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Outlook
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BSM perturbative L violation

BSM perturbative B violation
- proton decay and grand unification

- Dirac neutrinos and charge de-quantization in SM

SM B & L violation

40 years of Grand unification

NLO proton lifetime estimates 
- the uniqueness of the minimal non-SUSY SO(10) GUT



Non-perturbative B & L violation in SM
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B & L violation in the Standard model

4

Expected at some point...

Chiral anomalies: A / 1
32⇡2

Tr ({Ta, Tb}T ) F̃ a
µ⌫F bµ⌫
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B & L violation in the Standard model
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@µJB�L
µ = 0 @µJB+L

µ 6= 0

Tr ({Y, Y }L) = Tr ({Y, Y }B) = � 1
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L}B

�
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B & L violation in the Standard model
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Chern-Simons numbers:

B+L non-conservation:
B + L = i

R
d3

xJ

0
B+L(x)

�(B + L) = Nf (�NCS ��nCS)
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B & L violation in the Standard model
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Vacuum structure of  non-abelian gauge theories

Aµ = U@µ(U†)Fµ⌫ = 0 (pure gauge configurations) U 2 SU(2)

⇡3[SU(2)] = Z

Winding number of SU(2) transformations (pure-gauge)

n
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B & L violation in the Standard model
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3He! e+µ+⌫⌧9q + 3l $ ;

“Instanton effects” in the SM

Tunneling between minima with different n’s:  instantons 

�(B + L) / Nf ⇥�n

Rates heavily suppressed...

A ⇠ e�2⇡/↵w ⇠ 10�80
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B & L violation in the Standard model

7

3He! e+µ+⌫⌧9q + 3l $ ;

“Instanton effects” in the SM

Tunneling between minima with different n’s:  instantons 

�(B + L) / Nf ⇥�n

Rates heavily suppressed...

A ⇠ e�2⇡/↵w ⇠ 10�80

Thermal instantons = sphalerons

Fast thermal transitions



Perturbative L violation
in the SM with massive neutrinos
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Standard model with massive neutrinos

9

charge quantization 

and

neutrino masses

“imply”

perturbative L violation
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(Hyper)charge quantization in the Standard model

SU(3) x SU(2) x U(1) gauge anomalies

Assume Dirac  neutrinos: NR = (1, 1, YN )

Ta

Tb

Tc

Ac /
1

32⇡2
Tr ({Ta, Tb}Tc) F̃ a

µ⌫F bµ⌫
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(Hyper)charge quantization in the Standard model
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Z 0

11

A simpler symmetry argument

B and L anomalies & RH neutrino

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

L}(B � L)) = 0 ,
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A simpler symmetry argument

B and L anomalies & RH neutrino

Tr({Y, Y }(B � L)) = 0 ,Tr({T 3
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B - L can be gauged !

Tr(B � L)3 = 0
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Z 0

11

A simpler symmetry argument

B and L anomalies & RH neutrino

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

L}(B � L)) = 0 ,

Y ! Y + "(B � L)fuzzy hypercharge " = �YN

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

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

B - L can be gauged !

Tr(B � L)3 = 0
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SM with massive neutrinos and quantized charges

Neutrinos are better not Dirac! 

Majorana mass = perturbative L violation

 E. Majorana 1937

+ 1
2MRijN c

RiNRj + h.c.

P. Minkowski, Phys. Lett. B67, 421 (1977)
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B. Pontecorvo, Sov.Phys.JETP 6 (1957) 429

The first approach to neutrino oscillations was “L-violating”!

Lederman, Schwarz, SteinbergerNB Muon neutrinos only in1962

NB Kaon oscillations in 1957 M.L. Good, Phys. Rev. 106 (1957) 591

Lepton number violation in oscillations
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Diagrammatics: see e.g. E. Akhmedov, J. Kopp, JHEP 1004 (2010) 008 
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i
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⇤
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�i
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2E

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

The first approach to neutrino oscillations was “L-violating”!

Lederman, Schwarz, SteinbergerNB Muon neutrinos only in1962

NB Kaon oscillations in 1957 M.L. Good, Phys. Rev. 106 (1957) 591

Lepton number violation in oscillations
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NB Kaon oscillations in 1957 M.L. Good, Phys. Rev. 106 (1957) 591
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Diagrammatics: see e.g. E. Akhmedov, J. Kopp, JHEP 1004 (2010) 008 
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see e.g. Z-z. Xing, arXiv:1301.7654v2

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

The first approach to neutrino oscillations was “L-violating”!

Lederman, Schwarz, SteinbergerNB Muon neutrinos only in1962

NB Kaon oscillations in 1957 M.L. Good, Phys. Rev. 106 (1957) 591

Lepton number violation in oscillations
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LNV in the SM at d=5 level

14

Weinberg’s d=5 operator L 3 LLHH

⇤
 S. Weinberg, PRL43, 1566 (1979)
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There is only one d=5 effective operator in the SM!
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LNV in the SM at d=5 level

14

Weinberg’s d=5 operator L 3 LLHH

⇤
 S. Weinberg, PRL43, 1566 (1979)

BTW: good to have the “complete Higgs doublet” :-)

(If you prefer ABEHGHKW you rather read “HIGGS”...)

There is only one d=5 effective operator in the SM!

⇤ ⇠ (1012 � 1014) GeV



Perturbative B violation
in gauge extensions of the SM
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SM as an effective theory at d=6 level 

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

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



Michal Malinský, Charles U. Prague Status and prospects of GUTs / manyIFIC, October 28 2014 17
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d=6 baryon number violation mediators

(dT
R C uR)(QT

L C LL) = [(uR)c�µQ][(dR)c�µL]Example:
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d=6 baryon number violation mediators

(dT
R C uR)(QT

L C LL) = [(uR)c�µQ][(dR)c�µL]

Fierz

Example:

Such a new physics should be above 1015 GeV !??
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Can SM tell us anything about such a huge-scale dynamics?

19

Running gauge couplings in the SM

µ
d
dµ

g = �(g, ...)

� =
g3

16⇡2

0

@�11
3

C2(G) +
2
3

X

fW

TG
2 (RfW ) +

1
3

X

sC

TG
2 (RsC )

1

A + . . .

calculable in perturbation theory

D. Gross, F. Wilczek, D. Politzer 1973
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Can SM tell us anything about such a huge-scale dynamics?

