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The likely course structure

Massive neutrinos - Dirac or Majorana? 
- charge quantization in the SM with massive neutrinos 
- B-L rules it all 
- seesaw models, underlying dynamics, colliders? 
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The likely course structure

Massive neutrinos - Dirac or Majorana? 
- charge quantization in the SM with massive neutrinos 
- B-L rules it all 
- seesaw models, underlying dynamics, colliders? 

Extended gauge symmetries?  
I. Structural aspects 
    - B-L symmetry reloaded 
    - LR models, parity restoration, B-L as 4th color 
II. Scales 
    - low-energy hints of a large BSM scale 
    - theories with vastly different scales, decoupling, EFTs 

Very large scale dynamics?  
- B & L violation in the SM @ d=6, mediators, SU(5) 
- Neutrinos in SO(10) GUTs 
- What else? Proton decay? Topological defects?



Massive neutrinos - Dirac or Majorana?
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All charged matter fields in the SM are 4-component Dirac spinors

Standard model matter fields
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All charged matter fields in the SM are 4-component Dirac spinors

Dirac mass term: m L R + h.c.

Standard model matter fields
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All charged matter fields in the SM are 4-component Dirac spinors

Dirac mass term: m L R + h.c.

How about simply adding a RH neutrino component and going home?

Standard model matter fields
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All charged matter fields in the SM are 4-component Dirac spinors

Dirac mass term: m L R + h.c.

This is actually far from trivial…

How about simply adding a RH neutrino component and going home?

Standard model matter fields
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Charge quantization in the old good SM
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Charge quantization in the old good SM

Little trick: stick to SU(2)xU(1) and consider Yukawa interactions
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Charge quantization in the old good SM

YDijQLi⟨H⟩DRj +YU ijQLi⟨H̃⟩URj +YEijLLi⟨H⟩ERj +YN ijLLi⟨H̃⟩NRj +h.c.Yukawas:

�YQ + YU � YH = 0�YQ + YD + YH = 0 �YL + YE + YH = 0

H = (1, 2, YH)

Little trick: stick to SU(2)xU(1) and consider Yukawa interactions

SU(2)2 U(1):

U(1)3:

QL = (3, 2, YQ)
uR = (3, 1, YU )
dR = (3, 1, YD)
LL = (1, 2, YL)
eR = (1, 1, YE)

6YQ + 2YL = 0

12Y 3
Q + 4Y 3

L � 6Y 3
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D � 2Y 3
E = 0

Solution: YQ = + 1
6 , YU = + 2

3 , YD = � 1
3 , YL = � 1

2 , YE = �1

Charge quantization in the SM is a consequence of anomaly cancellation!

Ac /
1
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Tr ({Ta, Tb}Tc) F̃ a
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Tc

Cancellation of the SU(3) x SU(2) x U(1) gauge anomalies
L�R
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Charge de-quantization in the SM with Dirac neutrinos

Cancellation of the SU(3) x SU(2) x U(1) gauge anomalies

Assume that there is a RH neutrino component added to the SM: NR = (1, 1, YN )
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Charge de-quantization in the SM with Dirac neutrinos

Cancellation of the SU(3) x SU(2) x U(1) gauge anomalies
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Assume that there is a RH neutrino component added to the SM: NR = (1, 1, YN )

Charge quantization is lost in the SM with Dirac neutrinos !!!
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A simple symmetry argument based on B & L symmetries

Charge de-quantization in the SM with Dirac neutrinos
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B & L - SM accidental global symmetries
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B & L - SM accidental global symmetries
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always a         structure - B and also L are classical global symmetries of the SM  

B & L - SM accidental global symmetries
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B and L anomalies in the presence of the RH neutrino:

Tr({Y, Y }(B � L)) = 0 ,Tr({T 3
L, T 3

L}(B � L)) = 0 ,

Charge de-quantization in the SM with Dirac neutrinos

A simple symmetry argument based on B & L symmetries
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L, T 3

L}(B � L)) = 0 ,

Y ! Y + "(B � L) is a again a perfectly consistent hypercharge, " = �YN

Experimentally (neutron neutrality): |"| < 10�21 Foot, Lew, Volkas 1993 
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Tr(B � L)3 = 0

Charge de-quantization in the SM with Dirac neutrinos

A simple symmetry argument based on B & L symmetries



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024

Z 0

15

B and L anomalies in the presence of the RH neutrino:

Tr({Y, Y }(B � L)) = 0 ,Tr({T 3
L, T 3

L}(B � L)) = 0 ,

Y ! Y + "(B � L) is a again a perfectly consistent hypercharge, " = �YN

Experimentally (neutron neutrality): |"| < 10�21 Foot, Lew, Volkas 1993 

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

B - L is a gaugeable symmetry !

Tr(B � L)3 = 0

Charge de-quantization in the SM with Dirac neutrinos

The Dirac neutrino picture is not satisfactory...

A simple symmetry argument based on B & L symmetries
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Majorana mass term

Neutral field can have a mass term even with 2 components only!!!

