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Motivation

Lorenzo Calibbi (Nankai)GUT, neutrino masses & LFV

Grand Unification very appealing paradigm (fermions unified in simple 
GUT irreps, charge quantisation, anomaly cancellation, p decay…)

SM gauge couplings show a tendency to unification but do not quite unify:

gauge coupling unification requires new fields at 
intermediate scales (often close to the EW scale)



Motivation

Lorenzo Calibbi (Nankai)GUT, neutrino masses & LFV

This is the case of (and still one of the strongest motivations for) the MSSM

• What about more minimal solutions (giving up on naturalness)? 

• Can the fields triggering unification be the same fields related to open 
problems of the SM that require intermediate-scale new physics?  

• Yes! And the most obvious example is neutrino masses: many refs 
starting from Dorsner Perez ‘05, Bajc Senjanovic ‘06 (“Seesaw at LHC”)

https://arxiv.org/abs/hep-ph/0504276
https://arxiv.org/abs/hep-ph/0612029


Minimal SU(5)

Lorenzo Calibbi (Nankai)GUT, neutrino masses & LFV

In the minimal Georgi-Glashow SU(5) model one only introduces the irreps:

In this paper, we focus on what is perhaps the simplest possibility, type II seesaw [6–9], that
is, we are going to introduce a single scalar SU(2)L triplet and its SU(5) partners contained
in the 15 representation. Requiring a successful gauge coupling unification and enforcing the
proton decay bound set non-trivial constraints on the masses of these new particles, leading to
interesting and potentially testable phenomenological consequences. This has been extensively
studied in the literature [10–16], with a particular focus on the possibility that some states
are light enough to be within the reach of high-energy colliders, such as the Large Hadron
Collider (LHC).2

In the following, we revisit several variations of the SU(5) embedding of type II seesaw
(distinguished by the way employed to fix the “wrong” fermion mass relations predicted by the
minimal Georgi-Glashow SU(5) model [1], see Section 2) and extend the existing literature in
multiple directions. We first perform a Bayesian fit to the gauge coupling unification requirement
and the proton lifetime constraint, in order to obtain reliable quantitative information about the
viable spectrum of the theory (Section 3) and compare it with direct searches for new physics
at the LHC. In Section 4, we move to what is the main focus of the paper: the study of charged
lepton-flavour-violating (LFV) decays that are induced by the fields contained in the 15, which
are unavoidable since the couplings of these fields to the SM fermions need to account for the
observed neutrino masses and mixing and must thus be flavour-changing (and are to large extent
known). Searches for LFV decays are among the most sensitive probes of new physics coupling
to SM leptons. In particular, the ongoing experimental programme is capable to reach scales
exceeding 107 � 108 GeV [24]. We are going to study the potential of future experiments of
testing type II seesaw GUT models and highlight how the interplay of different LFV observables
can provide information on the masses of the new particles, as well as complementary constraints
on the neutrino parameters that have not been measured yet.

2 Minimal models of Grand Unification with type II seesaw

We start from the minimal non-supersymmetric SU(5) Georgi-Glashow model [1], with the SM
fermions organised within the first two lowest-dimension SU(5) representations (5 and 10):

 5 = (DR)
c (3̄,1, 1/3)� LL (1,2,�1/2) , (1)

 10 = QL (3,1, 1/6)� (UR)
c (3̄,1,�2/3)� (ER)

c (1,1, 1) , (2)

where the SU(3)c ⇥ SU(2)L ⇥ U(1)Y quantum numbers are shown in parenthesis.
The scalar sector consists of the real field �24 in a 24-dimensional representation and the 5-

dimensional �5 (the latter one containing the SM Higgs doublet), whose vevs cause the two-step
spontaneous breaking SU(5)

v24
��! SU(3)c ⇥ SU(2)L ⇥ U(1)Y

v5
�! SU(3)c ⇥ U(1)em. The SM

gauge bosons are also contained in an adjoint representation of SU(5), together with new ones
(the vector leptoquarks (3,2, 5/6) and (3̄,2,�5/6), typically denoted as Xµ, Y µ) that convert
quarks into leptons, thus inducing proton decay. The mass of these latter fields is proportional to
the GUT-breaking vev v24 and, in the following, we are going to identify it with the unification
scale Mgut where the three gauge couplings meet (and employ such an assumption to assess the
impact of the extra gauge bosons on the proton lifetime, see Section 3). In other words, we are
assuming that Xµ and Y µ do not contribute to the running of the gauge couplings below the
unification scale. Similarly, we are also assuming that the mass of the colour triplet in �5 is
at the GUT scale or above. In fact, this field does not only give rise to additional, potentially
dangerous, contributions to proton decay (that typically bound its mass to be & 1011 GeV) but
also tends to spoil the successful unification of the gauge couplings [10].

2For analogous studies within the context of type III seesaw, see [17–22], while a general discussion on gauge
coupling unification due to intermediate-scale scalar fields can be found in Ref. [23].
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SM fermions:

SU(5) SM Higgs (EWSB)

(1) Field content does not actually achieve gauge coupling unification 

(2) Predicts “wrong” relations among lepton and down-quark masses: 

(3) Neutrino are massless just like in the Standard Model

Three major problems of the model:

On the other hand, we will allow (some of) the states belonging to the SU(5)-breaking Higgs
field �24 to have masses lighter than Mgut, so to trigger gauge coupling unification. Notice,
however, that this can not be the case of the scalar states (3,2, 5/6) and (3̄,2,�5/6) that are just
the would-be Goldstone bosons from SU(5) breaking and provide the longitudinal components
of the GUT gauge bosons Xµ, Y µ.

Within the minimal SU(5) model, such as in the Standard Model, neutrinos are massless,
which conflicts with the observation of neutrino oscillations. As anticipated in the introduction,
we assume that neutrino masses arise from the seesaw mechanism of type II, which requires
the introduction of a scalar triplet � with lepton-number-breaking interactions [6–9].3 The
simplest representation of SU(5) where this field can fit in is the 15 whose SM decomposition
also contains a scalar leptoquark that, as customary, we denote as fR2 (see e.g. the review in
Ref. [27]) and a scalar colour sextet S [10]:

�15 = � (1,3, 1)� fR2 (3,2, 1/6)� S (6,1,�2/3) . (3)

The SU(5) Lagrangian of the Yukawa sector thus reads:

�LYukawa = Yu✏ijklm 
ij
10( 

kl
10)

c�m⇤
5 + Yd`�

i
5 

ij
10( 

j
5)

c + Y15 i
5�

ij⇤
15 ( 

j
5)

c + h.c. , (4)

where i, j, k, l,m = 1� 5 are SU(5) indices, ✏ijklm is a rank-5 totally antisymmetric tensor, Yu,
Yd`, and Y15 are 3 ⇥ 3 matrices of Yukawa couplings, whose flavour indices are not explicitly
shown. The Y15 terms give mass to neutrinos via type II seesaw in the usual way, see the
discussion in Section 4.

As is well known, the second term in Eq. (4) predicts the following GUT-scale relations
among lepton and down-type quark masses:

md = me , ms = mµ , mb = m⌧ , [minimal SU(5)] (5)

which are notoriously at odds with the experimental measurements, even taking into account the
renormalisation group running down to the electroweak scale [28, 29]. Several ways to correct
these relations have been proposed in the literature. In the following, we will review three
popular choices and employ them to identify the possible minimal sets of fields that can provide
phenomenologically viable fermion masses (including neutrino ones).

Model 1: non-renormalisable operators. The simplest way to fix the quark-lepton mass
relations shown in Eq. (5) is to add the following non-renormalisable operators [10, 13, 30]:

�LYukawa �
Y 0
u

⇤
✏ijklm 

ij
10( 

kl
10)

c�mn
24 �

n⇤
5 +

Y 00
u

⇤
✏ijklm 

ij
10( 

kn
10)

c�mn
24 �

l⇤
5

+
Y 0
d`

⇤
�i5 

ij
10�

jk
24( 

k
5)

c +
Y 00
d`

⇤
�i5�

ij
24 

jk
10( 

k
5)

c + h.c. ,
(6)

where ⇤ � Mgut, implying some new degrees of freedom beyond minimal SU(5) (e.g. at the
Planck scale). From Eqs. (4, 6), one obtains the following Yukawa terms after SU(5) breaking:

�LMass � 4QL(Yu + Y T
u ) eHUR +QLYd`HDR + LLY

T
d`HER

�
6v24
⇤

QL(Y
0
u + Y 0T

u ) eHUR +
v24
⇤

QLY
0
d`HDR �

3v24
2⇤

LLY
0T
d` HER

�
v24
⇤

QL(Y
00
u � Y 00T

u ) eHUR �
3v24
2⇤

QLY
00
d`HDR �

3v24
2⇤

LLY
00T
d` HER + h.c. ,

(7)

3Interestingly, type II seesaw can also successfully address leptogenesis and inflation [25, 26].
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(at the GUT scale)

https://doi.org/10.1103/PhysRevLett.32.438


Neutrino masses

Can the 3 shortcomings of minimal SU(5) be fixed simultaneously? 
Let’s start adding neutrino mass terms:

• Dirac:
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couplings, in perfect analogy to what occurs to the other fermions:

LD = −(Yν)ij νR i Φ̃† LL j + h.c. =⇒ (mD
ν )ij =

v√
2
(Yν)ij .(15)

In such a case, the smallness of neutrino masses can be accounted for only by assuming
tiny values for the entries of Yν , the largest of which should be ! 10−12(6). As a
consequence, the second option is perhaps more appealing, namely introducing non-
renomalisabe operators giving rise to Majorana masses for the LH neutrinos alone:

LM = −1
2

mM
ν νc

LνL + h.c.(16)

Terms of this kind violate the total lepton number L and can be already generated by
the only dimension-5 operators compatible with the SM symmetries that one can write
as [92]

L ⊃ Cij

Λ
(
Lc

L i τ2Φ
) (

ΦT τ2LL j

)
+ h.c. =⇒ (mM

ν )ij =
Cijv2

Λ
,(17)

where Λ corresponds to the mass scale of extra degrees of freedom —associated to the
breaking of L— that have been integrated out. The fact that (mM

ν )ij % v is then
naturally explained if Λ & v.

In either way neutrino masses are accounted for, lepton flavour violation in the charged
current interactions of eq. (7) becomes physical and controlled by the matrix UPMNS ≡
(V †

e Vν), which is usually called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [93,
94]. Also notice that UPMNS is the matrix that diagonalises the neutrino mass matrix in
the basis of diagonal charged lepton masses, thus connecting neutrino flavour and mass
eigenstates

να =
∑

k=1,3

Uαk νk, α = e, µ, τ.(18)

As is well known, besides inducing neutrino oscillations, UPMNS can in principle give
rise to CLFV as well. This can only occur through loop diagrams involving neutrinos
and W bosons. For example, a diagram contributing to the µ → eγ decay is shown in
fig. 3. A detailed description of the calculation of the resulting %i → %jγ rate —originally
published in [95]— can be be found in [96]. In the following we review some important
features of it, specialising in µ → eγ, being τ → eγ and τ → µγ completely analogous.

In general, the transition is described by an effective muon-electron-photon interaction
that we denote Vα, where α is a Lorentz index. The decay amplitude is then given by

M(µ → eγ) = i ūe(p − q)Vαuµ(p)ε∗α(q),(19)

where p and q are the four-momenta of the muon and the photon respectively, ue and uµ

are the Dirac spinors for the electron and the muon, and ελ the polarisation vector of the

(6) Moreover, since νR are complete singlets under the SM gauge symmetries, nothing forbids
Majorana mass terms of the kind νc

RνR, which would change the picture as we will see below.
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- At least 2 RH (i.e. sterile) neutrinos are introduced 
- Lepton number (L) is conserved  
- L-conservation actually needs to be enforced to prevent  
- Requires                 (107 times smaller than the electron Yukawa) 
- SM singlets: gauge coupling unification not affected
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rise to CLFV as well. This can only occur through loop diagrams involving neutrinos
and W bosons. For example, a diagram contributing to the µ → eγ decay is shown in
fig. 3. A detailed description of the calculation of the resulting %i → %jγ rate —originally
published in [95]— can be be found in [96]. In the following we review some important
features of it, specialising in µ → eγ, being τ → eγ and τ → µγ completely analogous.

In general, the transition is described by an effective muon-electron-photon interaction
that we denote Vα, where α is a Lorentz index. The decay amplitude is then given by

M(µ → eγ) = i ūe(p − q)Vαuµ(p)ε∗α(q),(19)

where p and q are the four-momenta of the muon and the photon respectively, ue and uµ

are the Dirac spinors for the electron and the muon, and ελ the polarisation vector of the

(6) Moreover, since νR are complete singlets under the SM gauge symmetries, nothing forbids
Majorana mass terms of the kind νc

RνR, which would change the picture as we will see below.

• Majorana:

- Effective dimension-5 operator (only one of that order in the SMEFT) 
-                  Lepton Number Violation 
- Naturally explain smallness of neutrino masses (if          ) 
- Requires an UV completion at    (that is, indicates a new physics scale) 
  that might potentially aid gauge coupling unification

Weinberg '79
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Seesaw Mechanism(s)

Three ways of generating the Weinberg operator at the tree level:

Type I
Heavy fermionic singlets 

(RH neutrinos)
Heavy scalar triplet Heavy fermionic 

triplets

Type II Type III

Minkowski, Gell-Mann, 
Ramond, Slansky, Yanagida, 

Glashow, Mohapatra, 
Senjanovic, …

Magg, Wetterich, Lazarides, 
Shafi, Mohapatra, Senjanovic, 

Schecter, Valle, …

Foot, Lew, He, Joshi, Ma, Roy, 
Hambye et al., Bajc et al., 
Dorsner, Fileviez-Perez, ...
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N
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Seesaw Mechanism(s)

We choose the most predictive (for spectrum & LFV) option:

L-breaking term
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Heavy fermionic singlets 

(RH neutrinos)
Heavy scalar triplet Heavy fermionic 

triplets

Type II Type III
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Scalar SU(2) triplet 
(hyperchargeY=1)

The couplings to leptons of these fields follow from the third term in Eq. (4):

� LYukawa � Y ↵�
15  5 ↵�

⇤
15 

c
5� + h.c. ! Y ↵�

� LL ↵�i�2L
c
L� + Y ↵�

LQ DR ↵
fR2LL� + h.c. , (26)

where ↵ and � are flavour indices and we work in the basis where the charged-lepton and down-
quark mass matrices are flavour diagonal. The conventions we adopt for the decomposition of
the SU(2)L representations are

� =

✓
��/

p
2 �0

���
���/

p
2

◆
, fR2

T
=

✓
fR2

2/3
, fR2

�1/3
◆

. (27)

At the GUT scale the triplet and leptoquark Yukawa matrices in Eq. (26) match to Y15 as

Y� = YLQ/
p
2 = Y15 , [GUT scale] . (28)

At lower scales, they are renormalised according to the RGEs reported in Appendix C, resulting
in the TeV-scale relation

YLQ ⇡ 2.1Y� , [TeV scale] . (29)
What makes this framework predictive is that the flavour structure of both matrices is related to
the observed neutrino masses and mixing. Neutrino mass terms arise from the explicit breaking
of the lepton number that is a consequence of the couplings of the triplet to leptons in Eq. (26)
in combination with the following scalar potential term:

� L � µ�5�
⇤
15�5 + h.c. ! µ�HT i�2�H + h.c. . (30)

The resulting Majorana neutrino mass matrix reads

m⌫ =
p
2Y�v� = Y�

µ� v2

M2
�

, (31)

where v� is the vev the triplet acquires upon electroweak symmetry breaking, that is, h�0
i =

v�/
p
2, and v = v5.9 Eq. (31) shows that the flavour structure of the matrix Y� — and conse-

quently of YLQ too— is the same as that of the neutrino mass matrix. In other words, in the
charged-lepton mass basis, Y� unavoidably features off-diagonal LFV entries dictated by the
(large) mixing angles of the PMNS matrix, following from

mdiag
⌫ = UT

pmns m⌫ Upmns , (32)

where mdiag
⌫ is the diagonal matrix of the neutrino mass eigenvalues (m1,m2,m3) and Upmns is

the PMNS mixing matrix (cf. Appendix D for details). Notice however that the absolute size
of the couplings in Y� and YLQ is not uniquely determined (even for a given M�) because of
the dependence of m⌫ on the lepton-breaking dimensionful parameter µ�. In particular, for a
small enough µ�, the observed values of the neutrino masses can be reproduced even with a
light triplet and ⇠ O(1) couplings in Y� — which greatly enhances the LFV effects, as we will
show below. On the other hand, the Yukawa couplings could still be extremely small if µ� is
sizeable.10 Ratios of rates of different LFV processes overcome this source of uncertainty and,
as discussed below, can provide further constraints on the spectrum of the model, in particular
on the ratio MLQ/M�. This opportunity, in combination with the unification requirements on
the particle masses and the fact that, following from Eq. (26), the leptoquark couplings YLQ are
flavour symmetric and linked to the neutrino mass matrix, makes the LFV phenomenology of
SU(5) type-II seesaw models much more predictive than the generic setups previously studied,
e.g. in the model-independent analyses of Refs. [4, 27].

9This is equal to vEW ⇡ 246 GeV for models without a second Higgs doublet. On the contrary, if H2 ⇢ �45

exists, one has v5 = vEW cos� with tan� ⌘ v45/v5 being a free parameter. If this is the case, the bounds on the
couplings discussed below have to be rescaled by an O(1) factor, while the rest of the phenomenological discussion
does not change.

