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We demonstrate that it is not necessary to substantially break the mass degeneracy between the
Standard Model Higgs boson doublet and the corresponding scalar leptoquark, where these two
fields comprise a single five-dimensional SU(5) representation. More precisely, we show that the
experimental data on partial proton decay lifetimes cannot place any meaningful bound on the
mass of the scalar leptoquark, a.k.a. the color triplet, if one includes effects of higher-dimensional
operators within the Georgi-Glashow model. We also point out that the complete suppression of
proton decay via the scalar leptoquark mediation is compatible with the partial suppression of the
gauge mediated two-body proton decay signatures. Finally, we derive a proper limit on the cutoff
scale of the aforementioned higher-dimensional operators and outline how this scenario could be
tested.

I. INTRODUCTION

One of the most prominent features of the the Georgi-
Glashow model [1] is an ever-present need to introduce
an enormous splitting between the masses of the two mul-
tiplets residing in the same five-dimensional scalar rep-
resentation 5H of the theory. One of these two multi-
plets is the Standard Model (SM) Higgs boson doublet
D, whereas the other one is the color triplet T that gen-
erates proton decay. Since the Higgs boson is light while
the proton decay mediating scalar leptoquark should be
extremely heavy, one needs to strongly break mass de-
generacy between them. This issue has been referred
to in the literature as the (D)oublet-(T )riplet splitting
problem.

We demonstrate that it is not necessary to accom-
plish the aforementioned mass split if one includes effects
of the higher-dimensional operators within the Georgi-
Glashow model. The inclusion of these operators allows
one to completely suppress proton decay signatures via
the scalar leptoquark mediation without affecting viabil-
ity of the mechanism that generates masses of the SM
charged fermions. We furthermore show that this in-
triguing possibility is also compatible with the partial
suppression of the gauge mediated two-body proton de-
cay signatures.

We introduce the most relevant details of the SU(5)
setup and the accompanying notation in Sec. II. The pro-
ton decay suppression mechanisms for both the scalar
and gauge mediations are discussed in detail in Sec. III.
We subsequently show how to establish an accurate up-
per bound on the cutoff scale associated with the higher-
dimensional operators if one resorts to these suppression
mechanisms in Sec. IV. Final remarks are presented in
Sec. V and all our findings summarized in Sec. VI.
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II. SETUP

We consider the following d = 4 and d = 5 operators

LY = 10αijF

{
Y αβ
d 5

β
Fi5

∗
Hj +

1

Λ
Y αβ
1 5

β
Fi5

∗
Hk24

k
Hj

+
1

Λ
Y αβ
2 5

β
Fk5

∗
Hi24

k
Hj

}
+ 10αijF 10βklF 5mH

{
Y αβ
u ϵijklm

+
1

Λ
Y αβ
3 24nHmϵijkln +

1

Λ
Y αβ
4 24nHiϵjklmn

}
+ h.c., (1)

where Λ is a cutoff scale of the theory, α, β = 1, 2, 3
are family indices, i, j, k, l,m, n = 1, . . . , 5 are SU(5) in-
dices, and Yd, Y1, Y2, Yu, Y3, and Y4 are Yukawa cou-
pling matrices. Here, scalars comprise 5H and 24H , the
SM fermions reside in 5

α
F and 10αF , while gauge fields are

accommodated in 24G [1].
The first bracket of Eq. (1) contains operators that

generate masses of the charged leptons and down-type
quarks, whereas the operators from the second bracket
of Eq. (1) affect exclusively the up-type quark masses.
The vacuum expectation values (VEVs) of relevance

are

⟨24H⟩ = v24diag (−1,−1,−1, 3/2, 3/2) , (2)

⟨5H⟩ = (0 0 0 0 v5/
√
2)T , (3)

where v5 ≈ 246GeV correctly reproduces masses of the
SM gauge boson fields W±1

µ ∈ 24G and Z0
µ ∈ 24G, where

the field superscripts denote electric charges in units of
the positron charge.
Unification of the SM gauge couplings at scale MGUT,

if successful, stipulates that

MGUT ≡ MX = MY =
√

25/8gGUTv24, (4)

where gGUT is a gauge coupling constant at MGUT, while
MX and MY are masses of the proton decay mediating

gauge fields X
±4/3
µ ∈ 24G and Y

±1/3
µ ∈ 24G, respectively.
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LY yields the following charged fermion mass matrices

