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Outline / conclusions

Minimal SO(10) GUT:

Either 

we should see a scalar color octet @ LHC

or

we should see proton decay @ Hyper-Kamiokande
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SO(10) broken by 45,  rank reduced by 126

Buccella, Ruegg, Savoy 1980, Yasuè 1981, Anastaze, Derendinger, Buccella 1983, Babu, Ma 1985
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Minimal SO(10) GUT

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

Calculable? 

Testable?

Buccella, Ruegg, Savoy 1980, Yasuè 1981, Anastaze, Derendinger, Buccella 1983, Babu, Ma 1985
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C Nucleon decays 73
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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+π0
mode

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

overtake the Super-Kamiokande limits within one year.

Hyper-K letter of intent:  Abe et al., arXiv:1109.3262 [hep-ex]  

Proton lifetime calculations in GUTs

Optimistic scenario: Hyper-Kamiokande @ around 2020 
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FIG. 49. The proton decay search sensitivity as a function of year. The left plot is for the p → e+π0
mode

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

overtake the Super-Kamiokande limits within one year.

Hyper-K letter of intent:  Abe et al., arXiv:1109.3262 [hep-ex]  

Proton lifetime calculations in GUTs

Optimistic scenario: Hyper-Kamiokande @ around 2020 Hyper-
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and the right is for the p → νK+
mode. Hyper-Kamiokande is assumed to start from 2019; its results will

overtake the Super-Kamiokande limits within one year.

Hyper-K letter of intent:  Abe et al., arXiv:1109.3262 [hep-ex]  

Proton lifetime calculations in GUTs

Optimistic scenario: Hyper-Kamiokande @ around 2020 Hyper-

Accuracy of a factor of few in Γp needed to make a case !
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Main theoretical uncertainties:

Precision proton lifetime calculations in GUTs

GUT scale determination

- at least two loops 

- requires a good understanding of the spectrum

- see also talk by L. Di Luzio
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Main theoretical uncertainties:

Precision proton lifetime calculations in GUTs

Planck scale effects

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
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Main theoretical uncertainties:

Precision proton lifetime calculations in GUTs

Planck scale effects

L � κ

Λ
Fµν�Φ�Fµν

- finite shifts in the gauge matching          

- can be as large as                           ∆α−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
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Main theoretical uncertainties:

Precision proton lifetime calculations in GUTs

Planck scale effects

easily half an order of magnitude uncertainty in MG !

L � κ

Λ
Fµν�Φ�Fµν

- finite shifts in the gauge matching          

- can be as large as                           ∆α−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
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Precision proton lifetime calculations in GUTs

Flavour structure of the BLV currents
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Main theoretical uncertainties:

Precision proton lifetime calculations in GUTs

Flavour structure of the BLV currents

- some channels more sensitive than others

Example: g2

M2
1/6

Cijk ucγµdi dc
jγµνk Cijk = (V †

dcVd)ji(V †
ucVν)1k

- simple Yukawa sector desirable         
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Main theoretical uncertainties:

Precision proton lifetime calculations in GUTs

Flavour structure of the BLV currents

- some channels more sensitive than others

Example: g2

M2
1/6

Cijk ucγµdi dc
jγµνk Cijk = (V †

dcVd)ji(V †
ucVν)1k

- simple Yukawa sector desirable         

Supersymmetry

- effective cut-off scale, SUSY thresholds, d=5 dressing, 

forget...
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The minimal SO(10) blessing

Scalar potential:

???

nightmare

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

Ruled out in 1980’s

nightmare

m2
(8,1,0) = 2a2(ωR − ωY )(ωR + 2ωY )

m2
(1,3,0) = 2a2(ωY − ωR)(ωY + 2ωR)

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

�45� =





ωY

ωY

ωY

ωR

ωR




⊗ τ2
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The minimal SO(10) blessing

Quantum salvation in 2010

nightmare
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The minimal SO(10) blessing

Quantum salvation in 2010

nightmare

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

One-loop effective potential:

∆m2
(1,3,0) =

1
4π2

�
τ2 + β2(2ω2

R − ωRωY + 2ω2
Y ) + g4

�
16ω2

R + ωY ωR + 19ω2
Y

��
+ logs ,

∆m2
(8,1,0) =

1
4π2

�
τ2 + β2(ω2

R − ωRωY + 3ω2
Y ) + g4

�
13ω2

R + ωY ωR + 22ω2
Y

��
+ logs ,
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The minimal SO(10) blessing

Leading Planck-scale effects in MG absent 

L � κ

Λ
Fµν�45�Fµν = 0

nightmare
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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

Towards a consistent & potentially realistic scenario

13

NO! Enough to push one scalar into the desert!

multiple Yukawa finetuning?

         too heavy LH neutrinos!? 

