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Neutrino Masses and Mixing 2
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» Three mixing angles & One (Dirac) CP-violating phase
* Two Independent mass-squared differences
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Precise Measurements @ JUNO

Global fit by Bari Group 2511.21650 A

Global analysis [Ref.] Parameter Best fit lo range 20 range 30 range “lo” (%) A ‘8
All data 2024 dm?/107° eV? 7.37 7.21 — 7.52 7.06 — 7.71 6.93 — 7.93 72.3% Y e llsia e \~";
[3] sin® 012/107" 3.03 2.91 — 3.17 2.77 — 3.31 2.64 — 3.45 e Lo e &5 %o
Ay s_.ff _
w/ SNO+ 2025 dm?/107° eV? 7.44 7.30 — 7.61 7.17 — 7.80 7.04 — 7.99 og ° o1e o © 450
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s == el
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from JUNO: non-unitary flavor mixing




Neutrino mass & Non-unitarity

X Neutrino mass in SMEFT

Weinberg, Phys. Rev. Lett. 43 (1979) 1566-1570

Baryon and Lepton Nonconservmg Processes

Steven Weinberg

Lyman Labovatory of Physics, Havvard Univevsity, Cambvidge, Massachusetts 02138, and §

Havvard-Swmithsonian Centevr for Astrophysics, Cambridge, Massachuselts 02138
(Received 13 August 1979)

. A number of properties of possible baryon- and lepton-nonconserving processes are ]
£ shown to follow under very general assumptions. Attention is drawn to the importance of §
! measuring p* polarizations and v,/e* ratios in nucleon decay as a means of discriminating §

" among spe01flc rnodels . 3

X New heaw degrees of freedom

The sort of analysis used here in treating bar-
yon nonconservation can also be applied to lepton
nonconservation. A great difference is that there
is a possible lepton-nonconserving term in the
eff.ectlve Lagranglan Wlth d1men81ona11ty d=5:

fabmn lzaL lJb L(pk(m)(pl(n)e zkEJl |
' 7C !
+ abmn’ l lJbLgok(m)goz(n)e ” €kl , ]

Where cp’”) are one or more scalar doublets We
expect f fand f’ to be roughly of order 1/M; one-
loop gr‘hs would give values of order a®/M.'3

| tree-level realization

(20)

Steven Weinberg (Dec 1979) @ CERN
“The rise and fall of baryon number”
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® Seesaw mechanism (+ leptogenesis):
Solvmg neutrino mass & BAU at the same time!

\ e
AN

(c)

V2

Yy _yz

1
2

Heavy fermions will cause the derivation from the unitary leptonic flavor mixing.



Interactions with Non-unitarity 5

0:0 From iype_l seesaw EFT Broncano, Gavela & Jenkins,

hep-ph/0210271, hep-ph/0307058

1 S — -\ .
SZEFT =L+ — 2 l(yymglyg) ﬁfaLHHT ﬁL+h.c.] + (yym_2 j) ﬁ(faLH>1y”aﬂ (H fﬁL)

D/m 5 (We/n/oerg operator) neutrmo mass D/m 6 non- canon/ca/ neutr/no k/netlc terms

{ Warsaw basis

' Non un/tary m/x/ngmatr X1 e : 2 T) [(

, 7 D 2 rhelt D!
3 D)y |\Zar " ) (HAD,H ) = (Car'ep ) (H

Herm/t/an unitary

matrix  matrix e A conseqguence of the polar decomposition theorem: any matrix can |

be decomposed as the product of a Hermitian and a unitary matrix.
'+ Provide the connection with the dim-6 operator and the (Hermitian)

modify the NC &
CC interactions

‘I/iLW’u_ -+ h .C., gNC —

non-unitary

3(:(::




Type-l Seesaw Model

** From type-l seesaw model

i i 1 O mD I/]S
Dirac + Majorana mass terms ¥, =——(y N)| +h.c.
PMNS matrix

light neutrino masses

diagona/iztion @ R T 0 mp, N R) " B (ﬁ’t\ 0)
v S U) \mp mg J\S U 0 M) %

heavy neutrino masses

The 6 X 6 matrix is unitary, while the 3 X 3 matrix NV is not !

