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Neutrino masses: who ordered that?

Neutrinos change flavor (=oscillate)
during their propagation
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Neutrino masses
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Effectuve Lagrangian

Adding to the Standard Model (SM) the most general higher-
dimensional Lagrangian respecting the gauge symmetries of the SM 1s

Each operator is suppressed by inverse powers of A, i.e. the New
Physics (NP) energy scale.
Notice that we are "agnostic" about NP sources in a purely Effective Field
Theory approach. Then, one can question how these higher dimensional
operators can be obtained from the full theory.

IRN@LNF, 15/04/24 Simone Marciano



The Wemberg operator

Only one d = 5 operator (Weinberg operator) can be written and it is
related to the neutrino Majorana mass term:

It generates a Majorana mass:

V2

m,~ c—.

AN

Just to have an 1dea of the NP scale we can assume
c~1,v~100GeV and m,6 ~ 1 eV, obtaining:

V2

A ~—~10° GeVv

m,

(unless ¢ < 1)
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The Wemberg operator - UV completions

We can obtain the effective dimension-5 operator by integrating out the
heavy degrees of freedom. Usually, the UV completions that lead to the
Weinberg operator go by the name of seesaw models (Type-1, -1I and -111)
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Higher SU(2) representations

BSM Higgs-like scalars

b= (N,Y) i=12

p(]\]p Yi9 V¢) =~ 1
—l
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Higher SU(2) representations

BSM Higgs-like scalars

. PN, Yy vy) = 1
¢;= N, Y) i=1,2 ' Vo, << Vg

[ S S O S S B S
eft — X¢¢z T X¢z¢i T X¢i¢j

The choice for the new Higgs-like scalars and for the heavy mediators
will be done in order to avoid the 2HDM (widely studied in literature)
and the usual Type-I, -ll, -lll seesaws (=the BSM contribution would be
just a sub-leading correction)

IRN@LNF, 15/04/24 Simone Marciano



Higher SU(2) representations

BSM Higgs-like scalars

. PN, Yy vy) = 1
¢;= N, Y) i=1,2 ' Vo, << Vg

s = O rp S s
eft — X¢¢z T X¢z¢i T X¢i¢j

The singlet can be obtained only if the new scalar transforms as a quadruplet under SU(2),

seenthat2 @2 ®2=4P2P 2. Also Y, =x(1/2,3/2).

« (9)135(LL) 5. In this case, the UV completion must contain a scalar singlet or triplet.
However, the case with the scalar singlet does not provide any contribution to the neutrino masses.

e (pL), 5(¢;L); 5. Only the fermion triplets can mediate this process.
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Higher SU(2) representations

BSM Higgs-like scalars

. PN, Yy vy) = 1
¢;= N, Y) i=1,2 ' Vo, << Vg

[ S S O S S N S
eft — X¢¢z T X¢z¢i T X¢i¢j

In this case ¢, = (2N, = | 1/2]) with N > 1. Again, the interesting case is the quadruplet.

« (91 357(LL), 5. In this case, either a scalar singlet (which does not provide neutrino masses),
or a scalar triplet (leading to sub-leading BSM contributions) is needed.

e (¢;L); 5(¢;L)5 5. The possible fermion mediators are triplets or pentuplets.
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Higher SU(2) representations

BSM Higgs-like scalars

. PN, Yy vy) = 1
¢;= N, Y) i=1,2 ' Vo, << Vg

[ S S O S S e S S
eft — X¢¢z T X¢z¢i T X¢i¢j

Let's consider ¢, = (N,, ¥;) and ¢, = (N, Y)) with N, ; > 2. Also | ¥, + Y| = 1.

