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Non-zero neutrino mass effects



Neutrino oscillations

Neutrinos produced in weak interactions # mass eigenstates (?)

Vo) = Ugi|v1) + Upgalv2)

B. Pontecorvo, Sov.Phys.JETP 6 (1957) 429
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Neutrino oscillations

Neutrinos produced in weak interactions # mass eigenstates (?)

lq
_ % %
va) = Ugiv1) + Ugalve)
Vo
W
B. Pontecorvo, Sov.Phys.JETP 6 (1957) 429
NB Neutral kaon oscillations 1957 M.L. Good, Phys. Rev. 106 (1957) 591
NB Muon neutrinos not before 962! Lederman, Schwarz, Steinberger

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC; Olomouc, September | 2022



Neutrino oscillations

Two-level QM aproximation:
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Neutrino oscillations

Two-level QM aproximation:

Vo) = Ugi|v1) + Upgalv2)

2
P,t) = e e (Velth, t) = (vele™ ' |ve) = Y e " FMULUL,
i=1
Survival probability:
2 2
. : mMe — 1M
P(ve — V) = ... =1 —sin® 20 x sin” ( 24E 1L>
mixing angle oscillation factor

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC; Olomouc, September | 2022



Mixing in the lepton sector...

Direct analogy with quarks: £ 3 i@v“vmdzwlj + h.c.

V2
L5 Zeli Uaii Wy + hee

7
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Mixing in the lepton sector...

Direct analogy with quarks: £ 3 i@v“vmdiLW; + h.c.

V2

L3 LA U W, + hee

V2

—i8
C12€13 S12€C13 S13€
_ i8 id
U = —C23512 — 823C12513€ Co3C12 — 8523512913€ S523C13
3 3 a - 3 )i(s 3 3 * L L] ’55 4 »
523512 — C23C12513€ —523C12 — €23512513€ C23C13

Pontecorvo - Maki - Nakagawa - Sakata matrix

3 angles, | CP phase (visible in oscillations)

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC, Olomouc, September | 2022
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Super-Kamiokande

50,000 tons of ultrapure water, about 11,000 PMTs
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Solar neutrino puzzle

late 1960’s: Homestake mine, SD
v+°3"Cl — 3T Ar* + e~

Ray Davis jr.

John Bahcall

Only 1/3 of the predicted flux observed!



SNO (2000)

CC _ |
Charged Current | U, +d = p+p+e Eresiors = 1.-4MeV
Reaction only electron neutrinos in CC

NC

Neutral Current v, +d— v, +p+n E
Reaction all types in NC !!!
ES

UV +¢&€ —=U_ +¢& E ' :‘0
Elastic Scattering . o threshold
Reaction electron neutrinos preferred

;- 2.2MeV

threshol:

x denotes that this reaction will take place with any neutrine.

% sec™))

-

fraction of SSM

neutrino flux (x 10° cm




Neutrino oscillation parameters

Parameter Best fit + 10 20 range 30 range
Am2, [107%eV?] 755 4% 720-794  7.05-8.14
|Am2,|[1073eV?] (NO)  2.50-+0.03 2.44-257  2.41-2.60
|Am2.|[1073eV?] (10)  2.427%007 2.34-247  2.31-2.51
sin® 612/10"" . | R 2.89-3.59  2.73-3.79
f12/° 34,5112 32.5-36.8  315-38.0
sin? 63/10~1 (NO) ST el 4.67-5.83  4.45-5.99
023 /° 47.7113 431-49.8  41.8-50.7
sin? 653/1071 (10) L3 Ry 491-5.84  4.53-598
023/° 479717 44.5-48.9  42.3-50.7
sin 613/1072 (NO) 216015 66 2.03-2.34  1.96-2.41
bh3/° 845101 8.2-8.8 8.0-8.9

sin 613/1072 (10) 2220 el 2.07-2.36  1.99-2.44
th3/° 853 8.3-8.8 8.1-9.0

Phys.Lett.B 782 (2018) 633

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC, Olomouc, September | 2022



Neutrino oscillation parameters

Parameter Best fit + 1o 200 range 30 range
0.21

8/m (NO) 1327022 1.01-1.75  0.87-1.94

8/° 23873 182-315  157-349
+0.13

§/m (10) 1567592 127-1.82 1.12-1.94

§/° 2811 229-328  202-349

A clear laboratory signal of physics beyond the SM!