» Euler parametrization of 6 X 6 matrix

%zNRzlo(AR) Vo 0
S U 0 U,)\D B/\¢g 1
heavy  heavy-light  light

= (@56@46@45) X (@36@26@16@35@25@15@34@24@14) X (@23@13@12)
Xing, 0709.2220; 1110.0083




Euler Parametrization 7

9
X - .
»_From type-I seesaw model Xing, 0709.2220: 1110.0083
N R
U = (S ke = (656@46@45) X (@36@26@16@35@25@15@34@24@14) X (@23@13@12)
unitary matrix
o S'\* - §* €14%15%6
) 1213 . 12AL3A Ny 13* _614S15S25626_614615S16S26 024625626
Vo= —512623 = 12513533 C12€23 — S12513533 13533 A 814824€25C26
S12523 = C12813C03 7081303 — C12823  €13€n3 “14 15025S3SC36 T €14%15%25%26%36 —Cy 8,8k Cap = €0y Cosdr S
{ €14€ 13 S16 26 36 "'514 24 25 35936 _o o “3435%36

524934¢35%3¢6

lower- triangular matrix

A similar structure appears in the inverse seesaw

+3
model: Han & Xing, 2110.12705— Structure is property. 1492425526556 ~ $1424 554555

" |vg ("

« Vy # V' # V (unitary case), matching
More suitable for discussing relations: Blennow et al., 1609.08637 ;
the non-unitarity effects Wang & Zhou, 2109.13622

{Low-energy derivatives can be |

| Non un/tary m/xmg matr/x Non un/tary m/xmg matr/x ﬂ

calculated from high-energy

{ original parameters:
|V Xing, 2306.02362; 2406.01142 |
|V Xing & Zhu, 2412.17698 |




How to Test the Non- unltarlty’?

8

vV Ve +V Vi +V Ve=0

Unitarity triangle A : Ll L

(p-M)

2 =0.9984 + 0.0007
2 = 0.9971 + 0.0020

(1st row)

(1st column) |

*.* Assume the unltarlty of mlxmg matrlx V) and measure |

Measured through different channels | _Oscillation parameters in different experiments precisely. |

| calculated from the moduli
of CKM matrix elements:

' Luo & Xing, 2309.07656 '

(0,0) (1,0)
18 [ e P 0,,: solar, long-baseline reactor; 0,: short-basel/ne reactor, accelerator
T Y 0»,: atmospheric, accelerator; O-p: accelerator NUFIT 6.1 (202
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Procedure in the Unitary Case o

4 How to test the unitarity? J Adopt the Complete theory with non- unltary flavor mlxmg yand

Nuclear fission analyze the productlon propagatlon and detectlon of neutrlnos

(beta decay)
‘\. O —
S D Q@ ~@
, /&S ~o._ .
(= on N e J;/\ a
2571 14593 \oé’ lux "/ //’\ * Neutrino flavor states :

v Y
m_ /Hl// _."“_ w,\\ =} ";.-
N | W | W

e Oscillation probabilities :

P <1/a - vﬁ) = | (Wl v(L)) |2

e Event rates: Y € @ Electron
Legend: dN do, P, ﬁ(E, L) o_)_./v/s»os.tmn
@ Copeec & Nigrgert [ AE, ——= X ———=— X 0(E) nineun”  proomS
WP - Water Pool dEobs dE U 47TL .
TT - Top Tracker
[ ] - Liquid Scintillator . - -
] - Water Q: What impact does non-unitarity :
7 - A Cross section

] - Rock have on those three parts?