E. Majorana

 E. Majorana 1937:
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Majorana mass term

Neutral field can have a mass term even with 2 components only!!!

E. Majorana

 E. Majorana 1937:

 M =  + ei� cFor any bi-spinor    : 

is a (redundant) way to write a Majorana spinor obeying

i/@ � ei�m c = 0
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Majorana mass term

Neutral field can have a mass term even with 2 components only!!!

E. Majorana

 E. Majorana 1937:
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 M =  + ei� cFor any bi-spinor    : 

is a (redundant) way to write a Majorana spinor obeying
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Majorana mass term

Neutral field can have a mass term even with 2 components only!!!

E. Majorana

 E. Majorana 1937:

NB In the Weyl basis:  M =

✓
⇠

�iei��2⇠⇤

◆

 M =  + ei� cFor any bi-spinor    : 

is a (redundant) way to write a Majorana spinor obeying

i/@ � ei�m c = 0

Lagrangians (in Weyl notation): L = i W /@ W � ei�m W c
W
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RH neutrinos equiped with Majorana mass term

RH neutrinos are completely SU(3)xSU(2) neutral Weyl spinors!

L 3 LLY⌫NRH̃ +
1
2
N

T
RCMRNR + h.c.
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RH neutrinos equiped with Majorana mass term

RH neutrinos are completely SU(3)xSU(2) neutral Weyl spinors!

U(1)Y symmetry: NR hypercharge is not free, it must be zero!

L 3 LLY⌫NRH̃ +
1
2
N

T
RCMRNR + h.c.
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RH neutrinos equiped with Majorana mass term

RH neutrinos are completely SU(3)xSU(2) neutral Weyl spinors!

U(1)Y symmetry: NR hypercharge is not free, it must be zero!

L 3 LLY⌫NRH̃ +
1
2
N

T
RCMRNR + h.c.

All other hypercharges quantized through anomalies!

L & B-L is explicitly broken by the presence of the RHN MMT!

No free lunch principle: MR is a new signet mass parameter!
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Seesaw mechanism (type-I)

L 3 ⌫LmDNR +
1
2
MRNT

RCNR + h.c. =
1
2
nT

LCMnL + h.c.

nL =
✓

⌫L

(NR)C

◆
M =

✓
0 mD

mD MR

◆

P. Minkowski, Phys. Lett. B67, 421 (1977)
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Seesaw mechanism (type-I)

L 3 ⌫LmDNR +
1
2
MRNT

RCNR + h.c. =
1
2
nT

LCMnL + h.c.

nL =
✓

⌫L

(NR)C

◆
M =

✓
0 mD

mD MR

◆

m1 = �
m2

D

MR
n1 / ⌫L +O

✓
mD

MR

◆
(NR)c

m2 = MR n2 / (NR)c +O
✓

mD

MR

◆
⌫L

Suppose                     : mD ⌧MR

P. Minkowski, Phys. Lett. B67, 421 (1977)
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✓
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Suppose                     : mD ⌧MR

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

For O(1) Yukawas        is naturally small if MR is large! m1
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Seesaw mechanism (type-I)

L 3 ⌫LmDNR +
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2
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1
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MR

◆
(NR)c

m2 = MR n2 / (NR)c +O
✓

mD

MR

◆
⌫L

Suppose                     : mD ⌧MR

MR~1012-14 GeV

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

For O(1) Yukawas        is naturally small if MR is large! m1
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Seesaw mechanism (type-I)

L 3 ⌫LmDNR +
1
2
MRNT

RCNR + h.c. =
1
2
nT

LCMnL + h.c.

nL =
✓

⌫L

(NR)C

◆
M =

✓
0 mD

mD MR

◆

m1 = �
m2

D

MR
n1 / ⌫L +O

✓
mD

MR

◆
(NR)c

m2 = MR n2 / (NR)c +O
✓

mD

MR

◆
⌫L

Suppose                     : mD ⌧MR

MR~1012-14 GeV

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

NB the argument is not water-tight - small Yukawas are natural…

For O(1) Yukawas        is naturally small if MR is large! m1



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024 19

Effective lagrangian for neutrinos with p2 ⌧M2
R

L 3 LLY⌫NRH̃ +
1
2
N

T
RCMRNR + h.c.
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Effective lagrangian for neutrinos with p2 ⌧M2
R

L 3 LLY⌫NRH̃ +
1
2
N

T
RCMRNR + h.c.

L

H

N L

H

N N N N N

N NL

H

L

H

Y⌫ p/ + MN

p2 �M2
N

Y⌫
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Effective lagrangian for neutrinos with p2 ⌧M2
R

L 3 LLY⌫NRH̃ +
1
2
N

T
RCMRNR + h.c.