At least 2 neutrinos must be massive
(though presumably very light)

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC, Olomouc, September | 2022



Absolute neutrino mass scale
(indirect indications)



Laboratory: beta decay spectrum

%; 1.0 // t))
= 0.8
& 08 — |
® g E
o i m(ve) =0 eV
.‘é 0.6 © :
E s %Y
& 04 : ek iR
o y2x 10" of all
o 0.2 n decays in last 1 eV
0.2 m(ve)=1eV
. o |
0 — 3 -2 -1 0

= 6 10 14 18
electron energy E [keV]
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Laboratory: beta decay spectrum

KATRIN

-
’

myv < .1 eV (90 % CL), goal: 0.2 eV (90 % CL) after 1000 days of data taking

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC; Olomouc, September | 2022 |3/ many




Cosmology: neutrinos as a DM component

stable + neutral + abundant

Critical density fraction in neutrinos : €, ht ~ 0.01 x m,, [eV]

see cosmology lectures by Costas
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Cosmology: neutrinos as a DM component

stable + neutral + abundant

Critical density fraction in neutrinos : €, ht ~ 0.01 x m,, [eV]

see cosmology lectures by Costas

Cowsik - McClelland limit: m, eV] < 100 x Q,/h?)

Gershtein, Zeldovic 1966
R. Cowsik, J. McClelland, Phys.Rev.Lett. 29 (1972) 669-670
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Cosmology: neutrinos as a DM component

stable + neutral + abundant

Critical density fraction in neutrinos : €, ht ~ 0.01 x m,, [eV]

see cosmology lectures by Costas

Cowsik - McClelland limit: m, eV] < 100 x Q,/h?)

Gershtein, Zeldovic 1966
R. Cowsik, J. McClelland, Phys.Rev.Lett. 29 (1972) 669-670

DM critical density fraction QDth ~ 0.12 yields m, < 10eV
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Cosmology: neutrinos as a DM component

stable + neutral + abundant

Critical density fraction in neutrinos : €, ht ~ 0.01 x m,, [eV]

see cosmology lectures by Costas

Cowsik - McClelland limit: m, eV] < 100 x Q,/h?)

Gershtein, Zeldovic 1966
R. Cowsik, J. McClelland, Phys.Rev.Lett. 29 (1972) 669-670

DM critical density fraction QDth ~ 0.12 yields m, < 10eV

Structure formation tells us that this can not be saturated!

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC; Olomouc, September | 2022 |4/ many



Structure formation with v-dominated DM .'

Standard Model . B Wa‘rrh dark2 m.atter'.

-

credit: K. Heitmann, Argonne NL |



Structure formation in the ACDM cosmology
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Structure formation in the ACDM cosmology
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Small-scale structure erasure effects

Relativistic neutrinos do not clump but free-stream!
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Small-scale structure erasure effects

Relativistic neutrinos do not clump but free-stream!

“El’ased” I"egion size: For details see Costas’ lecture
] 1 M py
1 A >
H(T ~m,) m?
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Small-scale structure erasure effects

Relativistic neutrinos do not clump but free-stream!

“El’ased” I"egion size: For details see Costas’ lecture
] 1 M py
v ~ 9
H(T ~m,) m?
M3
Merased Y my >< nl/ (T Y m]/) >< dl/ ~~ m2
1%
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Small-scale structure erasure effects

Relativistic neutrinos do not clump but free-stream!

“El’ased” I"egion size: For details see Costas’ lecture
] 1 M py
1 A >
H(T ~m,) m?

for my in the 10 eV ballpark

~ ~ 3 ~ Pl 14
Merased ~ My X nl/(T ~ mu) X d,/ ~ ~ 10 M@
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Small-scale structure erasure effects

Relativistic neutrinos do not clump but free-stream!

“El’ased” I"egion size: For details see Costas’ lecture
] 1 M py
1 A >
H(T ~m,) m?

for my in the 10 eV ballpark

M
Merased ~ My X nl/(T ~ mu) X d,/ ~ 5 ~ 10 M@
mV
Supercluster-size!

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC; Olomouc, September | 2022 |7 / many



Devising massive neutrinos
in simple extensions of the SM



Devising neutrino masses: the Dirac option

SM neutrinos = Weyl spinors (2 components, carry charges)
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Devising neutrino masses: the Dirac option

SM neutrinos = Weyl spinors (2 components, carry charges)

All other matter fields in the SM are 4-component Dirac spinors

Dirac mass terms (QED-like): mw_L@DR + h.c.
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Devising neutrino masses: the Dirac option

SM neutrinos = Weyl spinors (2 components, carry charges)

All other matter fields in the SM are 4-component Dirac spinors

N P

Dirac mass terms (QED-like): mw_L@DR + h.c.