. (gbigbi)]\,i@Nj(LL)m. As already discussed, this case is not interesting.

o (¢iL)Ni®2(¢jL)Nj®2' Notice that N @ 2 = (N — 1) @ (V + 1), therefore either N; = N, + 2

or V; = N; is needed in order to build a singlet from such a contraction.
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Viable models

EFT | Models New Scalars
A.I q)l — 4?1/2
AII (I)l — 453/2
BI q)l — 4?/2 (I)2 — 4?3/2
B d, =35 P,=5,

BIII (I)l — 5? (I)Z — 552
Biv ®, =5 Py, =5,
Bv O, =35 D=3,
Bvi ®, =3°, ®,=057
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UV aompLetLows

Viable models

Models New Scalars Mediator | Op. Wilson Coeffients
Ay o, =45, ¥ =5 | O C =y Mgyt
A b =45, F=3 | 0f) | CF) =y Mz'yh + ynMz'yl
Br | ®1 =47, $,=45, F=57 |09 | =y MzyT + g MzYT
B D=3 =55 | F=4", | 0| O =y Mz'yl + Myl
B ;=57 Py=52, | F=4;, 0y | C5) =y Mgyl + o Mz'yT
Brv Dy =57 D=5% | F=4, | 07| G =uMz'y] +yMz'yl
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Viable models

" Models New Scalars Mediator | Op. Wilson Coeffients
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Boundsonthe v,

P, =WNLY) =NV, 1) P = m%,/(cﬁm%)

() o 2) )
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v+

p—1=2p(N,Y,v) =
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Boundsonthe v,

P, =WNLY) =NV, 1) P = m%,/(c%m%)

(52 (29 -1
() [ )

From the global fit of electroweak precision data

v12+

p—1=248p(N,Y,v) =

l

p=1+aTl PDG 2022: T = 0.04 % 0.06
Scenario | Region | a1(GeV) | a2(GeV) ; '
B, Hyperbola | 3.3 2.6 | | scenario | v"*(GeV)
Bi11 Ellipse 4.0 3.3 Ag 3.3
BIII Hyperbola 1.9 3.3 AII 26
Biv Ellipse 3.3 2.3
Bv Hyperbola 4.0 4.0 i~y
Bvi Hyperbola 4.0 2.3 C.L.95% é"
S
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¢1 = (N, 1Y)

p—1=2p(N,Y,v) =

Cbz — (Nza Yz)
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Road to “genuineness”: induced vevs

V(9. &, §j) D 4; i+ b b + k¢, ¢j¢2
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Road to “genuineness”: induced vevs

V(@, &i, ¢)) D 4 ¢i‘¢2 + 1, i p° + K P, ¢j¢2

A; as a dimensionful parameter

P’ ~2Q02=3d1

Under the assumption n1,, >> v, a small TRIPLET / SINGLET

iInduced vev is produced:

IRN@LNF, 15/04/24 Simone Marciano



Road to “genuineness”: induced vevs

V(@, &i, ¢j) D 4 i+ b b + k¢, 45]'452

U as a dimensionless parameter

PP~20202=402+2

Under the assumption m,, >> v, a smal QUADRUPLET / DOUBLET

iInduced vev is produced:

3
Vsm

Vv, U,
¢z lmz

l
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Road to “genuineness”: induced vevs

V(@, &i, ¢j) D 4 i+ b b + K¢z ¢j€b2

K as a dimensionless
parameter

P ~202=3@1

¢; ~ n, ¢j~n,n®n31
Under the assumption m,, > v, a

relation among the vevs is implied: ¢;~2n, ¢;~2n+1),
0 2n®@2n+1)=3pS5P... 4n+1
Vim
V, XKV
P, P; 112 ¢;~2n+1, ¢ ~2n+3,

i M+1QR02n+3=3P5P...D4n+ 3
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Road to “genuineness”: induced vevs

V(®, b, §) D 4; i+ b b + k¢, ¢j¢2
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Models New Scalars Mediator | Op. Wilson Coeffients Vierm << Ve
A1 Py =47, L=5 |0 C5” =y My 'yl v
A1 Py =47, F=3" | 05| G5 =y Myl + yu Myl v
By b, = 41/2 Py = 4§3/2 F =5 Oég) 0(3) = ylelyz T y2M;1”‘J1T v
Bi; O, =35 =55 | F=4", |0V | O =y Myl + yoMz'y" v
X
X