Bertolini, Di Luzio, MM, PRD85 095014 2012

Two potentially realistic minimally finetuned & consistent options:

Case II:                 (6, 3,+ 1
3 )Case I:               (8, 2,+ 1

2 )

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

Deshpande, Keith, Pal (1993)

Bertolini, Di Luzio, MM (2009)

Simple estimates: Mseesaw ∼ 1010 GeV
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2. Proton lifetime limits

a. d = 6 proton decay: We shall impose the latest (2011) Super-Kamiokande (SK) limit on the proton lifetime
(for the e+π0 channel) [33]:

τ(p → e+π0)SK,2011 > 8.2× 1033 years , (19)

and, whenever appropriate, comment on the changes in the results for a couple of assumed future sensitivity limits,
namely those quoted in [25] that Hyper-Kamiokande (HK) should reach by 2025 and 2040, respectively:

τ(p → e+π0)HK,2025 > 9× 1034 years , (20)
τ(p → e+π0)HK,2040 > 2× 1035 years . (21)

These translate to the following (raw) formula for the compatibility regions in the MG − α−1

G
plane:

�
α−1

G

45

�
102(nG−15) > 11.8, 39.0, 58.1, (22)

where nG ≡ log
10
(MG/GeV) and the three values on the right-hand-side correspond to the three lifetime limits in

Eqs. (19)–(21), respectively. In the relevant figures (cf. FIGs 1-3 and FIGs 6-8), the regions of the parametric space
where the three constraints (22) are fulfilled will be, consecutively, denoted by light-gray, dark-gray and a black color.

One should also check that lowering a specific multiplet into the GUT desert not bring any of the proton-dangerous
coloured scalar triplets too much below some 1014 GeV; although the detailed structure of the scalar d = 6 proton
decay amplitude is typically suppressed by small Yukawa couplings, this is not always the case and a coloured triplet
well below this limit can be dangerous. Since we do not consider the details of the Yukawa sector here, we shall adopt
a conservative limit like the one quoted above. Remarkably enough, this constraint turns out to be rather week and
in a vast majority of the cases where (22) are obeyed the scalar triplets are innocent.

b. d > 6 proton decay: Under the “big desert” hypothesis the d = 6 proton decay operators conserve B − L up
to MW /MG corrections [34, 35]6. However this picture does not need to hold anymore if we consider new structures
at intermediate scales well below MG and d > 6 proton decaying operators (such as those conserving B + L at the
d = 7 level, c.f. [36, 37]) should be inspected. A “canonical” example here is the situation when the (3, 2,+ 1

6
) scalar

approaches the weak scale; the relevant B + L conserving proton decay amplitude7 can then easily clash with the
experimental limits [31].

3. BBN and the lifetime of light coloured BSM multiplets

Light colored thresholds can be also troublesome for the Big Bang Nucleosynthesis (BBN). This has to do with the
requirement that any colored state other than the SM fields must decay with a lifetime shorter than about 1 second, in
order to preserve the classical predictions of the light elements’ abundances [33]. From this perspective, renormalizable
Yukawa couplings of such light scalars to the SM matter fields are welcome as the relevant decay widths are typically
large enough to be safe.

B. Running with extra thresholds in the desert

For the sake of simplicity, in what follows we shall entirely stick to the case with a single extra SM sub-multiplet
of 45H ⊕ 126H in the desert. This not only lowers the number of fine-tunings to the minimum, but also admits for a
systematic classification of the possible threshold effects.

6 In the SO(10) models these operators are usually induced by the scalar triplets transforming as (3, 1,− 1
3 )⊕(3, 1,+ 1

3 ) and the (3, 2,− 5
6 )⊕

(3, 2,+ 5
6 )⊕ (3, 2,+ 1

6 )⊕ (3, 2,− 1
6 ) gauge bosons.

7 In the current SO(10) model the relevant effective operator is traced back to the 1264
H

quartic coupling and the 16F 16F 126∗
H

Yukawa
interaction.
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where the three constraints (22) are fulfilled will be, consecutively, denoted by light-gray, dark-gray and a black color.
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at intermediate scales well below MG and d > 6 proton decaying operators (such as those conserving B + L at the
d = 7 level, c.f. [36, 37]) should be inspected. A “canonical” example here is the situation when the (3, 2,+ 1

6
) scalar

approaches the weak scale; the relevant B + L conserving proton decay amplitude7 can then easily clash with the
experimental limits [31].

3. BBN and the lifetime of light coloured BSM multiplets

Light colored thresholds can be also troublesome for the Big Bang Nucleosynthesis (BBN). This has to do with the
requirement that any colored state other than the SM fields must decay with a lifetime shorter than about 1 second, in
order to preserve the classical predictions of the light elements’ abundances [33]. From this perspective, renormalizable
Yukawa couplings of such light scalars to the SM matter fields are welcome as the relevant decay widths are typically
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3 ) and the (3, 2,− 5
6 )⊕
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FIG. 6. M(8, 2,+ 1
2 ) − |ωR| 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. |ωBL| − |ωR| correlation in the case of a light (8, 2,+ 1
2 ) multiplet in the desert. Various levels of gray correspond to

domains accessible for different GUT-scale limits, cf. Section IIIA 2. In the whole allowed region |ωBL| � ωR 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 f
126

16F 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 effective Yukawa matrices across different 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 effective
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 contribution
13
. However, as

interesting as these results are, they are still not entirely decisive as there are various sources of uncertainties
14

that

13 This feature is closely related to the need to avoid the b-τ 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
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2. Proton lifetime limits

a. d = 6 proton decay: We shall impose the latest (2011) Super-Kamiokande (SK) limit on the proton lifetime
(for the e+π0 channel) [33]:

τ(p → e+π0)SK,2011 > 8.2× 1033 years , (19)

and, whenever appropriate, comment on the changes in the results for a couple of assumed future sensitivity limits,
namely those quoted in [25] that Hyper-Kamiokande (HK) should reach by 2025 and 2040, respectively:

τ(p → e+π0)HK,2025 > 9× 1034 years , (20)
τ(p → e+π0)HK,2040 > 2× 1035 years . (21)

These translate to the following (raw) formula for the compatibility regions in the MG − α−1

G
plane:

�
α−1

G

45

�
102(nG−15) > 11.8, 39.0, 58.1, (22)

where nG ≡ log
10
(MG/GeV) and the three values on the right-hand-side correspond to the three lifetime limits in

Eqs. (19)–(21), respectively. In the relevant figures (cf. FIGs 1-3 and FIGs 6-8), the regions of the parametric space
where the three constraints (22) are fulfilled will be, consecutively, denoted by light-gray, dark-gray and a black color.

One should also check that lowering a specific multiplet into the GUT desert not bring any of the proton-dangerous
coloured scalar triplets too much below some 1014 GeV; although the detailed structure of the scalar d = 6 proton
decay amplitude is typically suppressed by small Yukawa couplings, this is not always the case and a coloured triplet
well below this limit can be dangerous. Since we do not consider the details of the Yukawa sector here, we shall adopt
a conservative limit like the one quoted above. Remarkably enough, this constraint turns out to be rather week and
in a vast majority of the cases where (22) are obeyed the scalar triplets are innocent.

b. d > 6 proton decay: Under the “big desert” hypothesis the d = 6 proton decay operators conserve B − L up
to MW /MG corrections [34, 35]6. However this picture does not need to hold anymore if we consider new structures
at intermediate scales well below MG and d > 6 proton decaying operators (such as those conserving B + L at the
d = 7 level, c.f. [36, 37]) should be inspected. A “canonical” example here is the situation when the (3, 2,+ 1

6
) scalar

approaches the weak scale; the relevant B + L conserving proton decay amplitude7 can then easily clash with the
experimental limits [31].

3. BBN and the lifetime of light coloured BSM multiplets

Light colored thresholds can be also troublesome for the Big Bang Nucleosynthesis (BBN). This has to do with the
requirement that any colored state other than the SM fields must decay with a lifetime shorter than about 1 second, in
order to preserve the classical predictions of the light elements’ abundances [33]. From this perspective, renormalizable
Yukawa couplings of such light scalars to the SM matter fields are welcome as the relevant decay widths are typically
large enough to be safe.

B. Running with extra thresholds in the desert

For the sake of simplicity, in what follows we shall entirely stick to the case with a single extra SM sub-multiplet
of 45H ⊕ 126H in the desert. This not only lowers the number of fine-tunings to the minimum, but also admits for a
systematic classification of the possible threshold effects.

6 In the SO(10) models these operators are usually induced by the scalar triplets transforming as (3, 1,− 1
3 )⊕(3, 1,+ 1

3 ) and the (3, 2,− 5
6 )⊕

(3, 2,+ 5
6 )⊕ (3, 2,+ 1

6 )⊕ (3, 2,− 1
6 ) gauge bosons.

7 In the current SO(10) model the relevant effective operator is traced back to the 1264
H

quartic coupling and the 16F 16F 126∗
H

Yukawa
interaction.
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before, cf. Section IIIA 2. M(8, 2,+ 1
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domains accessible for different GUT-scale limits, cf. Section IIIA 2. In the whole allowed region |ωBL| � ωR so this setting
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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 f
126

16F 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 effective Yukawa matrices across different 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 effective
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 contribution
13
. However, as

interesting as these results are, they are still not entirely decisive as there are various sources of uncertainties
14

that

13 This feature is closely related to the need to avoid the b-τ 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
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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 f
126
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∗
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 effective Yukawa matrices across different 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 effective
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 contribution
13
. However, as

interesting as these results are, they are still not entirely decisive as there are various sources of uncertainties
14

that

13 This feature is closely related to the need to avoid the b-τ 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
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2. Proton lifetime limits

a. d = 6 proton decay: We shall impose the latest (2011) Super-Kamiokande (SK) limit on the proton lifetime
(for the e+π0 channel) [33]:

τ(p → e+π0)SK,2011 > 8.2× 1033 years , (19)

and, whenever appropriate, comment on the changes in the results for a couple of assumed future sensitivity limits,
namely those quoted in [25] that Hyper-Kamiokande (HK) should reach by 2025 and 2040, respectively:

τ(p → e+π0)HK,2025 > 9× 1034 years , (20)
τ(p → e+π0)HK,2040 > 2× 1035 years . (21)

These translate to the following (raw) formula for the compatibility regions in the MG − α−1
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approaches the weak scale; the relevant B + L conserving proton decay amplitude7 can then easily clash with the
experimental limits [31].