20

Running gauge couplings in the SM
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Can SM tell us anything about such a huge-scale dynamics?
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GUTs are spontaneously broken BSM gauge 
theories based on simple compact gauge groups

Grand Unification

24

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)
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GUTs are spontaneously broken BSM gauge 
theories based on simple compact gauge groups

Grand Unification

24

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

Theories of the d=6 BNV operators in the SM...

...and other stuff: magnetic monopoles, charge quantization, LNV etc.
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What Georgi and Glashow showed was the uniqueness of SU(5) @ rank=4

The minimal SU(5) GUT

25
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The minimal SU(5) GUT
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SU(5)SU(3)c ⌦ SU(2)L ⌦ U(1)Y
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10 F⌅⇧⇤⌃⌅⇧⇥

chiral symmetry it can be super-heavy, thus providing a rationale for the smallness
of neutrino masses.

Notice that this is still an e-ective field theory language and we cannot tell at this
level if neutrinos are light because Y⌦ is small or because ↵L is large. It is clear that
without a theory that fixes the structure of Y⌦ we don’t have much to say about ↵L4.

As an example of a predictive theory which can fix both Y⌦ and ↵L we can
mention SO(10) unification. The most prominent feature of SO(10) is that a SM
fermion family plus a right-handed neutrino fit into a single 16-dimensional spinorial
representation. In turn this readily implies that Y⌦ is correlated to the charged
fermion Yukawas. At the same time ↵L can be identified with the B � L generator
of SO(10), and its breaking scale, MB�L � MU , is subject to the constraints of gauge
coupling unification.

Hence we can say that SO(10) is also a theory of neutrino masses, whose self-
consistency can be tested against complementary observables such as the proton
lifetime and the absolute neutrino mass scale.

The subject of this thesis will be mainly SO(10) unification. In the arduous attempt
of describing the state of the art it is crucial to understand what has been done so
far. In this respect we are facilitated by Fig. 2, which shows the number of SO(10)
papers per year from 1974 to 2010.

1980 1985 1990 1995 2000 2005 2010
yr

10

20

30

40

50

SO!10"

Figure 2: Blue: number of papers per year with the keyword "SO(10)" in the title as a function
of the years. Red: subset of papers with the keyword "supersymmetry" either in the title or in the
abstract. Source: inSPIRE.

By looking at this plot it is possible to reconstruct the following historical phases:
• 1974 ÷ 1986: Golden age of grand unification. These are the years of the

foundation in which the fundamental aspects of the theory are worked out.
4The other possibility is that we may probe experimentally the new degrees of freedom at the

scale ↵L in such a way to reconstruct the theory of neutrino masses. This could be the case for
left-right symmetric theories [30, 34] where ↵L is the scale of the V + A interactions. For a recent
study of the interplay between LHC signals and neutrinoless double beta decay in the context of
left-right scenarios see e.g. [36].

# of works @ inSPIRE
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Grand Unifications
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This thesis deals with the physics of the 80’s. Almost all of the results obtained here
could have been achieved by the end of that decade. This also means that the field of
grand unification is becoming quite old. It dates back in 1974 with the seminal papers of
Georgi-Glashow [1] and Pati-Salam [2]. Those were the years just after the foundation
of the standard model (SM) of Glashow-Weinberg-Salam [3, 4, 5] when simple ideas (at
least simple from our future perspective) seemed to receive an immediate confirmation
from the experimental data.

Grand unified theories (GUTs) assume that all the fundamental interactions of the
SM (strong and electroweak) have a common origin. The current wisdom is that we live
in a broken phase in which the world looks SU(3)C ⇤U(1)Q invariant to us and the low-
energy phenomena are governed by strong interactions and electrodynamics. Growing
with the energy we start to see the degrees of freedom of a new dynamics which can
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consistency can be tested against complementary observables such as the proton
lifetime and the absolute neutrino mass scale.

The subject of this thesis will be mainly SO(10) unification. In the arduous attempt
of describing the state of the art it is crucial to understand what has been done so
far. In this respect we are facilitated by Fig. 2, which shows the number of SO(10)
papers per year from 1974 to 2010.
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Figure 2: Blue: number of papers per year with the keyword "SO(10)" in the title as a function
of the years. Red: subset of papers with the keyword "supersymmetry" either in the title or in the
abstract. Source: inSPIRE.

By looking at this plot it is possible to reconstruct the following historical phases:
• 1974 ÷ 1986: Golden age of grand unification. These are the years of the

foundation in which the fundamental aspects of the theory are worked out.
4The other possibility is that we may probe experimentally the new degrees of freedom at the

scale ↵L in such a way to reconstruct the theory of neutrino masses. This could be the case for
left-right symmetric theories [30, 34] where ↵L is the scale of the V + A interactions. For a recent
study of the interplay between LHC signals and neutrinoless double beta decay in the context of
left-right scenarios see e.g. [36].
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This thesis deals with the physics of the 80’s. Almost all of the results obtained here
could have been achieved by the end of that decade. This also means that the field of
grand unification is becoming quite old. It dates back in 1974 with the seminal papers of
Georgi-Glashow [1] and Pati-Salam [2]. Those were the years just after the foundation
of the standard model (SM) of Glashow-Weinberg-Salam [3, 4, 5] when simple ideas (at
least simple from our future perspective) seemed to receive an immediate confirmation
from the experimental data.

Grand unified theories (GUTs) assume that all the fundamental interactions of the
SM (strong and electroweak) have a common origin. The current wisdom is that we live
in a broken phase in which the world looks SU(3)C ⇤U(1)Q invariant to us and the low-
energy phenomena are governed by strong interactions and electrodynamics. Growing
with the energy we start to see the degrees of freedom of a new dynamics which can
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grand unification is becoming quite old. It dates back in 1974 with the seminal papers of
Georgi-Glashow [1] and Pati-Salam [2]. Those were the years just after the foundation
of the standard model (SM) of Glashow-Weinberg-Salam [3, 4, 5] when simple ideas (at
least simple from our future perspective) seemed to receive an immediate confirmation
from the experimental data.

Grand unified theories (GUTs) assume that all the fundamental interactions of the
SM (strong and electroweak) have a common origin. The current wisdom is that we live
in a broken phase in which the world looks SU(3)C ⇤U(1)Q invariant to us and the low-
energy phenomena are governed by strong interactions and electrodynamics. Growing
with the energy we start to see the degrees of freedom of a new dynamics which can

lifetimes enormous           need for large detectors
i.e., water Cherenkov, 
liquid scintilators, 
nowadays liquid argon...
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10 F⌅⇧⇤⌃⌅⇧⇥

chiral symmetry it can be super-heavy, thus providing a rationale for the smallness
of neutrino masses.

