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The classical neutrino oscillations’ ingredients

prob(‘v,-w“)
Flavour mixing
- drives the oscillation amplitude

- natural in size (unitarity)
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The classical neutrino oscillations’ ingredients

prob(‘V,»v“)
Flavour mixing
- drives the oscillation amplitude

- natural in size (unitarity)
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Neutrino masses
- need for an oscillatory pattern

- very tiny compared to the other SM masses

- tiny Yukawas kosher but rather boring...
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The seesaw origin of small neutrino masses(?)

_LLHH
A

S.Weinberg, Phys. Rev. Lett. 43, 1566 (1979)

Weinberg’s d=5 operator L

Seesaw: smallness related to the large scale in the denominator
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The seesaw origin of small neutrino masses(?)

_LLHH
A

S.Weinberg, Phys. Rev. Lett. 43, 1566 (1979)

Weinberg’s d=5 operator L

Seesaw: smallness related to the large scale in the denominator

Mass term of the Majorana type violates
the lepton number global symmetry of the SM

BTW: good to have the “complete Higgs doublet” :-)
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L violation: exotic or natural?

Expected at some point:it’s even in the SM (non-perturbatively)...
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Chiral anomalies: A Tr {T,, Ty} T) FZVFbuu
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L violation: exotic or natural?

Expected at some point:it’s even in the SM (non-perturbatively)...

1

327

Chiral anomalies: A Tr {T,, Ty} T) FZVFbuu

2

Tr({Y,Y}L) =Te({Y,Y}B) = -5 Tr({T%,12}L) = Tr ({12, T} B) = 3

Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation



L violation: exotic or natural?

Expected at some point:it’s even in the SM (non-perturbatively)...

1

327

Chiral anomalies: A Tr {T,, Ty} T) FZVFbuu

2

Tr({Y,Y}L) =Te({Y,Y}B) = -5 Tr({T%,12}L) = Tr ({12, T} B) = 3

o"J7 =0 o"J 7T £ 0

Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation



L violation: exotic or natural?

Expected at some point:it’s even in the SM (non-perturbatively)...

1

327

Chiral anomalies: A Tr {T,, Ty} T) FZVFbuu

2

Tr({Y,Y}L) =Te({Y,Y}B) = -5 Tr({T%,12}L) = Tr ({12, T} B) = 3
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NB Instantons cause 9q + 3! < ()
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L violation: exotic or natural?

Expected at some point:it’s even in the SM (non-perturbatively)...

1

Chiral anomalies: A x
327

-Tr ({T,, T,}T) E FoH

Tr({Y,Y}L) =Te({Y,Y}B) = -5 Tr({T%,12}L) = Tr ({12, T} B) = 3

o"J7 =0 o"J 7T £ 0

NB Instantons cause 9q + 3l < () (but the rates are heavily suppressed...)

SHe — et o, A~ em 2w 10780
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L violation: exotic or natural?

Rather unnatural to demand perturbative L conservation either!
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L violation: exotic or natural?

Rather unnatural to demand perturbative L conservation either!

- no reason to omit Majorana mass term for RH neutrinos

Ypi;QrLi(H)Drj+Yu;QLi(H)Ur;+ YL (H)Erj+ YN LL;(H)Ng; + h.c.
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L violation: exotic or natural?

Rather unnatural to demand perturbative L conservation either!

- no reason to omit Majorana mass term for RH neutrinos

Ypi;QrLi(H)Drj+Yu;QLi(H)Ur;+ YL (H)Erj+ YN LL;(H)Ng; + h.c.

_I_%MRij jczzziNRj + h.c. E. Majorana 1937

0 YNU _
M, = (Y]%;v MR> m, = YnMgr Yy

P. Minkowski, Phys. Lett. B67,421 (1977)
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L violation: exotic or natural?

Rather unnatural to demand perturbative L conservation either!

- no reason to omit Majorana mass term for RH neutrinos

Ypi;QrLi(H)Drj+Yu;QLi(H)Ur;+ YL (H)Erj+ YN LL;(H)Ng; + h.c.

_I_%MRij JC:ZziNRj + h.c. E. Majorana 1937
0 YNU B
= <Yﬁ;v MR) my = YN Mz~ 0"y

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

- with RH neutrinos charge quantization lost unless Majorana

Babu, Mohapatra, Phys.Rev. D41 (1990) 271
Foot, Lew,Volkas 1993
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L violation: exotic or natural?

Perturbative + nonperturbative LNV very handy for baryogenesis
Fukugita, Yanagida, PLB174, 1986
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L violation: exotic or natural?

Perturbative + nonperturbative LNV very handy for baryogenesis
Fukugita, Yanagida, PLB174, 1986

DB = pp = (6.1£0.8) x 10~1
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L violation: exotic or natural?

Perturbative + nonperturbative LNV very handy for baryogenesis
Fukugita, Yanagida, PLB174, 1986

DB = pp = (6.1£0.8) x 10~1

- thermal instantons (aka sphalerons) boost L to B transitions
Kuzmin, Rubakoyv, Shaposhnikov, PLB|55, 1985
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L violation: exotic or natural?

Perturbative + nonperturbative LNV very handy for baryogenesis
Fukugita, Yanagida, PLB174, 1986

BB = pp = (6.1£0.3) x 10710

- thermal instantons (aka sphalerons) boost L to B transitions
Kuzmin, Rubakoyv, Shaposhnikov, PLB|55, 1985

Generating net L:

Ny » £, ,H)—T(N; > £, H
CP asymmetry: e1=§°‘[( 1 ) =~ TV, )

o [T(N1 = £,H) +T(N1 — £, H)]
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L violation: exotic or natural?