Flavor States with Non-unitarity 10

e Charged-current interaction: < - = = |

 Neutrino flavor states (non-unitary case):

4 Oscillation probabilities :

2 1
P(I/a—>l/>E (vglv (L)) | = NN’ —4 Re/l/’] sin F + 2 Im./l/’] sin 2F;
aa BB i<j i<j
v Starting from the definition of flavor states, independent N ’J =N N NENE, F;= AmzL/(4E)
of the production and detection processes. ab fj e pi
v The mixing matix N=T-V C1~C13 $15C13 51560k
o B s s
V= —5812603 = €128513523€ " C19Cp3 — $12813523€ %P C138p3
i i6
$12523 — C12513C23€ " —C1p8p3 — 812513638 P €303

U real & positive



Oscillation Probabilities 11

« Case I: v, — U, Disappearance channels

: }_)ee:Pee: 1 4 (1_566)4_4(1_566)42 ‘Vei 2 Vej 2Sin2E]'i
: (I—Cee) i<
. I 2

- sy

1< ]

> The mixing parameters dlrectly correspond to those In the unitary case.
> It Is necessary to consider the production and detection processes.

Vej sin” F; Insensitive to the non-unitarity effects!

e Casell: v, — 17,% Appearance channels

2 2
P ~ — k% * % /% in2
P, ~—4) Re [VeiVﬂjVe,-Vm (gﬂevelvm V.| +gvEv v, )] sin® F,

,ue ej  uj )

,ue e]  uj el

2 2
-2 ) Im [V V. VEVE — (g“ VVE|V A4S )] sin 2F . .
et uj e Ui HE el ui eJ



12

Zero-distance Effect

C,, O 0O
N=1T-V 1=1-¢=1-]8 Gu O
Z:Te Cf,u é’n
I o | o\ . AmiL o\ AmiL
Pos = (NNT) (NNT) (NN )aﬂ — 42 Re <NaiNﬁjNajNﬂi> S1n TR ZZ Im <NaiNﬂjNajNﬁi> sin R
aa pp 1<J 1<J
| 2
 Disappearance channel P, (L =0)= (NN7) =1

* Appearance channel P, (L=0)=

(NNY),, (NNT) [ (NNT),, 2] 28|17 #0

ee

v’ Near detectors are useful for constraining {



Oscillations without Unitarity 13

£0 0 2
1
— o = | —/ = — — p— T A 2
z-»/Te Cf/,t CTT “ 1
I o | N, Amil o\ L AmiL
Py = (. (W),,| —4 X Re (N, N, NNz ) sin 22 Im (N, N, NEN ) sin— -2

4 All the oscillation probabilities are reduced to those in the unitary case by replacing N — V with Vvi=1.

i Don'’t switch off the Yukawa
| couplings between Ny and ¢y ! |

¢* In the full type-l seesaw model, it is FORBIDDEN totake T — 1 or{ — 0

S124 + S125 + S126 0 0
A =1 ——|28,8%, + 28,555 + 28,655 S54 + S35+ 53 0 ~1— O (mj/mg)
=175 [ 2514824 T 2515525 + 2516526 24 1 S35+ S = D/ MR
2514854 + 2815555 + 2816555 257485, + 285855 + 25683 S34 + S35+ 836

Xing, 0709.2220; 1110.0083




Muon Decay with Non-unitarity 14

Lo = i; y'P Ny vy W, +h.c. GM = [gz/(4\/§m‘%,)] (1+ Ar)

\/5 al

G~ 1.166 x 10 GeV~>

1. /’t_>

o G< X

e Decay amplitude

/%(,u‘—>e‘+uﬂ+17€> ~

electron antineutrino

M <,u_ — e I/,u ie) = %SM (//t_ — e U,M fe> \/(NNT) (NNT) muon neutrino

extracted from muon
lifetime measurement Antusch et al., hep-ph/0607020

* Modified Fermi coupling constant , G, = GgM\/ (NNT)% (NN J‘) ,~



Cross Section: IBD

8§ — ., ~ Only ONE CC vertex X
Lec=——=lg . V"P,Nyyvyi W, +h.c. N, for leptons f N N
n -\ / delayed \‘»«"5
® ' ~200ps :
¥
Y 2.2 MeV)

— SM SM7 . T — SM exp ( '}') : 2 & "
| otgp = 0ipp (G (NNT) = o5p [/ (NNT) \

prompt
. ~few ns

v (511 keV)« - - - @ - - - > 7 (511 keV)