10One can obtain the loose lower bound |Y
↵�
� | & 10�12 from the electroweak-fit constraint on �⇢, which

requires v� . 1 GeV (see e.g. [61]) in Eq. (31).
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(large) mixing angles of the PMNS matrix, following from
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where mdiag
⌫ is the diagonal matrix of the neutrino mass eigenvalues (m1,m2,m3) and Upmns is

the PMNS mixing matrix (cf. Appendix D for details). Notice however that the absolute size
of the couplings in Y� and YLQ is not uniquely determined (even for a given M�) because of
the dependence of m⌫ on the lepton-breaking dimensionful parameter µ�. In particular, for a
small enough µ�, the observed values of the neutrino masses can be reproduced even with a
light triplet and ⇠ O(1) couplings in Y� — which greatly enhances the LFV effects, as we will
show below. On the other hand, the Yukawa couplings could still be extremely small if µ� is
sizeable.10 Ratios of rates of different LFV processes overcome this source of uncertainty and,
as discussed below, can provide further constraints on the spectrum of the model, in particular
on the ratio MLQ/M�. This opportunity, in combination with the unification requirements on
the particle masses and the fact that, following from Eq. (26), the leptoquark couplings YLQ are
flavour symmetric and linked to the neutrino mass matrix, makes the LFV phenomenology of
SU(5) type-II seesaw models much more predictive than the generic setups previously studied,
e.g. in the model-independent analyses of Refs. [4, 27].

9This is equal to vEW ⇡ 246 GeV for models without a second Higgs doublet. On the contrary, if H2 ⇢ �45

exists, one has v5 = vEW cos� with tan� ⌘ v45/v5 being a free parameter. If this is the case, the bounds on the
couplings discussed below have to be rescaled by an O(1) factor, while the rest of the phenomenological discussion
does not change.
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Type II seesaw in SU(5) with realistic fermion masses

Lorenzo Calibbi (Nankai)GUT, neutrino masses & LFV

Type II seesaw can address problems (1) and (3) of minimal SU(5) 
Only one additional scalar representation is needed:

On the other hand, we will allow (some of) the states belonging to the SU(5)-breaking Higgs
field �24 to have masses lighter than Mgut, so to trigger gauge coupling unification. Notice,
however, that this can not be the case of the scalar states (3,2, 5/6) and (3̄,2,�5/6) that are just
the would-be Goldstone bosons from SU(5) breaking and provide the longitudinal components
of the GUT gauge bosons Xµ, Y µ.

Within the minimal SU(5) model, such as in the Standard Model, neutrinos are massless,
which conflicts with the observation of neutrino oscillations. As anticipated in the introduction,
we assume that neutrino masses arise from the seesaw mechanism of type II, which requires
the introduction of a scalar triplet � with lepton-number-breaking interactions [6–9].3 The
simplest representation of SU(5) where this field can fit in is the 15 whose SM decomposition
also contains a scalar leptoquark that, as customary, we denote as fR2 (see e.g. the review in
Ref. [27]) and a scalar colour sextet S [10]:

�15 = � (1,3, 1)� fR2 (3,2, 1/6)� S (6,1,�2/3) . (3)

The SU(5) Lagrangian of the Yukawa sector thus reads:

�LYukawa = Yu✏ijklm 
ij
10( 

kl
10)

c�m⇤
5 + Yd`�

i
5 

ij
10( 

j
5)

c + Y15 i
5�

ij⇤
15 ( 

j
5)

c + h.c. , (4)

where i, j, k, l,m = 1� 5 are SU(5) indices, ✏ijklm is a rank-5 totally antisymmetric tensor, Yu,
Yd`, and Y15 are 3 ⇥ 3 matrices of Yukawa couplings, whose flavour indices are not explicitly
shown. The Y15 terms give mass to neutrinos via type II seesaw in the usual way, see the
discussion in Section 4.

As is well known, the second term in Eq. (4) predicts the following GUT-scale relations
among lepton and down-type quark masses:

md = me , ms = mµ , mb = m⌧ , [minimal SU(5)] (5)

which are notoriously at odds with the experimental measurements, even taking into account the
renormalisation group running down to the electroweak scale [28, 29]. Several ways to correct
these relations have been proposed in the literature. In the following, we will review three
popular choices and employ them to identify the possible minimal sets of fields that can provide
phenomenologically viable fermion masses (including neutrino ones).

Model 1: non-renormalisable operators. The simplest way to fix the quark-lepton mass
relations shown in Eq. (5) is to add the following non-renormalisable operators [10, 13, 30]:

�LYukawa �
Y 0
u

⇤
✏ijklm 

ij
10( 

kl
10)

c�mn
24 �

n⇤
5 +

Y 00
u

⇤
✏ijklm 

ij
10( 

kn
10)

c�mn
24 �

l⇤
5

+
Y 0
d`

⇤
�i5 

ij
10�

jk
24( 

k
5)

c +
Y 00
d`

⇤
�i5�

ij
24 

jk
10( 

k
5)

c + h.c. ,
(6)

where ⇤ � Mgut, implying some new degrees of freedom beyond minimal SU(5) (e.g. at the
Planck scale). From Eqs. (4, 6), one obtains the following Yukawa terms after SU(5) breaking:

�LMass � 4QL(Yu + Y T
u ) eHUR +QLYd`HDR + LLY

T
d`HER

�
6v24
⇤

QL(Y
0
u + Y 0T

u ) eHUR +
v24
⇤

QLY
0
d`HDR �

3v24
2⇤

LLY
0T
d` HER

�
v24
⇤

QL(Y
00
u � Y 00T

u ) eHUR �
3v24
2⇤

QLY
00
d`HDR �

3v24
2⇤

LLY
00T
d` HER + h.c. ,

(7)

3Interestingly, type II seesaw can also successfully address leptogenesis and inflation [25, 26].
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however, that this can not be the case of the scalar states (3,2, 5/6) and (3̄,2,�5/6) that are just
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we assume that neutrino masses arise from the seesaw mechanism of type II, which requires
the introduction of a scalar triplet � with lepton-number-breaking interactions [6–9].3 The
simplest representation of SU(5) where this field can fit in is the 15 whose SM decomposition
also contains a scalar leptoquark that, as customary, we denote as fR2 (see e.g. the review in
Ref. [27]) and a scalar colour sextet S [10]:
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where i, j, k, l,m = 1� 5 are SU(5) indices, ✏ijklm is a rank-5 totally antisymmetric tensor, Yu,
Yd`, and Y15 are 3 ⇥ 3 matrices of Yukawa couplings, whose flavour indices are not explicitly
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As is well known, the second term in Eq. (4) predicts the following GUT-scale relations
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which are notoriously at odds with the experimental measurements, even taking into account the
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these relations have been proposed in the literature. In the following, we will review three
popular choices and employ them to identify the possible minimal sets of fields that can provide
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where ⇤ � Mgut, implying some new degrees of freedom beyond minimal SU(5) (e.g. at the
Planck scale). From Eqs. (4, 6), one obtains the following Yukawa terms after SU(5) breaking:
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3Interestingly, type II seesaw can also successfully address leptogenesis and inflation [25, 26].
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which give for the fermion mass matrices

Mu = 2
p
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(8)

The presence of the additional contributions / Y 0
d`, Y

00
d` clearly breaks the minimal relations

of Eq. (5), allowing to fit the observed fermion masses by suitably adjusting the entries of the
matrices Yd`, Y 0

d` and Y 00
d`.

In summary, in the case of Model 1, the only states that, if lighter than Mgut, can possibly
trigger gauge-coupling unification are those contained in �15 and �24 [10, 11], which we display
in the first block of Table 1. The conditions required in order to have some of these fields much
lighter than the GUT scale or, in other words, large mass splittings in the scalar sector (which
will necessarily involve fine tunings), are discussed in Appendix A.

Model 2: scalar 45. If one prefers to work within a renormalisable theory, the simplest choice
is to add a 45-dimensional scalar representation [14]:

�45 ='8(8,2, 1/2)� '6(6,1,�1/3)� 'T
3 (3,3,�1/3)�

'D
3 (3,2,�7/6)� 'S

3 (3,1,�1/3)� 'S
3 (3,1, 4/3)�H2(1,2, 1/2) . (9)

The additional terms in the Lagrangian of the Yukawa sector read:
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ij
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k
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c + h.c. .
(10)

Notice that �45 is a rank 3 tensor, satisfying antisymmetric and traceless conditions: �ijk45 =

��jik45 ,
P5

j=1 �
ijj
45 = 0. So we can choose for its vev:

h�5ij45 i = �h�i5j45 i =
1
p
2
v45(4�

i4�j4 � �ij), (i, j = 1� 4) , (11)

with other entries vanishing. The fermion mass terms then result:

�LMass � 4QL(Yu + Y T
u ) eHUR +QLYd`HDR + LLY
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� 8QL(Y
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(12)

and one can get the following fermion mass matrices:

Mu =
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p
2

⇥
4
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u
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u
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0T
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�
.

(13)

Again, it is apparent that the entries Mu,Md,M` are all free parameters, such that the
observed fermion masses and mixing can be easily fitted.4 It is worth noting that at low energies
this is just a two Higgs-doublet model (2HDM) with v45 of the order of the electroweak (EW)
scale, and vEW =

p
v25 + v245 ⇡ 246 GeV.

For this model, the extra fields possibly contributing to the running of the SM gauge couplings
are those in �15, �24, and �45, see Table 1. Details about masses and vevs of these scalar states
can be found in Appendix A.

4For a different approach, with the same field content as Model 2 (including the 45) but employing non-
renormalisable instead of renormalisable operators to correct Eq. (5), see Ref. [16].
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also contains a scalar leptoquark that, as customary, we denote as fR2 (see e.g. the review in
Ref. [27]) and a scalar colour sextet S [10]:

�15 = � (1,3, 1)� fR2 (3,2, 1/6)� S (6,1,�2/3) . (3)

The SU(5) Lagrangian of the Yukawa sector thus reads:
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where i, j, k, l,m = 1� 5 are SU(5) indices, ✏ijklm is a rank-5 totally antisymmetric tensor, Yu,
Yd`, and Y15 are 3 ⇥ 3 matrices of Yukawa couplings, whose flavour indices are not explicitly
shown. The Y15 terms give mass to neutrinos via type II seesaw in the usual way, see the
discussion in Section 4.

As is well known, the second term in Eq. (4) predicts the following GUT-scale relations
among lepton and down-type quark masses:

md = me , ms = mµ , mb = m⌧ , [minimal SU(5)] (5)

which are notoriously at odds with the experimental measurements, even taking into account the
renormalisation group running down to the electroweak scale [28, 29]. Several ways to correct
these relations have been proposed in the literature. In the following, we will review three
popular choices and employ them to identify the possible minimal sets of fields that can provide
phenomenologically viable fermion masses (including neutrino ones).

Model 1: non-renormalisable operators. The simplest way to fix the quark-lepton mass
relations shown in Eq. (5) is to add the following non-renormalisable operators [10, 13, 30]:
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where ⇤ � Mgut, implying some new degrees of freedom beyond minimal SU(5) (e.g. at the
Planck scale). From Eqs. (4, 6), one obtains the following Yukawa terms after SU(5) breaking:
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3Interestingly, type II seesaw can also successfully address leptogenesis and inflation [25, 26].
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Type II triplet a scalar leptoquark (LQ)

Three possible ways to fix problem (2), i.e. the fermion mass relations: 
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45H :

which give for the fermion mass matrices
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The presence of the additional contributions / Y 0
d`, Y

00
d` clearly breaks the minimal relations

of Eq. (5), allowing to fit the observed fermion masses by suitably adjusting the entries of the
matrices Yd`, Y 0

d` and Y 00
d`.

In summary, in the case of Model 1, the only states that, if lighter than Mgut, can possibly
trigger gauge-coupling unification are those contained in �15 and �24 [10, 11], which we display
in the first block of Table 1. The conditions required in order to have some of these fields much
lighter than the GUT scale or, in other words, large mass splittings in the scalar sector (which
will necessarily involve fine tunings), are discussed in Appendix A.

Model 2: scalar 45. If one prefers to work within a renormalisable theory, the simplest choice
is to add a 45-dimensional scalar representation [14]:
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The additional terms in the Lagrangian of the Yukawa sector read:
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Notice that �45 is a rank 3 tensor, satisfying antisymmetric and traceless conditions: �ijk45 =

��jik45 ,
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with other entries vanishing. The fermion mass terms then result:
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and one can get the following fermion mass matrices:
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(13)

Again, it is apparent that the entries Mu,Md,M` are all free parameters, such that the
observed fermion masses and mixing can be easily fitted.4 It is worth noting that at low energies
this is just a two Higgs-doublet model (2HDM) with v45 of the order of the electroweak (EW)
scale, and vEW =

p
v25 + v245 ⇡ 246 GeV.

For this model, the extra fields possibly contributing to the running of the SM gauge couplings
are those in �15, �24, and �45, see Table 1. Details about masses and vevs of these scalar states
can be found in Appendix A.

4For a different approach, with the same field content as Model 2 (including the 45) but employing non-
renormalisable instead of renormalisable operators to correct Eq. (5), see Ref. [16].
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Type II seesaw can address problems (1) and (3) of minimal SU(5) 
Only one additional scalar representation is needed:

On the other hand, we will allow (some of) the states belonging to the SU(5)-breaking Higgs
field �24 to have masses lighter than Mgut, so to trigger gauge coupling unification. Notice,
however, that this can not be the case of the scalar states (3,2, 5/6) and (3̄,2,�5/6) that are just
the would-be Goldstone bosons from SU(5) breaking and provide the longitudinal components
of the GUT gauge bosons Xµ, Y µ.

Within the minimal SU(5) model, such as in the Standard Model, neutrinos are massless,
which conflicts with the observation of neutrino oscillations. As anticipated in the introduction,
we assume that neutrino masses arise from the seesaw mechanism of type II, which requires
the introduction of a scalar triplet � with lepton-number-breaking interactions [6–9].3 The
simplest representation of SU(5) where this field can fit in is the 15 whose SM decomposition
also contains a scalar leptoquark that, as customary, we denote as fR2 (see e.g. the review in
Ref. [27]) and a scalar colour sextet S [10]:

�15 = � (1,3, 1)� fR2 (3,2, 1/6)� S (6,1,�2/3) . (3)

The SU(5) Lagrangian of the Yukawa sector thus reads:
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where i, j, k, l,m = 1� 5 are SU(5) indices, ✏ijklm is a rank-5 totally antisymmetric tensor, Yu,
Yd`, and Y15 are 3 ⇥ 3 matrices of Yukawa couplings, whose flavour indices are not explicitly
shown. The Y15 terms give mass to neutrinos via type II seesaw in the usual way, see the
discussion in Section 4.

As is well known, the second term in Eq. (4) predicts the following GUT-scale relations
among lepton and down-type quark masses:

md = me , ms = mµ , mb = m⌧ , [minimal SU(5)] (5)

which are notoriously at odds with the experimental measurements, even taking into account the
renormalisation group running down to the electroweak scale [28, 29]. Several ways to correct
these relations have been proposed in the literature. In the following, we will review three
popular choices and employ them to identify the possible minimal sets of fields that can provide
phenomenologically viable fermion masses (including neutrino ones).

Model 1: non-renormalisable operators. The simplest way to fix the quark-lepton mass
relations shown in Eq. (5) is to add the following non-renormalisable operators [10, 13, 30]:
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where ⇤ � Mgut, implying some new degrees of freedom beyond minimal SU(5) (e.g. at the
Planck scale). From Eqs. (4, 6), one obtains the following Yukawa terms after SU(5) breaking:
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3Interestingly, type II seesaw can also successfully address leptogenesis and inflation [25, 26].
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15H :

Type II triplet a scalar leptoquark (LQ)

Three possible ways to fix problem (2), i.e. the fermion mass relations: 

Model 3: add vector-like fermions (5+5 or 10+10) Dorsner Fajfer Mustac '14

The components of the above SU(5) fields mix with SM leptons and quarks differently, thus
correcting the mass relations in Eq. (5). For example, with only one generation of vector-like
fermions  v

5, the Lagrangian of the Yukawa sector becomes (in 4-component notation):
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(16)

where ↵ and � are flavour indices, DL and EL respectively denote the down-type quarks and
charged leptons in the doublets QL and LL, and E0

V is the charged state in LV .
As we can see, in addition to the standard interactions with SM fermions and Higgs fields, the

vector-like fermion can also couple to chiral fermions (or itself) directly or via the SU(5) adjoint
scalar field �24. So after spontaneous symmetry breaking, the two mass matrices for charged
leptons and down-type quarks acquire six independent parameters: (M↵

5 +�↵5 v24)/(M
V
5 +�V5 v24)

and (M↵
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c being negligible since
v5 ⌧ v24,M5. For a detailed discussion, see Ref. [33]. Therefore, one can correct the wrong
quark-lepton mass relations with only one generation of vector-like fermions  v

5.
The above result can be straightforwardly generalised to the  v

10 case:.
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where D0
V is the Q = �1/3 state in QV .

In this scenario, the states belonging to the vector-like fermions  v
5 or  v

10 would also con-
tribute to the running of the gauge couplings, alongside the scalar fields in �5 and �15, see
Table 1.

3 Fit of the mass spectrum of minimal models

In this section, we present the results of a Bayesian analysis aimed at constraining the mass
spectrum of the models introduced above. In principle, the physical masses of the new particles
displayed in Table 1 could range from mZ to Mgut (or above). However, the parameter space is
tightly constrained because (i) the three SM gauge coupling constants of a realistic GUT model
must converge at a high-energy scale, and (ii) such scale must be large enough not to cause
unacceptably fast proton decay rates.