Effective operators leading to neutrino masses

=5 | Tree level

Model W

Aq 1/2

Ao —1

B, —V/3/4

B —1//2

Bs 2

B4 —/6

(mu)aﬂ — wv% (ylMZ—Ily,{)aﬁ

(M) ap = worve (N Mz'ys +y2Mz'yi ), g

for Al,
for AQ,
for Bi,
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Effective operators leading to neutrino masses

d>5 | Tree level | Tree level with induced VEVs
Model W £ n
A, 1/2 1/2v/3 9
Ao —1 1 7
1/4 9
B, —V/3/4
—1/12 (—1/4) 11
B —1/v/2 1/4 9
Bs 2 —1 7"
B, —/6 —~3/2 7*
(Mmy)ap = W (ylMgly{)(w for Ay,
(my)ap = worv (yHMj?lyip + ylMglyIE)aﬂ for Ao,
(Mmy)ap = wWv102 (ylM]?lyQT + ngj?ly{)aﬁ for By,
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Effective operators leading to neutrino masses

d>5 | Tree level | Tree level with induced VEVs
Model W £ n
A, 1/2 1/2v/3 9
Ao —1 1 7
1/4 9
B, —V/3/4
—1/12 (—1/4) 11
B —1/v/2 1/4 9
B y 1 o @Kﬂ
A
—
B, /6 —3/2 pq o
(Mmy)ap = W (ylMgly{)(w for Ay,
(my)ap = worv (yHMj?lyip + ylMglyIE)aﬂ for Ao,
(Mmy)ap = wWv102 (ylM]?lyQT + ngj?ly{)aﬁ for By,
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Effective operators leading to neutrino masses

| A’ - Examﬁple: Model B, (6)
| X
d>5 | Tree level | Tree level with induced VEVs () (@) (@) (@) (o) (o) (9 (@ (@) r
TR X * X & X L
\\ : /, \\ : // \\ : ,/ &//
Model W S n NS N N ‘\?1 ,,,.><<€b> |
¥ v ¥ T ()
2N ;92 2N /02
A 1/2 1/2\/§ ) ——— ———>
Frn  Fr Jr FrL
Ao —1 1 7 |
VT, d=9 v§ v d=11 v
1/4 9 S | _
B, —/3/4
—1/12 (—1/4) 11 q
5 LL < ¢ >° . LL <¢>
B, ~1/v/2 1/4 9 y = Y L=
Mo m5 m?
Mg mg, mg, 7 My, My,
Bs 2 —1 7
By —V/6 —3/2 [ In some cases, one can assume Mg ~ m, — J so that the |
' low energy effective operators read:
(Mmy)ap = W (ylMilyip)aﬂ for Aq, |
—1, T —1, T LL < ¢ >d=3 ,
(my)aﬁ — Wn1v (yHM]: Y1 ‘I‘ylM]: yH)aﬂ for AQ, @(d) N o
U . !
(ml/)ozﬁ = WU1V2 (ylM];lyg T ng‘;ly{)aﬁ for Bj, ) - | | ] '%d 4
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Effective operators leading to neutrino masses

d=5 | Tree level | Tree level with induced VEVs Loop level
Model W S n 7
Aq 1/2 1/2v/3 9 —5/6
A, —1 1 7 2
1/4 9
B, —V/3/4 5/6
—1/12 (—1/4) 11
B, ~-1/v2 1/4 9 5/3
Bs 2 -1 7 -5
B4 —V/6 —3/2 7* -5

(mu)aﬁ — wv% (ylMZ—Ily,{)aﬁ

(M) ap = worve (N Mz'ys +y2Mz'yi ), g

for Al,
for AQ,
for Bi,
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Search for the new physics

PHENOMENOLOGY
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Decays

doubly-charged heavy scalars

@+ s W) — 82 g g My s (3M{}V Mg, 1) B( M%)

— +
WE16rMy, \ M., M2, 4 M2,
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[ - o5 7n%) = 8244

thriply-charged heavy scalars

cascade deca Ys

396 V7 M5:I::|:j:
T q):t:I::t W:l:w:l:w:l: _ O P
(@7 = )= 30483 WS,

2 M3 S m?
r(eEEE _ wEEE) = 9 bEEE Lai T
( ) 307273 wi M3,

IRN@LNF, 15/04/24 Simone Marciano



IRN@LNF, 15/04/24

Decays

| An 4 (UVBIVE V2| VB2 | -
| Bi 4w 2V V6] V2 | VB2 | -
| Bu | 5. | L I3v2] V3 | v2 | -
B | 5 | L 3v2 ] V8 | V2 | -
B | 5 V28128 V2 | - | -
| Bwi | 5 | V6 28] v2 | - | -
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Decays
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thriply-charged
heavy scalars
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Decays
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Final Remarks