I 0L N SO d

L —(1-6u) &+ Gt GEP _ GSM \/( NNT) (NN)
et s s , X U 7 oo
~(1-6) e —(1-8,) Gt it (1= + || + |2,

HU

_|_

4 An empirical formula for the IBD cross section in the SM  Strumia & Vissani, astro-ph/0302055

'V Discussions on radiative |
. corrections, see, e.g., "

. Tomalak’s talk and

SM ~ —43 2 —0.07056+0.02018 In E-0.001953 In’ E




Cross Section: U-¢ Scattering (SM) 16

* In the SM with the unitary mixing matrix 't Hooft, PLB 1971
VCM
* — P — — — 1/
V., V, =
Z W .
€
> —— _ >
e e

dT, 21 E? E

2
doM (G/Z:Xp> Me ( m T T.\" 2 2
dMTe =— { = (c2 c%)+(1—f> (ca+cy) + (ca—cy) }

' v/ One-loop corrections:

' Sarantakos, Sirlin & Marciano, NPB 1983
 Marciano & Parsa, hep-ph/0403168
 Tomalak & Hill, 1907.03379; JH & Zhou, 2412.17047 |

with cy = — 1/2 4+ 2sin*6_and c, = — 1/2
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U-e¢ Scattering with Non-unitarity

B L eading order
Yo contribution !
/

4? MMT+e~ > T+e) Next-to-leading

NC cC order contribution !

up
o Ve (NN'NNT)
B = MV +e” > U+e)
v )
€ ee

e = (NNT)%%(S%(17+€_ —U+e)

CC

Both are leading order
contribution !




L-e Scattering Cross Sections

dT, 2z (NN') (NN

ee

7;‘ GeXp) m
2% ( - : Mele | (o0 v oY — (o + o)
E2 A C \Y% C
=2 ' - Sup ) ﬁ —
X I+ 2 ( Cee — Suu ) ' ﬁ ) L

1 +2 \ + C/m — 2) ﬁ = T

SM
oy o
dr, ~ dT

€

Only depends on diagonal elements !




Reactor Antineutrino Flux 19

: : . _ —— : Four main isotopes:
v’ Six antineutrinos produced in each fission with energy 235 238, 239Py and 241Pu

[ ] [ ] o
Thermal power (measurement) =% Antineutrino flux ‘

.

B @il
V/‘ mve

°4

€ neutron

The antineutrino flux

does not need any
correction !




Non-unitarity Effects 20

Q: What impact does non-unitarity
have on those three parts?

® [he antineutrino flux does not need any correction !

| , v Near detector
TAD .z o i . , 1
A = aa( - ) — (NNT) (NNT) ( ) p—

ao
LS ao aa L

R

2. Opp =0 [G;XP]/(NNT)

JJJJJJJJJJJJJ

i

lguno i S [ 212
| DL T /v v Fardetector p — — 1 _ 42 ‘V- V.l sin2F.
y / | ee el J1

¢j
i<j

P, ~—4) Re V.V VEVE — (CWV Vi

el Wj e Ui ei i

V.
ej

2 2 ] EECEe ,;i
|k . 2 |
+Cae VoV | Ve ) sin® F,

i<j

2 2
- ) 2 Im |V, .V VAV - (C,,wveiv; V.| +&evEv IV, ) sin2F,. | Appearance channel
\ — Central Detector ' — ]
‘ _ om (I:_? - (L:iqu:d ISEn;:iIIa:or T 2 (y e Sca tterlngz
! WP - Water Poo
TT - Top Tracker dg dUSM [ (NN ) ]
[] - Liquid Scintillator lB ~ IB ﬂﬁ
‘ [] — Water - Y X
N, Box, d7, dT, ~ (NNY)  (NNY)

ee jipt



IBD Event Rates @ TAO 21

dNTAO > d(Dle _ee(E’ L)
— N tz +GIBD(E) Cg ( obs’ EVIS’ 5TAO)

dE E, Adrl? —
r response functlon

_ 30 — 20 — lo . Construct y* function
= 1 day
E ( Nz ,th Nz ,eXp ) :
: TAO — ¥TAO
: 2 _
-3yrs ATAO = Z ATLEXD
S M
_ | 6300 events per day
- : V| T (1 — CW> = ~ 1=x0. 0126\/)(TAO/t ::,;
i o | | 1+ \/ )(TAO/ (NTAOt) :

