Ve

 We simulate data with using the best fit values with unitarity
« We fit using the simple 2 fit as follows x* = xZ. + X5y

8 MeV  Simulated data 5 x 35.8 x 20 = 3.58 x 10° yr GW kt

/dNObS f szﬁt \ 2 ;
E\r,rllsx dEvis ot ) dEvis 2 . 1 _ fnorm
_ / dEvis 1=reac Xsys =
0

2
Xstat = O fooem

\ dEis / 3 % and 6 %

Ax? =x° —x2:, =23, 6.18 and 11.93 (1, 4 and 9) Xiin = 0 by definition

3

3
Constraints: > _IUeil> <1, 0<Cee < (1= |Ueif*)?
1=1 1=1

Most conservative case;: N — o



Understanding the correlations

2
3 3
A — A
P<pe_>p€):€€€+ (ZUej2> _4Z|Uej|2|Uek|ZSiIl2( i 5 j)x

J k>j
Invariant transformations Broken by
Uu? — €U (i=1,2,3), o (1= faorm )’
fnorm — £_2fn0rm7 XSYS B fnorrn
Coe = E'Ca

3

Cee essentially determined by C,. < (1 Z Uei|?)?
1=1



JUNO (w/o constraints)
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JUNO (6% flux uncertainty)

]()Qg_llllllllllllllllll

(r
- @)

1o (w. restrictions)

20 (w. restrictions)

Amzn are fixed 30 (w. restrictions)
e 1-30 (w. unitarity)

10°

“ee

10

s
||||I'I11F |||||mF Trrr
s

Sloaa g by bl ily

10
_l L] I LI I LI I LI I |- R T ||!"||' T |l’l||l|| 1 llll_ " O i .
0.68-(b) E ©- 6% flux uncertainty
: ] : . NS T
=066 . ~ restrictions: |U |"™+HU I"'+HlU |" <1
:’V B 2 o el e2 gy =
el e b : 2 2 i,
Ot 1t ] 0<C_<[1-(U I HU I HU [)]
[).62 -I Ll L1l I L1 1 I L1 I I-‘ [ L1 IIIIII‘ | I!IIIIII Ll III-
_l T T ] | g ) ] I | I L] I I_ B L L] Il]]TIT LI | I\IIIIII L l]TI- -I T I LI l L I | ] L ] LD I/LI\I L
- (d) i B A ) s ]
- - = = I-
: 0.300 = | ./‘r—_
Ea E 2 1C i
0.290 = —_‘ sl ]
Ullzg()-llllllllllllLJl-‘—llllhllli ool sl o daa baa by baalaa 1
:l LI | LILIL I LI I LI L I l: : ] |||W||! ] ||‘|||||I | llll: :l L) I LI I LI l.-l f :I LI L I | I B D | I I |‘| |:
1.15 B (2 (h)_‘ = W4dE (=
g 110F El3 3F qE =
5 1.05F =l :// H4F = = =
E LAk 1E 1E e
100 = i § E=E N2/
() 9 :l Ll I Ll 1l I | I Ll I |:: [ Ll lllﬂlll | = | lﬂlllll LA llF : 1 1 1 I L 1 1 I 1 1 1 I 1 : LAl I LA 1 1 I il l:

2
oo

0.92 ().9"4 0.96 7(}.93 ].9010»5 10 10> 062 064 0’.66 0.68 ( 0.29 ,0'30 0.31
IU{_II_ + IU(JI_ + IU(_“I_ C vl vl

e

=)
il



CP violation

e 3x3 non-unitarity matrix has (3-1)2=4 phases
 CP violation can be quantified by

APy, = P P75 = 7a) = -4 Jups s Amji
o = P(Vg = Vo) — P(Vg = Uy) = 2. Bij Sin ¥o

Jaﬁij = Im (UazU[SzU* Uﬁj)

* \We can rewrite in another form using unitarity relation

Y UailUgi =6ap = Y WarWir = > Japiy =~ (U3;UpiWarWir) = Sag;
1 I )

. (Amix\ . [(Am3xz\ . [ Amiw
APz, = —16Ja51281n< o )Sm( o sin Vo

Am? Am?
-+ 4Samsin< m31$>—|—45a5281n< m32x)

2L 2L




Matter effects

 \We start from Hamiltonian in flavor basis

H = Udiag(Al, AQ, oo A3_|_N) IJ.Jr + diag(AA — AB, —AB, AB, O, 000 O)

m? A B
i(J) _ _

A - A -

oF > “A T 9’ TP T 9F

A’L(J) =

« with matter potential due to charged and neutral currents

Y, E
A = 2V2GpN.E ~1.52 x 10~* P eV?2
g.cm 3 GeV

1 /N
p— n — — n A
B V2Gr N, E 5 (N)

* We do not make assumption on size of W but matter effects as
perturbation

Al < [Amg,|



Matter effects (as perturbations)

We rotate to mass basis
f{EUTHU:ﬁO—Fﬁl

xdiagonal S(x) = US(z)Ut
S(z) = Texp [—z/ daz’ﬁ(x’)]

0
Define
S(a) = e Q) = i) = H(@Qx).  Hi(@) = e

We can solve perturbatively /
Q(z) =1+ (—z)/ dx' Hy(x") + (—i)Q/ d:z:’Hl(:E’)/ de" Hy(z") + - - -
0

0 0

Oscillation probability

2

© , cM* _ |q®]? (0)% (1)
SQ+553| = SO +2Re (55 5)]

P(vg — vy) = |Sas|* =

vacuum term



Matter effects (as perturbations)

« We have terms like
2> .02 |Uaj*Re
i [ K

« To make the model insensitive to sterile mass spectra, besides
partial decoherence 0.1 eV? <m?% <1 MeV?, We require also
Aal A
(Ay—Ar)  Am3,

2 —1
)
‘AL — 213 x 10~2 (—Amj’;> A ( )
Amjk 0.1eV 2.8 g/cm 1 GeV

e This is fulfilled unless W is very small
W2 ~1073(W2 <107 = Am2, ~m? > 1eVZ(10"3) eV?)

cos(A; — Aj)x
(A; — Ag)

e

AAWarUWiUe — ApWar Ul Y WigUy
Y

< W2




Matter effects (as perturbations)

» Finally for disappearance channels, corrections from
matter effects give

P(vo — v)V) = —22 Uoi|?|Uak]? sin(Ar — Aj)x
JFk

(Aa2)|Uek]? = (Apz) ) [Uef?

8

+4) ) |UajI’Re | ApUakUlUs U — ApUakUly Y USUsy,
j k#l -
sin? BBz _ 2 (MizAg)e
X
(A — Ayg)

» Similarly for appearance (but more lengthy expressions)
* The important effect of UV comes only in the vacuum term

« Can the 3+N model be insensitive to details of the sterile
sector under strong matter effects? (work in progress)



Matter effects (as perturbations)

« For appearance channels, corrections from matter effects give
P(vg — I/a)(l)

=2 Z |—Re (U;lengakng) sin(Ar — Aj)z 4+ Im (U;jUngakng) cos(Ag — Aj)x]
J7Fk

X [(AAw)Uek2 —(Apz) ) |Uwl?

+2) ) Re

AAU;-UBjUakU*lU:kUel —ABU;-UﬁjUakU*l U*kUyl
J B J B o
¥

j k£l
y cos(A; — Aj)x —cos(Ar — Aj)x
(A — Ay)
+2) ) Im |AAUUsUakUs U Uel — ApUs;UsiUakUpy Y Ul Uy
j o k£l Y

sin(A; — Aj)x —sin(Ar — Aj)x

: (A — Ag)
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