3. BBN and the lifetime of light coloured BSM multiplets

Light colored thresholds can be also troublesome for the Big Bang Nucleosynthesis (BBN). This has to do with the
requirement that any colored state other than the SM fields must decay with a lifetime shorter than about 1 second, in
order to preserve the classical predictions of the light elements’ abundances [33]. From this perspective, renormalizable
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large enough to be safe.
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FIG. 6. M(8, 2,+ 1
2 ) − |ωR| 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. |ωBL| − |ωR| correlation in the case of a light (8, 2,+ 1
2 ) multiplet in the desert. Various levels of gray correspond to

domains accessible for different GUT-scale limits, cf. Section IIIA 2. In the whole allowed region |ωBL| � ωR 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 f
126

16F 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 effective Yukawa matrices across different 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 effective
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 contribution
13
. However, as

interesting as these results are, they are still not entirely decisive as there are various sources of uncertainties
14

that

13 This feature is closely related to the need to avoid the b-τ 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
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FIG. 1. M(6, 3,+ 1
3 )−ωBL correlation in the case of a light (6, 3,+ 1

3 ) multiplet in the desert. Various levels of gray correspond
to domains accessible for different GUT-scale limits, cf. Section IIIA 2. M(6, 3,+ 1

3 ) can vary only over a couple of orders of
magnitude (for the current SK limit) and the range is likely to shrink considerably in future.

FIG. 2. |ωR| − ωBL correlation in the case of a light (6, 3,+ 1
3 ) multiplet in the desert. The color code is the same as before,

cf. Section IIIA 2. In all of the allowed region |ωR| � ωBL so this setting prefers an intermediate 3c2L2R1BL stage.

However, one should be more careful here because these results can be biased by the stability of the numerical

approach we are using, cf. Section III B 2. Namely, the system of equations implementing the unification constraints

can be efficiently solved for the position of (6, 3,+ 1
3 ) and for the overall shift of the spectrum if and only if (6, 3,+ 1

3 ) is

considerably lighter than the next-to-lightest threshold at play (typically a gauge boson associated to the 2R1BL → 1Y

breaking); otherwise it becomes highly non-linear and, hence, difficult to handle. However, as one can see in FIG. 4,

for the estimate of the upper limit on σ this issue is less important because some of the couplings (namely, β4 and β�
4)

turn non-perturbative yet before this issue really occurs. Moreover, the shape of the new upper limit on the B − L
scale is such that one is likely to miss solutions in the lower-B−L regime which is not of the utmost importance here.

c. A specific example with a light (6, 3,+ 1
3 ): The “effective” SM gauge coupling evolution with a light (6, 3,+ 1

3 )

is exemplified in FIG. 5 where the values of the input parameters as specified in the left row of TABLE III have been

used and τ is calculated so that the desired M(6, 3,+ 1
3 ) = 5.57×10

11
GeV is obtained. Note that the small |γ2| region

turns out to be preferred for larger values of |σ| and that we have chosen a solution with relatively small |λ4| and
λ�
4 just to optically improve the expected “clustering” of the (3, 2,+ 7

6 ) and (3, 2,+ 1
6 ) multiplets at around 10

15
GeV

(cf. FIG. 5) due to their common origin within (3, 2, 2,+ 2
3 ) of 3c2L2R1BL. A more detailed information about the

relevant bosonic spectrum underlying the gauge unification in this setting is given in TABLE V of Appendix D.

2. Consistent setting 2: light (8, 2,+ 1
2 )

a. Stable vacua with a light (8, 2,+ 1
2 ): Turning our attention to the remaining option of a light (8, 2,+ 1

2 ) in

the desert it is possible to show that (for all dimensionless couplings smaller than 1 in absolute value) there are

always tachyons in the scalar spectrum outside the following domain: |ωBL| < |ωR|, β�
4 < 0, a0 > −0.05, |γ2| < 0.6,

|γ2| < −0.8β�
4. Moreover, only one of the eigenstates of the mass matrix (B11) can be consistently lowered.

b. One-loop unification with a light (8, 2,+ 1
2 ): Sample regions of the parametric space that support a consistent

scalar spectrum and, at the same time, provide a viable gauge coupling unification, are depicted in FIGs. 6, 7 and 8.

8

2. Proton lifetime limits

a. d = 6 proton decay: We shall impose the latest (2011) Super-Kamiokande (SK) limit on the proton lifetime
(for the e+π0 channel) [33]:

τ(p → e+π0)SK,2011 > 8.2× 1033 years , (19)

and, whenever appropriate, comment on the changes in the results for a couple of assumed future sensitivity limits,
namely those quoted in [25] that Hyper-Kamiokande (HK) should reach by 2025 and 2040, respectively:

τ(p → e+π0)HK,2025 > 9× 1034 years , (20)
τ(p → e+π0)HK,2040 > 2× 1035 years . (21)

These translate to the following (raw) formula for the compatibility regions in the MG − α−1

G
plane:

�
α−1

G

45

�
102(nG−15) > 11.8, 39.0, 58.1, (22)

where nG ≡ log
10
(MG/GeV) and the three values on the right-hand-side correspond to the three lifetime limits in

Eqs. (19)–(21), respectively. In the relevant figures (cf. FIGs 1-3 and FIGs 6-8), the regions of the parametric space
where the three constraints (22) are fulfilled will be, consecutively, denoted by light-gray, dark-gray and a black color.