Gauge coupling unification. Solving the renormalisation group equations (RGEs) of the
SM gauge couplings (taking into account the effect of the new intermediate-scale fields), one can
impose the unification of the three constants ↵i ⌘ g2i /4⇡ to a common value ↵gut at a scale
Mgut. At one loop, this provides the three following equations [34]:
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◆
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⇢ [0, 1] , (18)
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All models
Field SU(5) SU(3)c SU(2)L U(1)Y bI3 bI2 bI1
%3 �24 1 3 0 0 1/3 0
%8 �24 8 1 0 1/2 0 0
� �15 1 3 1 0 2/3 3/5
fR2 �15 3 2 1/6 1/3 1/2 1/30
S �15 6 1 -2/3 5/6 0 8/15

Model 2
Field SU(5) SU(3)c SU(2)L U(1)Y bI3 bI2 bI1
'8 �45 8 2 1/2 2 4/3 4/5
'6 �45 6̄ 1 -1/3 5/6 0 2/15
'T
3 �45 3 3 -1/3 1/2 2 1/5

'D
3 �45 3̄ 2 -7/6 1/3 1/2 49/30
'S
3 �45 3 1 -1/3 1/6 0 1/15

'S
3

�45 3̄ 1 4/3 1/6 0 16/15
H2 �45 1 2 1/2 0 1/6 1/10

Model 3
Field SU(5) SU(3)c SU(2)L U(1)Y bI3 bI2 bI1
LV  v

5 1 2 -1/2 0 1/3 1/5
Dc

V  v
5 3̄ 1 1/3 1/3 0 2/15

Lc
V  v

5 1 2 1/2 0 1/3 1/5
DV  v

5 3 1 -1/3 1/3 0 2/15
QV  v

10 3 2 1/6 2/3 1 1/15
U c
V  v

10 3̄ 1 -2/3 1/3 0 8/15
Ec

V  v
10 1 1 1 0 0 2/5

Qc
V  v

10 3̄ 2 -1/6 2/3 1 1/15
UV  v

10 3 1 2/3 1/3 0 8/15
EV  v

10 1 1 -1 0 0 2/5

Table 1: New fields with mass possibly below Mgut, the corresponding group representations,
and their contribution to the one-loop � function coefficients of the SM gauge couplings.

Model 3: vector-like fermions. The last possibility we consider is adding heavy fermions
in vector-like representations of SU(5) (and thus of the SM gauge group too) [31, 32], that is,
the 5� 5̄ representation:

 v
5 = Dc

V (3,1, 1/3)� LV (1,2,�1/2) ,

 v
5 = DV (3,1,�1/3)� Lc

V (1,2, 1/2) ,
(14)

and/or 10� 10:

 v
10 = QV (3,2, 1/6)� U c

V (3,1,�2/3)� Ec
V (1,1, 1) ,

 v
10 = Qc

V (3,2,�1/6)� UV (3,1, 2/3)� EV (1,1,�1) .
(15)

These vector-like pairs of Weyl fermions combine into Dirac fermions that, with slight abuse of
notation, we will also denote as  v

5 and  v
10.
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Fields that might have mass below the GUT scale and affect the running of gi :

The components of the above SU(5) fields mix with SM leptons and quarks differently, thus
correcting the mass relations in Eq. (5). For example, with only one generation of vector-like
fermions  v

5, the Lagrangian of the Yukawa sector becomes (in 4-component notation):

�LYukawa �
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5  v
5

⌘ Y ↵�
d` �
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5 M↵

5 + �↵5�24
Y 0�
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◆
,

(16)

where ↵ and � are flavour indices, DL and EL respectively denote the down-type quarks and
charged leptons in the doublets QL and LL, and E0

V is the charged state in LV .
As we can see, in addition to the standard interactions with SM fermions and Higgs fields, the

vector-like fermion can also couple to chiral fermions (or itself) directly or via the SU(5) adjoint
scalar field �24. So after spontaneous symmetry breaking, the two mass matrices for charged
leptons and down-type quarks acquire six independent parameters: (M↵

5 +�↵5 v24)/(M
V
5 +�V5 v24)

and (M↵
5 �

3
2�

↵
5 v24)/(M

V
5 �

3
2�

V
5 v24), the contribution from �⇤5 

v
5( 

�
10)

c being negligible since
v5 ⌧ v24,M5. For a detailed discussion, see Ref. [33]. Therefore, one can correct the wrong
quark-lepton mass relations with only one generation of vector-like fermions  v

5.
The above result can be straightforwardly generalised to the  v

10 case:.
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where D0
V is the Q = �1/3 state in QV .

In this scenario, the states belonging to the vector-like fermions  v
5 or  v

10 would also con-
tribute to the running of the gauge couplings, alongside the scalar fields in �5 and �15, see
Table 1.

3 Fit of the mass spectrum of minimal models

In this section, we present the results of a Bayesian analysis aimed at constraining the mass
spectrum of the models introduced above. In principle, the physical masses of the new particles
displayed in Table 1 could range from mZ to Mgut (or above). However, the parameter space is
tightly constrained because (i) the three SM gauge coupling constants of a realistic GUT model
must converge at a high-energy scale, and (ii) such scale must be large enough not to cause
unacceptably fast proton decay rates.

Gauge coupling unification. Solving the renormalisation group equations (RGEs) of the
SM gauge couplings (taking into account the effect of the new intermediate-scale fields), one can
impose the unification of the three constants ↵i ⌘ g2i /4⇡ to a common value ↵gut at a scale
Mgut. At one loop, this provides the three following equations [34]:

↵�1
gut = ↵�1

i (mZ)�
be↵i
2⇡

ln

✓
Mgut

mZ

◆
, be↵i ⌘ bsmi +

X

I

bIi rI , rI ⌘
ln(Mgut/MI)

ln(Mgut/mZ)
⇢ [0, 1] , (18)
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where i = 1, 2, 3 labels the three gauge interactions, bsmi are the one-loop �-function coefficients,
(bsm3 , bsm2 , bsm1 ) = (�7,�19/6, 41/10), due to the SM field content, and the index I runs over the
new fields with mass MI < Mgut, whose contributions to the � functions are denoted as bIi . The
latter quantities just depend on the quantum numbers of the fields under SU(3)c ⇥ SU(2)L ⇥

U(1)Y , see e.g. [35], and are listed in the last three columns of Table 1.
Eliminating ↵gut and ln(Mgut/mZ) in Eq. (18), one can get a constraint on the mass spec-

trum from gauge coupling unification, in terms of experimentally measured quantities [34]:

be↵2 � be↵3
be↵1 � be↵2

=
↵�1
2 (mZ)� ↵�1

3 (mZ)

↵�1
1 (mZ)� ↵�1

2 (mZ)
=

5 sin2 ✓w � 5↵em/↵s

3� 8 sin2 ✓w
= 0.717± 0.002 , (19)

where ↵�1
em = 127.952± 0.009, ↵s ⌘ ↵3(mZ) = 0.1179± 0.0009, sin2 ✓w = 0.23121± 0.00004 are,

respectively, the electromagnetic coupling constant, the strong coupling constant, and the weak
mixing angle at the electroweak scale mZ [36], and the GUT normalisation g1 =

p
5/3 g0 of the

hypercharge coupling has been employed.
For a given set of intermediate fields that satisfy Eq. (19), one can then employ the equations

with i = 1, 2 in (18) to obtain the following expression for the GUT scale:

ln

✓
Mgut

mZ

◆
=

6⇡ � 16⇡ sin2 ✓w
5↵em(be↵1 � be↵2 )

. (20)

Notice that Eqs. (18-20) neglect the fact that the above-quoted values of bsmi include the
contributions of top quarks, hence it would be correct to consider the running above the top
mass scale mt, that is, to employ ↵�1

i (mt) in the formulae and substitute mt ! mZ elsewhere.
However, the numerical impact would be negligible: using the central values for ↵�1

i (mt) cal-
culated in Ref. [28], we find that the quantity in Eq. (19) is shifted to ⇡ 0.719, well within the
experimental uncertainty quoted above. Similarly, the effect of the substitution mt ! mZ in the
logarithms of Eq. (18) is tiny. We expect a larger numerical deviation from the above unification
requirement if two-loop RGEs are considered. Such an effect is typically of the same order of
magnitude of unknown — in our context —threshold effects from mass splittings of the states at
MI and Mgut (see e.g. the analytical discussion in Ref. [37]). Since, for simplicity, we refrain
from modelling the uncertainties due to unknown thresholds, we are going to neglect two-loop
corrections as well.

Proton lifetime. As mentioned in the previous section, the extra SU(5) gauge bosons Xµ

and Yµ can convert quarks and leptons into each other, and thus mediate proton decay.
The current best limits on the proton lifetime were set in 2020 by SuperKamiokande (SK)

searching for p ! ⇡0e+ and p ! ⇡0µ+, see Table 2. The contribution of the SU(5) gauge bosons

Mode Limit (years) Ref.
p ! ⇡0e+ > 2.4⇥ 1034 [38]
p ! ⇡0µ+ > 1.6⇥ 1034 [38]
p ! K0e+ > 1.0⇥ 1033 [39]
p ! K0µ+ > 3.6⇥ 1033 [40]
p ! ⇡+⌫ > 3.9⇥ 1032 [41]
p ! K+⌫ > 5.9⇥ 1033 [42]

Table 2: 90% CL limits from proton decay searches on ⌧(p ! X) ⌘ 1/�(p ! X).
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GUT scale and proton decay

to this kind of decay modes (and the analogous ones into neutral kaons) reads [22, 43]

�(p ! ⇡0`+i ) =
⇡mp ↵2

gut
2M4

gut
A2

⇢ ��(V1)11(V3)1ih⇡
0
|(ud)RuL|pi

��2 (21)

+
��⇥(V1)11(V2)i1 + (V1V

⇤
ckm)11(V2V

T
ckm)i1

⇤
h⇡0

|(ud)LuL|pi
��2
�
,

�(p ! K0`+i ) =
⇡mp ↵2

gut
2M4

gut

✓
1�

m2
K

mp

◆2

A2

⇢ ��(V1)11(V3)2ihK
0
|(us)RuL|pi

��2 (22)

+
��⇥(V1)11(V2)i2 + (V1V

⇤
ckm)12(V2V

T
ckm)i1

⇤
hK0

|(us)LuL|pi
��2
�
,

where we identified the mass of the mediators Xµ and Yµ with Mgut and A is a renormalisation
factor accounting for the running of the baryon-number violating operators from the GUT scale
to mp (cf. Appendix B for details and for the numerical values of the hadronic matrix elements).
Furthermore, Vckm is the CKM mixing matrix and the other matrices are defined in terms of
the biunitary rotations that diagonalise the fermion masses (V †

f MfV 0
f = Mdiag

f ) as follows

V1 ⌘ V 0†
u V ⇤

u , V2 ⌘ V 0†
` V ⇤

d , V3 ⌘ V †
` V

0⇤
d . (23)

Within minimal SU(5), all the above matrices equal 1 and the decay width in Eq. (21)
only depends on known CKM angles. This is not anymore the case in presence of the more
general mass matrices considered in the previous section that can correctly account for the
observed fermion mass relations. Thus, in the models we are considering, p ! ⇡0`+i depends
on the unknown (and, within the SM, unobservable) right-handed rotations V 0

f through the
combinations in Eq. (23). It is therefore possible that non-trivial (and somewhat tuned) flavour
structures of Mf conspire to suppress the p-decay rates in these channels [43, 44].

On the other hand, the decay modes involving neutrinos are subject to weaker constraints
(cf. Table 2) but are theoretically more robust. In fact, it has been noted that summing over
the (experimentally unobservable) anti-neutrino flavours makes the dependence on the PMNS
mixing drop and leads to a much cleaner theoretical prediction for these channels than for
p ! ⇡0`+i [22, 44]:

�(p ! ⇡+⌫) =
⇡mp ↵2

gut
2M4

gut
A2

|(V1Vckm)11h⇡
+
|(du)RdL|pi|

2 , (24)

�(p ! K+⌫) =
⇡mp ↵2

gut
2M4

gut

✓
1�

m2
K

mp

◆2

A2

⇢ ��(V1Vckm)11hK
+
|(us)RdL|pi

��2

+
��(V1Vckm)12hK

+
|(ud)RsL|pi

��2
�
. (25)

As we can see, the only residual dependence on the fermion flavour structure is encoded in
V1, a matrix that equals the identity if the up-quark mass matrix Mu is symmetric. In our
models, this occurs if the contribution / Y 00

u is subdominant in Eq. (8) (Model 1), that / Y 0
u is

negligible in Eq. (13) (Model 2), and only 5 + 5̄ vector-like fermions are introduced (Model 3).
Furthermore, even for a non-symmetric Mu, the results obtained setting V1 ! 1 in Eqs. (24, 25)
are still a very good approximation if V 0

u has got a hierarchical structure akin to that observed
in the left-handed sector.

Finally, let us notice that, besides the vector bosons Xµ and Yµ, scalar particles such as
the colour triplet in �5 and 'T

3 , 'S
3 , 'S

3
(cf. Table 1) also endanger proton stability.5 When

considering minimal scenarios, it is therefore reasonable to set their masses at the GUT scale
directly. However, when the relevant Yukawa couplings are small, these fields could also be
lighter than Mgut by several orders of magnitude. We will comment about their possible impact
on our fit below.

5Our scalar fields could induce both B � L conserving and violating processes, see Appendix B for details.
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Within minimal SU(5), all the above matrices equal 1 and the decay width in Eq. (21)
only depends on known CKM angles. This is not anymore the case in presence of the more
general mass matrices considered in the previous section that can correctly account for the
observed fermion mass relations. Thus, in the models we are considering, p ! ⇡0`+i depends
on the unknown (and, within the SM, unobservable) right-handed rotations V 0

f through the
combinations in Eq. (23). It is therefore possible that non-trivial (and somewhat tuned) flavour
structures of Mf conspire to suppress the p-decay rates in these channels [43, 44].

On the other hand, the decay modes involving neutrinos are subject to weaker constraints
(cf. Table 2) but are theoretically more robust. In fact, it has been noted that summing over
the (experimentally unobservable) anti-neutrino flavours makes the dependence on the PMNS
mixing drop and leads to a much cleaner theoretical prediction for these channels than for
p ! ⇡0`+i [22, 44]:
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As we can see, the only residual dependence on the fermion flavour structure is encoded in
V1, a matrix that equals the identity if the up-quark mass matrix Mu is symmetric. In our
models, this occurs if the contribution / Y 00

u is subdominant in Eq. (8) (Model 1), that / Y 0
u is

negligible in Eq. (13) (Model 2), and only 5 + 5̄ vector-like fermions are introduced (Model 3).
Furthermore, even for a non-symmetric Mu, the results obtained setting V1 ! 1 in Eqs. (24, 25)
are still a very good approximation if V 0

u has got a hierarchical structure akin to that observed
in the left-handed sector.

Finally, let us notice that, besides the vector bosons Xµ and Yµ, scalar particles such as
the colour triplet in �5 and 'T

3 , 'S
3 , 'S

3
(cf. Table 1) also endanger proton stability.5 When

considering minimal scenarios, it is therefore reasonable to set their masses at the GUT scale
directly. However, when the relevant Yukawa couplings are small, these fields could also be
lighter than Mgut by several orders of magnitude. We will comment about their possible impact
on our fit below.

5Our scalar fields could induce both B � L conserving and violating processes, see Appendix B for details.
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Xµ, Y µ (3̄,2,±5/6)

where i = 1, 2, 3 labels the three gauge interactions, bsmi are the one-loop �-function coefficients,
(bsm3 , bsm2 , bsm1 ) = (�7,�19/6, 41/10), due to the SM field content, and the index I runs over the
new fields with mass MI < Mgut, whose contributions to the � functions are denoted as bIi . The
latter quantities just depend on the quantum numbers of the fields under SU(3)c ⇥ SU(2)L ⇥

U(1)Y , see e.g. [35], and are listed in the last three columns of Table 1.
Eliminating ↵gut and ln(Mgut/mZ) in Eq. (18), one can get a constraint on the mass spec-

trum from gauge coupling unification, in terms of experimentally measured quantities [34]:

be↵2 � be↵3
be↵1 � be↵2

=
↵�1
2 (mZ)� ↵�1

3 (mZ)

↵�1
1 (mZ)� ↵�1

2 (mZ)
=

5 sin2 ✓w � 5↵em/↵s

3� 8 sin2 ✓w
= 0.717± 0.002 , (19)

where ↵�1
em = 127.952± 0.009, ↵s ⌘ ↵3(mZ) = 0.1179± 0.0009, sin2 ✓w = 0.23121± 0.00004 are,

respectively, the electromagnetic coupling constant, the strong coupling constant, and the weak
mixing angle at the electroweak scale mZ [36], and the GUT normalisation g1 =

p
5/3 g0 of the

hypercharge coupling has been employed.
For a given set of intermediate fields that satisfy Eq. (19), one can then employ the equations

with i = 1, 2 in (18) to obtain the following expression for the GUT scale:

ln

✓
Mgut

mZ

◆
=

6⇡ � 16⇡ sin2 ✓w
5↵em(be↵1 � be↵2 )

. (20)

Notice that Eqs. (18-20) neglect the fact that the above-quoted values of bsmi include the
contributions of top quarks, hence it would be correct to consider the running above the top
mass scale mt, that is, to employ ↵�1

i (mt) in the formulae and substitute mt ! mZ elsewhere.
However, the numerical impact would be negligible: using the central values for ↵�1

i (mt) cal-
culated in Ref. [28], we find that the quantity in Eq. (19) is shifted to ⇡ 0.719, well within the
experimental uncertainty quoted above. Similarly, the effect of the substitution mt ! mZ in the
logarithms of Eq. (18) is tiny. We expect a larger numerical deviation from the above unification
requirement if two-loop RGEs are considered. Such an effect is typically of the same order of
magnitude of unknown — in our context —threshold effects from mass splittings of the states at
MI and Mgut (see e.g. the analytical discussion in Ref. [37]). Since, for simplicity, we refrain
from modelling the uncertainties due to unknown thresholds, we are going to neglect two-loop
corrections as well.