In the SM these come from the Yukawa Lagrangian (in the broken phase)

YDij@i<H>DRj + YUijQLi<ﬁ>URj =+ YEz'jL_Li<H>ERj
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Devising neutrino masses: the Dirac option

SM neutrinos = Weyl spinors (2 components, carry charges)

All other matter fields in the SM are 4-component Dirac spinors

[
e

Dirac mass terms (QED-like): mw_L@DR + h.c.

In the SM these come from the Yukawa Lagrangian (in the broken phase)

YDij@i<H>DRj + YUz‘jQLv;<ﬁ>URj =+ YEz’jL_Li<H>ERj

How about simply adding a RH neutrino component!?
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Devising neutrino masses: the Dirac option

SM neutrinos = Weyl spinors (2 components, carry charges)

All other matter fields in the SM are 4-component Dirac spinors

[
e

Dirac mass terms (QED-like): mw_L@DR + h.c.

In the SM these come from the Yukawa Lagrangian (in the broken phase)

YDij@i<H>DRj + YUij@i<ﬁ>URj =+ YEz’jL_Li<H>ERj

How about simply adding a RH neutrino component!?

This is non as trivial as it may seem...

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC; Olomouc, September | 2022



Charge dequantization in the SM with Dirac neutrinos

1

SU(3) x SU(2) x U(l) gauge anomalies A 2 Tr ({T,, Ty} T) ngFb“V

T2

R. Foot, H. Lew, and R. Volkas, J.Phys.G G19, 361 (1993)
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Charge dequantization in the SM with Dirac neutrinos

1

SU(3) x SU(2) x U(l) gauge anomalies A 2 Tr ({T,, Ty} T) ngFb“V

T2

Trick: just SU(2) x U(I) + Yukawas Qr =

R. Foot, H. Lew, and R. Volkas, J.Phys.G G19, 361 (1993)
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Charge dequantization in the SM with Dirac neutrinos

SU(3) x SU(2) x U(1) gauge anomalies A, o« =

— Tr {T,, Ty} T.) Fg,,FbW

Trick: just SU(2) x U(I) + Yukawas Qr =
Ur =
SU(2)2 U(1): Yo +2YL =0 g, —
U(l)3: 12Y5 4+ 4V — 6Y — 6} — 23 —0 L =
ER —

R. Foot, H. Lew, and R. Volkas, J.Phys.G G19, 361 (1993)
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Charge dequantization in the SM with Dirac neutrinos

SU3) x SU() x U(1) gauge anomalies A o

— Tr {T,, Ty} T.) Fg,,FbW

Trick: just SU(2) x U(I) + Yukawas Qu = (3,2.Y) T,
Ur = (37 17YU) 1Ie )

SU(2)> U(l): 6Yo+2YL =0  dp = (3,1,Yp) .

U(l)3: 12Y5 4+ 4V — 6Y — 6} — 23 -0 Lp = (1,2,Y1) ’
€ErR — (17 17YE)

Yukawas:  Yp,;Qr,(H)Dr;+Yri;Qr,(H)Ur; + Yri;Lr;(H)ER,

—Yo+Yp+Yyg =0 —Y;, + Y +Yy =0

—YQ—I-YU—YHZO

R. Foot, H. Lew, and R. Volkas, J.Phys.G G19, 361 (1993)
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Charge dequantization in the SM with Dirac neutrinos

SU3) x SU() x U(1) gauge anomalies A o

— Tr {T,, Ty} T.) Fg,,FbW

Trick: just SU(2) x U(I) + Yukawas Qu = (3,2.Y) T,
Ur = (37 17YU) 1Ie )

SU(2)> U(l): 6Yo+2YL =0  dp = (3,1,Yp) .

U(l)3: 12Y5 4+ 4V — 6Y — 6} — 23 -0 Lp = (1,2,Y1) ’
€ErR — (17 17YE)

Yukawas:  Yp,;Qr,(H)Dr;+Yri;Qr,(H)Ur; + Yri;Lr;(H)ER,

—Yo+Yp+Yyg =0 —Y;, + Y +Yy =0

—YQ—I-YU—YHZO

Solution: |Yg = +32 LYy =432 Yp = —3 E
Y, = —

1
2

R. Foot, H. Lew, and R. Volkas, J.Phys.G G19, 361 (1993)
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Charge dequantization in the SM with Dirac neutrinos

1 -

SU(3) x SU(2) x U(l) gauge anomalies A, x 295 1T ({Tw, Ty} Te) F, FoH
With RH neutrinos one has one more variable: Np; = (1,1,Yn)