One should also check that lowering a specific multiplet into the GUT desert not bring any of the proton-dangerous
coloured scalar triplets too much below some 1014 GeV; although the detailed structure of the scalar d = 6 proton
decay amplitude is typically suppressed by small Yukawa couplings, this is not always the case and a coloured triplet
well below this limit can be dangerous. Since we do not consider the details of the Yukawa sector here, we shall adopt
a conservative limit like the one quoted above. Remarkably enough, this constraint turns out to be rather week and
in a vast majority of the cases where (22) are obeyed the scalar triplets are innocent.

b. d > 6 proton decay: Under the “big desert” hypothesis the d = 6 proton decay operators conserve B − L up
to MW /MG corrections [34, 35]6. However this picture does not need to hold anymore if we consider new structures
at intermediate scales well below MG and d > 6 proton decaying operators (such as those conserving B + L at the
d = 7 level, c.f. [36, 37]) should be inspected. A “canonical” example here is the situation when the (3, 2,+ 1

6
) scalar

approaches the weak scale; the relevant B + L conserving proton decay amplitude7 can then easily clash with the
experimental limits [31].

3. BBN and the lifetime of light coloured BSM multiplets

Light colored thresholds can be also troublesome for the Big Bang Nucleosynthesis (BBN). This has to do with the
requirement that any colored state other than the SM fields must decay with a lifetime shorter than about 1 second, in
order to preserve the classical predictions of the light elements’ abundances [33]. From this perspective, renormalizable
Yukawa couplings of such light scalars to the SM matter fields are welcome as the relevant decay widths are typically
large enough to be safe.

B. Running with extra thresholds in the desert

For the sake of simplicity, in what follows we shall entirely stick to the case with a single extra SM sub-multiplet
of 45H ⊕ 126H in the desert. This not only lowers the number of fine-tunings to the minimum, but also admits for a
systematic classification of the possible threshold effects.

6 In the SO(10) models these operators are usually induced by the scalar triplets transforming as (3, 1,− 1
3 )⊕(3, 1,+ 1

3 ) and the (3, 2,− 5
6 )⊕

(3, 2,+ 5
6 )⊕ (3, 2,+ 1

6 )⊕ (3, 2,− 1
6 ) gauge bosons.

7 In the current SO(10) model the relevant effective operator is traced back to the 1264
H

quartic coupling and the 16F 16F 126∗
H

Yukawa
interaction.

8

2. Proton lifetime limits

a. d = 6 proton decay: We shall impose the latest (2011) Super-Kamiokande (SK) limit on the proton lifetime
(for the e+π0 channel) [33]:

τ(p → e+π0)SK,2011 > 8.2× 1033 years , (19)

and, whenever appropriate, comment on the changes in the results for a couple of assumed future sensitivity limits,
namely those quoted in [25] that Hyper-Kamiokande (HK) should reach by 2025 and 2040, respectively:

τ(p → e+π0)HK,2025 > 9× 1034 years , (20)
τ(p → e+π0)HK,2040 > 2× 1035 years . (21)

These translate to the following (raw) formula for the compatibility regions in the MG − α−1

G
plane:

�
α−1

G

45

�
102(nG−15) > 11.8, 39.0, 58.1, (22)

where nG ≡ log
10
(MG/GeV) and the three values on the right-hand-side correspond to the three lifetime limits in

Eqs. (19)–(21), respectively. In the relevant figures (cf. FIGs 1-3 and FIGs 6-8), the regions of the parametric space
where the three constraints (22) are fulfilled will be, consecutively, denoted by light-gray, dark-gray and a black color.

One should also check that lowering a specific multiplet into the GUT desert not bring any of the proton-dangerous
coloured scalar triplets too much below some 1014 GeV; although the detailed structure of the scalar d = 6 proton
decay amplitude is typically suppressed by small Yukawa couplings, this is not always the case and a coloured triplet
well below this limit can be dangerous. Since we do not consider the details of the Yukawa sector here, we shall adopt
a conservative limit like the one quoted above. Remarkably enough, this constraint turns out to be rather week and
in a vast majority of the cases where (22) are obeyed the scalar triplets are innocent.

b. d > 6 proton decay: Under the “big desert” hypothesis the d = 6 proton decay operators conserve B − L up
to MW /MG corrections [34, 35]6. However this picture does not need to hold anymore if we consider new structures
at intermediate scales well below MG and d > 6 proton decaying operators (such as those conserving B + L at the
d = 7 level, c.f. [36, 37]) should be inspected. A “canonical” example here is the situation when the (3, 2,+ 1

6
) scalar

approaches the weak scale; the relevant B + L conserving proton decay amplitude7 can then easily clash with the
experimental limits [31].

3. BBN and the lifetime of light coloured BSM multiplets

Light colored thresholds can be also troublesome for the Big Bang Nucleosynthesis (BBN). This has to do with the
requirement that any colored state other than the SM fields must decay with a lifetime shorter than about 1 second, in
order to preserve the classical predictions of the light elements’ abundances [33]. From this perspective, renormalizable
Yukawa couplings of such light scalars to the SM matter fields are welcome as the relevant decay widths are typically
large enough to be safe.

B. Running with extra thresholds in the desert

For the sake of simplicity, in what follows we shall entirely stick to the case with a single extra SM sub-multiplet
of 45H ⊕ 126H in the desert. This not only lowers the number of fine-tunings to the minimum, but also admits for a
systematic classification of the possible threshold effects.