AT ERTERTERTERT=aTE.
1,0l Blennow et al., 2306.071040: 2502.19480
ue
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U-¢ Scattering Rates @ JUNO

dNfino N, t > > dd),ée — doy
B 2 Z J dTe g (Eobs; L, 5éUNO) J dE P ef (E’ LJUNO)
v 60 IBD events and 10 U -e scattering events per day - JUNO

v 2 U, e scattering events per day

o)
-
I 1

< Retain all diagonal elements {(,,._ .(,.}

[MeV~! day™']
AN
-

SM
d]\']jMUNO d]\'lquNO
7 ~ |1 +2(C,, — py 5
obs obs £
> | S
4 dNZM S | 20
JUNO |1 49 (Cee +, - 25”)] JUNO o
dEObS dE'Obs

- | 0.1
» e = Ger| 2.3 %1077 (3o, 3yrs) ;



Precise Measurements & Constraints 23

With both near
and far detector:

(NiFD — a)iNiND>2

Z NFD

{ l

e weight factor :

_ I_)QFD(EP LFD)

€
i = PiND
P lee Ei9 LND)

4 Independent of the non-unitarity effects,

Legend:

o v V. Precise measurement of the mixing angles

LS - Liquid Scintillator
WP - Water Pool
TT —Top Tracker

O s %6®_Analyze event rates at the far (near) detector

[ ] — Water

- A individually to constrain non-unitarity effects

Om [*,] — Rock

—10m




Summary 24

* WWe investigate the non-unitarity effects of lepton flavor mixing matrix in JUNO and TAO. We

separate the production, the oscillation and the detection into three independent parts &

/

-
Z

(assuming neutrino masses are much smaller than the characteristic energy scales). (s

/
/
[

v' Derive the oscillation probabilities in the lower-triangular parametrization. &\\\:)
v There is NO need to modify the reactor antineutrino flux from the theoretical aspect.
v' We calculate the cross sections for the IBD and the v-e scattering with NC interactions.

 TAO and JUNO both have capabilities of individually limiting the non-unitarity parameters!

* One can combine the unitarity tests in the neutrino oscillation experiments, precision EW and
flavor observables together, to derive much stronger constraints. Theoretical calculations of

observables beyond the LO are necessary (in the complete neutrino mass model).

Thanks for your attention!
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L-e Scattering Cross Sections

VoY _ (P P
[ <CA+CC> (CV+CC>

~ - ) iy = i = i il =3 e = < s

7‘ GoP > m
{ dgﬁ ( # ¢ m,1, 2 2

l(NN )ﬁﬁ] 1-2 — é://l//l) p=e

% ' doj daﬁSM .‘
17 d7T drT, .. Cee Z:W b=u

)
1+2 é/ee + (:/,t/,t _ 24:7 IB =1

l

Only depends on diagonal elements !




Different Strategies on NC 27

® [he NC interaction could not distinguish among three flavors of neutrinos.
2

NC cross section defined in the mass eigenstate o, - = oy, Z (NTN) ;

v’ Oscillation probabilities
. 2 P — >
¥Antusch et al., hep-ph/0607020 P, ,(E,L) = |N,;|” — FuncE L= ) P, (ED
l

al

Neutrinos propagate as mass eigenstates, are already decoherent when they reach
the detector without oscillations, and individually participate in the NC process.

*Dutta & Roy, 1901.11298; Blennow et al., 2502.19480 P, , (E.L)= Y | Y Nte %L (N'N).

)

J l
Neutrinos propagate as mass eigenstates and undergo NC interactions in a coherent

manner, and the total probabillity is obtained through the summation over the final
mass eigenstates (at the cross section level).




