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Oscillating neutrinos

Am?L

« Neutrinos oscillate among flavours P(v, — 7,) =1 — sin® 20 sin” Vo

« Oscillatory pattern in L/ FE dependence clearly observed in Daya Bay 7, among others
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« Flavour oscillations require at least two neutrinos to have non-zero masses
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https://arxiv.org/abs/1505.03456

Current knowledge of three-neutrino oscillations
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Concha Gonzalez-Garcia (Neutrino 2026)
Garcia,Maltoni, Marinez-Soler, Pinheiro, Schwetz [2410.05380]
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Leptonic (PMNS) mixing matrix
Upnns = Ras(023) Urg(013,6) Ryg(6:2)
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JUN O Yi-Fang Wang @ Neutrino 2026
sin? 0, = 0.3036 + 0.0064
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Roadmap to neutrino masses

Neutrino masses
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Roadmap to neutrino masses

Neutrino masses
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https://arxiv.org/abs/1706.08524

Roadmap to neutrino masses

Neutrino masses

AN

Nature Scale
tree loop
level level
Dirac do. Majorana sub-GeV TeV scale
pseudo-
Dirac
meson cLFV
lept ' 1lid
eptogenesis Ov3p decays NSI collider

review on neutrino mass quar k flavour

Cai+ [1706.08524] dark matter

models anomalies
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high scale

sum rules

flavour symmetry


https://arxiv.org/abs/1706.08524

Effective theory of Majorana neutrino masses

Vanishing neutrino masses in SM. Explanation of oscillations requires new physics

H [H -+ unique dimension-5 operator in SMEFT with AL = 2 weinberg 1979)
\‘ '.' Weinberg operator O,
\0 0) ]. 5 .
. o L= —§K‘,fg[01]fg [Ol]fg = LY LIH*H'e e,
« generates neutrino masses m,] P 1o (H)?
L L the observed oscillation data requires K=+ ~ 10° GeV
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Effective theory of Majorana neutrino masses

Vanishing neutrino masses in SM. Explanation of oscillations requires new physics

H [H -+ unique dimension-5 operator in SMEFT with AL = 2 weinberg 1979)
\‘ '.' Weinberg operator O,
\0 0) ]. 5 .
. o L= —§K‘,fg[01]fg [Ol]fg = LY LIH*H'e e,
« generates neutrino masses m,] P 1o (H)?
L L the observed oscillation data requires K=+ ~ 10° GeV

- Effective field theory requires UV completion. Weinberg op. cannot be the ultimate theory.

o It cannot describe Dirac neutrinos. Experimental input needed to decide the nature of v’s.
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Seesaw mechanism

Il 1l [CERN EP news]
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https://ep-news.web.cern.ch/uniting-leptogeneses

Seesaw mechanism

[CERNEPnews] o 1, has a RH partner N

o in addition to the Dirac mass m p, there is a large
Majorana mass My for N Minkowsi (1977)
H Yanagida (1979)
e O m D Glashow (1979)
£ MV — mT M Gell-Mann, Ramond, Slansky (1980)
: D R . .
Mohapatra, Senjanovic (1980)

« Mp is not protected by symmetry and can be very large

H H g 0 . .
" 5 which results in tiny neutrino masses
/-H\ mgght — _mDM;{lmg
L L
H H
5"" ')'0
i A
L L
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Seesaw mechanism

[CERNEPnews] o 1, has a RH partner N
o in addition to the Dirac mass m p, there is a large
Majorana mass My for N Minkowsi (1977)
H Yanagida (1979)
e O m D Glashow (1979)
£ MV — T M Gell-Mann, Ramond, Slansky (1980)
a mp Mg
Mohapatra, Senjanovic (1980)

Mg, is not protected by symmetry and can be very large

H H . . . .
T, e which results in tiny neutrino masses
/-H\ mgght — _mDM;{lmg
L L
H H
5"" ')'0
i . _ @ . .
/\ Dirac neutrino mass models
L L require additional symmetry to forbid Majorana mass
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Alternative realizations of seesaw model