L

H

N L

H

N N N N N

N NL

H

L

H

Y⌫ p/ + MN

p2 �M2
N

Y⌫

p2 ⌧M2
N L

H H

L

L5 ⇠
Y

2
⌫

MN
(LT

i�2H)C(HT
i�2L)

Weinberg’s d=5 operator
 S. Weinberg, PRL43, 1566 (1979)
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L5 ⇠
c

⇤
(LT

i�2H)C(HT
i�2L)

SM as an effective theory - d=5
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This operator is unique at d=5 in the SM!   

L5 ⇠
c

⇤
(LT

i�2H)C(HT
i�2L)

SM as an effective theory - d=5
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This operator is unique at d=5 in the SM!   

By the way: it’s great to have a complete Higgs doublet for the EFT business!

L5 ⇠
c

⇤
(LT

i�2H)C(HT
i�2L)

SM as an effective theory - d=5
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Renormalizable “openings” of the Weinberg operator

Tree-level graphs (one mediator)

21
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⇤
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Renormalizable “openings” of the Weinberg operator

Tree-level graphs (one mediator)

21

L5 ⇠
c

⇤
(LT

i�2H)C(HT
i�2L)

H H

LL LL

NR
seesaw type I

(1, 1, 0)



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024

Renormalizable “openings” of the Weinberg operator

Tree-level graphs (one mediator)
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fermionic singlet 
RH neutrino

L5 ⇠
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⇤
(LT

i�2H)C(HT
i�2L)

H H

LL LL

NR
seesaw type I

(1, 1, 0)
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H H

�L

LL LL

seesaw type II

(1, 3,±1)
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H H

�L

LL LL

seesaw type II

(1, 3,±1)

Renormalizable “openings” of the Weinberg operator

Tree-level graphs (one mediator)

21

scalar triplet with a 
doubly charged 

component

fermionic singlet 
RH neutrino

L5 ⇠
c

⇤
(LT

i�2H)C(HT
i�2L)

H H

LL LL

NR
seesaw type I

(1, 1, 0)
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H H

�L

LL LL

seesaw type II

(1, 3,±1)

H H

LL LL

F

seesaw type III

(1, 3, 0)

Renormalizable “openings” of the Weinberg operator

Tree-level graphs (one mediator)

21

scalar triplet with a 
doubly charged 

component

fermionic singlet 
RH neutrino

L5 ⇠
c

⇤
(LT

i�2H)C(HT
i�2L)

H H

LL LL

NR
seesaw type I

(1, 1, 0)
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H H

�L

LL LL

seesaw type II

(1, 3,±1)

H H

LL LL

F

seesaw type III

(1, 3, 0)

Renormalizable “openings” of the Weinberg operator

Tree-level graphs (one mediator)

21

scalar triplet with a 
doubly charged 

component

fermionic singlet 
RH neutrino

fermionic triplet

L5 ⇠
c

⇤
(LT

i�2H)C(HT
i�2L)

H H

LL LL

NR
seesaw type I

(1, 1, 0)
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H H

LL LL

NR

(1, 1, 0)

22

review: arXiv:1001.2693 [hep-ph]

Majorana neutrinos @ colliders: “light” type-I seesaw?

- generally problematic, Yukawa couplings small

Type-I seesaw:
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H H

LL LL

NR

(1, 1, 0)

22

review: arXiv:1001.2693 [hep-ph]

-  gauge couplings of the RHN are also small! 

Majorana neutrinos @ colliders: “light” type-I seesaw?

- generally problematic, Yukawa couplings small

Type-I seesaw:
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Majorana neutrinos @ colliders: type-II seesaw?

H H

�L

LL LL

(1, 3,±1)

- doubly-charged scalar in the spectrum!

23

review: arXiv:1001.2693 [hep-ph]Type-II seesaw:
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Majorana neutrinos @ colliders: type-II seesaw?

H H

�L

LL LL

(1, 3,±1)

- doubly-charged scalar in the spectrum!

- same-charge dilepton signal

Z⇤ ! �++��� ! (l+l+)(l�l�)
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Majorana neutrinos @ colliders: type-II seesaw?

H H

�L

LL LL

(1, 3,±1)

- doubly-charged scalar in the spectrum!

- same-charge dilepton signal

Z⇤ ! �++��� ! (l+l+)(l�l�)

23

review: arXiv:1001.2693 [hep-ph]

- small background in the SM !!!

Type-II seesaw:
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- neutral and charged fermions in F
H H

LL LL

F

(1, 3, 0)

24

review: arXiv:1001.2693 [hep-ph]

Majorana neutrinos @ colliders: “light” type-III seesaw?

Type-III seesaw:



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024

- neutral and charged fermions in F
- the triplet feels gauge interactions (production) 
- better than type I

H H

LL LL

F

(1, 3, 0)

24

review: arXiv:1001.2693 [hep-ph]

Majorana neutrinos @ colliders: “light” type-III seesaw?

Type-III seesaw:
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- neutral and charged fermions in F
- the triplet feels gauge interactions (production) 
- better than type I

H H

LL LL

F

(1, 3, 0)

24

review: arXiv:1001.2693 [hep-ph]

- multi-lepton channels like in type-II case

F+ ! Z⇤l+ ! (l+l�)l+

- different kinematics, not as spectacular as type-II

Majorana neutrinos @ colliders: “light” type-III seesaw?