Proton lifetime. As mentioned in the previous section, the extra SU(5) gauge bosons Xµ

and Yµ can convert quarks and leptons into each other, and thus mediate proton decay.
The current best limits on the proton lifetime were set in 2020 by SuperKamiokande (SK)

searching for p ! ⇡0e+ and p ! ⇡0µ+, see Table 2. The contribution of the SU(5) gauge bosons

Mode Limit (years) Ref.
p ! ⇡0e+ > 2.4⇥ 1034 [38]
p ! ⇡0µ+ > 1.6⇥ 1034 [38]
p ! K0e+ > 1.0⇥ 1033 [39]
p ! K0µ+ > 3.6⇥ 1033 [40]
p ! ⇡+⌫ > 3.9⇥ 1032 [41]
p ! K+⌫ > 5.9⇥ 1033 [42]

Table 2: 90% CL limits from proton decay searches on ⌧(p ! X) ⌘ 1/�(p ! X).
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Notice that Eqs. (18-20) neglect the fact that the above-quoted values of bsmi include the
contributions of top quarks, hence it would be correct to consider the running above the top
mass scale mt, that is, to employ ↵�1

i (mt) in the formulae and substitute mt ! mZ elsewhere.
However, the numerical impact would be negligible: using the central values for ↵�1

i (mt) cal-
culated in Ref. [28], we find that the quantity in Eq. (19) is shifted to ⇡ 0.719, well within the
experimental uncertainty quoted above. Similarly, the effect of the substitution mt ! mZ in the
logarithms of Eq. (18) is tiny. We expect a larger numerical deviation from the above unification
requirement if two-loop RGEs are considered. Such an effect is typically of the same order of
magnitude of unknown — in our context —threshold effects from mass splittings of the states at
MI and Mgut (see e.g. the analytical discussion in Ref. [37]). Since, for simplicity, we refrain
from modelling the uncertainties due to unknown thresholds, we are going to neglect two-loop
corrections as well.

Proton lifetime. As mentioned in the previous section, the extra SU(5) gauge bosons Xµ

and Yµ can convert quarks and leptons into each other, and thus mediate proton decay.
The current best limits on the proton lifetime were set in 2020 by SuperKamiokande (SK)

searching for p ! ⇡0e+ and p ! ⇡0µ+, see Table 2. The contribution of the SU(5) gauge bosons

Mode Limit (years) Ref.
p ! ⇡0e+ > 2.4⇥ 1034 [38]
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to this kind of decay modes (and the analogous ones into neutral kaons) reads [22, 43]

�(p ! ⇡0`+i ) =
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0
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��2 (21)

+
��⇥(V1)11(V2)i1 + (V1V

⇤
ckm)11(V2V

T
ckm)i1

⇤
h⇡0

|(ud)LuL|pi
��2
�
,

�(p ! K0`+i ) =
⇡mp ↵2
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2M4
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m2
K
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hK0

|(us)LuL|pi
��2
�
,

where we identified the mass of the mediators Xµ and Yµ with Mgut and A is a renormalisation
factor accounting for the running of the baryon-number violating operators from the GUT scale
to mp (cf. Appendix B for details and for the numerical values of the hadronic matrix elements).
Furthermore, Vckm is the CKM mixing matrix and the other matrices are defined in terms of
the biunitary rotations that diagonalise the fermion masses (V †

f MfV 0
f = Mdiag

f ) as follows

V1 ⌘ V 0†
u V ⇤

u , V2 ⌘ V 0†
` V ⇤

d , V3 ⌘ V †
` V

0⇤
d . (23)

Within minimal SU(5), all the above matrices equal 1 and the decay width in Eq. (21)
only depends on known CKM angles. This is not anymore the case in presence of the more
general mass matrices considered in the previous section that can correctly account for the
observed fermion mass relations. Thus, in the models we are considering, p ! ⇡0`+i depends
on the unknown (and, within the SM, unobservable) right-handed rotations V 0

f through the
combinations in Eq. (23). It is therefore possible that non-trivial (and somewhat tuned) flavour
structures of Mf conspire to suppress the p-decay rates in these channels [43, 44].

On the other hand, the decay modes involving neutrinos are subject to weaker constraints
(cf. Table 2) but are theoretically more robust. In fact, it has been noted that summing over
the (experimentally unobservable) anti-neutrino flavours makes the dependence on the PMNS
mixing drop and leads to a much cleaner theoretical prediction for these channels than for
p ! ⇡0`+i [22, 44]:

�(p ! ⇡+⌫) =
⇡mp ↵2

gut
2M4
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|(V1Vckm)11h⇡
+
|(du)RdL|pi|

2 , (24)
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��2
�
. (25)

As we can see, the only residual dependence on the fermion flavour structure is encoded in
V1, a matrix that equals the identity if the up-quark mass matrix Mu is symmetric. In our
models, this occurs if the contribution / Y 00

u is subdominant in Eq. (8) (Model 1), that / Y 0
u is

negligible in Eq. (13) (Model 2), and only 5 + 5̄ vector-like fermions are introduced (Model 3).
Furthermore, even for a non-symmetric Mu, the results obtained setting V1 ! 1 in Eqs. (24, 25)
are still a very good approximation if V 0

u has got a hierarchical structure akin to that observed
in the left-handed sector.

Finally, let us notice that, besides the vector bosons Xµ and Yµ, scalar particles such as
the colour triplet in �5 and 'T

3 , 'S
3 , 'S

3
(cf. Table 1) also endanger proton stability.5 When

considering minimal scenarios, it is therefore reasonable to set their masses at the GUT scale
directly. However, when the relevant Yukawa couplings are small, these fields could also be
lighter than Mgut by several orders of magnitude. We will comment about their possible impact
on our fit below.

5Our scalar fields could induce both B � L conserving and violating processes, see Appendix B for details.
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where we identified the mass of the mediators Xµ and Yµ with Mgut and A is a renormalisation
factor accounting for the running of the baryon-number violating operators from the GUT scale
to mp (cf. Appendix B for details and for the numerical values of the hadronic matrix elements).
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Within minimal SU(5), all the above matrices equal 1 and the decay width in Eq. (21)
only depends on known CKM angles. This is not anymore the case in presence of the more
general mass matrices considered in the previous section that can correctly account for the
observed fermion mass relations. Thus, in the models we are considering, p ! ⇡0`+i depends
on the unknown (and, within the SM, unobservable) right-handed rotations V 0

f through the
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structures of Mf conspire to suppress the p-decay rates in these channels [43, 44].

On the other hand, the decay modes involving neutrinos are subject to weaker constraints
(cf. Table 2) but are theoretically more robust. In fact, it has been noted that summing over
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mixing drop and leads to a much cleaner theoretical prediction for these channels than for
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As we can see, the only residual dependence on the fermion flavour structure is encoded in
V1, a matrix that equals the identity if the up-quark mass matrix Mu is symmetric. In our
models, this occurs if the contribution / Y 00

u is subdominant in Eq. (8) (Model 1), that / Y 0
u is

negligible in Eq. (13) (Model 2), and only 5 + 5̄ vector-like fermions are introduced (Model 3).
Furthermore, even for a non-symmetric Mu, the results obtained setting V1 ! 1 in Eqs. (24, 25)
are still a very good approximation if V 0
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(cf. Table 1) also endanger proton stability.5 When

considering minimal scenarios, it is therefore reasonable to set their masses at the GUT scale
directly. However, when the relevant Yukawa couplings are small, these fields could also be
lighter than Mgut by several orders of magnitude. We will comment about their possible impact
on our fit below.

5Our scalar fields could induce both B � L conserving and violating processes, see Appendix B for details.
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where i = 1, 2, 3 labels the three gauge interactions, bsmi are the one-loop �-function coefficients,
(bsm3 , bsm2 , bsm1 ) = (�7,�19/6, 41/10), due to the SM field content, and the index I runs over the
new fields with mass MI < Mgut, whose contributions to the � functions are denoted as bIi . The
latter quantities just depend on the quantum numbers of the fields under SU(3)c ⇥ SU(2)L ⇥

U(1)Y , see e.g. [35], and are listed in the last three columns of Table 1.
Eliminating ↵gut and ln(Mgut/mZ) in Eq. (18), one can get a constraint on the mass spec-

trum from gauge coupling unification, in terms of experimentally measured quantities [34]:
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Notice that Eqs. (18-20) neglect the fact that the above-quoted values of bsmi include the
contributions of top quarks, hence it would be correct to consider the running above the top
mass scale mt, that is, to employ ↵�1

i (mt) in the formulae and substitute mt ! mZ elsewhere.
However, the numerical impact would be negligible: using the central values for ↵�1

i (mt) cal-
culated in Ref. [28], we find that the quantity in Eq. (19) is shifted to ⇡ 0.719, well within the
experimental uncertainty quoted above. Similarly, the effect of the substitution mt ! mZ in the
logarithms of Eq. (18) is tiny. We expect a larger numerical deviation from the above unification
requirement if two-loop RGEs are considered. Such an effect is typically of the same order of
magnitude of unknown — in our context —threshold effects from mass splittings of the states at
MI and Mgut (see e.g. the analytical discussion in Ref. [37]). Since, for simplicity, we refrain
from modelling the uncertainties due to unknown thresholds, we are going to neglect two-loop
corrections as well.

Proton lifetime. As mentioned in the previous section, the extra SU(5) gauge bosons Xµ

and Yµ can convert quarks and leptons into each other, and thus mediate proton decay.
The current best limits on the proton lifetime were set in 2020 by SuperKamiokande (SK)

searching for p ! ⇡0e+ and p ! ⇡0µ+, see Table 2. The contribution of the SU(5) gauge bosons

Mode Limit (years) Ref.
p ! ⇡0e+ > 2.4⇥ 1034 [38]
p ! ⇡0µ+ > 1.6⇥ 1034 [38]
p ! K0e+ > 1.0⇥ 1033 [39]
p ! K0µ+ > 3.6⇥ 1033 [40]
p ! ⇡+⌫ > 3.9⇥ 1032 [41]
p ! K+⌫ > 5.9⇥ 1033 [42]

Table 2: 90% CL limits from proton decay searches on ⌧(p ! X) ⌘ 1/�(p ! X).
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searching for p ! ⇡0e+ and p ! ⇡0µ+, see Table 2. The contribution of the SU(5) gauge bosons

Mode Limit (years) Ref.
p ! ⇡0e+ > 2.4⇥ 1034 [38]
p ! ⇡0µ+ > 1.6⇥ 1034 [38]
p ! K0e+ > 1.0⇥ 1033 [39]
p ! K0µ+ > 3.6⇥ 1033 [40]
p ! ⇡+⌫ > 3.9⇥ 1032 [41]
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Table 2: 90% CL limits from proton decay searches on ⌧(p ! X) ⌘ 1/�(p ! X).
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to this kind of decay modes (and the analogous ones into neutral kaons) reads [22, 43]
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�
,

where we identified the mass of the mediators Xµ and Yµ with Mgut and A is a renormalisation
factor accounting for the running of the baryon-number violating operators from the GUT scale
to mp (cf. Appendix B for details and for the numerical values of the hadronic matrix elements).
Furthermore, Vckm is the CKM mixing matrix and the other matrices are defined in terms of
the biunitary rotations that diagonalise the fermion masses (V †

f MfV 0
f = Mdiag

f ) as follows

V1 ⌘ V 0†
u V ⇤

u , V2 ⌘ V 0†
` V ⇤

d , V3 ⌘ V †
` V

0⇤
d . (23)

Within minimal SU(5), all the above matrices equal 1 and the decay width in Eq. (21)
only depends on known CKM angles. This is not anymore the case in presence of the more
general mass matrices considered in the previous section that can correctly account for the
observed fermion mass relations. Thus, in the models we are considering, p ! ⇡0`+i depends
on the unknown (and, within the SM, unobservable) right-handed rotations V 0

f through the
combinations in Eq. (23). It is therefore possible that non-trivial (and somewhat tuned) flavour
structures of Mf conspire to suppress the p-decay rates in these channels [43, 44].

On the other hand, the decay modes involving neutrinos are subject to weaker constraints
(cf. Table 2) but are theoretically more robust. In fact, it has been noted that summing over
the (experimentally unobservable) anti-neutrino flavours makes the dependence on the PMNS
mixing drop and leads to a much cleaner theoretical prediction for these channels than for
p ! ⇡0`+i [22, 44]:

�(p ! ⇡+⌫) =
⇡mp ↵2

gut
2M4

gut
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|(V1Vckm)11h⇡
+
|(du)RdL|pi|

2 , (24)
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��2
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��2
�
. (25)

As we can see, the only residual dependence on the fermion flavour structure is encoded in
V1, a matrix that equals the identity if the up-quark mass matrix Mu is symmetric. In our
models, this occurs if the contribution / Y 00

u is subdominant in Eq. (8) (Model 1), that / Y 0
u is

negligible in Eq. (13) (Model 2), and only 5 + 5̄ vector-like fermions are introduced (Model 3).
Furthermore, even for a non-symmetric Mu, the results obtained setting V1 ! 1 in Eqs. (24, 25)
are still a very good approximation if V 0

u has got a hierarchical structure akin to that observed
in the left-handed sector.

Finally, let us notice that, besides the vector bosons Xµ and Yµ, scalar particles such as
the colour triplet in �5 and 'T

3 , 'S
3 , 'S

3
(cf. Table 1) also endanger proton stability.5 When

considering minimal scenarios, it is therefore reasonable to set their masses at the GUT scale
directly. However, when the relevant Yukawa couplings are small, these fields could also be
lighter than Mgut by several orders of magnitude. We will comment about their possible impact
on our fit below.

5Our scalar fields could induce both B � L conserving and violating processes, see Appendix B for details.

9

to this kind of decay modes (and the analogous ones into neutral kaons) reads [22, 43]

�(p ! ⇡0`+i ) =
⇡mp ↵2

gut
2M4

gut
A2

⇢ ��(V1)11(V3)1ih⇡
0
|(ud)RuL|pi

��2 (21)

+
��⇥(V1)11(V2)i1 + (V1V

⇤
ckm)11(V2V

T
ckm)i1

⇤
h⇡0

|(ud)LuL|pi
��2
�
,

�(p ! K0`+i ) =
⇡mp ↵2

gut
2M4

gut

✓
1�

m2
K

mp

◆2

A2

⇢ ��(V1)11(V3)2ihK
0
|(us)RuL|pi

��2 (22)

+
��⇥(V1)11(V2)i2 + (V1V

⇤
ckm)12(V2V

T
ckm)i1

⇤
hK0

|(us)LuL|pi
��2
�
,

where we identified the mass of the mediators Xµ and Yµ with Mgut and A is a renormalisation
factor accounting for the running of the baryon-number violating operators from the GUT scale
to mp (cf. Appendix B for details and for the numerical values of the hadronic matrix elements).
Furthermore, Vckm is the CKM mixing matrix and the other matrices are defined in terms of
the biunitary rotations that diagonalise the fermion masses (V †

f MfV 0
f = Mdiag

f ) as follows

V1 ⌘ V 0†
u V ⇤

u , V2 ⌘ V 0†
` V ⇤

d , V3 ⌘ V †
` V

0⇤
d . (23)

Within minimal SU(5), all the above matrices equal 1 and the decay width in Eq. (21)
only depends on known CKM angles. This is not anymore the case in presence of the more
general mass matrices considered in the previous section that can correctly account for the
observed fermion mass relations. Thus, in the models we are considering, p ! ⇡0`+i depends
on the unknown (and, within the SM, unobservable) right-handed rotations V 0

f through the
combinations in Eq. (23). It is therefore possible that non-trivial (and somewhat tuned) flavour
structures of Mf conspire to suppress the p-decay rates in these channels [43, 44].
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Prediction affected by the (unknown) flavour rotations of RH fermions:

But summing over neutrino flavours, the neutrino modes less uncertain: 
only unknown is V1 that is =1 in minimal SU(5) and whenever the up-

quark mass matrix is symmetric (and ≈1 if RH rotations are small)

give conservative, (almost) model-independent bounds!
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Fit of the models’ spectrum

To reduce the number of parameters in the fit, we set at the GUT scale 
the masses of the fields that tend to reduce MGUT (reducing p lifetime) 
or directly contribute to p decay (e.g. several leptoquarks from 45H)

Model 1: only 4 parameters, the masses of 
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%3 (1,3, 0), %8 (8,1, 0) from 24H
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� (1,3, 1), eR2 (3,2, 1/6) from 15H

Figure 1: Result of the fit for Model 1 (non-renormalisable operators) shown on planes displaying
the extra field masses and the proton lifetime from p ! K+⌫ (the most constraining of the
theoretically clean decay modes). The red line depicts the corresponding SK lower limit, 5.9⇥
1033 years [42]. Regions favoured by the fit at 1�, 2� and 3� are highlighted.