SSIl: A~ (1,2,1)
SSI: N~ (1,1,0) yLAL + uHATH

yLHN + mNN

L L

Minkowski; Yanagida; Glashow;
Gell-Mann, Ramond, Slansky;

Mohapatra, Senjanovic; Magg,
Mohapatra, Senjanovic

Wetterich; Lazarides, Shafi,
Wetterich; Schechter, Valle
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SS1II: £~ (1,3,0)
yLHE + mLIL

L L

Foot, Lew, He, Joshi



Radiative neutrino mass models

Zee model zee (1950

H/(D Zee-Babu model zee (1986) Babu (1988)
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Many possible ways to generate neutrino masses
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Many possible ways to generate neutrino masses
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% Bonnet,Hirsch,Ota,Winter [1204.5862] S o
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(d) CLBZ-9

(e) CLBZ-10

N

' Aristizabal Degee, Dorafie, Hirsch [1411.7038

(f) PTBM-1



https://arxiv.org/abs/1204.5862
https://arxiv.org/abs/1411.7038

Many possible ways to generate neutrino masses
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(a) KNT models. (b) Cocktail models.
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' Aristizabal Degee, Dorafie, Hirsch [1411.7038

review on neutrino mass models
Cai, Herrero-Garcia, MS, Vicente, Volkas [1706.08524]


https://arxiv.org/abs/1204.5862
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https://arxiv.org/abs/1706.08524

Slmphﬁed model appr oach Herrero-Garcia,MS [1903.10552]

1. m, requires at least one new particle X (mass M) coupled to SM lepton(s)
2. QFT: L is violated through operators at scale A which encode UV physics
3. Majorana neutrino masses, m,, o< 1/A are generated

4. m, > 0.05eVand M < A
= conservative upper bound on M

5. AL = 0 phenomenology governed by
renormalizable interactions of lightest
particle

Michael Schmidt - UNSW Sydney
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Slmphﬁed model appr oach Herrero-Garcia,MS [1903.10552]

1. m, requires at least one new particle X (mass M) coupled to SM lepton(s)
2. QFT: L is violated through operators at scale A which encode UV physics

3. Majorana neutrino masses, m,, o< 1/A are generated

4, m, > 0.0beVand M < A Tree level ' _Looplevel R
. Upper t_)ounds: Lower bounds: :
=> BUISANEIE Ll [DOUIee @il 44/ e ey S
5. AL = 0 phenomenology governed by 5 10* Lowest 7
renormalizable interactions of lightest £ _ ; g ?
particle i S ? ’ ?
£ 7 ¢
. TN H
- i
Bounds apply to models where X is the 10°1 i ﬁi ;l /| ;| 99499
lightest new particle el 8 e E B LR —
NAS L hk ES L X R, RSt Us

g

Neutrino masses involve one of these 20 new particles.

. . imil lysis for AB = 1: Bas I Benei lionis,H = i 2503.2092
Michael Schmidt - UNSW Sy dney see similar analysis for as I Beneito,Gargalionis,Herrero-Garcia,MS [2503.20928] 9
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Singly-char ged scalar Felkl,Herrero-Garcia,MS [2102.09898]

related work:

. 0 ap
» relevant Yuakaw interaction  y," L,Lgh  gmmeiry of couplings also used in

. . . T Kanemura,Sugiyama [1510.08726]
* Y 1s antisymmetric y;, = —y;,

— non-trivial eigenvector v, with zero eigenvalue y, v, = 0

h
/'--\
vV ———< v
Ml/ :th,_yhXT Ml/ :yh‘syha S:ST
=> 1 complex condition = 2 complex conditions
0= vl M, v, 0= mdiagUth

discussed in
Zee-Babu model [0711.0483] see also
Irie, Seta, Shindou [2104.09628]
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https://arxiv.org/abs/2102.09898
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https://arxiv.org/abs/2104.09628
https://arxiv.org/abs/1510.08726

Felkl,Herrero-Garcia,MS [2102.09898]

Singly-charged scalar

related work:
symmetry of couplings also used in

. . a
- relevant Yuakaw interaction 1y, °L oLgh
Kanemura,Sugiyama [1510.08726]