6 In the SO(10) models these operators are usually induced by the scalar triplets transforming as (3, 1,− 1
3 )⊕(3, 1,+ 1

3 ) and the (3, 2,− 5
6 )⊕

(3, 2,+ 5
6 )⊕ (3, 2,+ 1

6 )⊕ (3, 2,− 1
6 ) gauge bosons.

7 In the current SO(10) model the relevant effective operator is traced back to the 1264
H

quartic coupling and the 16F 16F 126∗
H

Yukawa
interaction.

8

2. Proton lifetime limits

a. d = 6 proton decay: We shall impose the latest (2011) Super-Kamiokande (SK) limit on the proton lifetime
(for the e+π0 channel) [33]:

τ(p → e+π0)SK,2011 > 8.2× 1033 years , (19)

and, whenever appropriate, comment on the changes in the results for a couple of assumed future sensitivity limits,
namely those quoted in [25] that Hyper-Kamiokande (HK) should reach by 2025 and 2040, respectively:

τ(p → e+π0)HK,2025 > 9× 1034 years , (20)
τ(p → e+π0)HK,2040 > 2× 1035 years . (21)

These translate to the following (raw) formula for the compatibility regions in the MG − α−1

G
plane:

�
α−1

G

45

�
102(nG−15) > 11.8, 39.0, 58.1, (22)

where nG ≡ log
10
(MG/GeV) and the three values on the right-hand-side correspond to the three lifetime limits in
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well below this limit can be dangerous. Since we do not consider the details of the Yukawa sector here, we shall adopt
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d = 7 level, c.f. [36, 37]) should be inspected. A “canonical” example here is the situation when the (3, 2,+ 1

6
) scalar

approaches the weak scale; the relevant B + L conserving proton decay amplitude7 can then easily clash with the
experimental limits [31].

3. BBN and the lifetime of light coloured BSM multiplets

Light colored thresholds can be also troublesome for the Big Bang Nucleosynthesis (BBN). This has to do with the
requirement that any colored state other than the SM fields must decay with a lifetime shorter than about 1 second, in
order to preserve the classical predictions of the light elements’ abundances [33]. From this perspective, renormalizable
Yukawa couplings of such light scalars to the SM matter fields are welcome as the relevant decay widths are typically
large enough to be safe.

B. Running with extra thresholds in the desert

For the sake of simplicity, in what follows we shall entirely stick to the case with a single extra SM sub-multiplet
of 45H ⊕ 126H in the desert. This not only lowers the number of fine-tunings to the minimum, but also admits for a
systematic classification of the possible threshold effects.

6 In the SO(10) models these operators are usually induced by the scalar triplets transforming as (3, 1,− 1
3 )⊕(3, 1,+ 1

3 ) and the (3, 2,− 5
6 )⊕

(3, 2,+ 5
6 )⊕ (3, 2,+ 1

6 )⊕ (3, 2,− 1
6 ) gauge bosons.

7 In the current SO(10) model the relevant effective operator is traced back to the 1264
H

quartic coupling and the 16F 16F 126∗
H

Yukawa
interaction.
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FIG. 6. M(8, 2,+ 1
2 ) − |ωR| 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. |ωBL| − |ωR| correlation in the case of a light (8, 2,+ 1
2 ) multiplet in the desert. Various levels of gray correspond to

domains accessible for different GUT-scale limits, cf. Section IIIA 2. In the whole allowed region |ωBL| � ωR 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 f
126

16F 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 effective Yukawa matrices across different 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 effective
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 contribution
13
. However, as

interesting as these results are, they are still not entirely decisive as there are various sources of uncertainties
14

that

13 This feature is closely related to the need to avoid the b-τ 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
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FIG. 1. M(6, 3,+ 1
3 )−ωBL correlation in the case of a light (6, 3,+ 1

3 ) multiplet in the desert. Various levels of gray correspond
to domains accessible for different GUT-scale limits, cf. Section IIIA 2. M(6, 3,+ 1

3 ) can vary only over a couple of orders of
magnitude (for the current SK limit) and the range is likely to shrink considerably in future.

FIG. 2. |ωR| − ωBL correlation in the case of a light (6, 3,+ 1
3 ) multiplet in the desert. The color code is the same as before,

cf. Section IIIA 2. In all of the allowed region |ωR| � ωBL so this setting prefers an intermediate 3c2L2R1BL stage.

However, one should be more careful here because these results can be biased by the stability of the numerical

approach we are using, cf. Section III B 2. Namely, the system of equations implementing the unification constraints

can be efficiently solved for the position of (6, 3,+ 1
3 ) and for the overall shift of the spectrum if and only if (6, 3,+ 1

3 ) is

considerably lighter than the next-to-lightest threshold at play (typically a gauge boson associated to the 2R1BL → 1Y

breaking); otherwise it becomes highly non-linear and, hence, difficult to handle. However, as one can see in FIG. 4,

for the estimate of the upper limit on σ this issue is less important because some of the couplings (namely, β4 and β�
4)

turn non-perturbative yet before this issue really occurs. Moreover, the shape of the new upper limit on the B − L
scale is such that one is likely to miss solutions in the lower-B−L regime which is not of the utmost importance here.

c. A specific example with a light (6, 3,+ 1
3 ): The “effective” SM gauge coupling evolution with a light (6, 3,+ 1

3 )

is exemplified in FIG. 5 where the values of the input parameters as specified in the left row of TABLE III have been

used and τ is calculated so that the desired M(6, 3,+ 1
3 ) = 5.57×10

11
GeV is obtained. Note that the small |γ2| region

turns out to be preferred for larger values of |σ| and that we have chosen a solution with relatively small |λ4| and
λ�
4 just to optically improve the expected “clustering” of the (3, 2,+ 7

6 ) and (3, 2,+ 1
6 ) multiplets at around 10

15
GeV

(cf. FIG. 5) due to their common origin within (3, 2, 2,+ 2
3 ) of 3c2L2R1BL. A more detailed information about the

relevant bosonic spectrum underlying the gauge unification in this setting is given in TABLE V of Appendix D.