Fitting procedure. The mass spectrum is calculated by means of the following steps. Firstly,
we sample uniformly the initial parameters in Eq. (18), {rI ⇢ [0, 1]}, and enforce the unification
constraint of Eq. (19). Next, we calculate the resulting GUT scale according to Eq. (20), and use
it in Eq. (18) to obtain the masses of the new particles, {MI}, and the unified coupling ↵gut.
This information can be converted into a prediction for the proton decay rates, once additional
assumptions on the flavour structure of the mixing in Eq. (23) are made (that we will discuss
below, when presenting our results). Finally, applying the relevant SK bounds on proton decay
reported in Table 2, we get probability distributions for the spectrum of the new particles and
the proton lifetime.

We start considering the simplest models (that is, minimal in terms of field content) that are
compatible with all phenomenological observations related to neutrino and fermion masses and
proton stability, thus reducing the number of free parameters in our fit. First, let us notice that
the particles whose contribution to the U(1)Y �-function coefficient is larger than the SU(2)L
one should better not contribute much to the running of the gauge couplings, as their effect is
to decrease Mgut and thus endanger proton stability (according to Eq. (20), (be↵1 � be↵2 ) should
be as small as possible for the sake of a large Mgut). Therefore, we start setting the masses of
such fields at Mgut. Similarly, we do not consider at first scalars that directly mediate proton
decay, as we mentioned above. Under these assumptions, our parameter space is rather limited;
we will discuss below how the fit is affected by enlarging it. All models have as free parameters
the masses of the SU(2)L triplet %3 and the colour octet %8 from the GUT Higgs 24, and those
of the seesaw triplet � and the leptoquark fR2 from the 15, cf. Table 1. In addition, Model 2
features the masses of the colour octet and the second Higgs doublet in the 45, '8 and H2, and
Model 3 the vector-like fermions LV + Lc

V and QV +Qc
V .

3.1 Model 1

As discussed above, the minimal setup of this model just comprises 4 parameters. In Figure 1,
we show the result of the fit in terms of these parameters and the resulting proton lifetime.
The latter was estimated based only on the theoretically clean mode p ! K+⌫, assuming that
p ! ⇡0`+i can be somewhat suppressed by the flavour structure of the fermion masses. For the
calculation, we have taken for the mixing matrix V1 = 1, cf. Eq. (23), hence the plots illustrate
to a very good approximation both the case of an (approximately) symmetric up-quark mass
matrix, as well as a hierarchical structure of the right-handed mixing. For this fit, we did not
impose the experimental proton decay limits. In fact, as we can see, the region favoured by the
fit corresponds to a proton lifetime more than two orders of magnitude smaller than the present
SK bound. Therefore, this setup is excluded, barring very fine-tuned flavour structures of that
Yukawa matrices such that p ! ⇡0`+i , p ! ⇡+⌫, and p ! K+⌫ be all simultaneously suppressed.
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p lifetime

field massExcluded by the (conservative) p decay bound! 

(virtually impossible to have a flavour structure of the fermion mass 
matrices that can simultaneously suppress                                 )
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Model 2: previous 4 parameters +
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'8 (8,2, 1/2) [and H2(1,2, 1/2)] from 45H

Imposing gauge coupling unification & p-lifetime bound:

Figure 2: Model 2 (scalar 45): result of the fit for the minimal 6-parameter setup. The proton
lifetime ⌧p vs. the mass parameters and the two-dimensional correlation plots for the particle
masses are shown. ⌧p was calculated considering the clean p ! K+ + ⌫ decay modes. Colours
as in Figure 1.

The reason why this model is so strongly disfavoured is that there are too few parameters to
achieve a high Mgut. Enlarging the parameter space by including more states from �24 and �15

with MI < Mgut would not improve the situation: as discussed above, the presence of these
other fields would, in fact, tend to further lower Mgut and/or introduce new sources of p decay.

3.2 Model 2

In Model 2, we have in addition '8 and H2 (both from �45) that, as argued above, can contribute
to gauge coupling unification without endangering proton stability. We start considering only
the effect of the colour octet and SU(2)L doublet '8 — alongside the fields contained in �24 and
�15 that we included in the fit of Model 1 —while set the mass of the second Higgs doublet
H2 equal to Mgut. The outcome of this 5-parameter fit is shown in Figure 2. As for Model 1,
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4 particles have masses bounded from above 
In particular, the type II triplet and the LQ in 15H:

[prediction rather robust, even if the number of 
parameters is increased, see backup slide]
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lifetime ⌧p vs. the mass parameters and the two-dimensional correlation plots for the particle
masses are shown. ⌧p was calculated considering the clean p ! K+ + ⌫ decay modes. Colours
as in Figure 1.

The reason why this model is so strongly disfavoured is that there are too few parameters to
achieve a high Mgut. Enlarging the parameter space by including more states from �24 and �15

with MI < Mgut would not improve the situation: as discussed above, the presence of these
other fields would, in fact, tend to further lower Mgut and/or introduce new sources of p decay.

3.2 Model 2

In Model 2, we have in addition '8 and H2 (both from �45) that, as argued above, can contribute
to gauge coupling unification without endangering proton stability. We start considering only
the effect of the colour octet and SU(2)L doublet '8 — alongside the fields contained in �24 and
�15 that we included in the fit of Model 1 —while set the mass of the second Higgs doublet
H2 equal to Mgut. The outcome of this 5-parameter fit is shown in Figure 2. As for Model 1,
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Fit of the models’ spectrum

Figure 4: Results of the fit for Model 3, considering the minimal field content of Figure 1 plus
one generation of vector-like fermions in the 5 + 5 representation (first row) or one generation
in the 10+ 10 (second row).

3.3 Model 3

In the case of Model 3, where only vector-like fermions are added to the minimal SU(5) field
content, the regions of the parameter space favoured by the fit are very different. As discussed
above, correct fermion mass relations and unification can be achieved by the usual fields in �24

and �15 plus vector-like leptons LV +Lc
V (that is, introducing a fermionic 5+ 5̄), but the impact

of these latter field on Mgut is limited. As a consequence, one generation of vector-like leptons
is far insufficient to raise Mgut with respect to Model 1 (Figure 1) at a level compatible with the
p-decay bounds. This is shown in the first row of Figure 4. Only multiple 5+5̄ generations could
evade the limits on p-decay without relying on tuning in the fermion mixing. We checked that at
least five generations are needed. On the other hand, if one introduces fermions in the 10+ 10,
only one generation of QV + Qc

V is enough to achieve unification at a large enough Mgut. In
the latter case, the �15 fields � and fR2 do not even need to be light. This is explicitly shown in
the second row of Figure 4. As we can see, the central values for M� and MLQ could be much
higher compared to the results we shown for Model 2 (cf. Table 3) and their 1� favoured ranges
span almost all scales between mZ and Mgut. Hence Model 3 (with a single 10 + 10), while
being perfectly viable, completely lacks the predictivity and the interesting phenomenological
features of Model 2. A similar conclusion would hold also for the case of multiple (� 5) 5 + 5̄
generations, as shown by the first row of Figure 4.

4 Type II seesaw fields and Lepton Flavour Violation

In this section, we focus on the low-energy phenomenology of the fields in �15 associated to the
generation of neutrino masses. In particular, the seesaw triplet � and the scalar leptoquark
fR2 unavoidably mediate LFV interactions, as we are discussing in the following. Furthermore,
within the most successful (and predictive) of the models analysed above (see Section 3.2), gauge
coupling unification requires them to be rather light, . O(10) TeV, which makes searches for
LFV processes the most promising experimental handle to test type II seesaw unification.

15

Model 3: previous 4 parameters + the masses of

Either excluded or not predictive!
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LV + Lc
V , DV +Dc

V from 5F + 5̄F , or QV +Qc
V from 10F + 1̄0F
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Lepton Flavour Violation

The most minimal model requires relatively light triplet and LQ from 15H 

The most powerful way is searching for LFV decays

The type-II triplet effects are well known, in particular tree-level processes like:

see e.g. Abada et al. '07

Observable 90% CL upper limit Future sensitivity
BR(µ+

! e+�) 4.2⇥ 10�13 [62] 6⇥ 10�14 [63]
BR(µ+

! e+e�e+) 1.0⇥ 10�12 [64] 10�16 [65]
CR(µ�N ! e�N) 7.0⇥ 10�13 (N =Au) [66] 6⇥ 10�17 (N =Al) [67, 68]
BR(KL ! µ±e⌥) 4.7⇥ 10�12 [69] ⇠ 10�12 [70]
BR(KL ! ⇡0µ+e�) 7.6⇥ 10�11 [71] ⇠ 10�12 [70]
BR(K+

! ⇡+µ+e�) 1.3⇥ 10�11 [72] ⇠ 10�12 [70]
BR(K+

! ⇡+µ�e+) 5.2⇥ 10�10 [73] ⇠ 10�12 [70]

Table 4: Current experimental bounds and future expected sensitivities on the LFV processes
relevant for our analysis.

4.1 LFV observables

Both the triplet � and the leptoquark fR2 induce LFV processes already at the tree level. Here
we focus on µ� e flavour violation that is subject to the best limits at present and has the most
promising experimental prospects, see e.g. [24]. Present bounds and future expected sensitivities
on the processes we are interested in are reported in Table 4.

A tree-level exchange of the triplet mediates µ ! eee [4]:

BR(µ ! eee) =
1

4G2
FM

4
�

��Y 21
�

��2 ��Y 11
�

��2 (33)

where GF is the Fermi constant.
The leptoquark fR2 can induce at tree level µ ! e conversion in atomic nuclei, with a

conversion rate given by [15, 27]:

CR(µN ! eN) =
m5

µ

4�capt M4
LQ

⇣
V (p) + 2V (n)

⌘2 ��Y 21
LQ

��2 ��Y 11
LQ

��2 , (34)

which is as usual normalised by the capture rate �capt of muons by the nucleus N . V (p) and
V (n) are overlap integrals between muon and electron wave functions and nucleons density
distributions [74]. The most recent evaluation of these quantities can be found in Ref. [75].11

The leptoquark also contributes at tree level to LFV decays of mesons, in particular the
tightly constrained neutral kaon decay KL ! µe, whose branching ratio reads [15, 27]:

BR(KL ! µe) =
mK⌧KL

256⇡

m2
µf

2
KL

M4
LQ

 
1�

m2
µ

m2
KL

!2 ��Y 12
LQY

12 ⇤
LQ + Y 11

LQY
22 ⇤
LQ

��2 , (35)

where fKL ' 160 MeV and ⌧KL = 5.116 ⇥ 10�8 s are KL decay constant and lifetime [36].
Semileptonic kaon decays are also induced. Following [76], we find

d

dq2
BR(K ! ⇡µe) =

(m2
µ � q2)2⌧K�

1
2 (
p

q2,mK ,m⇡)

12288⇡3m3
KM4

LQq
6

Y (36)

⇥

h
3|f0(q

2)|2(m2
K �m2

⇡)
2m2

µ + |f+(q
2)|2(m2

µ + 2q2)�(
p

q2,mK ,m⇡)
i
,

11The present best limit on µ ! e conversion was obtained on gold and the upcoming experiments plan
to employ aluminium targets, see Table 4. Thus we are using the following input for our analysis [75]:
V

(p)(Au) = 0.0866 , V (n)(Au) = 0.129 and �capt(Au) = 13.07⇥106 s�1; V (p)(Al) = 0.0165 , V (n)(Al) = 0.0178
and �capt(Al) = 0.7054⇥ 106 s�1. The capture rates were taken from [74].
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Type II

(ii) L(⌫L) = L(N) = 1, L(S) = �1, L(�) = 2:

1

2
�µSS

c� =) µ = �µ
fN
p
2
. (A.12)

Some details about the Majoron in inverse seesaw models can be found in Refs. [24,

25]. [RZ: Match to Eq.(1.1)]

• Type II seesaw. Extra fields: a scalar SU(2) triplet with Y = 1 that in the

2-dimensional representation of SU(2) can be written as:

� =

 
�+/

p
2 �++

�0
��+/

p
2

!
. (A.13)

Lagrangian:

L = LSM +Tr
⇣
Dµ�

†
⌘
(Dµ�)�M2

�Tr�
†��

⇣
Y�L

T i⌧2�L+ µ�
e�T i⌧2�e�+ h.c.

⌘
,

(A.14)

where we omitted quartic scalar couplings of the type�4 and�2�2. After integrating

out the triplet, the neutrino masses result:

m⌫ = �2Y�
v2 µ�

M2
�

. (A.15)

L is broken by µ� (in fact L(�) = �2) that can be taken small to give rise to

the correct neutrino masses with a low-energy seesaw scale (and sizeable couplings

in the matrix Y�). As before, we can introduce a new scalar � responsible of the

spontaneous breaking of the lepton number:

��
e�T i⌧2�e�� =) µ� = ��

fN
p
2
. (A.16)

(Of course the scalar potential and the EWSB can get quite involved here, and

dangerous phenomena such as Higgs to Majoron decays can occur, see e.g. [26]).

[RZ: Match to Eq.(1.1)]
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Figure 2: From [1209.2679].

makes evident the parametric dependence of the CLFV e↵ects. In fact, from Eq. (8), we
can see that sizeable CLFV requires – besides MN not too far above the EW scale – large
neutrino Yukawa couplings. These two conditions are not compatible with the smallness of
the neutrino masses in generic realisations of the seesaw mechanism, as Eq. (7) naively gives
MN ⇠ O

�
1014÷15

�
GeV for YN ⇠ O (1). It is clear then that some large cancellation is

required in Eq. (7) in order to have a theory of phenomenological relevance for low-energy
observables including CLFV processes. This condition – which is shared by the three kinds of
seesaw mechanism – does not necessarily require fine tunings, but it can be naturally enforced
through some symmetry shaping the matrices, for instance an approximate lepton number
conservation itself [cite]. Indeed, as vanishing neutrino masses lead to augmented symmetry,
small L-breaking terms (responsible for the smallness of m⌫) are technically natural. An
instance of this idea is the so-called inverse seesaw [cite]. For discussions of this kind of
models within the context of low-energy tests of the seesaw mechanism, see [cite].

Following the above philosophy, one can assess the sensitivity of present and future CLFV
experiments on the RH neutrino mass scale by setting no other constraint on the Yukawa
couplings but the perturbativity bound, (YN )ij .

p
4⇡. As a result, the µ ! e observables

will test a degenerate RH neutrino mass mN up to [1209.2679]:

mN ⇡ 300 TeV ⇥

✓
10�14

BR(µ ! e�)

◆ 1
4

, mN ⇡ 1000 TeV ⇥

✓
10�16

BR(µ ! eee)

◆ 1
4

, (11)

mN ⇡ 1000 TeV ⇥

✓
10�16

CR(µAl ! eAl)

◆ 1
4

, mN ⇡ 6000 TeV ⇥

✓
10�18

CR(µTi ! eTi)

◆ 1
4

. (12)

Furthermore the ratios of di↵erent observables only depend on mN , thus giving in principle a
handle to determine the RH neutrino mass scale or rule out this scenario [Chu,1209.2679,Ibarra].
This is clearly shown in Fig. 2.