Y, 1s antisymmetric y, = —yg
— non-trivial eigenvector v, with zero eigenvalue y, v, = 0

h
’, »oos ‘ '
‘ Normal Ordering X
vV ——— v 1000}
T % 10
M, =Xy, —y, XT M, = ypSyp, S=5 2
oL RNy i
= 1 complex condition = 2 complex conditions = 0.1001°
_ T — m.. UT
O = 'Uh Ml/vh O mdlagU Uh 0.001}
discussed in 0.00 0.100 10 1000
Zee-Babu model [0711.0483] see also |y2#|/|y;:1-|
Irie, Seta, Shindou [2104.09628] quadratic, linear 2o (30_)
Cabibbo angle anomaly 10
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Singly-charged scalar

Felkl,Herrero-Garcia,MS [2102.09898]

related work:

- relevant Yuakaw interaction ygﬁ L,Lgh

symmetry of couplings also used in

. . . T Kanemura,Sugiyama [1510.08726]
* Y 1s antisymmetric y;, = —y;,

— non-trivial eigenvector v, with zero eigenvalue y, v, = 0

h -
" ~ 0.0
'
VvV ———= v
T _ _ QT
M, =Xy, —y, X M, = ypSyp, S=5 8 2
. N %
= 1 complex condition = 2 complex conditions N ”
-l- 0.8
T _
0=oviMuv, 0 = mgigUvp, VAVAY
1Q/Normal0rder|ng \
di di 777700
iscussed in 0.0 0.2 0.4 0.6 0.8 1.0
Zee-Babu model [0711.0483] see also Br(h—ev)

Irie, Seta, Shindou [2104.09628] quadratic Froesr: Do (30_)
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Precision neutrino physics — eftective theory

9 9 : .
H H 40y, _ Oy (1+tanf) o oy sz M€ +mec™ o
*s ! dln p 3272 12723 Amgol 13
s‘. )o
e 0! 45 |
20| o1 —¢2|=180
- : E N T —
15 ¢
general form Of RGE 012 (1), no CP phases D
RGEs take simple form for small 6,4 op S
2 4 6 8 10 12
d(9 m . 5 log,, (u/GeV)
L f( 7”2 » 1 ’2802) F(Y;, (912, 013, 023) Antusch,Kersten,Lindner,Ratz [hep-ph/0305273]
dln p m; —m;

« RG effects enhanced by tan? 3

« more modest effects in SM
Michael Schmidt - UNSW Sydney 11
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https://arxiv.org/abs/hep-ph/0305273

Precision neutrino physics — seesaw model

AOy, > 2.5°

— EFT 1 t EFT 2 EFT 3 theory S
K (I?»?Iiv](\? (’?1?;11(\34) Yl/aM Q
S 0.6
A T —”ZS?— my, = —%2Y,,TM‘1Y,, ~ 1°
04 |
(o]
integrate out N3 0.25
]
o | » 0.2}
1 — j ! |
M M M= Meur
0 0.005 0.01 0.015 0.02 0.025 0.03
see also recent work
) n [GV]
. l-lOOp matchlng Zhang+ [2107.12133]Wang+ [2302.08140] Antusch,Kersten,Lindner,Ratz,MS [hep-ph/0501272]

» 2-loop RGEs Ibarra+ [2411.08011] Zhang [2504.00792]
« threshold effects increase rank at 1-loop [2405.18017]
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Quantum corrections in a radiative neutrino mass model — Zee model

Tree-level matching - my_ > m,,

+ N
W, =t
R
L L A€ L

Two additional scalar fields zee [PLB 93(1980)389]
o charged scalar A" ~ (1,1,1)
» second isodoublet scalar H, ~ (1, 2, l)

_ fmpY? ’U<H1>1n(m_i) + ()T
m, = = - :

my, —ig,
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:._)\H’ [+, / ¢ i A

+ ro & ~ E2<m} . —
\n|// \e 2 L c

Tree-level matching — my, > my,

H H

/ o’

v

L\ W L 4
--&~ < 2 — . 2 .

L e« my, . AL

/ \\H.I. L/ }‘\.“‘ ?'