2. Consistent setting 2: light (8, 2,+ 1
2 )

a. Stable vacua with a light (8, 2,+ 1
2 ): Turning our attention to the remaining option of a light (8, 2,+ 1

2 ) in

the desert it is possible to show that (for all dimensionless couplings smaller than 1 in absolute value) there are

always tachyons in the scalar spectrum outside the following domain: |ωBL| < |ωR|, β�
4 < 0, a0 > −0.05, |γ2| < 0.6,

|γ2| < −0.8β�
4. Moreover, only one of the eigenstates of the mass matrix (B11) can be consistently lowered.

b. One-loop unification with a light (8, 2,+ 1
2 ): Sample regions of the parametric space that support a consistent

scalar spectrum and, at the same time, provide a viable gauge coupling unification, are depicted in FIGs. 6, 7 and 8.
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2. Proton lifetime limits

a. d = 6 proton decay: We shall impose the latest (2011) Super-Kamiokande (SK) limit on the proton lifetime
(for the e+π0 channel) [33]:

τ(p → e+π0)SK,2011 > 8.2× 1033 years , (19)

and, whenever appropriate, comment on the changes in the results for a couple of assumed future sensitivity limits,
namely those quoted in [25] that Hyper-Kamiokande (HK) should reach by 2025 and 2040, respectively:

τ(p → e+π0)HK,2025 > 9× 1034 years , (20)
τ(p → e+π0)HK,2040 > 2× 1035 years . (21)

These translate to the following (raw) formula for the compatibility regions in the MG − α−1

G
plane:

�
α−1

G

45

�
102(nG−15) > 11.8, 39.0, 58.1, (22)

where nG ≡ log
10
(MG/GeV) and the three values on the right-hand-side correspond to the three lifetime limits in

Eqs. (19)–(21), respectively. In the relevant figures (cf. FIGs 1-3 and FIGs 6-8), the regions of the parametric space
where the three constraints (22) are fulfilled will be, consecutively, denoted by light-gray, dark-gray and a black color.

One should also check that lowering a specific multiplet into the GUT desert not bring any of the proton-dangerous
coloured scalar triplets too much below some 1014 GeV; although the detailed structure of the scalar d = 6 proton
decay amplitude is typically suppressed by small Yukawa couplings, this is not always the case and a coloured triplet
well below this limit can be dangerous. Since we do not consider the details of the Yukawa sector here, we shall adopt
a conservative limit like the one quoted above. Remarkably enough, this constraint turns out to be rather week and
in a vast majority of the cases where (22) are obeyed the scalar triplets are innocent.

b. d > 6 proton decay: Under the “big desert” hypothesis the d = 6 proton decay operators conserve B − L up
to MW /MG corrections [34, 35]6. However this picture does not need to hold anymore if we consider new structures
at intermediate scales well below MG and d > 6 proton decaying operators (such as those conserving B + L at the
d = 7 level, c.f. [36, 37]) should be inspected. A “canonical” example here is the situation when the (3, 2,+ 1

6
) scalar

approaches the weak scale; the relevant B + L conserving proton decay amplitude7 can then easily clash with the
experimental limits [31].

3. BBN and the lifetime of light coloured BSM multiplets

Light colored thresholds can be also troublesome for the Big Bang Nucleosynthesis (BBN). This has to do with the
requirement that any colored state other than the SM fields must decay with a lifetime shorter than about 1 second, in
order to preserve the classical predictions of the light elements’ abundances [33]. From this perspective, renormalizable
Yukawa couplings of such light scalars to the SM matter fields are welcome as the relevant decay widths are typically
large enough to be safe.

B. Running with extra thresholds in the desert

For the sake of simplicity, in what follows we shall entirely stick to the case with a single extra SM sub-multiplet
of 45H ⊕ 126H in the desert. This not only lowers the number of fine-tunings to the minimum, but also admits for a
systematic classification of the possible threshold effects.

6 In the SO(10) models these operators are usually induced by the scalar triplets transforming as (3, 1,− 1
3 )⊕(3, 1,+ 1

3 ) and the (3, 2,− 5
6 )⊕

(3, 2,+ 5
6 )⊕ (3, 2,+ 1

6 )⊕ (3, 2,− 1
6 ) gauge bosons.