Trick: just SU(2) x U(I) + Yukawas Qo = (3,2,Y0) T

5 Uur = ( ,1,YU) T. ¢

SU(2)> U(l): 6Yo+2Y,=0  dp = (3,1,Yp) i

U(l)3: 12Y5 4+ 4V — 6Y — 6} — 23 —0 L = (1,2,Y1) ’
ER — (17 17YE)

Yukawas:  Yp,;Qr,(H)Dr;+Yri;Qr,(H)Ur; + Yri;Lr;(H)ER,

—Yo+Yp+Yyg =0 —Y;, + Y +Yy =0

—YQ—I-YU—YHZO

Solution: |Yg = +32 LYy =432 Yp = —3 E
Y, = —

1
2

R. Foot, H. Lew, and R. Volkas, J.Phys.G G19, 361 (1993)
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Charge dequantization in the SM with Dirac neutrinos

1 -

SU(3) x SU(2) x U(l) gauge anomalies A, x 295 1T ({Tw, Ty} Te) F, FoH
With RH neutrinos one has one more variable: Np; = (1,1,Yn)

Trick: just SU(2) x U(I) + Yukawas Qo = (3,2,Y0) T

) uUr = ( 717YU) T ’

U2 U(1); Vot W=D dy = (51v) )

U(l)3: 125 +4yP — 6V — 65 —2vi—2vg =0 Lo = (1,2,Y1) ’
ER — (17 17YE)

Yukawas:  Yp,;Qr,(H)Dr;+Yri;Qr,(H)Ur; + Yri;Lr;(H)ER,

—Yo+Yp+Yyg =0 —Y;, + Y +Yy =0

—YQ—I-YU—YHZO

Solution: |Yg = +32 LYy =432 Yp = —3 E
Y, = —

1
2

R. Foot, H. Lew, and R. Volkas, J.Phys.G G19, 361 (1993)
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Charge dequantization in the SM with Dirac neutrinos

SU3) x SU() x U(1) gauge anomalies A o

— Tr {T,, Ty} T.) Fg,,FbW

With RH neutrinos one has one more variable: Np; = (1,1,Yn)
Trick: just SU(2) x U(I) + Yukawas Qr = (3,2,Yq) T
) uUr = (37 17YU) T ’
SU(2)> U(l): 6Yo +2YL =0 dr = (3,1,Yp) .
U(l)3: 125 +4yP — 6V — 65 —2vi—2vg =0 Lo = (1,2,Y1) ’
€CR — (17 17YE)

Yukawas:  Yp,;Qr,(H)Dr; +Yyi;Qr,(H)Ur; +Yei; Lr;(H)ER; +Yn; Lr;(H)Ng,

—Yo+Yp+Yyg =0 —Y;, + Y +Yy =0
Yo+ Yy — Yy =0 —Yr, +YnN — Yy =0
Solution: |Yp = +43 Yy = +2 Yp =—2 '
: Q — T% y U — T3 y 1D — T3 ;
1
Y, =-1 L Yp=-1

R. Foot, H. Lew, and R. Volkas, J.Phys.G G19, 361 (1993)
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Charge dequantization in the SM with Dirac neutrinos

SU) x SU(2) x U(1) gauge anomalies A o
With RH neutrinos one has one more variable: N, =
Trick: just SU(2) x U(I) + Yukawas Qr =
SU)2 U(1): VotV =0 g
U(l)3: 12Y5 +4Y7 —6Y —6YS —2Y2 —2Ys =0 L =
er =

Tr {T,, Ty} T.) Fg,,FbW

(17 17YN)
3,2,Y
( Q) T
( 717YU) T
(3717YD)

Ty
(1,2,Y7)
(1,1,Y5)

Yukawas:  Yp,;Qr,(H)Dr; +Yyi;Qr,(H)Ur; +Yei; Lr;(H)ER; +Yn; Lr;(H)Ng,
—Yo+Yp+Yy =0 Y, +Ye+Yyg =0
—Yo+Yy —Yyg =0 Y, +YN —Yg =0
Solution: |Yg =+z —3Yn, Yy = +2 —2Yn, Yp = —2 —2Vn,
Y, =—14Yn, Yg=—-14Yy Yy eR

R. Foot, H. Lew, and R. Volkas, J.Phys.G G19, 361 (1993)
Neutrino masses, IDPASC; Olomouc, September | 2022
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Charge dequantization in the SM with Dirac neutrinos