AL = 2 dim-5 operator at tree level

MS, Vandeleur [2512.17235]
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https://arxiv.org/abs/2512.17235

Neutrino mass in Zee model with m;, > my MS Vandeleur [2512.17235]

 Neutrino mass in the full theory

2
mH2

H)In| —2
fmgpY¥? . ( mi, ) T
— + (...
e 82 mjy —mi () L / Fﬁl

« In EFT m , dominantly generated through RG corrections (L1200) — _ fu
12(0) : : mi, \ mj,
sourced by k — consistent with In{ —2 | term
h
I+
v ‘ K
Tt L L
"‘J— L !‘ L H} Q l"/’ 71, ”, \U 2 "
o L — v + > ;o Yy
L L A€ b ? Z L oLAe L
| L H,
H

How large are quantum corrections?
Michael Schmidt - UNSW Sydney g q
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Running in the Zee model

2 eV]

o

diag. elements of vk [10

-1 !

10° 10°
o (TeV)

my, = 10* TeV, Y2 > Y, Y? =V
Michael Schmidt - UNSW Sydney
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diag. elements of v2x™®™ [107" eV]

MS Vandeleur [2512.17235]

. tree-level matching at m,; «'20 = i

+ 1-loop matching at 4 = my_

(Weinberg _ .11 4 [K12(0)Y'61TY'62 + Y22TY'61*K;21(0)]

1672

2
! MhH, | M
~ Tor? 1”( z ) P fLIYE + (T

my, ) mp

. cancellation between k! and x12(0)

o RG running of ' and x!! differ

dlﬁ;u
— Br!2 + ...
ar K2 4+
d 11
gt = 26127112 + ()T + ..
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Running in the Zee model (cont.) M Vandeleur [2512.17235]

eV]

2

diag. elements of v2x!! |1042CV]
o
}\
diag. elements of v2x!! [10%eV]
o
I
|
|
i
I
|
{l
{l
{l
(
]
{
(]
|
i
1

diag. elements of vk [10
diag. elements of v2x™®™ [107" eV]
5!
2
=Y

diag. elements of v2x!l [102eV]
diag. elements of v2x2™ [eV)]

10° 10
:U‘ ( T eV) ’1102

10

10° 10
i (TeV)

my, =101 TeV, Y2 > Y, V2 =Y/ my, = 10* TeV, Y2 > Y1, Y2 =0
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Quantum corrections in Zee model — 1-2 sector MS Vandeleur [2512.17235]

[Jcur. 3ccur. 1o[]fut. 1o
— S w— G2 w— G 3

N, 7.75
(\D)
T
(-
—.7.50
NN
s
<] 7.25
7.00 — - - - -
0.302 0.304 0.3206 0.308 0.310
sin "0,
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Neutrino mass in the full theory

m2H2
. fmgY, HH) ln( mj, ) T
M = 82 m2 — m? + ()
h H,

Rescaling f — ~f with v € [0.95, 1.05]
1

« SLiYe 0 =7 2 Y0

« S2: Y, = 7Y,

» S3: Y, = 7Y,

leaving full theory m:1 invariant, but

different predictions in EFT
17
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Quantum corrections in Zee model - 2-3 sector MS Vandeleur [2512.17235]

2.65} 1 2000t :
—
= 2.60 i
O?QJ 1500 .
© 2.55¢ 1 °
.
“> 1000 .
~E 2,50 .
S
1 545! : 500+ 1
2.40 1 1 1 1 1 1 L] 1 1 1 1 1
0.53 0.54 0.55 0.56 0.57 0.58 0.59 2.17 2.18 2.19 2.2 2.21
.2 . —2
sin "0, sin 05 [ x 10 7]

Clcur. 3ccur. 1o[Cdfut. 1o
. . — Sl L] 52 - S3
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Other benchmarks