The phenomenology of Type II seesaw enjoys some qualitatively di↵erent features. The
seesaw field is a scalar triplet �:

� =

✓
�+

/
p
2 �++

�0
��+

/
p
2

◆
, (13)
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p
2
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Some details about the Majoron in inverse seesaw models can be found in Refs. [24,

25]. [RZ: Match to Eq.(1.1)]
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where we omitted quartic scalar couplings of the type�4 and�2�2. After integrating

out the triplet, the neutrino masses result:

m⌫ = �2Y�
v2 µ�

M2
�

. (A.15)

L is broken by µ� (in fact L(�) = �2) that can be taken small to give rise to

the correct neutrino masses with a low-energy seesaw scale (and sizeable couplings

in the matrix Y�). As before, we can introduce a new scalar � responsible of the

spontaneous breaking of the lepton number:
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2
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(Of course the scalar potential and the EWSB can get quite involved here, and

dangerous phenomena such as Higgs to Majoron decays can occur, see e.g. [26]).
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L-breaking term

Concerning CLFV, the main difference wrt Type is µ→eee at the tree level: 

µ+
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<latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit><latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit><latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit><latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit>

e+
<latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit><latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit><latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit><latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit>

�++
<latexit sha1_base64="Ug4L7Fhiy3E6s738jDTJuZ+kOYA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBZBKJREBHss6MFjBVsLbSyb7aZdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+P2iZONeMtFstYdwJquBSKt1Cg5J1EcxoFkj8E4+uZ//DEtRGxusdJwv2IDpUIBaNopW7vhkukj1m1Ou2XK27NnYOsEi8nFcjR7Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3lKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHdz4RKUuSKLRaFqSQYk9n/ZCA0ZygnllCmhb2VsBHVlKFNqWRD8JZfXiXti5rn1ry7y0qjnsdRhBM4hXPw4AoacAtNaAGDGJ7hFd4cdF6cd+dj0Vpw8plj+APn8wet6ZDQ</latexit><latexit sha1_base64="Ug4L7Fhiy3E6s738jDTJuZ+kOYA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBZBKJREBHss6MFjBVsLbSyb7aZdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+P2iZONeMtFstYdwJquBSKt1Cg5J1EcxoFkj8E4+uZ//DEtRGxusdJwv2IDpUIBaNopW7vhkukj1m1Ou2XK27NnYOsEi8nFcjR7Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3lKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHdz4RKUuSKLRaFqSQYk9n/ZCA0ZygnllCmhb2VsBHVlKFNqWRD8JZfXiXti5rn1ry7y0qjnsdRhBM4hXPw4AoacAtNaAGDGJ7hFd4cdF6cd+dj0Vpw8plj+APn8wet6ZDQ</latexit><latexit sha1_base64="Ug4L7Fhiy3E6s738jDTJuZ+kOYA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBZBKJREBHss6MFjBVsLbSyb7aZdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+P2iZONeMtFstYdwJquBSKt1Cg5J1EcxoFkj8E4+uZ//DEtRGxusdJwv2IDpUIBaNopW7vhkukj1m1Ou2XK27NnYOsEi8nFcjR7Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3lKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHdz4RKUuSKLRaFqSQYk9n/ZCA0ZygnllCmhb2VsBHVlKFNqWRD8JZfXiXti5rn1ry7y0qjnsdRhBM4hXPw4AoacAtNaAGDGJ7hFd4cdF6cd+dj0Vpw8plj+APn8wet6ZDQ</latexit><latexit sha1_base64="Ug4L7Fhiy3E6s738jDTJuZ+kOYA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBZBKJREBHss6MFjBVsLbSyb7aZdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+P2iZONeMtFstYdwJquBSKt1Cg5J1EcxoFkj8E4+uZ//DEtRGxusdJwv2IDpUIBaNopW7vhkukj1m1Ou2XK27NnYOsEi8nFcjR7Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3lKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHdz4RKUuSKLRaFqSQYk9n/ZCA0ZygnllCmhb2VsBHVlKFNqWRD8JZfXiXti5rn1ry7y0qjnsdRhBM4hXPw4AoacAtNaAGDGJ7hFd4cdF6cd+dj0Vpw8plj+APn8wet6ZDQ</latexit>

(Y�)µe
<latexit sha1_base64="Wy7BGSI5J7+wkpkSyZEOCUj54w4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0Wol5KIYI8FPXisYD+kCWGznbZLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwoQzpR3n21pb39jc2i7tlHf39g8O7aNKR8WppNCmMY9lLyQKOIugrZnm0EskEBFy6IaT65nffQSpWBzd62kCviCjiA0ZJdpIgV2pPQTeDXBNzoPMEymGPLCrTt2ZA68StyBVVKAV2F/eIKapgEhTTpTqu06i/YxIzSiHvOylChJCJ2QEfUMjIkD52fz2HJ8ZZYCHsTQVaTxXf09kRCg1FaHpFESP1bI3E//z+qkeNvyMRUmqIaKLRcOUYx3jWRB4wCRQzaeGECqZuRXTMZGEahNX2YTgLr+8SjoXddepu3eX1WajiKOETtApqiEXXaEmukUt1EYUPaFn9IrerNx6sd6tj0XrmlXMHKM/sD5/AAVhk74=</latexit><latexit sha1_base64="Wy7BGSI5J7+wkpkSyZEOCUj54w4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0Wol5KIYI8FPXisYD+kCWGznbZLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwoQzpR3n21pb39jc2i7tlHf39g8O7aNKR8WppNCmMY9lLyQKOIugrZnm0EskEBFy6IaT65nffQSpWBzd62kCviCjiA0ZJdpIgV2pPQTeDXBNzoPMEymGPLCrTt2ZA68StyBVVKAV2F/eIKapgEhTTpTqu06i/YxIzSiHvOylChJCJ2QEfUMjIkD52fz2HJ8ZZYCHsTQVaTxXf09kRCg1FaHpFESP1bI3E//z+qkeNvyMRUmqIaKLRcOUYx3jWRB4wCRQzaeGECqZuRXTMZGEahNX2YTgLr+8SjoXddepu3eX1WajiKOETtApqiEXXaEmukUt1EYUPaFn9IrerNx6sd6tj0XrmlXMHKM/sD5/AAVhk74=</latexit><latexit sha1_base64="Wy7BGSI5J7+wkpkSyZEOCUj54w4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0Wol5KIYI8FPXisYD+kCWGznbZLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwoQzpR3n21pb39jc2i7tlHf39g8O7aNKR8WppNCmMY9lLyQKOIugrZnm0EskEBFy6IaT65nffQSpWBzd62kCviCjiA0ZJdpIgV2pPQTeDXBNzoPMEymGPLCrTt2ZA68StyBVVKAV2F/eIKapgEhTTpTqu06i/YxIzSiHvOylChJCJ2QEfUMjIkD52fz2HJ8ZZYCHsTQVaTxXf09kRCg1FaHpFESP1bI3E//z+qkeNvyMRUmqIaKLRcOUYx3jWRB4wCRQzaeGECqZuRXTMZGEahNX2YTgLr+8SjoXddepu3eX1WajiKOETtApqiEXXaEmukUt1EYUPaFn9IrerNx6sd6tj0XrmlXMHKM/sD5/AAVhk74=</latexit><latexit sha1_base64="Wy7BGSI5J7+wkpkSyZEOCUj54w4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0Wol5KIYI8FPXisYD+kCWGznbZLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwoQzpR3n21pb39jc2i7tlHf39g8O7aNKR8WppNCmMY9lLyQKOIugrZnm0EskEBFy6IaT65nffQSpWBzd62kCviCjiA0ZJdpIgV2pPQTeDXBNzoPMEymGPLCrTt2ZA68StyBVVKAV2F/eIKapgEhTTpTqu06i/YxIzSiHvOylChJCJ2QEfUMjIkD52fz2HJ8ZZYCHsTQVaTxXf09kRCg1FaHpFESP1bI3E//z+qkeNvyMRUmqIaKLRcOUYx3jWRB4wCRQzaeGECqZuRXTMZGEahNX2YTgLr+8SjoXddepu3eX1WajiKOETtApqiEXXaEmukUt1EYUPaFn9IrerNx6sd6tj0XrmlXMHKM/sD5/AAVhk74=</latexit>

(Y�)ee
<latexit sha1_base64="e7mz3TAWpqeYrnoe1vt9yfNJRJY=">AAAB+HicbVBNS8NAEJ34WetHox69BItQLyURwR4LevBYwX5IG8JmO22XbjZhdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhQlnSrvut7W2vrG5tV3YKe7u7R+U7MOjlopTSbFJYx7LTkgUciawqZnm2Ekkkijk2A7H1zO//YhSsVjc60mCfkSGgg0YJdpIgV2qPAS9G+SanAcZ4jSwy27VncNZJV5OypCjEdhfvX5M0wiFppwo1fXcRPsZkZpRjtNiL1WYEDomQ+waKkiEys/mh0+dM6P0nUEsTQntzNXfExmJlJpEoemMiB6pZW8m/ud1Uz2o+RkTSapR0MWiQcodHTuzFJw+k0g1nxhCqGTmVoeOiCRUm6yKJgRv+eVV0rqoem7Vu7ss12t5HAU4gVOogAdXUIdbaEATKKTwDK/wZj1ZL9a79bFoXbPymWP4A+vzBwuskqc=</latexit><latexit sha1_base64="e7mz3TAWpqeYrnoe1vt9yfNJRJY=">AAAB+HicbVBNS8NAEJ34WetHox69BItQLyURwR4LevBYwX5IG8JmO22XbjZhdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhQlnSrvut7W2vrG5tV3YKe7u7R+U7MOjlopTSbFJYx7LTkgUciawqZnm2Ekkkijk2A7H1zO//YhSsVjc60mCfkSGgg0YJdpIgV2qPAS9G+SanAcZ4jSwy27VncNZJV5OypCjEdhfvX5M0wiFppwo1fXcRPsZkZpRjtNiL1WYEDomQ+waKkiEys/mh0+dM6P0nUEsTQntzNXfExmJlJpEoemMiB6pZW8m/ud1Uz2o+RkTSapR0MWiQcodHTuzFJw+k0g1nxhCqGTmVoeOiCRUm6yKJgRv+eVV0rqoem7Vu7ss12t5HAU4gVOogAdXUIdbaEATKKTwDK/wZj1ZL9a79bFoXbPymWP4A+vzBwuskqc=</latexit><latexit sha1_base64="e7mz3TAWpqeYrnoe1vt9yfNJRJY=">AAAB+HicbVBNS8NAEJ34WetHox69BItQLyURwR4LevBYwX5IG8JmO22XbjZhdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhQlnSrvut7W2vrG5tV3YKe7u7R+U7MOjlopTSbFJYx7LTkgUciawqZnm2Ekkkijk2A7H1zO//YhSsVjc60mCfkSGgg0YJdpIgV2qPAS9G+SanAcZ4jSwy27VncNZJV5OypCjEdhfvX5M0wiFppwo1fXcRPsZkZpRjtNiL1WYEDomQ+waKkiEys/mh0+dM6P0nUEsTQntzNXfExmJlJpEoemMiB6pZW8m/ud1Uz2o+RkTSapR0MWiQcodHTuzFJw+k0g1nxhCqGTmVoeOiCRUm6yKJgRv+eVV0rqoem7Vu7ss12t5HAU4gVOogAdXUIdbaEATKKTwDK/wZj1ZL9a79bFoXbPymWP4A+vzBwuskqc=</latexit><latexit sha1_base64="e7mz3TAWpqeYrnoe1vt9yfNJRJY=">AAAB+HicbVBNS8NAEJ34WetHox69BItQLyURwR4LevBYwX5IG8JmO22XbjZhdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhQlnSrvut7W2vrG5tV3YKe7u7R+U7MOjlopTSbFJYx7LTkgUciawqZnm2Ekkkijk2A7H1zO//YhSsVjc60mCfkSGgg0YJdpIgV2qPAS9G+SanAcZ4jSwy27VncNZJV5OypCjEdhfvX5M0wiFppwo1fXcRPsZkZpRjtNiL1WYEDomQ+waKkiEys/mh0+dM6P0nUEsTQntzNXfExmJlJpEoemMiB6pZW8m/ud1Uz2o+RkTSapR0MWiQcodHTuzFJw+k0g1nxhCqGTmVoeOiCRUm6yKJgRv+eVV0rqoem7Vu7ss12t5HAU4gVOogAdXUIdbaEATKKTwDK/wZj1ZL9a79bFoXbPymWP4A+vzBwuskqc=</latexit>

BR(µ ! eee) =
|(Y�)µe|2|(Y�)ee|2

M4
�G

2
F

<latexit sha1_base64="7fx5h/eaiFRm3ivUER0XwMvCqQM="></latexit><latexit sha1_base64="7fx5h/eaiFRm3ivUER0XwMvCqQM="></latexit><latexit sha1_base64="7fx5h/eaiFRm3ivUER0XwMvCqQM="></latexit><latexit sha1_base64="7fx5h/eaiFRm3ivUER0XwMvCqQM="></latexit>

BR(µ+ ! e+e+e�) ' 10�16 ) M� ⇡ 3000 TeV
<latexit sha1_base64="4OvUu6REl9kqPuxSxAbcGqo/e5A="></latexit><latexit sha1_base64="4OvUu6REl9kqPuxSxAbcGqo/e5A="></latexit><latexit sha1_base64="4OvUu6REl9kqPuxSxAbcGqo/e5A="></latexit><latexit sha1_base64="4OvUu6REl9kqPuxSxAbcGqo/e5A="></latexit>

Present bound:

Mu3e sensitivity:

Abada et al. ’07, ‘08

<latexit sha1_base64="7fEAz80NN3BdT+O4wqrFN0jNp6I=">AAAB9HicbVDJSgNBEK1xjXGLevTSGARPYSa45BjQg8cIZpFkDD2dnqRJz2J3TSAM+Q4vHhTx6sd482/sJHPQxAcFj/eqqKrnxVJotO1va2V1bX1jM7eV397Z3dsvHBw2dJQoxusskpFqeVRzKUJeR4GSt2LFaeBJ3vSG11O/OeJKiyi8x3HM3YD2Q+ELRtFI7kO3c8Ml0se07Ey6haJdsmcgy8TJSBEy1LqFr04vYknAQ2SSat127BjdlCoUTPJJvpNoHlM2pH3eNjSkAdduOjt6Qk6N0iN+pEyFSGbq74mUBlqPA890BhQHetGbiv957QT9ipuKME6Qh2y+yE8kwYhMEyA9oThDOTaEMiXMrYQNqKIMTU55E4Kz+PIyaZRLzmXp4u68WK1kceTgGE7gDBy4gircQg3qwOAJnuEV3qyR9WK9Wx/z1hUrmzmCP7A+fwAuIpGz</latexit>
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The couplings to leptons of these fields follow from the third term in Eq. (4):
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where ↵ and � are flavour indices and we work in the basis where the charged-lepton and down-
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At the GUT scale the triplet and leptoquark Yukawa matrices in Eq. (26) match to Y15 as

Y� = YLQ/
p
2 = Y15 , [GUT scale] . (28)

At lower scales, they are renormalised according to the RGEs reported in Appendix C, resulting
in the TeV-scale relation

YLQ ⇡ 2.1Y� , [TeV scale] . (29)
What makes this framework predictive is that the flavour structure of both matrices is related to
the observed neutrino masses and mixing. Neutrino mass terms arise from the explicit breaking
of the lepton number that is a consequence of the couplings of the triplet to leptons in Eq. (26)
in combination with the following scalar potential term:

� L � µ�5�
⇤
15�5 + h.c. ! µ�HT i�2�H + h.c. . (30)

The resulting Majorana neutrino mass matrix reads

m⌫ =
p
2Y�v� = Y�

µ� v2

M2
�

, (31)

where v� is the vev the triplet acquires upon electroweak symmetry breaking, that is, h�0
i =

v�/
p
2, and v = v5.9 Eq. (31) shows that the flavour structure of the matrix Y� — and conse-

quently of YLQ too— is the same as that of the neutrino mass matrix. In other words, in the
charged-lepton mass basis, Y� unavoidably features off-diagonal LFV entries dictated by the
(large) mixing angles of the PMNS matrix, following from

mdiag
⌫ = UT

pmns m⌫ Upmns , (32)

where mdiag
⌫ is the diagonal matrix of the neutrino mass eigenvalues (m1,m2,m3) and Upmns is

the PMNS mixing matrix (cf. Appendix D for details). Notice however that the absolute size
of the couplings in Y� and YLQ is not uniquely determined (even for a given M�) because of
the dependence of m⌫ on the lepton-breaking dimensionful parameter µ�. In particular, for a
small enough µ�, the observed values of the neutrino masses can be reproduced even with a
light triplet and ⇠ O(1) couplings in Y� — which greatly enhances the LFV effects, as we will
show below. On the other hand, the Yukawa couplings could still be extremely small if µ� is
sizeable.10 Ratios of rates of different LFV processes overcome this source of uncertainty and,
as discussed below, can provide further constraints on the spectrum of the model, in particular
on the ratio MLQ/M�. This opportunity, in combination with the unification requirements on
the particle masses and the fact that, following from Eq. (26), the leptoquark couplings YLQ are
flavour symmetric and linked to the neutrino mass matrix, makes the LFV phenomenology of
SU(5) type-II seesaw models much more predictive than the generic setups previously studied,
e.g. in the model-independent analyses of Refs. [4, 27].

9This is equal to vEW ⇡ 246 GeV for models without a second Higgs doublet. On the contrary, if H2 ⇢ �45

exists, one has v5 = vEW cos� with tan� ⌘ v45/v5 being a free parameter. If this is the case, the bounds on the
couplings discussed below have to be rescaled by an O(1) factor, while the rest of the phenomenological discussion
does not change.

10One can obtain the loose lower bound |Y
↵�
� | & 10�12 from the electroweak-fit constraint on �⇢, which

requires v� . 1 GeV (see e.g. [61]) in Eq. (31).

16

The couplings to leptons of these fields follow from the third term in Eq. (4):

� LYukawa � Y ↵�
15  5 ↵�

⇤
15 

c
5� + h.c. ! Y ↵�

� LL ↵�i�2L
c
L� + Y ↵�

LQ DR ↵
fR2LL� + h.c. , (26)

where ↵ and � are flavour indices and we work in the basis where the charged-lepton and down-
quark mass matrices are flavour diagonal. The conventions we adopt for the decomposition of
the SU(2)L representations are

� =

✓
��/

p
2 �0

���
���/

p
2

◆
, fR2

T
=

✓
fR2

2/3
, fR2

�1/3
◆

. (27)

At the GUT scale the triplet and leptoquark Yukawa matrices in Eq. (26) match to Y15 as

Y� = YLQ/
p
2 = Y15 , [GUT scale] . (28)

At lower scales, they are renormalised according to the RGEs reported in Appendix C, resulting
in the TeV-scale relation

YLQ ⇡ 2.1Y� , [TeV scale] . (29)
What makes this framework predictive is that the flavour structure of both matrices is related to
the observed neutrino masses and mixing. Neutrino mass terms arise from the explicit breaking
of the lepton number that is a consequence of the couplings of the triplet to leptons in Eq. (26)
in combination with the following scalar potential term:

� L � µ�5�
⇤
15�5 + h.c. ! µ�HT i�2�H + h.c. . (30)

The resulting Majorana neutrino mass matrix reads

m⌫ =
p
2Y�v� = Y�

µ� v2

M2
�

, (31)

where v� is the vev the triplet acquires upon electroweak symmetry breaking, that is, h�0
i =

v�/
p
2, and v = v5.9 Eq. (31) shows that the flavour structure of the matrix Y� — and conse-

quently of YLQ too— is the same as that of the neutrino mass matrix. In other words, in the
charged-lepton mass basis, Y� unavoidably features off-diagonal LFV entries dictated by the
(large) mixing angles of the PMNS matrix, following from

mdiag
⌫ = UT

pmns m⌫ Upmns , (32)

where mdiag
⌫ is the diagonal matrix of the neutrino mass eigenvalues (m1,m2,m3) and Upmns is

the PMNS mixing matrix (cf. Appendix D for details). Notice however that the absolute size
of the couplings in Y� and YLQ is not uniquely determined (even for a given M�) because of
the dependence of m⌫ on the lepton-breaking dimensionful parameter µ�. In particular, for a
small enough µ�, the observed values of the neutrino masses can be reproduced even with a
light triplet and ⇠ O(1) couplings in Y� — which greatly enhances the LFV effects, as we will
show below. On the other hand, the Yukawa couplings could still be extremely small if µ� is
sizeable.10 Ratios of rates of different LFV processes overcome this source of uncertainty and,
as discussed below, can provide further constraints on the spectrum of the model, in particular
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still probably beyond the reach of colliders: how to test it then?