Symmetry argument: B and L anomalies in the SM

Tr{Y,Y}L)=Tr ({Y.Y}B) = -5 Tr({T},T;}L) = Tr ({1},T;}B) = }

Tr({Y, Y} (B—L))=0,Tr({T3 T3 (B-L)) =0, ..., Te(B—L)> #0
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Charge dequantization in the SM with Dirac neutrinos

Symmetry argument: B and L anomalies in the SM

Tr{Y,Y}L)=Tr ({Y.Y}B) = -5 Tr({T},T;}L) = Tr ({1},T;}B) = }

Tr({Y, Y} (B—L))=0,Tr({T3 T3 (B-L)) =0, ..., Te(B—L)> #0

With 3 RH neutrinos: Tr(B—-L)° =0 B - L can be gauged !
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Charge dequantization in the SM with Dirac neutrinos

Symmetry argument: B and L anomalies in the SM

Tr{Y,Y}L)=Tr ({Y.Y}B) = -5 Tr({T},T;}L) = Tr ({1},T;}B) = }

Tr({Y, Y} (B—L))=0,Tr({T3 T3 (B-L)) =0, ..., Te(B—L)> #0

With 3 RH neutrinos: Tr(B—-L)° =0 B - L can be gauged !

Y =Y +¢e(B — L) is a again a perfectly consistent hypercharge, € = —Yy
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Charge dequantization in the SM with Dirac neutrinos

Symmetry argument: B and L anomalies in the SM

Tr{Y,Y}L)=Tr ({Y.Y}B) = -5 Tr({T},T;}L) = Tr ({1},T;}B) = }

Tr({Y, Y} (B—L))=0,Tr({T3 T3 (B-L)) =0, ..., Te(B—L)> #0

With 3 RH neutrinos: Tr(B—-L)° =0 B - L can be gauged !

Y =Y +¢e(B — L) is a again a perfectly consistent hypercharge, € = —Yy

Babu, Mohapatra, Phys.Rev. D41 (1990) 271

Foot, Lew,Volkas 1993
Experimentally (neutron neutrality): || < 1021
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Another interesting feature of B- L...

T; Y @

1 2
@9, 4
g, -4
URr () —|—§ —|—%
R
Ve _I_% _l O
e /). _% 2 1
VR 0 0 0
€R 0 —1 —1

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC, Olomouc, September | 2022



Another interesting feature of B- L...

1 2
u 13 1 T3 1
(d> 1 5 1 T35
L 2 3
URr () —|—§ —|—% —I—l
T
Ve _I_% _l O _l
e ) _% 2 —1 2
VR 0 0 0 1
eR 0 —1 —1 2
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Another interesting feature of B- L...

T3 Y Q (B-1L)/)2
1 2
U 13 | 13 |
(d) 1 5 1 T35 0
L ) 3
URr () —|—§ —|—% —I—l
T
1
e _1 2 —1 2
L 2
VR 0 0 0 1
eR 0 —1 —1 2
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Another interesting feature of B- L...

Michal Malinsky, IPNP CU Prague

Neutrino masses, IDPASC, Olomouc, September | 2022
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Another interesting feature of B- L...

T3-like
Tg Y @, (B — L)/2 generator
1 5 for RH fields!
U 2 41 T3 1 0
d _1 6 _1 6
L 2 3

UR 0 |+3 +2 : +2
USRI | R i
e ) _% 2 —1 2

VR 0 0 0 1 _I_%
eR 0 | -1 —1 ° —1

Michal Malinsky, IPNP CU Prague

Neutrino masses, IDPASC, Olomouc, September | 2022




Another interesting feature of B- L...

T3 Y Q (B-1L)/)2

U +% 1 +% 1

<d> 1 _I_E 1 +6
L ) 3

UR 0 [+5] +3 1

6

AR Q=T3+7T%+ (B L)

(Ve> _I_% 1 0 _%
e /). _% 2 1

VR 0 0 0 1

eR 0 1 1 2

Neutrino masses, IDPASC, Olomouc, September | 2022
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Majorana spinors

E. Majorana 1937:

Neutral spinor can be massive even with 2 components only!!!

E. Majorana
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Majorana spinors

E. Majorana 1937:

Neutral spinor can be massive even with 2 components only!!!

E. Majorana

RH neutrino is a full SU(3)xSU(2) singlet

1

L>L;Y,NgH QNJECMRNR h.c.
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Majorana spinors

E. Majorana 1937:

Neutral spinor can be massive even with 2 components only!!!

E. Majorana

RH neutrino is a full SU(3)xSU(2) singlet

1

L>L;Y,NgH QNJECMRNR h.c.

If we engage this, the Nr hypercharge must be zero!