In this talk:

%eutrino masses from higher SU(2) representations:
Tree level vs 1-loop

*Eﬁective d=6 operators:
deviation from unitarity and corrections to gauge bosons couplings

*Lepton Number Violation:
Majorons

Phenomenology:
Production and Decays
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"Neutrino masses from new Weinberg-like operators: Phenomenology of TeV scalar multiplets", arXiv:2312.13356 [hep-ph]
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"Neutrino masses from new seesaw models: Low-scale variants and phenomenological implications", arXiv:2312.14119 [hep-ph]
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Collider signatures

e Br(¢* - WW*)=100%
Brig">IF)=100% 60 S o
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Collider signatures
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Collider signatures

FCNC radiative
decays L, — lgy

IRN@LNF, 15/04/24

Upper limits

Model Yukawa combination af=pue | af=1e | af =T1u

A, y? 42| (TeV / Ms)? <0.0002 | <0.13 | <0.16

A, y? y2|(TeV/Mx)? <0.0004 | <024 | <0.28

B, 7y —0.5y0 y$|(TeV/M#)? | <0.0004 | <0.29 | <0.34

B, 7y — 50y yo|(TeV/M#£)? | <0.0011 | <0.72 | < 0.84

Bs | |y0 v —2.12¢0 yS|(TeV/M#£)? | <0.0002 | <0.15 | <0.18

B, Yy +6.6y5 y|(TeV/M#)? | <0.0004 | <0.24 | <0.28

Upper limits
Model C’)éi) Kee K Kot Krp Kre K e

A; | 0V | <0.0013 | <0.0028 | < 0.0053 | < 0.0005 | <0.0005 | < 1.3 x 10~°
A, | O | <0.0019 | <0.0042 | < 0.0079 | < 0.0007 | <0.0008 | <2 x 10°
B, | O | <0.0036 | <0.0042 | < 0.0012 | < 0.0007 | <0.0008 | <2 x 10~
B, | 0% | <0.0003 | <0.0007 | <0.0013 | <0.0001 | <0.0001 | <3.3x 1077
B, | O | <0.0038 | <0.0084 | <0.0159 | < 0.0014 | < 0.0016 | <4 x 10~
B; | O | <0.0024 | <0.0028 | < 0.0008 | < 0.0005 | < 0.0005 | < 1.3 x 10~°
B, |0 | <0.0038 | <0.0084 | <0.0159 | < 0.0014 | < 0.0016 | <4 x 10~

Simone Marciano

Now-diagonal
Z, coupling



Dewviation from Unitarity

After SSB and disregarding
couplings with the Higgses

26 — o (L. iD* ( ¥ L) and Goldstone bosons ’ 1
eft : izi{): 67/” ¢l ————— A4 16136 = vay”aﬂ (]1+ 6) Uy — 5 (I/CL My Uy + h.C.>
¢; 1
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Dewviation from Unitarity

After SSB and disregarding
couplings with the Higgses

26 — o (L. iD* ( TL) and Goldstone bosons ’ 1
eft = € izi{)z 6% » —_—p ZLI<6 = ip; "0, (1+¢€) v — > (LM, v, + hc.)
¢; 1

C
v .
VLi+ Li

1 . _ .
nggfons = 517,- (i y"0, — Myd;.“g> v+ 1, <iy”0ﬂ — Mdl“g>
+ZL e+ Lyve+ Ly

—
. /
Vi

The usual PMNS mixing matrix is replaced
by a nonunitary matrix
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Dewviation from Unitarity

After SSB and disregarding
couplings with the Higgses

36 =c, Z ¢i iD”}/ ( ¢T L) and Goldstone bons 1<6 . |
eft iq% ci)= . AT — 2 =iyyrd, (1+e€) v — > (I/CL M, v, + h.C.)