Type-III seesaw:
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Majorana neutrinos & double beta decay

25

2n! 2p+ + 2e� + 2⌫“Standard” double beta decay:
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Isotopes: 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 130Te, 136Xe, 150Nd
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Majorana neutrinos & double beta decay

25

Isotopes: 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 130Te, 136Xe, 150Nd

2n! 2p+ + 2e� + 2⌫“Standard” double beta decay:

2n! 2p+ + 2e� + 0⌫Neutrinoless double beta decay:
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Neutrinoless double beta decay - effective mass

Diagrammatics:

26
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Neutrinoless double beta decay - effective mass

Diagrammatics:
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A / g4 hmi
q2
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Neutrinoless double beta decay - effective mass

Diagrammatics:

26

A / g4 hmi
q2

Figure from Chakrabortty et al.,  JHEP 08 (2012) 008
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What if there is something else?

Is this a test of the Majorana nature of neutrinos?
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Is this a test of the Majorana nature of neutrinos?
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That actually does not make a difference...

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

What if there is something else?

Is this a test of the Majorana nature of neutrinos?
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W W

That actually does not make a difference...

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

If neutrinoless double beta decay is seen, neutrinos are inevitably Majorana...

What if there is something else?

Is this a test of the Majorana nature of neutrinos?



Extended gauge symmetries? 
Part 1: Structural aspects
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SU(3)c ⌦ SU(2)L ⌦ SU(2)R ⌦ U(1)B�L gauge group
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SU(3)c ⌦ SU(2)L ⌦ SU(2)R ⌦ U(1)B�L gauge group

High-scale parity restoration

- SU(2)R x U(1)B-L can be broken by a scalar triplet

{�0,�+,�++}



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024

Left-right models

✓
⌫e

e

◆

L

✓
u
d

◆

L

uR

dR

eR

⌫R
✓

⌫
e

◆

R

✓
u
d

◆

R

30

         review: G. Senjanovic, Riv. Nuovo Cim. 034, 2011

SU(3)c ⌦ SU(2)L ⌦ SU(2)R ⌦ U(1)B�L gauge group

High-scale parity restoration

- SU(2)R x U(1)B-L can be broken by a scalar triplet

{�0,�+,�++}

Extra gauge bosons
- Z’, WR



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024

Left-right models

✓
⌫e

e

◆

L

✓
u
d

◆

L

uR

dR

eR

⌫R
✓

⌫
e

◆

R

✓
u
d

◆

R

30

Yukawa “unification”
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RH neutrinos at colliders in LR models

31

H H

LL LL

NR

(1, 1, 0)

Type-I seesaw: goes much better with right-handed currents 

W. Y. Keung and G. Senjanovic, Phys. Rev. Lett. 50, 1427 (1983)
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Neutrinoless double beta decay in LR models

Light neutrino mediation

32
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Neutrinoless double beta decay in LR models

Light neutrino mediation

32

A / g4 hmi
q2

Figures from Chakrabortty et al.,  JHEP 08 (2012) 008
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Neutrinoless double beta decay in LR models

Light neutrino mediation

32

A / g4 hmi
q2

F =
p

m⌫M�1

Heavy neutrinos also feel gauge interactions!

Figures from Chakrabortty et al.,  JHEP 08 (2012) 008
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Neutrinoless double beta decay in LR models
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Neutrinoless double beta decay in LR models

Light neutrino mediation

32
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Heavy neutrinos also feel gauge interactions!

Figures from Chakrabortty et al.,  JHEP 08 (2012) 008
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“Lepton number as fourth color”
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“Lepton number as fourth color”
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u
d

◆

R

✓
u ⌫e

d e

◆

L

✓
u ⌫e

d e

◆

R

SU(3)c ⌦ U(1)B�L ⇢ SU(4)C

SU(3)c ⌦ SU(2)L ⌦ SU(2)R ⌦ U(1)B�L symmetry

First attempt to unify quarks and leptons... (even before the charm discovery!)

J. C. Pati, A. Salam, Phys. Rev. D 10, 275–289 (1974)
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Pati-Salam as a prototype rank-5 Q-L unification

34

= (4, 2, 1)� (4, 1, 2)⇤ SU(4)C ⌦ SU(2)L ⌦ SU(2)Rof

J. C. Pati, A. Salam, Phys. Rev. D 10, 275–289 (1974)
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Pati-Salam as a prototype rank-5 Q-L unification

34

Fully non-Abelian structure - all charges quantized!

= (4, 2, 1)� (4, 1, 2)⇤ SU(4)C ⌦ SU(2)L ⌦ SU(2)Rof

J. C. Pati, A. Salam, Phys. Rev. D 10, 275–289 (1974)
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Heavy singlet and coloured scalars 

Heavy leptoquark gauge bosons 
 perturbative B and L violation (?) 