First version of neutrino oscillations was L violating!
B. Pontecorvo, Sov.Phys JETP 6 (1957) 429

E—}v%o Mo nwex oploom
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First version of neutrino oscillations was L violating!
B. Pontecorvo, Sov.Phys.JETP 6 (1957) 429

NB Oscillations in the neutral Kaon system 1957 M.L. Good, Phys. Rev. 106 (1957) 591
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First version of neutrino oscillations was L violating!
B. Pontecorvo, Sov.Phys.JETP 6 (1957) 429

NB Oscillations in the neutral Kaon system 1957 M.L. Good, Phys. Rev. 106 (1957) 591

NB Muon neutrinos only in1962! Lederman, Schwarz, Steinberger

B—}v%o Mo nwex oploom

Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation 7 125




L violation: exotic or natural?

First version of neutrino oscillations was L violating!
B. Pontecorvo, Sov.Phys.JETP 6 (1957) 429

NB Oscillations in the neutral Kaon system 1957 M.L. Good, Phys. Rev. 106 (1957) 591

NB Muon neutrinos only in1962! Lederman, Schwarz, Steinberger
Diagrammatics: see e.g. E.Akhmedoy, J. Kopp, JHEP 1004 (2010) 008
E}V%o Tl nwes opdm
la lﬂ
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L violation: exotic or natural?

First version of neutrino oscillations was L violating!
B. Pontecorvo, Sov.Phys.JETP 6 (1957) 429

NB Oscillations in the neutral Kaon system 1957 M.L. Good, Phys. Rev. 106 (1957) 591

NB Muon neutrinos only in1962! Lederman, Schwarz, Steinberger

Diagrammatics: see e.g. E.Akhmedoy, J. Kopp, JHEP 1004 (2010) 008
E}V%o Tl nwes opdm P
la lﬁ

Ao — 0g) < Y UL US—e " 2E
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L violation: exotic or natural?

First version of neutrino oscillations was L violating!
B. Pontecorvo, Sov.Phys.JETP 6 (1957) 429

NB Oscillations in the neutral Kaon system 1957 M.L. Good, Phys. Rev. 106 (1957) 591

NB Muon neutrinos only in1962! Lederman, Schwarz, Steinberger

Diagrammatics: see e.g. E.Akhmedoy, J. Kopp, JHEP 1004 (2010) 008
E}V%o Tl nwes opdm P
la lﬁ

+ -
/4 /4
m? L
—1—5%—
A(v, — Ug) x E * U 63 55
Nowadays mostly academic...  seee.g Z-z Xing arXiv:1301.7654v2
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How to test lepton number violation!?
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How to test Majorana / seesaw nature of neutrino masses!?
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How to test Majorana / seesaw nature of neutrino masses!?

Not the same thing;

small Majorana mass without suppression due to a large scale
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How to test Majorana / seesaw nature of neutrino masses!?

Not the same thing;
small Majorana mass without suppression due to a large scale

- suppression due to a small scale - “inverse” seesaw

0 Yvo O
extra sterile neutrinos;in the {v,v°, S}basis M, =| Yo 0 M
0 Mt

m, =Y (oM Y p(oMHy?*

). Schechter, J.W.F Valle, Phys.Rev. D22, 2227 (1980)
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How to test Majorana / seesaw nature of neutrino masses?

Not the same thing;
small Majorana mass without suppression due to a large scale

- suppression due to a small scale - “inverse” seesaw

0 Yvo O
extra sterile neutrinos;in the {v,v°, S}basis M, =| Yo 0 M
0 Mt

m, =Y (oM Y p(oMHy?*

). Schechter, J.W.F Valle, Phys.Rev. D22, 2227 (1980)

- -
””””

- loop suppression - e.g., Zee-Babu and many others h, ik » N

A. Zee, Nucl. Phys. B 264 (1986) 99
K.S. Babu, Phys. Lett. B 203 (1988) 132

Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation 8 /25




How to test Majorana / seesaw nature of neutrino masses?

Not the same thing;
small Majorana mass without suppression due to a large scale

- suppression due to a small scale - “inverse” seesaw

0 Yvo O
extra sterile neutrinos;in the {v,v°, S}basis M, =| Yo 0 M
0 Mt

m, =Y (oM Y p(oMHy?*

). Schechter, J.W.F Valle, Phys.Rev. D22, 2227 (1980)

- -
””””

- loop suppression - e.g., Zee-Babu and many others h, ik » N

- R-parity violation in SUSY A. Zee, Nucl. Phys. B 264 (1986) 99
- K.S. Babu, Phys. Lett. B 203 (1988) 132
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How to test Majorana nature of neutrino masses!

Neutrinoless double beta decay?

Colliders?
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Neutrinoless double beta decay

Diagrammatics:
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Neutrinoless double beta decay

Diagrammatics:
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Neutrinoless double beta decay

10° 10* 10° 102 107 10°
lightest mass (eV)

Ao<g4<q£2>

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

Diagrammatics:

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

Diagrammatics; Heavy neutrinos also feel gauge interactions!

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

Diagrammatics; Heavy neutrinos also feel gauge interactions!

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

Diagrammatics; Heavy neutrinos also feel gauge interactions!
10°
10™
2 102
=
10
10-4 MY SR A Y B
jo° do* d0° A% ‘o' 10°
lightest mass (eV)
4 2 K
A x g E Fe—
, M;
?