C
v .
VLi+ L1

1 . _ .
Sf?;fyfons = 517,- (i "o, — Myd;.“g> v+ 1, <iy”0ﬂ — Mdl“g>
+ZL e+ Lyve+ Ly

—-—
. /
Vi

‘Deviation from|
| unitarity |

The usual PMNS mixing matrix is replaced
by a nonunitary matrix

Upyns = U = (1<€) 1
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Dewviation from Unitarity

The usual PMNS mixing matrix is replaced
by a nonunitary matrix

Uppyns = U = (“ Uy
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Dewviation from Unitarity

The usual PMNS mixing matrix is replaced
by a nonunitary matrix

Uppyns = U = (“ Uy B

2
|

S8, =c (L) iD*y, (4]L)

2 .6 _
V¢iCi — €

, In the models under analysis the
| ¢ Y; deviation from unitarity is
= ‘ suppressed by the smallness of the
neutrino masses, due to the

correlation between (35 and C6 .
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Corrections to the vector boson couplings

Loy =ci (L) iD"y, (¢fL>
C; = (Yz A—2 Y:F)
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Osm O1
Model | Zvavg | Zeaeg | Wev | Zvavg | Z eaeg | Wev
1 3 7
Al X X X —5 Z Z
1 1 9 3
. S R B e S B
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Z-couplings in units of

c;e/2c,s,)

W-couplings in units of
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Corrections to the vector boson couplings

Loy =ci (L) iD"y, <¢fL>
C; = (Yz A—2 Y;F)
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Osm O
Model | Zvavg | Zeaeg | Wev | Zvavg | Z eaeg | Wev
1 3 !
2 4 4
RE

Dominant effect (v, > v,

-

Oy = ¢ (L) iD"y, (¢L)

VS m
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Z-couplings in units of
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W-couplings in units of
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Corrections to the vector boson couplings

Osm O1

Z-couplings in units of
Model | Zvavg | Zeaeg | Wev | Zvavg | Z eaeg | Wev C; 6/(2 C,, SW)

Lo = ¢; (L) iD"y, <¢;L>

> ji | ! W-couplings in units of
¢;= ;A7 X)) ; 3 | cie/(Z\/zsw)
=8

Dominant effect (v,,, > v, )
Oy = ¢ (L) iD"y, (¢L)
Sub-leading effect
0, =c, (L) iD"y, <¢1TL>
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Corrections to the vector boson couplings

Osm 04
6 _ : Model | Zvavg | Zeaeg | Wev | Zvavg | Z eaeg | Wev
— \ DM
g@ft o Cl (L ¢l) lD y,u <¢l L) ] 5 .
, A1 X 4 X -5 1 1
c.= (Y, AT2Y")
- | A N T S o | 3
3 2 2 4 4
Oq @
Model | Zvavg | Zeqeg | Wev | Zvawg | Z eqes | Wev
3 1 7 3 3
B 1 73 2 | "4 | 1| 7% | %
2 § 2
B > = —= 2
2 0 0 3 : =
16 4 2 6
B —— —— | =z - 2
° 5 0 5 5 5
6 2 12
B — S 2 _ -~
4 5 5 0 0 :
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Corrections to the vector boson couplings

IRN@LNF, 15/04/24

Simone Marciano

Z-couplings in units of
c;e/2c,s,)

W-couplings in units of

c;el(2 \/5 S,,)

Notice that the relation g, = 87z t87 holds
only for the model A, for the operator O,

(custodial symmetry conservation)

Osm 04
6 _ : Model | Zvavg | Zeaeg | Wev | Zvavg | Z eaeg | Wev
— \ DK
g@ft o Cl (L ¢l) lD y,u <¢l L) 5 .
, Aq b 4 X X 1 1
c.= (Y, AT2Y")
I I ; ) 1 1 1 ; 3
° 2 2 4
Oq Oy
Model | Zvavg | Zeqeg | Wev | Zvawg | Z eqes | Wev
3 1 7 3 3
B 1 73 2 | "4 | 1| 7% | %
2 6 2
B > = —= 2
2 0 0 3 : =
16 4 2 6
B —— —— —— — 2
’ 5 0 5 5 5
6 2 12
B — S 2 _-“
4 5 5 0 0 :




Breaking of U(1);

The accidental global U(1) of lepton number can be broken by the presence of the new Higgses
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Breaking of U(1);

The accidental global U(1) of lepton number can be broken by the presence of the new Higgses

SPONTANEOUS SYMMETRY BREAKING

 No explicit lepton number violating (LNV) terms

 The symmetry breaking is realized by the non-zero
vevs of the new scalars

. Production of an additional pure
massless Goldstone boson
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Breaking of U(1);