J. C. Pati, A. Salam, Phys. Rev. D 10, 275–289 (1974)
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Pati-Salam as a prototype rank-5 Q-L unification

34

Fully non-Abelian structure - all charges quantized!

= (4, 2, 1)� (4, 1, 2)⇤ SU(4)C ⌦ SU(2)L ⌦ SU(2)Rof

(10, 1, 3)PS 3 (1, 1, 0)SM � (6, 3,+ 1
3 )SM � . . .

Heavy singlet and coloured scalars 

Heavy leptoquark gauge bosons 
 perturbative B and L violation (?) 

J. C. Pati, A. Salam, Phys. Rev. D 10, 275–289 (1974)
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Pati-Salam as a prototype rank-5 Q-L unification

34

Fully non-Abelian structure - all charges quantized!

= (4, 2, 1)� (4, 1, 2)⇤ SU(4)C ⌦ SU(2)L ⌦ SU(2)Rof

(10, 1, 3)PS 3 (1, 1, 0)SM � (6, 3,+ 1
3 )SM � . . .

Heavy singlet and coloured scalars 

Heavy leptoquark gauge bosons 
 perturbative B and L violation (?) 

x

Majorana neutrino in PS implies Majorana neutron!

J. C. Pati, A. Salam, Phys. Rev. D 10, 275–289 (1974)



Extended gauge symmetries? 
Part II: Scales
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L 3 ⌫LmDNR +
1
2
MRNT

RCNR + h.c. =
1
2
nT

LCMnL + h.c.

nL =
✓

⌫L

(NR)C

◆

B-L breaking scale in type-I seesaw

M =
✓

0 mD

mD MR

◆
T
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L 3 ⌫LmDNR +
1
2
MRNT

RCNR + h.c. =
1
2
nT

LCMnL + h.c.

nL =
✓

⌫L

(NR)C

◆

B-L breaking scale in type-I seesaw

M =
✓

0 mD

mD MR

◆
T

mD =
1p
2
Y⌫v ⌧ MR

Seesaw formula: m⌫ = �mDM�1
R mT

D
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L 3 ⌫LmDNR +
1
2
MRNT

RCNR + h.c. =
1
2
nT

LCMnL + h.c.

nL =
✓

⌫L

(NR)C

◆

B-L breaking scale in type-I seesaw

M =
✓

0 mD

mD MR

◆
T

mD =
1p
2
Y⌫v ⌧ MR

Seesaw formula: m⌫ = �mDM�1
R mT

D

MR~1012-14 GeVFor O(1) Yukawas:



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024 37

Fukugita, Yanagida, PLB174, 1986

Perturbative LNV + nonperturbative BNV 
enough for baryogenesis

Baryogenesis through leptogenesis - see Frank’s lectures
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Fukugita, Yanagida, PLB174, 1986

Perturbative LNV + nonperturbative BNV 
enough for baryogenesis

1) Net L is generated in the heavy “RH” neutrino decays:

CP asymmetry:

Baryogenesis through leptogenesis - see Frank’s lectures
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Fukugita, Yanagida, PLB174, 1986

Perturbative LNV + nonperturbative BNV 
enough for baryogenesis

Kuzmin, Rubakov, Shaposhnikov, PLB155, 1985

2) Sphalerons provide L to B transitions before EWPT

1) Net L is generated in the heavy “RH” neutrino decays:

CP asymmetry:

Baryogenesis through leptogenesis - see Frank’s lectures
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✏1 ⇡ �
3
8⇡

1
(YNY †

N )11

X

i=2,3

Im
h
(YNY †

N )21i

i M1

Mi

CP asymmetry:

38

Baryogenesis through leptogenesis - see Frank’s lectures



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024

✏1 ⇡ �
3
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1
(YNY †

N )11

X

i=2,3

Im
h
(YNY †

N )21i

i M1

Mi

CP asymmetry:

38

Davidson-Ibarra bound: S. Davidson and A. Ibarra, Phys. Lett. B535, 25 (2002)

M1>109 GeV

Baryogenesis through leptogenesis - see Frank’s lectures
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✏1 ⇡ �
3
8⇡

1
(YNY †

N )11

X

i=2,3

Im
h
(YNY †

N )21i

i M1

Mi

CP asymmetry:

38

Davidson-Ibarra bound: S. Davidson and A. Ibarra, Phys. Lett. B535, 25 (2002)

M1>109 GeV

Baryogenesis through leptogenesis - see Frank’s lectures

T. Hambye, Y. Lin, A. Notari, M. Papucci,  A. Strumia, Nucl.Phys.B 695 (2004)

NB Strictness of the D-I limit 
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With mH=125 GeV the SM vacuum may be unstable

The vacuum instability issue in the SM



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024 39

With mH=125 GeV the SM vacuum may be unstable

V

H

The vacuum instability issue in the SM
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With mH=125 GeV the SM vacuum may be unstable

“our” vacuum

V

H

The vacuum instability issue in the SM
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With mH=125 GeV the SM vacuum may be unstable

“our” vacuum deeper “exotic” vacuum

V

H

The vacuum instability issue in the SM



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024 40

The vacuum instability issue in the SM

µ
d

dµ
� = ��(�, gi, yf , . . .)