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

Diagrammatics; Heavy neutrinos also feel gauge interactions!
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Neutrinoless double beta decay

Diagrammatics; Heavy neutrinos also feel gauge interactions!

Ao<g4ZF2%

This may even dominate if M is in the TeV region
or if there are RH currents around TeV

Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation 10/25




Neutrinoless double beta decay

Diagrammatics; Heavy neutrinos also feel gauge interactions!

F=+m,M-1
4 2 I

This may even dominate if M is in the TeV region
or if there are RH currents around TeV

e
Mwg 2, 1°3([1TeV]) TeV
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Neutrinoless double beta decay

But what if there is something else!?
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Neutrinoless double beta decay

But what if there is something else!? \”)\\/
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Neutrinoless double beta decay

But what if there is something else!? V
\\? ¢
%
Schechter - Valle mechanism: LS e
/\
W 2—
A
oA J. Schechter, J. E W. Valle, PRD 1982

Takasugi, PLB 1984
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Neutrinoless double beta decay

But what if there is something else!? V
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Schechter - Valle mechanism: LS e
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& J. Schechter, J. E W. Valle, PRD 1982
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Neutrinoless double beta decay

But what if there is something else!? <\/

Schechter - Valle mechanism: s

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

If neutrinoless double beta decay is seen, neutrinos should be Majorana...
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How to test seesaw hature of neutrino masses?

Seesaw as a framework can be truly tested if and only if the underlying
dynamics (i.e., a specific opening of the seesaw operator) or a specific and
strong correlation in new physics signals can be revealed
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How to test seesaw hature of neutrino masses?

Seesaw as a framework can be truly tested if and only if the underlying
dynamics (i.e., a specific opening of the seesaw operator) or a specific and
strong correlation in new physics signals can be revealed

Colliders!?
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How to test seesaw hature of neutrino masses?

Seesaw as a framework can be truly tested if and only if the underlying
dynamics (i.e., a specific opening of the seesaw operator) or a specific and
strong correlation in new physics signals can be revealed

Colliders!?

Lepton flavour violation?
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Collider tests of the underlying dynamics!?

There should certainly be something somewhere...
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Collider tests of the underlying dynamics!?

There should certainly be something somewhere...

It all depends on the specific seesaw realization (mediators, scale)...
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There should certainly be something somewhere...

It all depends on the specific seesaw realization (mediators, scale)...

It also depends heavily on the gauge framework...
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Collider tests of the underlying dynamics!?

There should certainly be something somewhere...

It all depends on the specific seesaw realization (mediators, scale)...

It also depends heavily on the gauge framework...

etc.

Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation 13/25




The scale

LLHH
A

L3
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The scale

LLHH
A

L3

Lower bounds for light neutrino masses:

® Neutrino oscillations:  Am2 = (8.0 £ 0.3) x 10 %eV?

IAm?| = (2.5 4+ 0.3) x 10 3eV?
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The scale

LLHH
A

L3

Lower bounds for light neutrino masses:

® Neutrino oscillations:  Am2 = (8.0 £ 0.3) x 10 %eV?

IAm?| = (2.5 4+ 0.3) x 10 3eV?

Upper bounds for light neutrino masses:
® Cosmology (structure): Zmi S 1leV S. Hannestad’s talk

o (v23: (m) < 1eV S. Soldner-Rembold’s talk
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The scale

LLHH

L3 A

Lower bounds for light neutrino masses:

® Neutrino oscillations:  Am2 = (8.0 £ 0.3) x 10 %eV?

IAm?| = (2.5 4+ 0.3) x 10 3eV?

Upper bounds for light neutrino masses:
® Cosmology (structure): Zmi S 1leV S. Hannestad’s talk

o (v23: (m) < 1eV S. Soldner-Rembold’s talk

A ~ (10" — 10'*) GeV
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The scale

LLHH

L3 A

Lower bounds for light neutrino masses:

® Neutrino oscillations:  Am2 = (8.0 £ 0.3) x 10 %eV?

IAm?| = (2.5 4+ 0.3) x 10 3eV?

Upper bounds for light neutrino masses:

® Cosmology (structure): Z m; S 1leV S. Hannestad’s talk
o (v203: (m®) < 1leV S. Soldner-Rembold’s talk
A ~ (10" — 10'*) GeV Hopeless!?
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The mediators

Renormalizable “openings™ of the VWeinberg operator

LLHH
A

L3
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The mediators

Renormalizable “openings™ of the VWeinberg operator

* X
H H
LLHH |
L S type-l seesaw \oNe
A Ly Ly,
(1,1,0)
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The mediators

Renormalizable “openings™ of the VWeinberg operator

LLHH

_ ' )
LD type-l seesaw . Ne tiny Yukawas!

A Ly, ‘ I Ly
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The mediators

Renormalizable “openings™ of the VWeinberg operator

LLHH

_ ' )
LD type-l seesaw . Ne tiny Yukawas!

type-ll seesaw AL
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The mediators

Renormalizable “openings™ of the VWeinberg operator

H H
LLHH |
LD type-l seesaw N, tiny Yukawas!?
\ R :
A T
(1,1,0)
. o+
type-ll seesaw N extra scale in the

trilinear coupling!
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LD type-l seesaw N, tiny Yukawas!?
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A T
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The mediators

Renormalizable “openings™ of the VWeinberg operator

H H
LLHH |
LD type-l seesaw N, tiny Yukawas!?
\ R :
A T
(1,1,0)
. o+
type-ll seesaw N extra scale in the

trilinear coupling!

type-lll seesaw tiny Yukawas!?