Notice that this is still an e-ective field theory language and we cannot tell at this
level if neutrinos are light because Y⌦ is small or because ↵L is large. It is clear that
without a theory that fixes the structure of Y⌦ we don’t have much to say about ↵L4.

As an example of a predictive theory which can fix both Y⌦ and ↵L we can
mention SO(10) unification. The most prominent feature of SO(10) is that a SM
fermion family plus a right-handed neutrino fit into a single 16-dimensional spinorial
representation. In turn this readily implies that Y⌦ is correlated to the charged
fermion Yukawas. At the same time ↵L can be identified with the B � L generator
of SO(10), and its breaking scale, MB�L � MU , is subject to the constraints of gauge
coupling unification.

Hence we can say that SO(10) is also a theory of neutrino masses, whose self-
consistency can be tested against complementary observables such as the proton
lifetime and the absolute neutrino mass scale.

The subject of this thesis will be mainly SO(10) unification. In the arduous attempt
of describing the state of the art it is crucial to understand what has been done so
far. In this respect we are facilitated by Fig. 2, which shows the number of SO(10)
papers per year from 1974 to 2010.

1980 1985 1990 1995 2000 2005 2010
yr

10

20

30

40

50

SO!10"

Figure 2: Blue: number of papers per year with the keyword "SO(10)" in the title as a function
of the years. Red: subset of papers with the keyword "supersymmetry" either in the title or in the
abstract. Source: inSPIRE.

By looking at this plot it is possible to reconstruct the following historical phases:
• 1974 ÷ 1986: Golden age of grand unification. These are the years of the

foundation in which the fundamental aspects of the theory are worked out.
4The other possibility is that we may probe experimentally the new degrees of freedom at the

scale ↵L in such a way to reconstruct the theory of neutrino masses. This could be the case for
left-right symmetric theories [30, 34] where ↵L is the scale of the V + A interactions. For a recent
study of the interplay between LHC signals and neutrinoless double beta decay in the context of
left-right scenarios see e.g. [36].
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chiral symmetry it can be super-heavy, thus providing a rationale for the smallness
of neutrino masses.

Notice that this is still an e-ective field theory language and we cannot tell at this
level if neutrinos are light because Y⌦ is small or because ↵L is large. It is clear that
without a theory that fixes the structure of Y⌦ we don’t have much to say about ↵L4.

As an example of a predictive theory which can fix both Y⌦ and ↵L we can
mention SO(10) unification. The most prominent feature of SO(10) is that a SM
fermion family plus a right-handed neutrino fit into a single 16-dimensional spinorial
representation. In turn this readily implies that Y⌦ is correlated to the charged
fermion Yukawas. At the same time ↵L can be identified with the B � L generator
of SO(10), and its breaking scale, MB�L � MU , is subject to the constraints of gauge
coupling unification.

Hence we can say that SO(10) is also a theory of neutrino masses, whose self-
consistency can be tested against complementary observables such as the proton
lifetime and the absolute neutrino mass scale.

The subject of this thesis will be mainly SO(10) unification. In the arduous attempt
of describing the state of the art it is crucial to understand what has been done so
far. In this respect we are facilitated by Fig. 2, which shows the number of SO(10)
papers per year from 1974 to 2010.
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Figure 2: Blue: number of papers per year with the keyword "SO(10)" in the title as a function
of the years. Red: subset of papers with the keyword "supersymmetry" either in the title or in the
abstract. Source: inSPIRE.

By looking at this plot it is possible to reconstruct the following historical phases:
• 1974 ÷ 1986: Golden age of grand unification. These are the years of the

foundation in which the fundamental aspects of the theory are worked out.
4The other possibility is that we may probe experimentally the new degrees of freedom at the

scale ↵L in such a way to reconstruct the theory of neutrino masses. This could be the case for
left-right symmetric theories [30, 34] where ↵L is the scale of the V + A interactions. For a recent
study of the interplay between LHC signals and neutrinoless double beta decay in the context of
left-right scenarios see e.g. [36].
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chiral symmetry it can be super-heavy, thus providing a rationale for the smallness
of neutrino masses.

Notice that this is still an e-ective field theory language and we cannot tell at this
level if neutrinos are light because Y⌦ is small or because ↵L is large. It is clear that
without a theory that fixes the structure of Y⌦ we don’t have much to say about ↵L4.

As an example of a predictive theory which can fix both Y⌦ and ↵L we can
mention SO(10) unification. The most prominent feature of SO(10) is that a SM
fermion family plus a right-handed neutrino fit into a single 16-dimensional spinorial
representation. In turn this readily implies that Y⌦ is correlated to the charged
fermion Yukawas. At the same time ↵L can be identified with the B � L generator
of SO(10), and its breaking scale, MB�L � MU , is subject to the constraints of gauge
coupling unification.

Hence we can say that SO(10) is also a theory of neutrino masses, whose self-
consistency can be tested against complementary observables such as the proton
lifetime and the absolute neutrino mass scale.

The subject of this thesis will be mainly SO(10) unification. In the arduous attempt
of describing the state of the art it is crucial to understand what has been done so
far. In this respect we are facilitated by Fig. 2, which shows the number of SO(10)
papers per year from 1974 to 2010.
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Figure 2: Blue: number of papers per year with the keyword "SO(10)" in the title as a function
of the years. Red: subset of papers with the keyword "supersymmetry" either in the title or in the
abstract. Source: inSPIRE.

By looking at this plot it is possible to reconstruct the following historical phases:
• 1974 ÷ 1986: Golden age of grand unification. These are the years of the

foundation in which the fundamental aspects of the theory are worked out.
4The other possibility is that we may probe experimentally the new degrees of freedom at the

scale ↵L in such a way to reconstruct the theory of neutrino masses. This could be the case for
left-right symmetric theories [30, 34] where ↵L is the scale of the V + A interactions. For a recent
study of the interplay between LHC signals and neutrinoless double beta decay in the context of
left-right scenarios see e.g. [36].
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chiral symmetry it can be super-heavy, thus providing a rationale for the smallness
of neutrino masses.