Flavour structure of the couplings directly linked to neutrino parameters:
<latexit sha1_base64="A2UgrlBc7VzvWPP9nI1aJXhfT6U="></latexit>
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The most minimal model requires relatively light triplet and LQ from 15H 
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the dependence of m⌫ on the lepton-breaking dimensionful parameter µ�. In particular, for a
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light triplet and ⇠ O(1) couplings in Y� — which greatly enhances the LFV effects, as we will
show below. On the other hand, the Yukawa couplings could still be extremely small if µ� is
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(to very good approx., the RGEs do not affect the flavour structure)

Observable 90% CL upper limit Future sensitivity
BR(µ+

! e+�) 4.2⇥ 10�13 [62] 6⇥ 10�14 [63]
BR(µ+

! e+e�e+) 1.0⇥ 10�12 [64] 10�16 [65]
CR(µ�N ! e�N) 7.0⇥ 10�13 (N =Au) [66] 6⇥ 10�17 (N =Al) [67, 68]
BR(KL ! µ±e⌥) 4.7⇥ 10�12 [69] ⇠ 10�12 [70]
BR(KL ! ⇡0µ+e�) 7.6⇥ 10�11 [71] ⇠ 10�12 [70]
BR(K+

! ⇡+µ+e�) 1.3⇥ 10�11 [72] ⇠ 10�12 [70]
BR(K+

! ⇡+µ�e+) 5.2⇥ 10�10 [73] ⇠ 10�12 [70]

Table 4: Current experimental bounds and future expected sensitivities on the LFV processes
relevant for our analysis.

4.1 LFV observables

Both the triplet � and the leptoquark fR2 induce LFV processes already at the tree level. Here
we focus on µ� e flavour violation that is subject to the best limits at present and has the most
promising experimental prospects, see e.g. [24]. Present bounds and future expected sensitivities
on the processes we are interested in are reported in Table 4.

A tree-level exchange of the triplet mediates µ ! eee [4]:
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where GF is the Fermi constant.
The leptoquark fR2 can induce at tree level µ ! e conversion in atomic nuclei, with a

conversion rate given by [15, 27]:
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V (p) + 2V (n)

⌘2 ��Y 21
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��2 ��Y 11
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��2 , (34)

which is as usual normalised by the capture rate �capt of muons by the nucleus N . V (p) and
V (n) are overlap integrals between muon and electron wave functions and nucleons density
distributions [74]. The most recent evaluation of these quantities can be found in Ref. [75].11

The leptoquark also contributes at tree level to LFV decays of mesons, in particular the
tightly constrained neutral kaon decay KL ! µe, whose branching ratio reads [15, 27]:

BR(KL ! µe) =
mK⌧KL

256⇡
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2
KL

M4
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1�
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µ

m2
KL

!2 ��Y 12
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12 ⇤
LQ + Y 11

LQY
22 ⇤
LQ

��2 , (35)

where fKL ' 160 MeV and ⌧KL = 5.116 ⇥ 10�8 s are KL decay constant and lifetime [36].
Semileptonic kaon decays are also induced. Following [76], we find

d

dq2
BR(K ! ⇡µe) =

(m2
µ � q2)2⌧K�

1
2 (
p

q2,mK ,m⇡)

12288⇡3m3
KM4

LQq
6

Y (36)

⇥

h
3|f0(q

2)|2(m2
K �m2

⇡)
2m2

µ + |f+(q
2)|2(m2

µ + 2q2)�(
p

q2,mK ,m⇡)
i
,

11The present best limit on µ ! e conversion was obtained on gold and the upcoming experiments plan
to employ aluminium targets, see Table 4. Thus we are using the following input for our analysis [75]:
V

(p)(Au) = 0.0866 , V (n)(Au) = 0.129 and �capt(Au) = 13.07⇥106 s�1; V (p)(Al) = 0.0165 , V (n)(Al) = 0.0178
and �capt(Al) = 0.7054⇥ 106 s�1. The capture rates were taken from [74].
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(a)             (b) 

图 8  与 GUT 下 Type-II 跷跷板机制相关的 LFV 过程： 

(a)𝜇 → 3𝑒衰变; (b)K 介子味道改变的衰变过程 

公式(36)描述了𝜙15与标准模型费米子的相互作用，都直接导致轻子数、重

子数破坏。其中，弱三重态标量场𝛥中带两个单位电荷的组份𝛥++会在树图阶引

起如图 8(a)所示的𝜇子衰变为三个电子的轻子数破坏的衰变过程。其衰变宽度的

表达式和𝜇子主要衰变模式𝜇 → 𝑒𝜈𝜈非常类似[53]： 

                              𝛤(𝜇− → 𝑒+𝑒−𝑒−) =
𝑚𝜇

5

192𝜋3
1

𝑀𝛥
4 |(𝑌𝛥)𝜇𝑒|2|(𝑌𝛥)𝑒𝑒|2                         (65) 

如 果 |(𝑌𝛥)𝜇𝑒| ∼ |(𝑌𝛥)𝑒𝑒| ∼ 10−2, 𝑀𝛥 ∼ 10 TeV, 那 么 BR(𝜇− → 𝑒+𝑒−𝑒−) ∼

7.35 × 10−15,与三重态费米子带来的效应很接近，值得在未来的 Mu3e 等实验中

进行搜索。而其优于第三类跷跷板机制之处在于，标量势中的自由参数𝜆𝛥会进

入中微子质量矩阵表达式(14),所以 1
𝑀𝛥

2 |(𝑌𝛥)𝜇𝑒||(𝑌𝛥)𝑒𝑒|的量级不会受到中微子质

量大小的限制。其实，𝑆𝑈(5)大统一理论本身要求𝜆𝛥足够小，因为𝜆𝛥𝑀𝛥 也即标

量势中𝑇, 𝐿𝑄, 𝐻三者间的耦合系数，它会导致如图 9 所示的质子衰变过程[26]。 

图 9  LQ 导致的质子衰变过程 
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The leptoquark mediates tree-level processes such as
see e.g. Dorsner et al. '16
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where q2 = (pµ+pe)2 (with m2
µ . q2  (mK�m⇡)2), �(a, b, c) ⌘ [a2�(b�c)2][a2�(b+c)2], and

the form factors are about the same for K+ and KL (up to percent level corrections [77]) and
depend very weakly on q2 [78]. For our numerical study, we employ f0(q2) ' f+(q2) ' f0(0) '
f+(0) ' 0.9677 [79]. The above expression depends on the following combinations of couplings:

Y =

8
><

>:

|Y 12
LQ|

4 [K+
! ⇡+µ+e�] ,

|Y 11
LQY

22 ⇤
LQ |

2 [K+
! ⇡+µ�e+] ,

1
2 |Y

12
LQY

12 ⇤
LQ + Y 11

LQY
22 ⇤
LQ |

2 [KL ! ⇡0µ+e�] .

(37)

As one can see from Eq. (35), KL ! ⇡0µ+e� has the same dependence as KL ! µe, and
one numerically finds BR(KL ! ⇡0µ+e�) ⇡ 0.04⇥ BR(KL ! µ+e�), hence it can not provide
additional information. On the contrary, both K+

! ⇡+µ+e� and K+
! ⇡+µ�e+ have a

cleaner dependence on the entries of YLQ, hence they can help to study its flavour structure, as
we will see below.

In principle, both the triplet and the leptoquark also induce µ ! e� at one loop. However, the
contribution from loops involving down-type quarks and fR2 is strongly suppressed— the terms
in the amplitude being / (md,s,b/MLQ)2 — thus the branching ratio is very well approximated
by the contribution of the type II seesaw triplet alone [4]:

BR(µ ! e�) =
↵
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4.2 Numerical analysis

Numerically, the above formulae give
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(39)
These results, in combination with the experimental limits in Table 4, show that for the

spectrum favoured by our Model 2 fit in Section 3.2 (M�, MLQ . 10 TeV) the relevant couplings
are approximately constrained to be |Y ↵�

� | . 0.05, |Y ↵�
LQ | . 0.02, with µ ! eee and µN ! eN
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These results, in combination with the experimental limits in Table 4, show that for the

spectrum favoured by our Model 2 fit in Section 3.2 (M�, MLQ . 10 TeV) the relevant couplings
are approximately constrained to be |Y ↵�

� | . 0.05, |Y ↵�
LQ | . 0.02, with µ ! eee and µN ! eN
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Figure 5: Ratios BR(µ ! eee)/CR(µAl ! eAl) (red points) and BR(µ ! eee)/BR(KL ! µe)
(blue points) as functions of M�/MLQ. See the text for details.

providing the most stringent bounds, which translate into lower limits on the masses as stringent
as M� & 200 TeV, MLQ & 500 TeV, for O(1) couplings. Table 4 and Eq. (39) show that
upcoming experiments will improve these limits by about one order of magnitude.

Even if not so constraining, µ ! e�, KL ! µe and K+
! ⇡+µe depend on different

combinations of the couplings, hence ratios of the branching ratios of different modes can provide
information on the flavour structure of Y� and YLQ, that is, on the flavour structure of the
neutrino mass matrix, Eq. (31), as we will discuss below.

The matrices Y� and YLQ are related by the GUT boundary condition, Eq. (28). Moreover,
as discussed in Appendix C, the RGE running does not affect their flavour structure, only the
overall normalisation. Therefore, we see from Eq. (39) that the ratio between the rates of µ ! eee
and µ ! e conversion in nuclei only depends on MLQ/M�:
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(40)
where we employed the TeV-scale relation Eq. (29). It is then clear that measurements (or
constraints) of different LFV processes can provide non-trivial information on the mass spectrum
of the theory, to be combined with the constraints from gauge coupling unification and proton
decay discussed in the previous section. This is also depicted in Figure 5, where we plot the
ratio BR(µ ! eee)/CR(µAl ! eAl) (red points) as a function of M�/MLQ, varying the mass
parameters within the 1�-favoured region of the Model 2 fit reported in Section 3.2.

The figure also displays BR(µ ! eee)/BR(KL ! µe) (blue points). In the latter case, the
correlation is much less pronounced since the two processes depend on different combinations
of the coupling matrices (see Eq. (39)), which are in turn affected by the uncertainty stemming
from the neutrino parameters in Eq. (31). To produce Figure 5, we employ the fits provided in
Refs. [80, 81] for the mixing angles and neutrino mass differences, while the poorly-constrained
Dirac phase and the unknown Majorana phases of the PMNS have been uniformly varied within
[0, 2⇡), and we scanned the value of the lowest neutrino mass (assuming normal hierarchy) in
the range 0.001 eV  m1  0.1 eV. The logarithm of the absolute strength of the coupling was
varied uniformly in the range �4.5  log10(|Y

11
� |)  �2.

The same choice of parameters has been employed to generate the plots of Figure 6, where
the rates of µ ! eee, µAl ! eAl and KL ! µe are compared to the present bounds and
future experimental sensitivities reported in Table 4. As we can see, a large portion of the
parameter space is already excluded and substantially more is within the sensitivity of the
upcoming experiments, in particular Mu3e [65] and Mu2e/COMET [67, 68]. Therefore, unless
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Figure 5: Ratios BR(µ ! eee)/CR(µAl ! eAl) (red points) and BR(µ ! eee)/BR(KL ! µe)
(blue points) as functions of M�/MLQ. See the text for details.
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Figure 6: CR(µAl ! eAl) vs BR(µ ! eee) (left panel) and BR(KL ! µe) vs BR(µ ! eee)
(right panel) for the same variation of the parameters as in Figure 5 (see text for details).
The colour of the points denotes the value of M�/MLQ, as indicated under the plots, and the
dashed line corresponds to M� = MLQ and to setting the combinations of couplings appearing in
Eq. (39) to their fitted central values. The gray lines indicate the present and future experimental
limits as in Table 4. The present bound on µ ! e conversion was rescaled according to Eq. (40).

Figure 7: Correlations between processes induced by the exchange of the same field (� or fR2)
for the same variation of the parameters as in Figures 5 and 6. The colour of the points denotes
the value of log10(|Y 11

�,LQ|), as indicated under the plots. Lines as in Figure 6.
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Sensitivity of                                        to neutrino mass scaleFigure 11: Dependence of CR(µAl ! e Al)/BR(KL ! µe) on each the 9 neutrino sector
parameters defined in Appendix D marginalised over the other parameters for the NO case. The
results of the fit for the three oscillation angles and the two mass splittings reported in [80, 81]
have been employed here.
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Figure 8: Ratio CR(µAl ! e Al)/BR(KL ! µe) as a function of the lowest neutrino mass
and the effective Majorana neutrino mass obtained by marginalising over the other neutrino
parameters. Left: normal ordering (NO). Right: inverted ordering (IO).

the overall size of the Yukawa couplings is considerably smaller than the range we considered, the
spectrum of the model favoured by gauge coupling unification will likely provide positive LFV
signals and, as Figures 5 and 6 show, such measurements would pinpoint the mass ratio MLQ/M�

(besides measuring |Y 21
�, LQ||Y

11
�, LQ|/M

2
�, LQ, that is, the coefficients of the LFV operators induced

by a triplet or a leptoquark exchange).
Of course, cleaner correlations are observed when considering pairs of processes induced by

the same field, as shown in Figure 7. The first plot displays µ ! eee and µ ! e�, that is,
processes due to the triplet �. The other three panels depict processes that are mediated by
the leptoquark fR2. These plots also show how present and future experimental bounds can
constrain the overall value of the Yukawa couplings.

The spread of the points in Figure 7 follows from the different combinations of the couplings
relevant for different processes, as illustrated in Eq. (39), and thus is entirely due to the present
uncertainty on the neutrino parameters in Eq. (31). This is a clear indication that measuring
the rates of different LFV modes mediated by the same state from �15 would provide precious
information on the neutrino parameters beyond that that is currently available from the obser-
vation of neutrino oscillations and other neutrino experiments. However, the prospects of this
programme do not seem very good in the case of the processes induced by �: the first panel
of Figure 7 indeed shows that it is unlikely to observe µ ! e� given the present constraint on
µ ! eee, which is a general feature of type II seesaw models irrespective of their possible GUT
embedding.12 Similarly, charged kaon decays (as shown in the second row of the figure) are not
as promising as KL ! eµ. This latter mode, in combination with µ ! e in nuclei (see the
second plot of Figure 7), seems instead to offer a suitable option to probe the flavour structure
of YLQ, and thus of m⌫ — especially if future experiments will be able to probe it substantially
below the 10�12 level. Needless to say, a direct connection of these leptoquark-induced processes
to the neutrino sector is possible only in presence of an underlying GUT structure as the one
we are considering here (and it would be a crucial indication thereof).

We start studying the dependence of the ratio CR(µAl ! e Al)/BR(KL ! µe) on the pa-
rameters of the neutrino mass matrix m⌫ . In Appendix D, we show the standard paramerisation
that we employ for the PMNS matrix appearing in Eq. (31) and the dependence of this ratio of
LFV rates on the 9 parameters of the neutrino sector. In particular, Figure 11 shows that mea-
suring or constraining CR(µAl ! e Al)/BR(KL ! µe) would not provide useful information on
the oscillation parameters, that is, the PMNS mixing angles, the neutrino mass splittings, and

12This conclusion can be relaxed in specific cases where m⌫ (and thus Y�) features texture zeroes (see e.g. [82]
for an assessment of such a possibility), for instance as a consequence of a flavour symmetry. In this kind of
scenarios, one may envisage the possibility that either Y

21
� = 0 or Y

11
� = 0 at some high-energy scale related to

new flavour dynamics and that the vanishing entry is only radiatively generated by running the matrix down to
M� through the RGEs shown in Appendix C. From Eq. (39) we see that this would suppress µ ! eee and make
µ ! e� comparatively more constraining. In the following, we do not further entertain a situation of this kind.
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Figure 9: Ratio CR(µAl ! e Al)/BR(KL ! µe) as a function of the PMNS Majorana phases
↵21 (first row), ↵31 (second row), and the combination (↵31 � ↵21) (third row) obtained by
marginalising over the other neutrino parameters [80] for different values of the lowest neutrino
mass mmin. The NO case is denoted by orange points, the IO case by blue points.

the Dirac CP-violating phase. In contrast, this ratio is very sensitive to parameters that are so
far unknown: the two Majorana phases ↵21 and ↵31, and the absolute neutrino mass mmin,13

hence we focus here on these interesting quantities.
In Figure 8, we display the dependence of CR(µAl ! e Al)/BR(KL ! µe) on mmin and the

effective Majorana neutrino mass hm��i ⌘ |
P

i U
2
eimi|— where Uei are the first-row elements of

the PMNS matrix in Eq. (56) — marginalised over the other neutrino parameters. This shows
that, in the context of our GUT models, measuring KL ! µe with a rate more than 10 times
larger than µ ! e conversion in nuclei would strongly disfavour the inverted ordering and, more
importantly, point to a light absolute mass and effective mass, m1, hm��i . 10�2 eV, a situation
rather challenging for other experimental probes such as searches for neutrinoless double-beta
decays [83].