M gauge interactions!
(1,3,0)
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Type-ll seesaw at collider(s)

review: arXiv:1001.2693 [hep-ph]

Type-ll seesaw: - doubly-charged scalar in the spectrum!

=X
=%
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Type-ll seesaw at collider(s)

review: arXiv:1001.2693 [hep-ph]

Type-ll seesaw: - doubly-charged scalar in the spectrum!
i i - same sign dilepton pairs (boosted)
a
L%i\)u 7 — ATTATT = (1T
1,3, +1
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Type-ll seesaw at collider(s)

review: arXiv:1001.2693 [hep-ph]

Type-ll seesaw: - doubly-charged scalar in the spectrum!
. >+ . . .
H Tl - same sign dilepton pairs (boosted)
a
L%i\)u 7 — ATTATT = (1T
1,3, +1

- decays rely on the size of the triplet Yukawa couplings

- flavour structure correlated to neutrino mixing
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“Light” type-lll seesaw at collider(s)?

review: arXiv:1001.2693 [hep-ph]

Type-lll seesaw: - neutral and charged fermions
* X
H H
F
L L
7 (1,3,0) X
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“Light” type-lll seesaw at collider(s)?

review: arXiv:1001.2693 [hep-ph]

Type-lll seesaw: - neutral and charged fermions
, . - triplet feels the SM gauge bosons - better than singlet!
H\‘ H
F
L L
“(1,3,0) X
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“Light” type-lll seesaw at collider(s)?

review: arXiv:1001.2693 [hep-ph]

Type-lll seesaw: - neutral and charged fermions
, - triplet feels the SM gauge bosons - better than singlet!
F
LL LL . .
(1,3,0) - multi-lepton channels as in type-ll

P — Z25 — (ot

- kinematics different, not so spectacular...
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“Light” type-| seesaw at collider(s)?

review: arXiv:1001.2693 [hep-ph]

Type-| seesaw:

* X
H H
Ngr
LL LL
(1,1,0)
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“Light” type-| seesaw at collider(s)?

review: arXiv:1001.2693 [hep-ph]

Type-| seesaw: - generally problematic, RHN couplings are too small!

* X
H H
Ngr
LL LL
(1,1,0)
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“Light” type-| seesaw at collider(s)?

review: arXiv:1001.2693 [hep-ph]

Type-| seesaw: - generally problematic, RHN couplings are too small!

* X
HY H
Ngr
Ly, Ly
(1,1,0)

- again, much better with right-handed currents

W.Y. Keung and G. Senjanovic, Phys. Rev. Lett. 50, 1427 (1983)
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Standard model matter fields + 3 RH neutrinos

T; Y Q

1 2
P L
URr () —|—% —|—§
w0 -
()
e ) _% 2 1
VR 0 0 0
€R 0 —1 —1

Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation 19/25



Standard model matter fields + 3 RH neutrinos

T3 Y Q (B-1L)/)2
u +% 1 +% 1
(d) 1 5 1 T35
L ) 3
URr () —|—% —|—§ 1
T
ONEIERCI
e ) _% 2 —1 :
VR 0 0 0 1
eR 0 -1 1 2
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Standard model matter fields + 3 RH neutrinos

@
U +2
(4), 5 0
3
UR —|—% 1
dpr _% 6
(%) 0 ;
e/, —1
VR 0 0 0 1
eR 0 -1 1 2
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Standard model matter fields + 3 RH neutrinos

U —|—%
d I 0
L —3
UR +2 +2
1 1
AR -3 —3
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Standard model matter fields + 3 RH neutrinos

T3-like
Tg Q (B — L)/2 generator
1 5 for RH fields!

G, TH T E
1 1
a L 2 3

UR 0 +3 +1

1 1

R 0 —3 —3
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Left-right models
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Left-right models

SU3).®@SU2)L, ® SU(2)r ® U(1)p_1 gauge group
recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |
u>
( L
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Left-right models

SU3).®@SU2)L, ® SU(2)r ® U(1)p_1 gauge group

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |
U
(d) | | |
L High-scale parity restoration
UR ” - SU(2)r x U(1)g-L broken by a scalar triplet
_) O
dR d R {A ; A+7 A_H_}
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Left-right models

SU3).®@SU2)L, ® SU(2)r ® U(1)p_1 gauge group

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |

u>
(d L High-scale parity restoration

UR ” - SU(2)r x U(1)g-L broken by a scalar triplet

— O
dR d {A y A+7 A++}
R
(V€> Extra gauge bosons
- Z' ' WR
°JL
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Left-right models

SU3).®@SU2)L, ® SU(2)r ® U(1)p_1 gauge group

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |
U
(d) | | |
L High-scale parity restoration
UR ” - SU(2)r x U(1)g-L broken by a scalar triplet
_) O
dR d {A y A+7 A++}
R
(V€> Extra gauge bosons
- Z ,WR
°JL
Yukawa “unification”
VR 1%
—> Vokm =1
€ER € R
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Left-right models

SU3).®@SU2)L, ® SU(2)r ® U(1)p_1 gauge group

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |

Triplet VEV likely to be generated, type-ll contribution expected

i a \A* <H;>
\"'
s e
-
4 TALSHD
o \\
v~ & %

T.P. Cheng, L.-F. Li, PRD22 (1980) 2860
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Left-right models

SU3).®@SU2)L, ® SU(2)r ® U(1)p_1 gauge group

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |

Triplet VEV likely to be generated, type-ll contribution expected

i a \A* <H;>
\Q"
s e
-
4 TALSHD
o \\
v~ & %

T.P. Cheng, L.-F. Li, PRD22 (1980) 2860

- more correlations (cf. LH vs. RH dominated Ov2f)
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Left-right models