JUNO 1o

0.3065 0.3207 0.3075 0.3065 0.3207 0.3075
sin "0, sin "0,

—2.56

=

\8}

T

_ 2.54

=

NE"’z.sz

<

2,50}

052 054 056 058 0.60 0.60
sin "0y

2 1 2 1
Y2>Y!, v2=Y,
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MS Vandeleur [2512.17235]

masses

« m;, = 10* TeV,

° mH — ].OO TeV
2

Rescaling f — v f

with v € [0.99, 1.01]

sin 2912
CJcur. 3c]Jcur. 1oJfut. 1o
S - G2 = S3

0557 0558 0559

sin "0y
2 1 2 __ 1
VISV Y=Y,

19
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Other benchmar kS MS,Vandeleur [2512.17235]

masses

« m;, = 10* TeV,

° mH — ].OO TeV
2

Rescaling f — v f

T T s with v € [0.99, 1.01
2.192 2.194 2.196 2.198 2.192 2.194 2.196 2.198 2.0 2.25
sin 6,4 [ x 107%] sin %6, [ x 1077] sin 26,4 [ x 107%]
Clecur. 3cJcur. 1odfut. 1o
= S Y == G3
700 T T T T 700 T T T T 195F

600 600

190+

500+ 500

185}

—~ 400+ —~ 4001

—~180f

“> 300+ “> 300+ “ 175}

200 200

170

100 100 1651
2.i92 2.i94 2.i96 2.i98 0 2.i92 2.i94 2.i96 2.i98 2i0 2.55
sin 6,4 [ x 107%] sin %6, [ x 1077] sin 6,4 [ x 107%]
2 1 2 _ vyl 2 1 2 _ 2 1 2 _ vyl
2»YL Y =Yl  Y2~Yl Y2=0 Y2 > Y Y?=Y,
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Comments on quantum corrections in the radiative seesaw model

Tao [hep-ph/9603309] Ma [hep-ph/0601225] Bouchand,Merle [1205.0008] Merle,Platscher [1507.06314]

D5 operators generated at y = M,

I+ ‘L{ L, M « LL@@ via at tree level
CPE;:-.."AJ..\'\ \\}ql q: \u) - -
~ -"r E—S—>r L—Q_.—- R ,’V/ 4/ q/ R pve 4’
~—7 n < 1{:’ ) 2 ~e—k—>—\ — s g
= /,,/ o L L &

« Z, parity
« SM singlet fermions N ~ (1,1,0)_

« isodoublet scalar ¢ ~ (1, 2, %)_

« LLHH at one-loop level

decouple N and 7 decouple N, decouple N

v )\5 <H> 2 h’Lk Mk h]k Mg SM + Weinberg i N2 and 7 N3 and n
"5 1602 ] s |

T m¢ m¢ :

EFT 0 E Full Theory

My, M, m, M, M,
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Quantum correction in radiative seesaw model - m, > M

Dimension-8 operator LN H LN H generated at tree level

K. oL
/u Y r
tree level >,__< Y = W

L L L

oy ok | | .
'_‘__- H s ! {'/
loop level W, \1)4' — .,Q* 'L/J -+
e T e 5
- " . L - ! CoC

Ao (H)? by Mih,
Neutrino mass mY,; o 5 (H)” ik 5 gk
) 1671'2 7nq5

EFT power counting identifies relevant contributions for Ay (H >2 < M? « mé
Michael Schmidt - UNSW Sydney



Take-home messages

neutrino mass models

 Seesaw is simple and elegant explanation of neutrino masses but not the only one |
« simplified models provide organizing principle using a small number of categories
« robust limits on all possible new particles generating m,,

o useful framework to study phenomenology

precise predictions require effective field theory treatment

« quantum corrections important for comparison

[Vande _

of theory predictions to upcoming precision data

. identifies relevant contributions
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precise predictions require effective field theory treatment

« quantum corrections important for comparison
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of theory predictions to upcoming precision data

. identifies relevant contributions
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Current status: global fit to neutrino oscillation data

Leptonic (PMNS) mixing matrix
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https://arxiv.org/abs/JUNO @ Neutrino 2026

Slmpllﬁed mOdGIS fOI’ neutrll’lO 1mass and prOtOH decay Bas i Beneito,Gargalionis,Herrero-Garcia,MS [2503.20928]
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https://arxiv.org/abs/2503.20928

Zee model matching singly-charged scalar @ one-loop order
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Zee model matching second Higgs doublet @ one-loop order
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Zee model contributions to cLFV
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