�1�loop
� = 24�2�6y4

t + 3
8 (g02 + g2)2 + 3

4g4 + �(�3g02 � 9g2+12y2
t )16⇡2



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024 40

The vacuum instability issue in the SM

µ
d

dµ
� = ��(�, gi, yf , . . .)

�1�loop
� = 24�2�6y4

t + 3
8 (g02 + g2)2 + 3

4g4 + �(�3g02 � 9g2+12y2
t )16⇡2



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024 40

The vacuum instability issue in the SM

µ
d

dµ
� = ��(�, gi, yf , . . .)

�1�loop
� = 24�2�6y4

t + 3
8 (g02 + g2)2 + 3

4g4 + �(�3g02 � 9g2+12y2
t )16⇡2



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024 40

The vacuum instability issue in the SM

µ
d

dµ
� = ��(�, gi, yf , . . .)

�1�loop
� = 24�2�6y4

t + 3
8 (g02 + g2)2 + 3

4g4 + �(�3g02 � 9g2+12y2
t )16⇡2

+ RHS terms: push     up with increasing energy�
-  RHS terms: push     down with increasing energy�
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The vacuum instability issue in the SM

D.Buttazzo, G.Degrassi, P. P.Giardino, G. F. Giudice, F.Sala, A.Salvio and A.Strumia, JHEP 1312, 089 (2013)

µ
d

dµ
� = ��(�, gi, yf , . . .)

�1�loop
� = 24�2�6y4

t + 3
8 (g02 + g2)2 + 3

4g4 + �(�3g02 � 9g2+12y2
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The vacuum instability issue in the SM

D.Buttazzo, G.Degrassi, P. P.Giardino, G. F. Giudice, F.Sala, A.Salvio and A.Strumia, JHEP 1312, 089 (2013)

µ
d

dµ
� = ��(�, gi, yf , . . .)

�1�loop
� = 24�2�6y4

t + 3
8 (g02 + g2)2 + 3

4g4 + �(�3g02 � 9g2+12y2
t )

New physics may need to pop up before 
lambda gets significantly negative 

16⇡2
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The vacuum instability issue in the SM

D.Buttazzo, G.Degrassi, P. P.Giardino, G. F. Giudice, F.Sala, A.Salvio and A.Strumia, JHEP 1312, 089 (2013)

µ
d

dµ
� = ��(�, gi, yf , . . .)

�1�loop
� = 24�2�6y4

t + 3
8 (g02 + g2)2 + 3

4g4 + �(�3g02 � 9g2+12y2
t )

New physics may need to pop up before 
lambda gets significantly negative 

MNP < 1010-12 GeV(?)

16⇡2
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Vacuum stabilization in the seesaw models?

�1�loop
� = 24�2�6y4

t + 3
8 (g02 + g2)2 + 3

4g4 + �(�3g02 � 9g2+12y2
t )16⇡2

new physics @ seesaw scale changes the quartic coupling evolution
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�1�loop
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new physics @ seesaw scale changes the quartic coupling evolution
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Vacuum stabilization in the seesaw models?

see, e.g., W. Rodejohann, H.Zhang JHEP 1206 (2012) 022 and references therein

Type-I seesaw: 
may help if the effect kicks in 

“soon enough” and the Yukawa 
remains large

��1�loop
� = �2y4

⌫ + y2
⌫�

�1�loop
� = 24�2�6y4

t + 3
8 (g02 + g2)2 + 3

4g4 + �(�3g02 � 9g2+12y2
t )16⇡2

new physics @ seesaw scale changes the quartic coupling evolution
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Vacuum stabilization in the seesaw models?

see, e.g., W. Rodejohann, H.Zhang JHEP 1206 (2012) 022 and references therein

Type-I seesaw: 
may help if the effect kicks in 

“soon enough” and the Yukawa 
remains large

��1�loop
� = �2y4

⌫ + y2
⌫�

Type-III seesaw: ��1�loop
� = � 5

4y4
⌫ + 3y2

⌫� somewhat easier than in type-I

�1�loop
� = 24�2�6y4

t + 3
8 (g02 + g2)2 + 3

4g4 + �(�3g02 � 9g2+12y2
t )16⇡2

new physics @ seesaw scale changes the quartic coupling evolution
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Vacuum stabilization in the seesaw models?

see, e.g., W. Rodejohann, H.Zhang JHEP 1206 (2012) 022 and references therein

Type-I seesaw: 
may help if the effect kicks in 

“soon enough” and the Yukawa 
remains large

��1�loop
� = �2y4

⌫ + y2
⌫�

Type-III seesaw: ��1�loop
� = � 5

4y4
⌫ + 3y2

⌫� somewhat easier than in type-I

�
>

= �
<

+
µ2

m2
�

Type-II seesaw: 