SU3).®@SU2)L, ® SU(2)r ® U(1)p_1 gauge group

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |

Triplet VEV likely to be generated, type-ll contribution expected

P .4 <D
K
=
s e
~_
4 TALSHD
by TR
v, 6"~ X

T.P. Cheng, L.-F. Li, PRD22 (1980) 2860

- more correlations (cf. LH vs. RH dominated Ov2f)

- still no particular understanding of the flavour pattern

Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation 21/25




Left-right models

SU3).®@SU2)L, ® SU(2)r ® U(1)p_1 gauge group

recent review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |

Triplet VEV likely to be generated, type-ll contribution expected

P .4 <D
K
=
s e
~_
4 TALSHD
by TR
v, 6"~ X

T.P. Cheng, L.-F. Li, PRD22 (1980) 2860

- more correlations (cf. LH vs. RH dominated Ov2f)
- still no particular understanding of the flavour pattern

- electric charge quantized only through anomalies...
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Pati-Salam as a prototype Q-L unification

“Lepton number as a fourth color”, |. C. Pati,A. Salam, Phys. Rev. D 10, 275-289 (1974)

u uUu uUu v
= (4,2,1)® (4,1,2)"
(d d d e)LR (4,2,1)© (4,1,2)" of SU(4)c®SU(2)L ® SU(2)r

)
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Pati-Salam as a prototype Q-L unification

“Lepton number as a fourth color”, |. C. Pati,A. Salam, Phys. Rev. D 10, 275-289 (1974)

u uUu uUu v
= (4,2,1)® (4,1,2)"
(d d d e)L,R (4,2,1)© (4,1,2)" of SU(4)c®SU(2)L ® SU(2)r

First attempt to unify quarks and leptons... yet before charm discovery!
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All electric charges quantized; it does have a monopole
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Pati-Salam as a prototype Q-L unification

“Lepton number as a fourth color”, |. C. Pati,A. Salam, Phys. Rev. D 10, 275-289 (1974)

u u u v _
= (4,2,1 4.1,2)"
(d d d e)L,R (4,2,1) @ (4,1,2)" of SU4)c®@SU(2)L @ SU(2)g

First attempt to unify quarks and leptons... yet before charm discovery!

All electric charges quantized; it does have a monopole

Heavy leptoquark gauge bosons
JEPES S8 perturbative B and L violation

Heavy singlet and coloured scalars \/

(10,1,3)ps 3 (1,1,0) 50 & (6,3, +L1)sm & . ..

.=
- 1
1
° ° ° ° ° 1
Majorana neutrino implies Majorana neutron! 7 \
d
cf. M.Yokoyama’s talk /\
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Pauli was sorry for a “neutron’!

Faf snk - ?M’VC-?’J’M—GF Pec ©393
Abschrift/15.12.5%6 PN

Offener Brief an die Qrunpe der Radiocaktiven bel der
Gauvereins-Tagung zu Tubingen.

Abachrift

Phyaikalisches Institut

der Eidg. Technischen Hochschule Zirich, Lo Des. 1930
Qirich Cloriastrasse

Lisbe Radioaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich mmldvollst
gnsuhbren bitte, Ilmen des niZheren suseinsndersetzen wird, bin ich
angesichts der "falschen" Statistik der Ne und Li.5 Kerne, sowie
des kontimuierlichen beta-Spektrums suf cinen verswelfelten Ausweg
verfallen um den "Wechselgats® (1) der Statistik und den Energiesats
su retten. Nhmlich die Moglichkeit, es kbnnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘dheh von Lichtquanten susserdem noch dadurch unterscheiden, dass sie

nit Lichtgeschwindigkeit laufen. Dis Magse der Neutronen
i von derselben Orossenordmung wie die Elektronenmasse sein und
&m.u nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche
Spektrum wire dann verstandlich unter der Anmahme, dass beim
boba~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
mird, derart, dass die Summe der Energien von Neutron und klektron
konstant iste

Nun handelt es sich weiter darum, welche Krifie auf die
Neutronen wirken. Das wahrscheinlichste Modell fiir das Neutron scheint
mir sus wellenmechanischen Orlinden (nitheres welss der Usberbringer
disaer Zellen) dieses su sein, dass das ruhende Neutron ein
mammetlscher Dipol von einem gewissen Moment atist. Die Experimente
varlineen wohl, dass die ionisierende Wirkung eines solchen Neutrons
nicht grosser sein kann, sls die eines ~Strahls und darf demn
A4 wohl nicht grosser sein als e ¢ (107 om),

Ich traue mich vorliufig aber nicht, etwas iiber diese Ides

su publizsieren und wende mich erst vertrauensvoll an Euch, liebe

Redioakt've, mit der Frage, wie es um den experimentellen Nachweis

aines solchen Neutrons stande, wenn dieses ein ebensolches oder etawa

‘J0mal grosseres Durchdringungsvermogen besitsen wirde, wie ein

gwwa-Stranl. !
Ioh gebe su, das= mein Ausweg vielleicht von vornherein

waaig wahrscheinlich erscheinen wird, weil man die Neutronen, wenn

she axistisren, wohl schon X¥ngst gesehen hatte. Aber mur wer wagt,

m und der Ernst der Situation baim kmtd.m!.u'linhc
‘wird durch einen Assprech meines vershrten Vorgs im Amte, -
Herrn Debye, beleuchtet, der mir Mivslieh in gesagt hats

"0, daren soll man am besten gar nicht denken, sowie an die neuen
Steuern." Darum soll man Jeden Weg zur Rettung ernstlioh dlsimtieren.-
Also, liebe Radicaktive, priifet, und ri.dlm.- Leider kann ich nicht
personlich in Thingen erscheinen, da sch infolge eines in der Nacht
vom 6. s 7 Des. in Zirich stattfindenden Balles hier unabkSmmlich
bin.- Mit vielen Orilssen an Euch, sowie an Herm Baek, Ruer
nntm-nipm m-ur

gos. W, Pamly
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Pauli was sorry for a “neutron’!