Notice that this is still an e-ective field theory language and we cannot tell at this
level if neutrinos are light because Y⌦ is small or because ↵L is large. It is clear that
without a theory that fixes the structure of Y⌦ we don’t have much to say about ↵L4.

As an example of a predictive theory which can fix both Y⌦ and ↵L we can
mention SO(10) unification. The most prominent feature of SO(10) is that a SM
fermion family plus a right-handed neutrino fit into a single 16-dimensional spinorial
representation. In turn this readily implies that Y⌦ is correlated to the charged
fermion Yukawas. At the same time ↵L can be identified with the B � L generator
of SO(10), and its breaking scale, MB�L � MU , is subject to the constraints of gauge
coupling unification.

Hence we can say that SO(10) is also a theory of neutrino masses, whose self-
consistency can be tested against complementary observables such as the proton
lifetime and the absolute neutrino mass scale.

The subject of this thesis will be mainly SO(10) unification. In the arduous attempt
of describing the state of the art it is crucial to understand what has been done so
far. In this respect we are facilitated by Fig. 2, which shows the number of SO(10)
papers per year from 1974 to 2010.
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Figure 2: Blue: number of papers per year with the keyword "SO(10)" in the title as a function
of the years. Red: subset of papers with the keyword "supersymmetry" either in the title or in the
abstract. Source: inSPIRE.

By looking at this plot it is possible to reconstruct the following historical phases:
• 1974 ÷ 1986: Golden age of grand unification. These are the years of the

foundation in which the fundamental aspects of the theory are worked out.
4The other possibility is that we may probe experimentally the new degrees of freedom at the

scale ↵L in such a way to reconstruct the theory of neutrino masses. This could be the case for
left-right symmetric theories [30, 34] where ↵L is the scale of the V + A interactions. For a recent
study of the interplay between LHC signals and neutrinoless double beta decay in the context of
left-right scenarios see e.g. [36].
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chiral symmetry it can be super-heavy, thus providing a rationale for the smallness
of neutrino masses.

Notice that this is still an e-ective field theory language and we cannot tell at this
level if neutrinos are light because Y⌦ is small or because ↵L is large. It is clear that
without a theory that fixes the structure of Y⌦ we don’t have much to say about ↵L4.

As an example of a predictive theory which can fix both Y⌦ and ↵L we can
mention SO(10) unification. The most prominent feature of SO(10) is that a SM
fermion family plus a right-handed neutrino fit into a single 16-dimensional spinorial
representation. In turn this readily implies that Y⌦ is correlated to the charged
fermion Yukawas. At the same time ↵L can be identified with the B � L generator
of SO(10), and its breaking scale, MB�L � MU , is subject to the constraints of gauge
coupling unification.

Hence we can say that SO(10) is also a theory of neutrino masses, whose self-
consistency can be tested against complementary observables such as the proton
lifetime and the absolute neutrino mass scale.

The subject of this thesis will be mainly SO(10) unification. In the arduous attempt
of describing the state of the art it is crucial to understand what has been done so
far. In this respect we are facilitated by Fig. 2, which shows the number of SO(10)
papers per year from 1974 to 2010.
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Figure 2: Blue: number of papers per year with the keyword "SO(10)" in the title as a function
of the years. Red: subset of papers with the keyword "supersymmetry" either in the title or in the
abstract. Source: inSPIRE.

By looking at this plot it is possible to reconstruct the following historical phases:
• 1974 ÷ 1986: Golden age of grand unification. These are the years of the

foundation in which the fundamental aspects of the theory are worked out.
4The other possibility is that we may probe experimentally the new degrees of freedom at the

scale ↵L in such a way to reconstruct the theory of neutrino masses. This could be the case for
left-right symmetric theories [30, 34] where ↵L is the scale of the V + A interactions. For a recent
study of the interplay between LHC signals and neutrinoless double beta decay in the context of
left-right scenarios see e.g. [36].
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chiral symmetry it can be super-heavy, thus providing a rationale for the smallness
of neutrino masses.

Notice that this is still an e-ective field theory language and we cannot tell at this
level if neutrinos are light because Y⌦ is small or because ↵L is large. It is clear that
without a theory that fixes the structure of Y⌦ we don’t have much to say about ↵L4.

As an example of a predictive theory which can fix both Y⌦ and ↵L we can
mention SO(10) unification. The most prominent feature of SO(10) is that a SM
fermion family plus a right-handed neutrino fit into a single 16-dimensional spinorial
representation. In turn this readily implies that Y⌦ is correlated to the charged
fermion Yukawas. At the same time ↵L can be identified with the B � L generator
of SO(10), and its breaking scale, MB�L � MU , is subject to the constraints of gauge
coupling unification.

Hence we can say that SO(10) is also a theory of neutrino masses, whose self-
consistency can be tested against complementary observables such as the proton
lifetime and the absolute neutrino mass scale.

The subject of this thesis will be mainly SO(10) unification. In the arduous attempt
of describing the state of the art it is crucial to understand what has been done so
far. In this respect we are facilitated by Fig. 2, which shows the number of SO(10)
papers per year from 1974 to 2010.
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Figure 2: Blue: number of papers per year with the keyword "SO(10)" in the title as a function
of the years. Red: subset of papers with the keyword "supersymmetry" either in the title or in the
abstract. Source: inSPIRE.

By looking at this plot it is possible to reconstruct the following historical phases:
• 1974 ÷ 1986: Golden age of grand unification. These are the years of the

foundation in which the fundamental aspects of the theory are worked out.
4The other possibility is that we may probe experimentally the new degrees of freedom at the

scale ↵L in such a way to reconstruct the theory of neutrino masses. This could be the case for
left-right symmetric theories [30, 34] where ↵L is the scale of the V + A interactions. For a recent
study of the interplay between LHC signals and neutrinoless double beta decay in the context of
left-right scenarios see e.g. [36].
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10 F⌅⇧⇤⌃⌅⇧⇥

chiral symmetry it can be super-heavy, thus providing a rationale for the smallness
of neutrino masses.

Notice that this is still an e-ective field theory language and we cannot tell at this
level if neutrinos are light because Y⌦ is small or because ↵L is large. It is clear that
without a theory that fixes the structure of Y⌦ we don’t have much to say about ↵L4.