Charge quantization through anomalies restored!
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Seesaw mechanism

P. Minkowski, Phys. Lett. B67,421 (1977)

1 1
L>5UrmpNp + §MRN£CNR + h.c. = §R€CM7ZL + h.c.

M:(ngp J\WE) = ( e )
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Seesaw mechanism

P. Minkowski, Phys. Lett. B67,421 (1977)

1 1
L>5UrmpNp + iMRNJ?;CNR + h.c. = §R€CMHL + h.c.

. 0 D
“=( o i)

Suppose mp K Mp :

2
my = EZ nlocuL—l—(9<
mo = Mp n2<><(NR)C+(9<

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC; Olomouc, September | 2022



Seesaw mechanism

P Minkowski, Phys. Lett. B67, 421 (1977)

1 1
L>5UrmpNp + §MRN£CNR + h.c. = §R€CMRL + h.c.

0 D
mp Mg

M =

Suppose mp K Mp :

2
mq — EZ nlOCVL+O<%> (NR)C
c mp
mo = Mp RQOC(NR) —|—O<—)VL
Mg

Neutrino masses are naturally suppressed if Mr is large!

NB the argument is not water-tight (Yukawas self-renormalize) _
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Lepton number violation (?)



L and B are not sacred in the SM anyway...

Renormalizable case: anomalous global symmetries

® |nstantons (at zero T) cause 9q + 3] < ()
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L and B are not sacred in the SM anyway...

Renormalizable case: anomalous global symmetries

® |nstantons (at zero T) cause 9q + 3] < ()

He — et o,
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L and B are not sacred in the SM anyway...

Renormalizable case: anomalous global symmetries

® |nstantons (at zero T) cause 9q + 3] < ()

SHe — et ', A ~ 1079(200)
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L and B are not sacred in the SM anyway...

Renormalizable case: anomalous global symmetries

® |nstantons (at zero T) cause 9q + 3] < ()

SHe — et ', A ~ 1079(200)

e Sphalerons (at high T) make the tunneling efficient = > early Universe
Kuzmin,V. Rubakov, M. Shaposhnikov, PLB 155, 1985
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L and B are not sacred in the SM anyway...

Renormalizable case: anomalous global symmetries

® |nstantons (at zero T) cause 9q + 3] < ()

SHe — et ', A ~ 1079(200)

e Sphalerons (at high T) make the tunneling efficient = > early Universe
Kuzmin,V. Rubakov, M. Shaposhnikov, PLB 155, 1985

Non-renormalizable (effective) case: L broken explicitly at d=5

L ~ T (LT@‘(;QH)C(HT@‘UQL) Weinberg’s operator
S.Weinberg, PRL43, 1566 (1979)
g PHMN g H V H
: p2 _ M]2V : . ’
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PMNS mixing in the Majorana case

Majorana mass

tmap] Cr + hec.
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PMNS mixing in the Majorana case

Majorana mass

tmap] Cr + hec.
'

The same field transposed, not opposite chirality fields bared!
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PMNS mixing in the Majorana case

Majorana mass

tmap] Cr + hec.
'

The same field transposed, not opposite chirality fields bared!

Charged currents: £ > —_%’VMUainW,: + h.c.

V2

_'5
C12C13 819C13 S13€ "
_ %) 5
U= | —812003 — €12523 513" C12€23 — S12523513€" 823013
2 2 '] i6 ) ié 'l
519523 — C12C23513€ —C12823 — 512C923 S13€ C23C13
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PMNS mixing in the Majorana case

Majorana mass

tmap] Cr + hec.
'

The same field transposed, not opposite chirality fields bared!

Charged currents: £ > —_%’VMUainW,: + h.c.

V2

_'5
C12C13 812€13 S13€ 1
_ 5 5 iovy
U= | —51203 — C12523 513€""  C1aCaz — 512523513€"  $23C13 e
o ) . 1) (Xe"
512893 — C12C23513€"  —C12823 — 512Ca3 513€"°  Ca3Ci3 e
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PMNS mixing in the Majorana case

Majorana mass

tmap] Cr + hec.
'

The same field transposed, not opposite chirality fields bared!

Charged currents: £ 3 —_%”Y“UainW,f + h.c.