Physics Institute Ziirich, Dec. 4, 1930
of the ETH Gloriastrasse
Ziirich

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more
detail, because of the "wrong" statistics of the N- and Li-6 nuclei and the continuous beta spectrum, I
have hit upon a desperate remedy to save the "exchange theorem" (1) of statistics and the law of
conservation of energy. Namely, the possibility that in the nuclei there could exist electrically neutral
particles, which I will call neutrons, that have spin 1/2 and obey the exclusion principle and that further
differ from light quanta in that they do not travel with the velocity of light. The mass of the neutrons
should be of the same order of magnitude as the electron mass and in any event not larger than 0.01
proton mass. - The continuous beta spectrum would then make sense with the assumption that in beta
decay, in addition to the electron, a neutron is emitted such that the sum of the energies of neutron and
electron is constant.

Now it is also a question of which forces act upon neutrons. For me, the most likely model for the
neutron seems to be, for wave-mechanical reasons (the bearer of these lines knows more), that the neutron
at rest is a magnetic dipole with a certain moment p. The experiments seem to require that the ionizing
effect of such a neutron can not be bigger than the one of a gamma-ray, and then p is probably not

13
allowed to be larger thane * (10 cm).
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Physics Institute Ziirich, Dec. 4, 1930
of the ETH Gloriastrasse
Ziirich

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more
detail, because of the "wrong" statistics of the N- and Li-6 nuclei and the continuous beta spectrum, I
have hit upon a desperate remedy to save the "exchange theorem" (1) of statistics and the law of
conservation of energy. Namely, the possibility that in the nuclei there could exist electrically neutral
particles, that have spin 1/2 and obey the exclusion principle and that further
differ from light quanta in that they do not travel with the velocity of light. The mass of the neutrons
should be of the same order of magnitude as the electron mass and in any event not larger than 0.01
proton mass. - The continuous beta spectrum would then make sense with the assumption that in beta

decay, in addition to the electron, a neutron is emitted such that the sum of the energies of neutron and
electron is constant.

Now it is also a question of which forces act upon neutrons. For me, the most likely model for the
neutron seems to be, for wave-mechanical reasons (the bearer of these lines knows more), that the neutron
at rest is a magnetic dipole with a certain moment p. The experiments seem to require that the ionizing
effect of such a neutron can not be bigger than the one of a gamma-ray, and then p is probably not

13
allowed to be larger thane * (10 cm). J. Chadwick 1932
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Neutron-antineutron oscillations

Y. Kamyshkov, hep-ex/021 1006
E, om , _ .
H = in the {|n), |n) } basis R. Mohapatra, |.Phys. G36 (2009) 104006
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Neutron-antineutron oscillations

Y. Kamyshkov, hep-ex/021 1006
E, om , _ .
H = in the {|n), |n) } basis R. Mohapatra, |.Phys. G36 (2009) 104006

_) 45m?
H n ~J
AE? + 46m?

sin?(v/46m?2 + AE? t)
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Neutron-antineutron oscillations

Y. Kamyshkov, hep-ex/021 1006
E, om , _ .
H = in the {|n), |n) } basis R. Mohapatra, |.Phys. G36 (2009) 104006

452 in vacuum AFE — 0
— N) ~ AE2 & A0m2 Sinz(\/45m2 + AE?t) —> P(n — @) o sin®(dm t)
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Neutron-antineutron oscillations

Y. Kamyshkov, hep-ex/021 1006

H = ( fn?; (2’? > in the {|n),|n)} basis R. Mohapatra, }.Phys. G36 (2009) 104006
A5im2 in vacuum AFE — 0
P(n —n)~ AE? + 46m?2 Sin2(\/45m2 + AE?1) i P(n — @) o sin®(dm t)

\ in nuclei or in magnetic field

om

Pln — 7i) ~ (E)Z sin?(AEt)

2inBg ~ 1072°GeV
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Neutron-antineutron oscillations

Y. Kamyshkov, hep-ex/021 1006

H = ( fn?; (2’? > in the {|n),|n)} basis R. Mohapatra, }.Phys. G36 (2009) 104006
A5im2 in vacuum AFE — 0
P(n —n)~ AE? + 46m?2 Sin2(\/45m2 + AE?1) i P(n — @) o sin®(dm t)

\ in nuclei or in magnetic field

Indirect searches: nuclear stability super-K, SNO P(n — n) ~ (5_m)281n2<AEt)
AE
Tnen = 108 8 => om <6 x 107%9GeV 21, Be ~ 10720GeV
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Neutron-antineutron oscillations

Y. Kamyshkov, hep-ex/021 1006

H = ( fn?; (2’? > in the {|n),|n)} basis R. Mohapatra, }.Phys. G36 (2009) 104006
A5im2 in vacuum AFE — 0
P(n —n)~ AE? + 46m?2 Sin2(\/45m2 + AE?1) i P(n — @) o sin®(dm t)