As an example of a predictive theory which can fix both Y⌦ and ↵L we can
mention SO(10) unification. The most prominent feature of SO(10) is that a SM
fermion family plus a right-handed neutrino fit into a single 16-dimensional spinorial
representation. In turn this readily implies that Y⌦ is correlated to the charged
fermion Yukawas. At the same time ↵L can be identified with the B � L generator
of SO(10), and its breaking scale, MB�L � MU , is subject to the constraints of gauge
coupling unification.

Hence we can say that SO(10) is also a theory of neutrino masses, whose self-
consistency can be tested against complementary observables such as the proton
lifetime and the absolute neutrino mass scale.

The subject of this thesis will be mainly SO(10) unification. In the arduous attempt
of describing the state of the art it is crucial to understand what has been done so
far. In this respect we are facilitated by Fig. 2, which shows the number of SO(10)
papers per year from 1974 to 2010.

1980 1985 1990 1995 2000 2005 2010
yr

10

20

30

40

50

SO!10"

Figure 2: Blue: number of papers per year with the keyword "SO(10)" in the title as a function
of the years. Red: subset of papers with the keyword "supersymmetry" either in the title or in the
abstract. Source: inSPIRE.

By looking at this plot it is possible to reconstruct the following historical phases:
• 1974 ÷ 1986: Golden age of grand unification. These are the years of the

foundation in which the fundamental aspects of the theory are worked out.
4The other possibility is that we may probe experimentally the new degrees of freedom at the

scale ↵L in such a way to reconstruct the theory of neutrino masses. This could be the case for
left-right symmetric theories [30, 34] where ↵L is the scale of the V + A interactions. For a recent
study of the interplay between LHC signals and neutrinoless double beta decay in the context of
left-right scenarios see e.g. [36].
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First reliable calculations...  SUSY GG  SU(5) model in trouble 
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of neutrino masses.
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level if neutrinos are light because Y⌦ is small or because ↵L is large. It is clear that
without a theory that fixes the structure of Y⌦ we don’t have much to say about ↵L4.

As an example of a predictive theory which can fix both Y⌦ and ↵L we can
mention SO(10) unification. The most prominent feature of SO(10) is that a SM
fermion family plus a right-handed neutrino fit into a single 16-dimensional spinorial
representation. In turn this readily implies that Y⌦ is correlated to the charged
fermion Yukawas. At the same time ↵L can be identified with the B � L generator
of SO(10), and its breaking scale, MB�L � MU , is subject to the constraints of gauge
coupling unification.

Hence we can say that SO(10) is also a theory of neutrino masses, whose self-
consistency can be tested against complementary observables such as the proton
lifetime and the absolute neutrino mass scale.

The subject of this thesis will be mainly SO(10) unification. In the arduous attempt
of describing the state of the art it is crucial to understand what has been done so
far. In this respect we are facilitated by Fig. 2, which shows the number of SO(10)
papers per year from 1974 to 2010.
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Figure 2: Blue: number of papers per year with the keyword "SO(10)" in the title as a function
of the years. Red: subset of papers with the keyword "supersymmetry" either in the title or in the
abstract. Source: inSPIRE.

By looking at this plot it is possible to reconstruct the following historical phases:
• 1974 ÷ 1986: Golden age of grand unification. These are the years of the

foundation in which the fundamental aspects of the theory are worked out.
4The other possibility is that we may probe experimentally the new degrees of freedom at the

scale ↵L in such a way to reconstruct the theory of neutrino masses. This could be the case for
left-right symmetric theories [30, 34] where ↵L is the scale of the V + A interactions. For a recent
study of the interplay between LHC signals and neutrinoless double beta decay in the context of
left-right scenarios see e.g. [36].
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level if neutrinos are light because Y⌦ is small or because ↵L is large. It is clear that
without a theory that fixes the structure of Y⌦ we don’t have much to say about ↵L4.

As an example of a predictive theory which can fix both Y⌦ and ↵L we can
mention SO(10) unification. The most prominent feature of SO(10) is that a SM
fermion family plus a right-handed neutrino fit into a single 16-dimensional spinorial
representation. In turn this readily implies that Y⌦ is correlated to the charged
fermion Yukawas. At the same time ↵L can be identified with the B � L generator
of SO(10), and its breaking scale, MB�L � MU , is subject to the constraints of gauge
coupling unification.

Hence we can say that SO(10) is also a theory of neutrino masses, whose self-
consistency can be tested against complementary observables such as the proton
lifetime and the absolute neutrino mass scale.

The subject of this thesis will be mainly SO(10) unification. In the arduous attempt
of describing the state of the art it is crucial to understand what has been done so
far. In this respect we are facilitated by Fig. 2, which shows the number of SO(10)
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By looking at this plot it is possible to reconstruct the following historical phases:
• 1974 ÷ 1986: Golden age of grand unification. These are the years of the

foundation in which the fundamental aspects of the theory are worked out.
4The other possibility is that we may probe experimentally the new degrees of freedom at the

scale ↵L in such a way to reconstruct the theory of neutrino masses. This could be the case for
left-right symmetric theories [30, 34] where ↵L is the scale of the V + A interactions. For a recent
study of the interplay between LHC signals and neutrinoless double beta decay in the context of
left-right scenarios see e.g. [36].
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FIG. 48. Proton lifetime predictions of several GUT models, the current experimental limits (90% CL) by

Super-K, and the sensitivities of Hyper-Kamiokande with a 5.6 Megaton·year exposure. Hyper-Kamiokande

can cover most of the predicted range of the leading GUT models.
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FIG. 49. The proton decay search sensitivity as a function of year. The left plot is for the p ⇥ e+⇥0 mode

and the right is for the p ⇥ �K+ mode. Hyper-Kamiokande is assumed to start from 2019; its results will

overtake the Super-Kamiokande limits within one year.

Abe et al., arXiv:1109.3262 [hep-ex]  

Hyper-Kamiokande in 2025 (?)

Future megaton-scale facilities
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Hyper-Kamiokande in 2025 (?)

Accuracy of a factor of few in Γp needed to make a case !

Future megaton-scale facilities
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Main theoretical uncertainties

GUT scale determination

- at least two loops needed to make the case!  

- requires a very good understanding of the whole spectrum
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Main theoretical uncertainties

GUT scale determination

- at least two loops needed to make the case!  

- requires a very good understanding of the whole spectrum

BTW: no way in SUSY...



My very personal (& perhaps extreme) 
view of the hierarchy issue
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The standard (wrong) argument:

h h�hh / p2 �m2
H

“The Higgs mass suffers from large radiative corrections!”
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“The Higgs mass suffers from large radiative corrections!”