V2

—20
C12C13 812€13 S13€ 1
_ P 5 s
U= | —812023 — 125823 513" C12€23 — S12523513€"  $23C13 e
o .0 . . 1) Xeo"
512823 — C12C03513€"  —C12893 — S12Cag S513€'°  C23C13 e

3 physical CP phases (I Dirac, 2 Majorana)!
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L violation in neutrinoless double beta decay



Double beta decay

\ Even-A

M(A,Z)

\-.—‘

Z-2 Z7-1 4 Z+1 Z+2

“Standard” double beta decay:  2n, — 2p* 4 2e” + 2U
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Double beta decay

\ Even-A

A — L
\ \
| A
1 A
- = . ‘v QOdd-odd &
‘
W c 1 3
v N ' A
- \ \
s - \ \\ -
s Even-even -

\

. .
v B

\-.—‘

Z-2 Z7-1 4 Z+1 Z+2

“Standard” double beta decay:  2n, — 2p* 4 2e” + 2U

Isotopes: 4Ca, 76Ge, 825e, %¢Zr, 100Mo, !16Cd, 130Te, 136Xe, 150Nd
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Double beta decay

\ Even-A

\ \
\ \
1 \
1 A
i \ % Odd-odd i
1 A

— Y S
N \ ‘
s - \ \\ i
s Even-even -

\

. .
v B

\-.—‘

Z-2 Z7-1 4 Z+1 Z+2

“Standard” double beta decay:  2n, — 2p* 4 2e” + 2U

Isotopes: 4Ca, 76Ge, 825e, %¢Zr, 100Mo, !16Cd, 130Te, 136Xe, 150Nd
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Double beta decay

\ Even-A

\
Even-even ‘\
\ .

\ .

v B
/’

M(A,Z)

Z-2 Z7-1 4 Z+1 Z+2

“Standard” double beta decay:  2n, — 2p* 4 2e” + 2U

Neutrinoless double beta decay: 2n — 2pt + 2e~ -

Isotopes: 4Ca, 76Ge, 825e, %6Zr, 100Mo, 116Cd, 130Te, 136 Xe,

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC; Olomouc, September | 2022
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Neutrinoless double beta decay - lifetime estimates

Diagrammatics:

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC; Olomouc, September | 2022



Neutrinoless double beta decay - lifetime estimates

Diagrammatics:
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Neutrinoless double beta decay - lifetime estimates

10 NH

10” 5 “l4l 3 2 “11' 0
10 107 10 10 10° 10
lightest mass (eV)
./4 X 4 <m>
g o
q

Figures from Chakrabortty et al., 2012
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Neutrinoless double beta decay - lifetime estimates

Diagrammatics:

Figures from Chakrabortty et al., 2012
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Neutrinoless double beta decay - lifetime estimates

Diagrammatics; Heavy neutrinos also feel gauge interactions!

Figures from Chakrabortty et al., 2012
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Neutrinoless double beta decay - lifetime estimates

Diagrammatics; Heavy neutrinos also feel gauge interactions!

Figures from Chakrabortty et al., 2012
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Neutrinoless double beta decay - lifetime estimates

Diagrammatics; Heavy neutrinos also feel gauge interactions!
10°

10-4 Y B S Y I
10° w* 1w0° 10% 10" 10°
lightest mass (eV)
4 (m) 4 2 R
Ao g® -5~ A x g E F 7
q p i
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s this a test of the Majorana nature of neutrinos!?

What if there is something else?
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s this a test of the Majorana nature of neutrinos!?

A
What if there is something else? \P\/
\\? ¢
\
%
. /"" &
That actually does not make a difference... /a‘/\‘\ ‘
h
A 2—
A
oA J. Schechter, J. F 'W. Valle, PRD 1982
Takasugi, PLB 1984
“ e
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A
What if there is something else? \P\/
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That actually does not make a difference... /a‘/\‘\ ‘
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s this a test of the Majorana nature of neutrinos!?

A
What if there is something else? \"\/

That actually does not make a difference... //\
b

J. Schechter, J. E W. Valle, PRD 1982
Takasugi, PLB 1984

If neutrinoless double beta decay is seen, neutrinos are inevitably Majorana...
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L violation in cosmology (?)



The Ngissue of the SM

1 - llllll ' i lllllll 1 I llllll' 1 |}

Baryon to photon # density:

BB = pg = (6.1£0.3) x 10710

10'12 Lo or il L sl L1 i
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The Ngissue of the SM

1 s llllll ' i lllllll 1 I lllllll 1 |}

Baryon to photon # density:

BB = pg = (6.1£0.3) x 10710

This is actually
a huge number!

10'12 Lo or il L sl L1 i
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The Ngissue of the SM

1 = llllll ' i llllll' 1 I lllllll 1 !

Baryon to photon # density:

BB = pg = (6.1£0.3) x 10710

This is actually
a huge number!