\ in nuclei or in magnetic field

Indirect searches: nuclear stability Super-K, SNO P(n — 1) ~ (Z—m):inQ(AEt)
E
Tnen = 108 8 => om <6 x 107%9GeV 21, Be ~ 10720GeV

Direct searches with free neutrons: ILL experiment, Z.Phys.C63

Cold Magnetic Vacuum
Neutron shield tube
/Moderator \ \ Eeanks
F : -
,/<Supennirror . I It
4 RSN e aniilation | Similar resuits
\ target e
- -
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\ in nuclei or in magnetic field

. ofe 2
Indirect searches: nuclear stability Super-K, SNO Pln — 7i) ~ (Z_fg) sin?(AE1)
Ton = 108 s => om <6 x 10733GeV 21 Ba ~ 10 20GeV
6
P Aoep
. . 5}
Direct searches with free neutrons: ILL experiment, Z.Phys.C63 : M )
Cold Magnetic Vacuum \\/
Neutron shield tube Detector .
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‘/ \ \ \‘ ' "¢X
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ﬁ n ~J
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. ofe 2
Indirect searches: nuclear stability Super-K, SNO Pln — 7i) ~ (Z_fg) sin?(AE1)
Ton = 108 s => om <6 x 10733GeV 21 Ba ~ 10 20GeV
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P Aoep
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Direct searches with free neutrons: ILL experiment, Z.Phys.C63 : M )
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d

Neutron-antineutron oscillations probe O(100 TeV) scales!
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Leptogenesis!

CP asymmetry:

3 1
€1 ~ Im [(YNYJ;rf)%i
3™ (YnY )11 11222;3 i

| 20
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Leptogenesis!?

CP asymmetry:

€ ~ I | (VY3 | 2
37T (YN Y )11 11222;3 oM
Davidson-lbarra bound: S. Davidson and A. Ibarra, Phys. Lett. B535, 25 (2002)

3 M1 (m3 — m2)
67 v?

<
le1] < 1
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Even stronger gauge symmetries?

Nonabelian SM gauge couplings seem to converge at high energies

60
50 | _ 9

j 47
40|
30
20|

10, 1 7]
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Even stronger gauge symmetries?

Nonabelian SM gauge couplings seem to converge at high energies

60

~
Q

50| _ 9
' 41

40 |

30} Mg ~ 101%GeV

20|

10} 1

O
=
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Grand Unifications

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

GUTs are spontaneously broken BSM gauge
theories based on simple compact gauge groups
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The GUT physics case

® charge quantization
® monopoles
® baryon AND l|epton number violation

® partly flavour
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The fate of B-L (global/gauged?)

global B-L?
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The fate of B-L (global/gauged?)

explicit breaking spontaneous breaking

global B-L?

Michal Malinsky, IPNP CUNI Prague Neutrinos and L (and B) violation



The fate of B-L (global/gauged?)

explicit breaking spontaneous breaking

global B-L? direct RH neutrino
mass term...
so what!
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The fate of B-L (global/gauged?)

explicit breaking spontaneous breaking
global B-L? direct RH neutrino .
mass term Majoron!
so what!
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Majoron

Gelmini, Roncandelli 1980

U(1) J, =00, — 0, D* + 1y,

o], =0
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Majoron

Stellar photoproduction of Majorons (])

vy+e—e+J
£ J
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Majoron

Stellar photoproduction of Majorons (])

v+e—e+J

Red giants: ¢ < 10712

Chanda, Nieves, Pal, PRD37, 1988
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The fate of B-L (global/gauged?)
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mass term Majoron!
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The fate of B-L (global/gauged?)

explicit breaking spontaneous breaking
global B-L? direct RH neutrino .
mass term Majoron!
so what!

gauged B-L! renormalizability issues
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The fate of B-L (global/gauged?)

explicit breaking spontaneous breaking
global B-L? direct RH neutrino . '
mass term... Majoront
so what!
gauged B-L! renormalizability issues Z’ gauge boson
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The fate of B-L (global/gauged?)

explicit breaking spontaneous breaking
global B-L? direct RH neutrino . '
mass term... Majoront
so what!
gauged B-L! renormalizability issues Z’ gauge boson

In order to ever gauge B-L three RH neutrinos are needed!
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GUT basics

Georgi-Glashow model - a prototype GUT

VoLuME 32, NUMBER 8

PHYSICAL REVIEW LETTERS

25 FEBRUARY 1974

Unity of All Elementary-Particle Forces

Howard Georgi* and S. L. Glashow
Lyman Labovatory of Physics, Harvard University, Cambridge, Massachusetls 02138
(Received 10 January 1974)

Strong, electromagnetic, and weak forces are conjectured to arise from a single funda-
mental interaction based on the gauge group SU(5).

We present a series of hypotheses and spec-
ulations leading inescapably to the conclusion
that SU(5) is the gauge group of the world—that
all elementary particle forces (strong, weak,
and electromagnetic) are different manifestations
of the same fundamental interaction involving a

single coupling strength, the fine-structure con-
stant, Our hypotheses may be wrong and our
speculations idle, but the uniqueness and sim-
plicity of our scheme are reasons enough that it
be taken seriously.

of the GIM mechanism with the notion of colored
quarks® keeps the successes of the quark model
and gives an important borius: Lepton and hadron
anomalies cancel so that the theory of weak and
electromagnetic interactions is renormalizable.’