- matching effect

��1�loop
� =

X

i

pi�
2
i , pi > 0 - beta-function effect

�1�loop
� = 24�2�6y4

t + 3
8 (g02 + g2)2 + 3

4g4 + �(�3g02 � 9g2+12y2
t )16⇡2

new physics @ seesaw scale changes the quartic coupling evolution



In all these cases the new physics scale was huge! 
( EFT time…)
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SM as an effective theory: d=6 operators 

B. Grzadkowski et al., JHEP 10 (2010) 085, arXiv: 1008.4884
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B. Grzadkowski et al., JHEP 10 (2010) 085, arXiv: 1008.4884

SM as an effective theory: d=6 operators 
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B. Grzadkowski et al., JHEP 10 (2010) 085, arXiv: 1008.4884

SM as an effective theory: d=6 operators 
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B. Grzadkowski et al., JHEP 10 (2010) 085, arXiv: 1008.4884

SM as an effective theory: d=6 operators 

and also L-violating!
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Elementary vertex:

Renormalizable dynamics generating the d=6 BLNV operators?
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Elementary vertex:

QED-like seed of 
a renormalizable theory

Elementary vertices:

Renormalizable dynamics generating the d=6 BLNV operators?
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(dT
R C uR)(QT

L C LL) = [(uR)c�µQ][(dR)c�µL]Example:

Renormalizable dynamics generating the d=6 BLNV operators?
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(dT
R C uR)(QT

L C LL) = [(uR)c�µQ][(dR)c�µL]Example:

Scalar exchange

(3, 1,� 1
3 )� (3, 1,+ 1

3 )

�

Renormalizable dynamics generating the d=6 BLNV operators?
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(dT
R C uR)(QT

L C LL) = [(uR)c�µQ][(dR)c�µL]

Fierz

Example:

Scalar exchange

(3, 1,� 1
3 )� (3, 1,+ 1

3 )

�

Renormalizable dynamics generating the d=6 BLNV operators?
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(dT
R C uR)(QT

L C LL) = [(uR)c�µQ][(dR)c�µL]

Fierz

Example:

Scalar exchange

(3, 1,� 1
3 )� (3, 1,+ 1

3 )

�

Vector exchange

(3, 2,� 5
6 )� (3, 2,+ 5

6 )

Xµ

Renormalizable dynamics generating the d=6 BLNV operators?
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(dT
R C uR)(QT

L C LL) = [(uR)c�µQ][(dR)c�µL]

Fierz

Example:

Proton instability!

p+

⇡0

new gauge interactions

�
p+

⇡0

new Yukawa interactions

Scalar exchange

(3, 1,� 1
3 )� (3, 1,+ 1

3 )

�

Vector exchange

(3, 2,� 5
6 )� (3, 2,+ 5

6 )

Xµ

Renormalizable dynamics generating the d=6 BLNV operators?
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(dT
R C uR)(QT

L C LL) = [(uR)c�µQ][(dR)c�µL]

Fierz

Example:

Proton instability!

p+

⇡0

new gauge interactions

�
p+

⇡0

new Yukawa interactions

Scalar exchange

(3, 1,� 1
3 )� (3, 1,+ 1

3 )

�

Vector exchange

(3, 2,� 5
6 )� (3, 2,+ 5

6 )

Xµ

What do we know about the suppression scale of these operators?

Renormalizable dynamics generating the d=6 BLNV operators?
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1950’s - M. Goldhaber

“Tickle in the bones” argument...

⌧(p+) > 1018y

NB. 50% lethal dose is about 1014�15 MeV/y

Existing limits
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Best limits - large WC detectors

⌧(p! ⇡0e+) & 2⇥ 1034 yrSuper-K (30kt WC):
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Proton decay in water

p! ⇡0e+

⇡0 ! 2�
“Golden channel”: pπ = pe  = 459 MeV

pγ/π(rest) = 68 MeV
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Proton decay in water

Main background: ⌫N ! Ne+ + #⇡ inelastic CC scattering of atmospheric neutrinos

p! ⇡0e+

⇡0 ! 2�
“Golden channel”: pπ = pe  = 459 MeV

pγ/π(rest) = 68 MeV
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Proton decay in water

Main background: ⌫N ! Ne+ + #⇡ inelastic CC scattering of atmospheric neutrinos

Other complication - nuclear effects

- majority of nucleons in oxygen

- Fermi motion

- pion charge exchange

- absorption

Other signals
- nuclear recombination - extra 6.3 MeV photon

- neutron capture at a dope (Gd, ...)

p! ⇡0e+

⇡0 ! 2�
“Golden channel”: pπ = pe  = 459 MeV

pγ/π(rest) = 68 MeV
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“Silver channel”: p! K+⌫ pK = 340 MeV

Proton decay in water
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“Silver channel”: p! K+⌫ pK = 340 MeV