The accidental global U(1) of lepton number can be broken by the presence of the new Higgses

SPONTANEOUS SYMMETRY BREAKING EXPLEICHIFSYMMEBRY BREAKING
* No explicit lepton number violating (LNV) terms « LNV terms in the scalar potential, e.g. H 2¢i¢j
 The symmetry breaking is realized by the non-zero - A new pseudo-Goldstone boson with
vevs of the new scalars a non-zero mass is provided
. Production of an additional pure » Its mass is proportional to the LNV terms
massless Goldstone boson and to the VEVs of the scalars
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The Majoron - A-class models

V(H, ®) = —puz H'H + ug @ ® + A (H'H)* + A,(®'®)*+
+, HHH®'® + ), H*HO*® + )\ O*D O*D+
+ |2 ®*HHH + J; HOH® + ) H*®HH + h.c.|
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The Majoron - A-class models

V(H, ®) = —puz H'H + ug @ ® + A (H'H)* + A,(®'®)*+
+, HHH®'® + ), H*HO*® + )\ O*D O*D+
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The Majoron - A-class models

V(H, ®) = —puz H'H + ug @ ® + A (H'H)* + A,(®'®)*+
+, HHH®'® + ), H*HO*® + )\ O*D O*D+

2

2 2
+
m2=0, md=-H 1T 0 Wi + Vo) 30305+ 24-2 0.+ 20/3 —Vf A
V V

N H H
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The Majoron - A-class models

V(H, ®) = —puz H'H + ug @ ® + A (H'H)* + A,(®'®)*+
+, HHH®'® + ), H*HO*® + )\ O*D O*D+

2 2 2

+
‘: 0, mi=-HHT e Wi + V) _34/32, +24-20 4+ 2,/3 —Vf A
V V

N H H
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The Majoron - A-class models

V(H, ®) = —puz H'H + ug @ ® + A (H'H)* + A,(®'®)*+
+, HHH®'® + ), H*HO*® + )\ O*D O*D+

Breaking of
2
Vi (Vg + V 1% 1%
.: 0 ‘= 105 4 ¥3) [_3\/5/18 +24—17 + 21/3—2 A
N Vy Vv
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The Majoron - B-class models

VH,®,A) C + L A*O*HA + L,(A*O*H A) + 1, O*O*H H + 1, O*D* HD+
+AsO*H*HH + A JHH HA + 1-H HOA + IgHODA + AgPDPDA + h.c.
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The Majoron - B-class models

VH,®,A) C + L A*OF*H A + L,(A*O*H A) + L, O*O*H H 4+ 1, O*D* HD+
+AsO*H*HH + A JHH HA + 1-H HOA + IgHODA + AgPDPDA + h.c.

Neglecting contributions

@(ng, A Vi)
3 3
) ) /15VH ) /16VH
m; =0, m;= , Mg =
2 3\/'(1) 2VA
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The Majoron - B-class models

V.80 € + A0 H A + 2(AXOHH A) + A0 O H H 4 LD+
IO H 4+ JHHHA + 1H HOA + ,HOOA + Z4000A + hic

UL U()x
Neglecting contributions
@(v¢,A/vH)
3 3
p) p) /ISVH 2 )‘6VH
m; =0, m;= , Mg =
2 BV(I) 2VA
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Higher SU(2) representations - UV completions

BSM Higgs-like scalars

. PN, Yy vy) = 1
¢;= N, Y) i=1,2 ' Vo, << Vg

Lop = OHLL + L ~ODLL+ =L

Majorana Mass Dirac Mass
< ¢; > Insertion < ¢, > < ¢ > Insertion < ;>
+\ ,,+ + +
£ D ZRZD'M}/”ZR — (Y. LpXZp + h.c) — EMZZTC P £ D YLgb F p+ h. c "V[CJ + h. c § lD”yﬂ J,> F
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The Majoron - A-class models

V(H, ®) = —puz H'H + ug @ ® + A (H'H)* + A,(®'®)*+
+, HHH®'® + ), H*HO*® + )\ O*D O*D+

H=v,+S,+iy (Z) =O()()

DY = vy + S + i 7
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