In Figure 9, we plot CR(µAl ! e Al)/BR(KL ! µe) as a function of the Majorana phases
for different values of mmin. These plots show how, within an underlying GUT structure, the
comparison of these two LFV processes can shed light on the unknown Majorana phases, espe-
cially in presence of a future determination of (or a more stringent constraint on) mmin. As an
example, we can see that, for a relatively sizeable mmin, CR(µAl ! e Al) ⌧ BR(KL ! µe)
would require ↵21 to be quite close to 0. On the contrary, CR(µAl ! e Al) � BR(KL ! µe)

13As customary, mmin = m1 for the normal mass ordering (NO), m1 < m2 < m3, and mmin = m3, for the
inverted mass ordering (IO), m3 < m1 < m2.
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that, in the context of our GUT models, measuring KL ! µe with a rate more than 10 times
larger than µ ! e conversion in nuclei would strongly disfavour the inverted ordering and, more
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example, we can see that, for a relatively sizeable mmin, CR(µAl ! e Al) ⌧ BR(KL ! µe)
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C RGEs of triplet and leptoquark Yukawa couplings

The 1-loop RGEs for the Eq. (26) interactions related to type II seesaw are given by [88, 89]:
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where t ⌘ ln(µ/mZ). As one can see, YLQ runs more than Y� due to the term / g23, reflecting
the fact that the leptoquark is strongly interacting while the triplet � is colour neutral. As
a consequence the GUT relation YLQ =

p
2Y� does not hold at lower energies. On the other

hand, notice that the flavour structure of the matrices can be only changed by the cubic terms
/ Y�Y

†
�Y� and YLQY

†
LQYLQ. For the light spectra we are interested in, LFV processes constrain

the entries of Y� and YLQ to be rather small, as discussed in Section 4.2, hence the effect of
these terms is negligible and the flavour structure of the two matrices will remain the same at
all scales to a very good approximation.

Solving the above RGEs for a typical Model 2 spectrum, M%3 = M� = MLQ = M'8 =
1 TeV (implying M%8 ⇡ 1.3 ⇥ 1015 GeV, Mgut ⇡ 2.5 ⇥ 1015 GeV, ↵�1

gut ⇡ 33), one obtains
YLQ(MLQ)/YLQ(Mgut) ⇡ 2.4 and Y�(M�)/Y�(Mgut) ⇡ 1.6, which results in the low-energy
relation YLQ ⇡ 2.1Y�. Since this result is not much affected by details of the spectrum, we
employed this constant factor in the numerical analysis of Section 4.

D Dependence of the LFV rates on neutrino parameters

The PMNS matrix in Eq. (32) reads:

Upmns =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 e�i�Ds13
0 1 0

�ei�Ds13 0 c13
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A

0

@
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�s12 c12 0
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A · P , (56)

where sij ⌘ sin ✓ij , cij ⌘ cos ✓ij and P is the matrix containing the Majorana phases:

P ⌘ diag(1, e�i↵21/2, e�i↵31/2) . (57)

Besides the six parameters in the PMNS, the neutrino sector comprises three mass param-
eters, namely the mass splittings �21 and �31 (with �ij ⌘ m2

i � m2
j ) and the absolute mass

mmin = m1 [NO], m3 [IO].
In Figure 11, we show the dependence of the ratio CR(µAl ! e Al)/BR(KL ! µe) on the

above-defined parameters for the normal ordering case and the oscillation parameters resulting
from the fit in Refs. [80, 81]. Pronounced effects are observed only in the case of the Majorana
phases and the absolute neutrino mass.

For completeness, we show in Figure 12 the same analysis for BR(µ ! e�)/BR(µ ! eee),
which exhibits a strong sensitivity on m1 but not a very prominent one on the phases. It is
interesting to notice that Figure 12 displays general results for type II seesaw, independent of
our specific GUT models. This shows that, in case of a positive signal for µ ! eee at Mu3e [65],
a future experiment able to go substantially beyond the sensitivity of MEGII [63] on µ ! e� (for
ideas in this sense see Ref. [90]) would be particularly sensitive to a very light absolute mass.
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Figure 11: Dependence of CR(µAl ! e Al)/BR(KL ! µe) on each the 9 neutrino sector
parameters defined in Appendix D marginalised over the other parameters for the NO case. The
results of the fit for the three oscillation angles and the two mass splittings reported in [80, 81]
have been employed here.
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Sensitivity of                                            to Majorana phases

C RGEs of triplet and leptoquark Yukawa couplings

The 1-loop RGEs for the Eq. (26) interactions related to type II seesaw are given by [88, 89]:
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where t ⌘ ln(µ/mZ). As one can see, YLQ runs more than Y� due to the term / g23, reflecting
the fact that the leptoquark is strongly interacting while the triplet � is colour neutral. As
a consequence the GUT relation YLQ =
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2Y� does not hold at lower energies. On the other

hand, notice that the flavour structure of the matrices can be only changed by the cubic terms
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LQYLQ. For the light spectra we are interested in, LFV processes constrain

the entries of Y� and YLQ to be rather small, as discussed in Section 4.2, hence the effect of
these terms is negligible and the flavour structure of the two matrices will remain the same at
all scales to a very good approximation.

Solving the above RGEs for a typical Model 2 spectrum, M%3 = M� = MLQ = M'8 =
1 TeV (implying M%8 ⇡ 1.3 ⇥ 1015 GeV, Mgut ⇡ 2.5 ⇥ 1015 GeV, ↵�1

gut ⇡ 33), one obtains
YLQ(MLQ)/YLQ(Mgut) ⇡ 2.4 and Y�(M�)/Y�(Mgut) ⇡ 1.6, which results in the low-energy
relation YLQ ⇡ 2.1Y�. Since this result is not much affected by details of the spectrum, we
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from the fit in Refs. [80, 81]. Pronounced effects are observed only in the case of the Majorana
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For completeness, we show in Figure 12 the same analysis for BR(µ ! e�)/BR(µ ! eee),
which exhibits a strong sensitivity on m1 but not a very prominent one on the phases. It is
interesting to notice that Figure 12 displays general results for type II seesaw, independent of
our specific GUT models. This shows that, in case of a positive signal for µ ! eee at Mu3e [65],
a future experiment able to go substantially beyond the sensitivity of MEGII [63] on µ ! e� (for
ideas in this sense see Ref. [90]) would be particularly sensitive to a very light absolute mass.
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Figure 10: Same as Figure 9 for CR(µAl ! e Al)/BR(K+
! ⇡+µ+e�) (first and second row)

and CR(µAl ! e Al)/BR(K+
! ⇡+µ�e+) (third and fourth row).

would point to values of ↵31 not far from ⇡. One can also see one of the phases becoming
unphysical in the opposite limit mmin ! 0.

Following from Eq. (39), the results of Figures 8 and 9 can be traced back to the change
in the relative size of Y 11

LQ, Y 12
LQ, and Y 22

LQ for different values of mmin, ↵21 and ↵31. One can
hence expect to obtain an even better sensitivity on these parameters by comparing µ ! e
conversion in nuclei with charged kaon LFV modes, since the latter processes feature a simpler
dependence on the couplings than KL, without in particular interference terms, cf. Eq. (37). This
is indeed shown by Figure 10 where similar results for CR(µAl ! e Al)/BR(K+

! ⇡+µ+e�)
and CR(µAl ! e Al)/BR(K+

! ⇡+µ�e+) are displayed. As one can see, the complementarity
of K+

! ⇡+µ+e� and K+
! ⇡+µ�e+ in constraining ↵21 is particularly pronounced. However,

fully exploiting the interplay of different kaon LFV modes would require a future search campaign
able to reach sensitivities substantially below 10�12, as shown by the second row of Figure 7.
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Minimal GUT models typically predict low-energy/
intermediate-scale new fields to trigger unification

Type II seesaw is the most economical neutrino mass model 
that can induce unification and evade p-decay bounds

The type II triplet and its SU(5) partner are expected in the 
1-100 TeV range and can thus induce sizeable LFV rates

Processes mediated by the triplet and by the leptoquark are 
highly correlated and could give information on their masses 

(and point to an underlying GUT origin)

The flavour structure of the couplings are dictated by the 
neutrino mass matrix, hence ratios of different LFV obs can 

be sensitive to neutrino parameters difficult to measure 



Bonus track

Lorenzo Calibbi (Nankai)GUT, neutrino masses & LFV

Type II seesaw can also provide an excellent dark matter 
candidate if lepton number is spontaneously broken 

cf. Biggio LC Ota Zanchini arXiv:2304.12527

Figure 1: Diagram that generates non-zero neutrino mass in the model.

At this point we note that the smallness of neutrino mass i.e.

m‹
<
≥ 1 eV

may define interesting regions of the parameter space in any neutrino mass generation model
where the new physics is expected to be hidden from direct observation. In particular, we
are interested in spotting those regions accessible at collider searches such as the ongoing
experiments at the LHC (see Ref. [20] and references therein).

In our pure type II seesaw model where lepton number is spontaneously violated at some
low energy scale we have

m‹ = y‹
È�Í

with the e�ective vev is given as È�Í = µ È�Í
2 /M2

� where � is the isotriplet lepton–number–
carrying scalar. Here È�Í is fixed by the mass of the W boson and

µ = Ÿv1

is the dimensionful parameter responsible of lepton number violation, see eq. (3). Therefore
if y‹

≥ O(1) and the mass M� lies at 1 TeV region then one has that È�Í ≥ m‹ and µ ≥ 1 eV.
Note that one may consider two situations: v1 ∫ �EW (high-scale seesaw mechanism) in
whose case the scalar singlet and the invisible decays of the Higgs are decoupled [15]; the
second interesting case is when �EW . v1 . few TeV (low-scale seesaw mechanism). In
this case the parameter Ÿ is the range [10≠14, 10≠16] for y‹

≥ O(1). In this case one has
new physics at the TeV region including the “invisible” decays of the Higgs bosons.

Therefore, led by the smallness of the neutrino mass we can qualitatively determine that
the analysis to be carried out is characterized by having a vev hierarchy

v1 & v2 ∫ v3

and the smallness of the coupling Ÿ, that is Ÿ π 1.
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v3 < 10�3 GeV

L-breaking 
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mass

the type II majoron:

https://arxiv.org/abs/2304.12527


谢谢⼤家!  
Thank you!



Additional slides



Lorenzo Calibbi (Nankai)GUT, neutrino masses & LFV

Adding more parameters to Model 2 fit

Figure 3: Impact on M�, MLQ, and the M'8 � ⌧p correlation of relaxing the assumptions of the
Model 2 fit. From left to right: (0) minimal setup as in Figure 2, (1) 2HDM, (2) generic flavour
mixing, (3) p-decay mediators. See the text for details.

(2) Allow arbitrary flavour mixing, that is, include the mixing angles in the matrices (23)
among the free parameters to fit.7 This may suppress proton decay rates and relax the
mass constraints on the light particles. In fact, according to Eq. (10), Mu receives an
anti-symmetric contribution such that V1 is now a general unitary matrix.

(3) Take the scalar proton decay mediators (the colour triplet HT in �5, the �45 fields 'T
3 ,

�45 and 'S
3 ) lighter than Mgut. We let their masses free to range from Mgut down to

about 1013 GeV, which is the order of magnitude of the bounds from p-decay searches if
the values of the couplings of these fields to SM fermions are in the ballpark of the SM
Yukawa couplings [43].

Figure 3 and Table 3 show the impact on the fit of the above relaxed assumptions. While
the 3� upper bounds soar in the next-to-minimal scenarios, the 1�-favoured regions remain at
the TeV scale, with the exception of case (3), where the fit is substantially relaxed. In fact,
among all these new scalars, only 'T

3 and H2 from '45 satisfy bI1 < bI2 and thus can play a role
in relaxing the mass bounds in the next-to-minimal scenarios,8 while the other fields considered
in scenarios (1) and (3) can only decrease Mgut and thus in fact tighten these mass bounds.
Similarly, relaxing the flavour structure of the fermion mass matrices can loosen the p-decay
constraints and have a significant impact on the M'8 � ⌧p correlation (cf. the column (2) of
Figure 3 where we plot min[⌧(p ! ⇡0e+), ⌧(p ! K+⌫)] and show both experimental limits) but
does not affect much the prediction for the masses of the seesaw triplet and the leptoquark.

Searches for the production of new-physics particles at the LHC have already started to
test this model. Constraints on the mass of � can be obtained searching, in particular, for the
electroweak production of the doubly-charged states pp ! �++��� followed by decays into
same-sign leptons or W bosons, �++

! `+i `
+
j and �++

! W+W+. The former mode — which

7In this case, we can impose the bounds from all the proton decay channels, p ! ⇡
0
/K

0 + e
+
/µ

+ and
p ! ⇡

+
/K

+ + ⌫, as we have all information to calculate the rates in Eqs. (21-25).
8The impact of H2 is however very mild, as shown by the results for case (1) in Figure 3 and Table 3. Notice

in particular that a light '8 is still required to achieve successful unification.
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Experimental limits on LFV processes

Observable 90% CL upper limit Future sensitivity
BR(µ+

! e+�) 4.2⇥ 10�13 [62] 6⇥ 10�14 [63]
BR(µ+

! e+e�e+) 1.0⇥ 10�12 [64] 10�16 [65]
CR(µ�N ! e�N) 7.0⇥ 10�13 (N =Au) [66] 6⇥ 10�17 (N =Al) [67, 68]
BR(KL ! µ±e⌥) 4.7⇥ 10�12 [69] ⇠ 10�12 [70]
BR(KL ! ⇡0µ+e�) 7.6⇥ 10�11 [71] ⇠ 10�12 [70]
BR(K+

! ⇡+µ+e�) 1.3⇥ 10�11 [72] ⇠ 10�12 [70]
BR(K+

! ⇡+µ�e+) 5.2⇥ 10�10 [73] ⇠ 10�12 [70]

Table 4: Current experimental bounds and future expected sensitivities on the LFV processes
relevant for our analysis.

4.1 LFV observables

Both the triplet � and the leptoquark fR2 induce LFV processes already at the tree level. Here
we focus on µ� e flavour violation that is subject to the best limits at present and has the most
promising experimental prospects, see e.g. [24]. Present bounds and future expected sensitivities
on the processes we are interested in are reported in Table 4.

A tree-level exchange of the triplet mediates µ ! eee [4]:

BR(µ ! eee) =
1

4G2
FM

4
�

��Y 21
�

��2 ��Y 11
�

��2 (33)

where GF is the Fermi constant.
The leptoquark fR2 can induce at tree level µ ! e conversion in atomic nuclei, with a

conversion rate given by [15, 27]:

CR(µN ! eN) =
m5

µ

4�capt M4
LQ

⇣
V (p) + 2V (n)

⌘2 ��Y 21
LQ

��2 ��Y 11
LQ

��2 , (34)

which is as usual normalised by the capture rate �capt of muons by the nucleus N . V (p) and
V (n) are overlap integrals between muon and electron wave functions and nucleons density
distributions [74]. The most recent evaluation of these quantities can be found in Ref. [75].11

The leptoquark also contributes at tree level to LFV decays of mesons, in particular the
tightly constrained neutral kaon decay KL ! µe, whose branching ratio reads [15, 27]:

BR(KL ! µe) =
mK⌧KL

256⇡

m2
µf

2
KL

M4
LQ

 
1�

m2
µ

m2
KL

!2 ��Y 12
LQY

12 ⇤
LQ + Y 11

LQY
22 ⇤
LQ

��2 , (35)

where fKL ' 160 MeV and ⌧KL = 5.116 ⇥ 10�8 s are KL decay constant and lifetime [36].
Semileptonic kaon decays are also induced. Following [76], we find

d

dq2
BR(K ! ⇡µe) =

(m2
µ � q2)2⌧K�

1
2 (
p

q2,mK ,m⇡)

12288⇡3m3
KM4

LQq
6

Y (36)

⇥

h
3|f0(q

2)|2(m2
K �m2

⇡)
2m2

µ + |f+(q
2)|2(m2

µ + 2q2)�(
p

q2,mK ,m⇡)
i
,

11The present best limit on µ ! e conversion was obtained on gold and the upcoming experiments plan
to employ aluminium targets, see Table 4. Thus we are using the following input for our analysis [75]:
V

(p)(Au) = 0.0866 , V (n)(Au) = 0.129 and �capt(Au) = 13.07⇥106 s�1; V (p)(Al) = 0.0165 , V (n)(Al) = 0.0178
and �capt(Al) = 0.7054⇥ 106 s�1. The capture rates were taken from [74].
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Dependence of                                      on neutrino parameters

Figure 11: Dependence of CR(µAl ! e Al)/BR(KL ! µe) on each the 9 neutrino sector
parameters defined in Appendix D marginalised over the other parameters for the NO case. The
results of the fit for the three oscillation angles and the two mass splittings reported in [80, 81]
have been employed here.
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Dependence of                                 on neutrino parameters

Figure 12: Same as Figure 11 for BR(µ ! e�)/BR(µ ! eee).
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