/ manyMichal Malinsky, IPNP Charles U. Prague IFIC, October 28 2014Status and prospects of GUTs 46

The standard (wrong) argument:

h h�hh /

m2
H ! m2

H +

1

16⇡2
M2

S

⇣
1� log

M2
S

µ2

⌘
+ . . .

For large        the root shifts enormously...M2
S

so the tree-level mass must be carefully readjusted order by order... 

The “hierarchy problem”

p2 �m2
H

+ . . .

+
h h

S

+
h hS

1

16⇡2
M2

S

⇣
CUV � 1 + log

M2
S

µ2

⌘

1

16⇡

2
v

2

✓
C

UV

�
Z 1

0
dx log

M

2
S�x(1�x)p2

µ

2

◆

“The Higgs mass suffers from large radiative corrections!”



/ manyMichal Malinsky, IPNP Charles U. Prague IFIC, October 28 2014Status and prospects of GUTs 47

h h�hh / p2 �m2
H

+
h h

S
1

16⇡

2
v

2

✓
C

UV

�
Z 1

0
dx log

M

2
S�x(1�x)p2

µ

2

◆

+
h hS

1

16⇡2
M2

S

⇣
CUV � 1 + log

M2
S

µ2

⌘

“The Higgs mass suffers from large radiative corrections!”

The standard (wrong) argument:



/ manyMichal Malinsky, IPNP Charles U. Prague IFIC, October 28 2014Status and prospects of GUTs 47

h h�hh / p2 �m2
H

+
h h

S
1

16⇡

2
v

2

✓
C

UV

�
Z 1

0
dx log

M

2
S�x(1�x)p2

µ

2

◆

+
h hS

1

16⇡2
M2

S

⇣
CUV � 1 + log

M2
S

µ2

⌘

The shift of the root is small even for large M2
S

“The hierarchy is stabilized by  SUSY near MZ”

+
h h

S̃ � 1

16⇡

2
M

2
S

✓
C

UV

� 1�
Z 1

0
dx log

M

2
S�x(1�x)p2

µ

2

◆
+ p

2
terms

+ . . .

SUSY:

“The Higgs mass suffers from large radiative corrections!”

The standard (wrong) argument:



/ manyMichal Malinsky, IPNP Charles U. Prague IFIC, October 28 2014Status and prospects of GUTs 48

The devil is in detail:

+ . . .
h h�hh / +

h hS

p2 �m2
H

1

16⇡2
M2

S

⇣
CUV � 1 + log

M2
S

µ2

⌘

“The Higgs mass suffers from large radiative corrections!”



/ manyMichal Malinsky, IPNP Charles U. Prague IFIC, October 28 2014Status and prospects of GUTs 48

The devil is in detail:

+ . . .
h h�hh / +

h hS

p2 �m2
H

1

16⇡2
M2

S

⇣
CUV � 1 + log

M2
S

µ2

⌘

The root is not the physical mass ! Mind the one-point function !

“The Higgs mass suffers from large radiative corrections!”

Perturbation theory contrived unless Γ1 = 0 :



/ manyMichal Malinsky, IPNP Charles U. Prague IFIC, October 28 2014Status and prospects of GUTs 48

The devil is in detail:

+ . . .
h h�hh / +

h hS

p2 �m2
H

1

16⇡2
M2

S

⇣
CUV � 1 + log

M2
S

µ2

⌘

The root is not the physical mass ! Mind the one-point function !

�h /

m2
Hv

h
⇥

h
⇥

⇥

⇥

�v3

+

“The Higgs mass suffers from large radiative corrections!”

Perturbation theory contrived unless Γ1 = 0 :



/ manyMichal Malinsky, IPNP Charles U. Prague IFIC, October 28 2014Status and prospects of GUTs 48

The devil is in detail:

+ . . .
h h�hh / +

h hS

p2 �m2
H

1

16⇡2
M2

S

⇣
CUV � 1 + log

M2
S

µ2

⌘

The root is not the physical mass ! Mind the one-point function !

�h /

m2
Hv

h
⇥

h
⇥

⇥

⇥

�v3

+ +
h

S ⇥ + . . .

v

16⇡2
M2

S

⇣
CUV � 1 + log

M2
S

µ2

⌘(

“The Higgs mass suffers from large radiative corrections!”

Perturbation theory contrived unless Γ1 = 0 :



/ manyMichal Malinsky, IPNP Charles U. Prague IFIC, October 28 2014Status and prospects of GUTs 49

No need to be sorry...

In the true quantum vacuum the polynomial       -dependence drops out. M2
S

The poor Higgs is in the same shape like anybody else in the SM...

“Higgs anti-discrimination act”
Full one-loop EP approach
MM, EPJ C73 (2013) 2415
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No need to be sorry...

In the true quantum vacuum the polynomial       -dependence drops out. M2
S

The poor Higgs is in the same shape like anybody else in the SM...

“Higgs anti-discrimination act”

Are you scared by the bare charge in QED? No? 
So why do you care about hierarchy? 

Correlations among observables ( = physics) perfectly stable!

Full one-loop EP approach
MM, EPJ C73 (2013) 2415
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Flavour structure of the BLV currents

Example: g2

M2
1/6

Cijk uc�µdi dc
j�µ⌫k Cijk = (V †

dcVd)ji(V †
ucV⌫)1k

- RH rotations enter here

- simple Yukawa sector desirable!      

Main theoretical uncertainties



Michal Malinský, Charles U. Prague Status and prospects of GUTs / manyIFIC, October 28 2014 51

Planck scale effects

L 3 

⇤
Fµ⌫h�iFµ⌫

- finite shifts in the gauge matching          

- can be as large as                           �↵�1
i ⇠ 1

Larsen, Wilczek, NPB 458, 249 (1996)
G. Veneziano, JHEP 06 (2002) 051
Calmet, Hsu, Reeb, PRD 77, 125015 (2008)
G. Dvali, Fortsch. Phys. 58 (2010) 528-536

Main theoretical uncertainties
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Planck scale effects

L 3 

⇤
Fµ⌫h�iFµ⌫

- finite shifts in the gauge matching          

- can be as large as                           �↵�1
i ⇠ 1

Larsen, Wilczek, NPB 458, 249 (1996)
G. Veneziano, JHEP 06 (2002) 051
Calmet, Hsu, Reeb, PRD 77, 125015 (2008)
G. Dvali, Fortsch. Phys. 58 (2010) 528-536

Main theoretical uncertainties

easily an order of magnitude uncertainty in MG !