The next step is to include strong interactions.
We assume that strong intervactions arve mediated
by an octet of neutval vector gauge gluons as-
sociated with local color SU(3) symmetry, and
that there are no fundamental strongly interact-
ing scalar-meson fields.” This insures that

® Actually, what Georgi and Glashow have shown was uniqueness of SU(5) for rank=4 GUTs
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GUT basics

Georgi-Glashow model - a prototype GUT

® |974 -The first SU(5) grandunified model by Georgi and Glashow
H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)
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GUT basics

Georgi-Glashow model - a prototype GUT

® |974 -The first SU(5) grandunified model by Georgi and Glashow

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)
SUB3).2SU2)r @U(1)y

1 u C
)0
(3,1,—%) € e
(3717—|—%) d° s¢
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Georgi-Glashow model - a prototype GUT

® |974 -The first SU(5) grandunified model by Georgi and Glashow
H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SU3). @ SU(2), @ U(1)y >  SU(H)
1 Ve Vi A 51
(1727 2) (6) (Iu) B (dg (85
( | 5 d3 S5
I,1,+1 e* pe —e —p
\’/e) \Vu
(3,2,4_%) (U> (c) (() u§ —u§ u' dl\ (0 5 —c§ 31\
d 5 0w u? d? 0§ 2 s
2 _ 2 c - 10 : 0 u & 0 & s°
(37 17 3) u C . ) 0 €€ ) . 0 u
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GUT basics

Georgi-Glashow model - a prototype GUT

® |974 -The first SU(5) grandunified model by Georgi and Glashow
H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SUB3).@SU(2)L @U(1)y »  SU(H)

Gauge sector:

(8,1,0) GH 24 = (8,1,0)® (1,3,0) ® (1,1,0)d(3,2,—-2) ® (3,2, +2)
XM

(1,3,0) AH Wt 7 y GH AH B (Y“)

(1,1,0) B~ o

new gauge bosons
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Georgi-Glashow model - a prototype GUT

® |974 -The first SU(5) grandunified model by Georgi and Glashow
H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SUB3).@SU(2)L @U(1)y »  SU(H)

Gauge sector:

(8,1,0) GH 24 = (8,1,0)® (1,3,0) ® (1,1,0)d(3,2,—-2) ® (3,2, +2)
XM

(1,3,0) AH Wt 7 y GH AH B (Y,u)

(1,1,0) B~ o

new gauge bosons

HIggS sector: SU(S)C &) SU(Q)L 0 U(l)y — SU(S)C X U(l)@

(1,2,—1) H 5=(1,2,+2)® (3,1, —%) new coloured Higgs bosons
’iTQH* A
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GUT basics

Georgi-Glashow model - a prototype GUT

® |974 -The first SU(5) grandunified model by Georgi and Glashow
H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SUB3).@SU(2)L @U(1)y »  SU(H)

Gauge sector:

(8,1,0) GH 24 = (8,1,0)® (1,3,0) ® (1,1,0)d(3,2,—-2) ® (3,2, +2)
XM

(1,3,0) AH Wt 7 y GH AH B (Y“)

(1,1,0) B~ o

new gauge bosons

HIggS sector: SU(S)C &) SU(Q)L 0 U(l)y — SU(S)C X U(l)@

(1,2, —%) H 5=(1,2, +%) P (3,1, —%) new coloured Higgs bosons
’iTgH* A
GUT-breaking Higgs: SU(5) — SU(3). @ SU(2), @ U(1)y variety of extra Higgses

24 = (87 170) D (17370) D (]‘7 ]‘70) D (3’2’ _%) D (§7 17 _%)
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Baryon and lepton number violation in GUTs

® Quarks and leptons share common GUT multiplets

- gauge bosons coupled to a universal charge

- Yukawas do not care about who is who either
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Baryon and lepton number violation in GUTs

® Quarks and leptons share common GUT multiplets

- gauge bosons coupled to a universal charge
I:> baryon/lepton number violation
- Yukawas do not care about who is who either
quark to lepton transitions
n-nbar oscillations
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Baryon and lepton number violation in GUTs

® Quarks and leptons share common GUT multiplets

- gauge bosons coupled to a universal charge
I:> baryon/lepton number violation
- Yukawas do not care about who is who either

® Proton decay m

gauge-induced Higgs-induced >- <

f1 J2
Me,

quark to lepton transitions
n-nbar oscillations

@uch uQd°L M2 ——QQQL, —4u ude”

M2
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Monopoles

No way to produce in lab, only cosmics + Callan-Rubakov effect
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Monopoles

No way to produce in lab, only cosmics + Callan-Rubakov effect

® galactic magnetic field depletion
® pulsar stability Freese, Turner

® proton stability
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Monopoles

No way to produce in lab, only cosmics + Callan-Rubakov effect

® galactic magnetic field depletion
® pulsar stability Freese, Turner

® proton stability

Upper limits on the flux density around Earth

Theory: ® s (Barth)ineory < 10722 ~ 10727 cm ™21 s ™!
Experiment: S5 (Earth)exp. S 1071% em™2sr7's™!  MACRO 2001 (Gran Sasso)
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Monopoles

No way to produce in lab, only cosmics + Callan-Rubakov effect

® galactic magnetic field depletion
® pulsar stability Freese, Turner

® proton stability

Upper limits on the flux density around Earth

Theory: ® s (Barth)ineory < 10722 ~ 10727 cm ™21 s ™!
Experiment: S5 (Earth)exp. S 1071% em™2sr7's™!  MACRO 2001 (Gran Sasso)

N.B. early (fake) monopole-like events  Price etal, 1975 PRL August 25
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