7 In the current SO(10) model the relevant effective operator is traced back to the 1264
H

quartic coupling and the 16F 16F 126∗
H

Yukawa
interaction.
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FIG. 6. M(8, 2,+ 1
2 ) − |ωR| 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. |ωBL| − |ωR| correlation in the case of a light (8, 2,+ 1
2 ) multiplet in the desert. Various levels of gray correspond to

domains accessible for different GUT-scale limits, cf. Section IIIA 2. In the whole allowed region |ωBL| � ωR 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 f
126

16F 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 effective Yukawa matrices across different 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 effective
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 contribution
13
. However, as

interesting as these results are, they are still not entirely decisive as there are various sources of uncertainties
14

that

13 This feature is closely related to the need to avoid the b-τ 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
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Conclusions / outlook

Minimal SO(10) GUT:

Either 

we should see a scalar color octet @ LHC

or

we should see proton decay @ Hyper-Kamiokande
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Sample 2-loop running
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Sample 2-loop running

Note the “triangle of death”
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* intermediate scales mandatory for unification; better for seesaw

Seesaw in non-SUSY SO(10)
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and the most common choice is a 10H dimensional multiplet with the Yukawa interaction

schematically

LY = 16F Y1010H16F . (1)

As is well known, righthanded neutrino masses, being SU(5) singlets, can only arise from

a five index antisymmetric 126 representation, missing in this approach. In the language of

the SU(2)L×SU(2)R×SU(4)C Pati-Salam symmetry (hereafter denoted as PS) one needs a

nonzero vev in the (1, 3, 10) direction. Thus it must be generated radiatively and it can only

appear at the two loop level shown in Fig. 1.

16F 16F 16F 16F

10H 45V 45V

〈16H〉

16H

〈16H〉

FIG. 1: A contribution to the radiatively generated fermion mass.

One obtains [2]

MνR
≈

(α

π

)2

Y10
M2

R

MGUT

. (2)

Notice that we write M2
R/MGUT instead of MGUT in [2] in order to be as general as

possible. Of course this was a nonsupersymmetric theory. Today we know that this must

fail as mentioned in the introduction. The failure of gauge coupling unification in the

standard model forces the SU(2)R breaking scale MR responsible for righthanded neutrino

mass to lie much below MGUT : MR ≈ 1013 GeV. This in turn leads to too small righthanded

2

I. INTRODUCTION

It has been shown recently [1, 2] that quantum effects solve the long-standing issue [3] of the incompatibility between
the dynamics of a set of Higgs sectors in the renormalizable non-supersymmetric SO(10) grand unified theory (GUT)
and the gauge unification constraints. In particular, such a minimal grand unified scenarios not only support viable
SO(10) breaking patterns passing through intermediate 421 or 3221 gauge symmetries (or their 3211 intersection),
but it also exhibits all the needed ingredients for a potentially realistic description of the Standard Model (SM) flavor
structure.

On the other hand, the simplest scenario featuring the Higgs scalars in 10H ⊕ 16H ⊕ 45H of SO(10) fails when
addressing the neutrino spectrum: in nonsupersymmetric models, the B − L breaking scale MB−L turns out to be
generally smaller than the GUT scale MG, by a few orders of magnitude. Thus, the scale of the right-handed (RH)
neutrino masses MN ∼ M2

B−L
/MP emerging first at the d = 5 level from an operator of the form 162

F
(16∗

H
)2/MP

(with MP typically identified with the Planck scale) undershoots by orders of magnitude the range of about 1012 to
1014 GeV naturally suggested by the seesaw implementation.

MN ∼
�α
π

�
Y10

M2
B−L

MG

∼
M2

B−L

MP

� MB−L ⊂ 162
F
(16∗

H
)2/MP (1)

MN ∼
�α
π

�
Y10

M2
B−L

MG

(2)

MN ∼ YP

M2
B−L

MP

(3)

10H 16H 45H 45V (4)

Y10
√
α (5)

This issue can be somewhat alleviated by considering 126H in place of 16H in the Higgs sector, since in such a case
the neutrino masses can be generated at the renormalizable level by the term 162

F
126∗

H
. This lifts the problematic

MB−L/MP suppression factor inherent to the d = 5 effective mass and yields MN ∼ MB−L, what might be, at least
in principle, acceptable. This scenario, though viable in principle, c.f. [2], involves a challenging one-loop analysis of
the scalar potential governing the dynamics of the 10H ⊕ 126H ⊕ 45H Higgs sector that, to our knowledge, remains
to be done.

Invoking TeV-scale supersymmetry (SUSY), the qualitative picture changes dramatically. Indeed, the gauge running
within the MSSM prefers MB−L in the proximity of MG and, hence, the Planck-suppressed d = 5 RH neutrino mass
operator, obtained with a 10H ⊕ 16H ⊕ 16H ⊕ 45H Higgs sector, can naturally reproduce the desired range for MN .
Let us recall that the extra 16H is mandatory in this context in order to retain SUSY as a good symmetry below the
GUT scale.

On the other hand, it is well known [4–6] that the relevant superpotential does not support, at the renormalizable
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Foreword

α (1)

τp � 1033 yr (2)

MU � 1015 GeV (3)

U(1)Q ⊃ G TrQ = 0 (4)

Φ < 10−18÷29 cm−2 sr−1 sec−1 (5)

mν = 0 (6)

mν = Yν
v2

ΛB−L
(7)

�
∆matm ∼ 0.05 eV (8)

ΛB−L � Yν O(1014÷15 GeV) (9)

SU(5) : 3× (5F ⊕ 10F ) (10)

SO(10) : 3× 16F (11)
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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
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