IRREDUCIBLE !!!
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Planck scale effects

L 3 

⇤
Fµ⌫h�iFµ⌫

- finite shifts in the gauge matching          

- can be as large as                           �↵�1
i ⇠ 1

Larsen, Wilczek, NPB 458, 249 (1996)
G. Veneziano, JHEP 06 (2002) 051
Calmet, Hsu, Reeb, PRD 77, 125015 (2008)
G. Dvali, Fortsch. Phys. 58 (2010) 528-536

Main theoretical uncertainties

L 3 

⇤
Fµ⌫h45iFµ⌫ = 0

Absent if SO(10) is broken by 45! 



The minimal non-SUSY SO(10) GUT
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The minimal SO(10) unification

54

- smaller - few SM singlets - easier to break to the SM

Chang, Mohapatra, Gipson, Marshak, Parida 1985 SU(5) branches omitted

{16} (1,2,4)
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The minimal SO(10) unification

54

- smaller - few SM singlets - easier to break to the SM

Chang, Mohapatra, Gipson, Marshak, Parida 1985 SU(5) branches omitted

{16} (1,2,4)

!R !Y

�

h45i =

0

BBBB@

!Y

!Y

!Y

!R

!R

1

CCCCA
⌦ ⌧2
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The minimal SO(10) unification

54

- smaller - few SM singlets - easier to break to the SM

Chang, Mohapatra, Gipson, Marshak, Parida 1985 SU(5) branches omitted

{16} (1,2,4)

!R !Y

�

!R

!Y

�

h45i =

0

BBBB@

!Y

!Y

!Y

!R

!R

1

CCCCA
⌦ ⌧2
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The minimal SO(10) unification

55

Scalar potential:

SO(10) broken by 45,  rank reduced by 126
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The minimal SO(10) unification

55

Scalar potential:

SO(10) broken by 45,  rank reduced by 126

???

nightmare
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“Ruled out” in 1980’s

m2
(8,1,0) = 2a2(�R � �Y )(�R + 2�Y )

m2
(1,3,0) = 2a2(�Y � �R)(�Y + 2�R)

Yasuè 1981, Anastaze, Derendinger, Buccella 1983, Babu, Ma 1985

The minimal SO(10) unification nightmare
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“Ruled out” in 1980’s

Aaarrrggh...  tachyonic spectrum unless 1
2 < |!Y /!R| < 2
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SU(5)-like vacua only, not far from the “SM running”!

The minimal SO(10) unification nightmare
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“Ruled out” in 1980’s

Aaarrrggh...  tachyonic spectrum unless 1
2 < |!Y /!R| < 2???

m2
(8,1,0) = 2a2(�R � �Y )(�R + 2�Y )

m2
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SU(5)-like vacua only, not far from the “SM running”!

The minimal SO(10) unification nightmare
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“Do not trust arguments based 
on the lowest order of perturbation theory.”

S.Weinberg , “Why RG is a good thing”
in “Asymptotic Realm of Physics”, MIT press 1983

The minimal SO(10) unification nightmare
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Quantum salvation in 2010

Bertolini, Di Luzio, MM, PRD 81, 035015 (2010)

One-loop effective potential:

�m2
(1,3,0) =

1

4⇡2

⇥
⌧2

+ �2
(2!2

R � !R!Y + 2!2
Y ) + g4

�
16!2

R + !Y !R + 19!2
Y

�⇤
+ logs ,

�m2
(8,1,0) =

1

4⇡2

⇥
⌧2

+ �2
(!2

R � !R!Y + 3!2
Y ) + g4

�
13!2

R + !Y !R + 22!2
Y

�⇤
+ logs ,

The minimal SO(10) unification nightmare
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“Consistency is the last refuge 
of people without imagination”

Oscar Wilde

The minimal consistent SO(10) unification

59
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“Consistency is the last refuge 
of people without imagination”

Oscar Wilde

The minimal consistent SO(10) unification

59

multiple Yukawa finetuning?

         too heavy LH neutrinos!? 

Chang, Mohapatra, Gipson, Marshak, Parida (1985)

Deshpande, Keith, Pal (1993)

Bertolini, Di Luzio, MM (2009)

Simple estimates: Mseesaw ⇠ 1010 GeV
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The minimal consistent SO(10) unification
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NO! Enough to make the unavoidable finetuning elsewhere.

multiple Yukawa finetuning?

         too heavy LH neutrinos!? 

Chang, Mohapatra, Gipson, Marshak, Parida (1985)

Deshpande, Keith, Pal (1993)

Bertolini, Di Luzio, MM (2009)

Simple estimates: Mseesaw ⇠ 1010 GeV
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“Consistency is the last refuge 
of people without imagination”

Oscar Wilde

The minimal consistent SO(10) unification

59

NO! Enough to make the unavoidable finetuning elsewhere.

multiple Yukawa finetuning?

         too heavy LH neutrinos!? 

Bertolini, Di Luzio, MM, PRD85 095014 2012

Two other potentially realistic minimally fine-tuned consistent scenarios

Chang, Mohapatra, Gipson, Marshak, Parida (1985)

Deshpande, Keith, Pal (1993)

Bertolini, Di Luzio, MM (2009)

Simple estimates: Mseesaw ⇠ 1010 GeV
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Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)Case I: light                (8, 2,+ 1
2 ) @ one loop

Towards a consistent & potentially realistic SO(10) scenario
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14

FIG. 6. M(8, 2,+ 1
2 ) � |�R| correlation in the case of a light (8, 2,+ 1

2 ) multiplet in the desert. The color code is the same as
before, cf. Section IIIA 2. M(8, 2,+ 1

2 ) can vary over many orders of magnitude in the lower part of the desert, and it is pushed
down for increasing proton lifetime.

FIG. 7. |�BL| � |�R| correlation in the case of a light (8, 2,+ 1
2 ) multiplet in the desert. Various levels of gray correspond to

domains accessible for di�erent GUT-scale limits, cf. Section IIIA 2. In the whole allowed region |�BL| ⇥ �R so this setting
always exhibits an intermediate 4C2L1R stage.

enough B�L breaking scale for a natural implementation of a renormalizable seesaw. Hence, this simple Higgs model
is ready to be upgraded it to a full-featured, potentially realistic and predictive SO(10) GUT.