Symmetric initial conditions:
(+ Standard model)

nem ~ 10718

10'12, Lo or il L sl L1 i
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Cooking up a primordial baryon asymmetry
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Cooking up a primordial baryon asymmetry

1967: Sacharov’s baryogenesis conditions
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Cooking up a primordial baryon asymmetry

1967: Sacharov’s baryogenesis conditions

® Baryon number violation

® (C and CP violation

® Departure from thermal equilibrium
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Cooking up a primordial baryon asymmetry

1967: Sacharov’s baryogenesis conditions

® Baryon number violation
this is clear...

® (C and CP violation

® Departure from thermal equilibrium
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Cooking up a primordial baryon asymmetry

1967: Sacharov’s baryogenesis conditions

® Baryon number violation
this is clear...

® (C and CP violation

I'(X->Y+B)= '(X—=Y+B)

® Departure from thermal equilibrium
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Cooking up a primordial baryon asymmetry

1967: Sacharov’s baryogenesis conditions

® Baryon number violation
this is clear...

® (C and CP violation

I'(X->Y+B)# I'(X—=Y+B)

® Departure from thermal equilibrium
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Cooking up a primordial baryon asymmetry

1967: Sacharov’s baryogenesis conditions

® Baryon number violation
this is clear...

® (C and CP violation

I'(X->Y+B)# I'(X—=Y+B)

® Departure from thermal equilibrium
T(X=Y+B)=T'(Y+B—=X)
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Cooking up a primordial baryon asymmetry

1967: Sacharov’s baryogenesis conditions

® Baryon number violation
this is clear...

® (C and CP violation

I'(X->Y+B)# I'(X—=Y+B)

® Departure from thermal equilibrium
(X->Y+B)#I'(Y+B—X)
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Cooking up a primordial baryon asymmetry

1967: Sacharov’s baryogenesis conditions

® Baryon number violation
this is clear...

® (C and CP violation

I'(X->Y+B)# I'(X—>Y+B)

® Departure from thermal equilibrium
(X->Y+B)#I'(Y+B—X)

All this is there in the Standard Model (!)
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B+L generation during the EVV phase transition!?

Assume that “bubbles” grow below the EWPT critical temperature...

%

K
‘\
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B+L generation during the EVV phase transition!?

Assume that “bubbles” grow below the EWPT critical temperature...

\\
\
- > -
\ .
- |
<p>=0
- _

Sphaleron @

XL Kl;
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B+L generation during the EVV phase transition!?

Assume that “bubbles” grow below the EWPT critical temperature...

\\
k\
o~ > -
\ N
- |
<p>=0
- _

Sphaleron @

XL Kl;

Bubbles do not form for my = 125 GeV, not enough CPV in the SM !!!
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Baryogenesis through leptogenesis
(are we here thanks to Majorana neutrinos?)



Baryogenesis through leptogenesis

Perturbative LNV + nonperturbative BNV enough for baryogenesis

Fukugita, Yanagida, PLB 174, 1986

“B = pg = (6.1£0.3) x 10~1°
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Baryogenesis through leptogenesis

Perturbative LNV + nonperturbative BNV enough for baryogenesis

Fukugita, Yanagida, PLB 174, 1986

LB = pg = (6.1£0.3) x 10~10

|) Net L is generated in the (perturbative) super-heavy neutrino decays:
S [T(N1 = £oH) —T(N1 — £, H).
> o [T(N1 = £oH) + (N1 — £, H)

CP asymmetry: ¢€; =
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Baryogenesis through leptogenesis

Perturbative LNV + nonperturbative BNV enough for baryogenesis

Fukugita, Yanagida, PLB 174, 1986

LB = pg = (6.1£0.3) x 10~10

|) Net L is generated in the (perturbative) super-heavy neutrino decays:
S [T(N1 = £oH) —T(N1 — £, H).
> o [T(N1 = £oH) + (N1 — £, H)

CP asymmetry: ¢€; =

2) Sphalerons provide L to B transitions before EWPT
Kuzmin, Rubakov, Shaposhnikov, PLBI155, 1985

Michal Malinsky, IPNP CU Prague Neutrino masses, IDPASC; Olomouc, September | 2022



Baryogenesis through leptogenesis

CP asymmetry:

3 1 My
€1 ~ Im [(YNY;;)%Z} —
3™ (YY) 2 M;
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Baryogenesis through leptogenesis

CP asymmetry:

3 1 T2 Ml

€1 R Im [(YNYN)l} i

87T (YNY]iI)ll izZQ;S ¢ Mz
Davidson-lbarra bound: S. Davidson and A. Ibarra, Phys. Lett. B535,25 (2002)
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