Proton decay in water

Kaons don’t shine !
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“Silver channel”: p! K+⌫ pK = 340 MeV

- single cone - 2 EM cones

- little opposite-side activity

Proton decay in water

Kaons don’t shine !
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“Silver channel”: p! K+⌫ pK = 340 MeV

- single cone - 2 EM cones

- little opposite-side activity

Less sensitive than p! ⇡0e+

Proton decay in water

Kaons don’t shine !
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Current Super-K limits (d=6 p-decay)

Shunichi Mine, talk at the 22nd Int. Workshop on Next Generation Nucleon Decay and Neutrino Detectors (NNN23) 2024
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Suppression scale of d=6 BLNV operators

53

p+

⇡0
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Suppression scale of d=6 BLNV operators

53

�p ⇠
m5

p

M4
. (1034y)�1

p+

⇡0
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Suppression scale of d=6 BLNV operators

53

�p ⇠
m5

p

M4
. (1034y)�1

M    1015 GeV&

p+

⇡0
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NB Higher-dimensional BLNV phenomenology

p ! ⇡0e+, . . .
d=6 : proton decay (B-L conserving)
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NB Higher-dimensional BLNV phenomenology

n! e�K+ , n! e�⇡+ , p! ⇡+⌫

d=7 : high-scale baryogenesis, p-decay exotics,  ν masses (B-L violating)

p ! ⇡0e+, . . .
d=6 : proton decay (B-L conserving)
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NB Higher-dimensional BLNV phenomenology

n! e�K+ , n! e�⇡+ , p! ⇡+⌫

d=7 : high-scale baryogenesis, p-decay exotics,  ν masses (B-L violating)

p ! ⇡0e+, . . .
d=6 : proton decay (B-L conserving)

p ! ⇡+⇡�e+, . . .

d=8 : multibody p-decay (B-L conserving)
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NB Super-K limits for d=8 p-decay channels 

Shunichi Mine, talk at the 22nd Int. Workshop on Next Generation Nucleon Decay and Neutrino Detectors (NNN23) 2024
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NB Higher-dimensional BLNV phenomenology

n! e�K+ , n! e�⇡+ , p! ⇡+⌫

d=7 : high-scale baryogenesis, p-decay exotics,  ν masses (B-L violating)

p ! ⇡0e+, . . .
d=6 : proton decay (B-L conserving)

p ! ⇡+⇡�e+, . . .

d=8 : multibody p-decay (B-L conserving)
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NB Higher-dimensional BLNV phenomenology

d=9 : (Majorana) neutron-antineutron oscillations,...

... n $ n, . . .

n! e�K+ , n! e�⇡+ , p! ⇡+⌫

d=7 : high-scale baryogenesis, p-decay exotics,  ν masses (B-L violating)

p ! ⇡0e+, . . .
d=6 : proton decay (B-L conserving)

p ! ⇡+⇡�e+, . . .

d=8 : multibody p-decay (B-L conserving)
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Neutron-antineutron oscillations 
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Neutron-antineutron oscillations probe O(100 TeV) scales!
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NB Higher-dimensional BLNV phenomenology

d=9 : (Majorana) neutron-antineutron oscillations,...

... n $ n, . . .

n! e�K+ , n! e�⇡+ , p! ⇡+⌫

d=7 : high-scale baryogenesis, p-decay exotics,  ν masses (B-L violating)

p ! ⇡0e+, . . .
d=6 : proton decay (B-L conserving)

p ! ⇡+⇡�e+, . . .

d=8 : multibody p-decay (B-L conserving)
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NB Higher-dimensional BLNV phenomenology

No predictivity without information on scales & couplings

d=9 : (Majorana) neutron-antineutron oscillations,...

... n $ n, . . .

n! e�K+ , n! e�⇡+ , p! ⇡+⌫

d=7 : high-scale baryogenesis, p-decay exotics,  ν masses (B-L violating)

p ! ⇡0e+, . . .
d=6 : proton decay (B-L conserving)

p ! ⇡+⇡�e+, . . .

d=8 : multibody p-decay (B-L conserving)



Close-to-Planck-scale dynamics?
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SM running gauge couplings
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Running gauge couplings in the SM:
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Gross, Wilczek, Politzer 1973
Georgi, Quinn, Weinberg 1974
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SM running gauge couplings

60
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Beta-function for the SM gauge couplings:
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SM running gauge couplings
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Beta-function for the SM gauge couplings:
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Beta-function for the SM gauge couplings:
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SM running gauge couplings
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Uniqueness of SU(5) @ rank=4  

The minimal SU(5) GUT

65



Michal Malinský, IPNP CU Prague /??EuCAPT Astroneutrino theory workshop/summer school 2024 66

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

The minimal SU(5) GUT
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The minimal SU(5) GUT
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The minimal SU(5) GUT
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The minimal SU(5) GUT
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The minimal SU(5) GUT
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The SU(5) hypercharge issue 
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TeV-scale SUSY is unlikely though…

NB no room for intermediate stages!
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