In doing so, the central question to be addressed before approaching any of the ultimate goals of such a programme
(e.g., a detailed prediction of the proton lifetime and the relevant branching ratios) is the structure of the Yukawa
sector.

A. Yukawa sector of the minimal SO(10) GUTs

It is easy to see that the Higgs model containing just 45H and 126H can not, at renormalizable level, support a
viable Yukawa sector as there is only one contraction available in such a case, namely, 16F f12616F 126�H . Hence, the
flavour structure is entirely governed by a single (symmetric) matrix of Yukawa couplings f126 and no mixing nor
featured fermionic spectra can be generated.

The minimal potentially realistic extension of the 45H ⇥ 126H setting amounts to adding an extra 10- or 120-
dimensional representation which can smear the degeneracy of the e�ective Yukawa matrices across di�erent fermionic
species; for a more detailed discussion see, e.g., [15] or, more recently, [16]. In this respect, it is interesting to quote
namely the results of the new numerical analysis [38] attempting to fit the SM flavour structure onto the e�ective
mass matrices emerging in both the 126H ⇥ 10H as well as the 126H ⇥ 120H cases: Interestingly, the former option is
strongly preferred and, moreover, successful fits require a dominance of the type-I seesaw contribution13. However, as
interesting as these results are, they are still not entirely decisive as there are various sources of uncertainties14 that

13 This feature is closely related to the need to avoid the b-� Yukawa unification in the non-SUSY settings which, however, is generically
favoured by type-II seesaw.

14 In particular: i) the weights of the SM-doublet VEVs entering the relevant sum-rules, cf. Eqs. (24), were taken uncorrelated, ii) the

Hyper-K 2040

60

Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)Case I: light                (8, 2,+ 1
2 ) @ one loop

Towards a consistent & potentially realistic SO(10) scenario
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Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)Case I: light                (8, 2,+ 1
2 ) @ one loop

Towards a consistent & potentially realistic SO(10) scenario

The octet should be light!!!

sharp edge!
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Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)Case I: light                (8, 2,+ 1
2 ) @ one loop

Towards a consistent & potentially realistic SO(10) scenario

Hyper-K 2040
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Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)Case I: light                (8, 2,+ 1
2 ) @ one loop

Towards a consistent & potentially realistic SO(10) scenario

Hyper-K 2040
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(8, 2,+ 1
2 )

Towards a consistent & potentially realistic SO(10) scenario

Case I: light                

Hyper-K 2040

@ two loops + improved proton decay
Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)
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the naive one-loop 
upper bound reduced 
by a factor of 1000 !

@ two loops + improved proton decay
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(8, 2,+ 1
2 )

Towards a consistent & potentially realistic SO(10) scenario

Case I: light                

Hyper-K 2040

the naive one-loop 
upper bound reduced 
by a factor of 1000 !

LHC

@ two loops + improved proton decay
Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)
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Case II: light                 (6, 3,+ 1
3 )

Towards a consistent & potentially realistic SO(10) scenario

H. Kolešová, MM, arXiv:1409.4961
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Case II: light                 (6, 3,+ 1
3 )

Towards a consistent & potentially realistic SO(10) scenario

H. Kolešová, MM, arXiv:1409.4961

����������	
��
�

���
��
�

��������������

��������������

����������������

� �!"##���#$ %&

@ two loops

1-l
oop

cuts from flavour fits
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Conclusions / outlook

either 

one should see a scalar color octet @ LHC

or

one should see proton decay @ Hyper-K

At the vast majority of the allowed parameter space it says that

It’s almost impossible to calculate proton lifetime accurately

The minimal non-SUSY SO(10) broken by 45 is very special



Thank you for your kind attention!



Experimental affairs
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KamiokaNDE

First large water-Cherenkov detectors

Feb. 23 1987 07:35 - 12 out of 1058 neutrinos

from SN 1987A (170,000 ly)

Kamioka-cho, Gifu, Japan

3,000 tons of pure water, about 1,000 PMs

1983-1985 - first phase (proton decay focused)

1987-1990 - solar neutrino deficit measurements

1989 

Foreword

⇤p � 2.6� 1032 yr (1)

⇤p � 8.5� 1032 yr (2)

⇤p � 8.2� 1033 yr (3)

Qp +Qe�

Qp
< 10�21 (4)

MG/MW ⇥ 1013 (5)

mf/m� ⇥ 107÷13 (6)

Mm = ��1
G MG (7)

MR ⇥
��
⇥

⇥2

Y10
M2

B�L

MG
⇤ (8)

� (9)

⇤p � 1033 yr (10)

MU � 1015 GeV (11)

⇤p � 1033 yr =⌅ MG � 1015 GeV (12)

⇤p ⇥ ��1
G

M4
G

m5
p

=⌅ MG � 1015 GeV (13)

MG � 1015 GeV (14)

1990 Solar neutrino deficit confirmation 2002 Nobel prize for Masatoshi Koshiba
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p! ⇡0e+

⇡0 ! 2�

pπ = pe  = 459 MeV
pγ/πR = 68 MeV

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

Proton decay in water

“Golden channel”:
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Other complication - nuclear effects
- majority of nucleons in oxygen
- Fermi motion
- pion charge exchange
- absorption
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p! ⇡0e+

⇡0 ! 2�

pπ = pe  = 459 MeV
pγ/πR = 68 MeV

Other complication - nuclear effects
- majority of nucleons in oxygen
- Fermi motion
- pion charge exchange
- absorption

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

Other signals
- nuclear recombination - extra 6.3 MeV photon
- neutron capture at a dope (Gd, ...)

Proton decay in water

“Golden channel”:
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Monopoles

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

• galactic magnetic field depletion

• pulsar stability

• proton stability

Freese, Turner
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Monopoles

• galactic magnetic field depletion

• pulsar stability

• proton stability

Freese, Turner

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

Experiment: 

Theory: 

MACRO 2001 (Gran Sasso)�M (Earth)
exp. . 10�16 cm�2sr�1s�1

�M (Earth)
theory

. 10�22 ⇠ 10�27 cm�2sr�1s�1

Upper limits on the flux density around Earth
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Monopoles

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

• galactic magnetic field depletion

• pulsar stability

• proton stability
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No way to produce in lab, only cosmics + Callan-Rubakov effect
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�M (Earth)
theory
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Upper limits on the flux density around Earth
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