ME = v5

{
1

2
Yd +

3

4
Y1ϵ−

3

4
Y2ϵ

}
, (5)

MD = v5

{
1

2
Y T
d +

3

4
Y T
1 ϵ+

1

2
Y T
2 ϵ

}
, (6)

MU = v5

{√
2
(
Yu + Y T

u

)
+

3√
2

(
Y3 + Y T

3

)
ϵ

+

(
1

2
√
2
Y4 −

√
2Y T

4

)
ϵ

}
, (7)

where we introduce a dimensionless parameter ϵ = v24/Λ.
Mass matrices of the SM fermions are diagonalized via

ET
c MEE = Mdiag

E , (8)

DT
c MDD = Mdiag

D , (9)

UT
c MUU = Mdiag

U , (10)

NTMNN = Mdiag
N , (11)

where Ec, E, Dc, D, Uc, U , and N are 3 × 3 unitary
matrices. MN is a 3×3 mass matrix for neutrinos, where
we explicitly assume neutrinos to be Majorana particles.

III. PROTON DECAY SUPPRESSION

The only scalar that mediates proton decay in this sce-

nario is T
−1/3
i ≡ Ti ∈ 5iH , where i = 1, 2, 3. Its interac-

tions with the SM fermions, as derived from Eq. (1), are
(i) uT

k,αC
−1eβT

∗
k :{

UT

[
− Yd√

2
+

Y1√
2
ϵ+

3

2
√
2
Y2ϵ

]
E

}
αβ

, (12)

(ii) ϵijku
C,T
i,α C−1dCj,βT

∗
k :{

U†
c

[
Yd√
2
− Y1√

2
ϵ+

Y2√
2
ϵ

]
D∗

c

}
αβ

, (13)

(iii) dTk,αC
−1νβT

∗
k :{

DT

[
Yd√
2
− Y1√

2
ϵ− 3

2
√
2
Y2ϵ

]
N

}
αβ

, (14)

(iv) ϵijku
T
i,αC

−1dj,βTk :{
UT

[
− 2

(
Yu + Y T

u

)
+ 2

(
Y3 + Y T

3

)
ϵ− 1

2

(
Y4 + Y T

4

)
ϵ

]
D

}
αβ

, (15)

(v) uC,T
k,α C−1eCβ Tk :{

U†
c

[
2
(
Yu + Y T

u

)
− 2

(
Y3 + Y T

3

)
ϵ+

(
3Y4 − 2Y T

4

)
ϵ

]
E∗

c

}
αβ

. (16)

Since the linear combinations of Yukawa coupling ma-
trices that enter the charged fermion masses ME , MD,

and MU differ from those that are featured in the inter-
actions of the scalar leptoquark T with the SM fermions,
one can suppress the latter without affecting viability of
the former. For example, one can set to zero all quark-
quark couplings of T , as given in Eqs. (13) and (15), by
imposing the following three relations

Y2ϵ = Y1ϵ− Yd (17)

Yu + Y T
u = (Y3 + Y T

3 )ϵ ≡ YS , (18)

Y4 = −Y T
4 ≡ YA, (19)

where the viability of Eq. (18) will be discussed in detail
later on. These assumptions consequentially lead to

Yd =
4

5v5
E∗

cM
diag
E E†, (20)

Y1 =
4

5ϵv5
D∗Mdiag

D D†
c , (21)

YS =

√
2

10v5

(
U∗
cM

diag
U U† + U∗Mdiag

U U†
c

)
, (22)

YA =

√
2

5ϵv5

(
U∗
cM

diag
U U† − U∗Mdiag

U U†
c

)
. (23)

Even though we still need to demonstrate that one
can indeed cancel d = 4 contributions with d = 5 con-
tributions in the up-type quark sector with perturbative
Yukawa couplings, Eqs. (17) through (23) already imply
that generation of viable charged fermion masses is com-
patible with complete suppression of scalar mediated pro-
ton decay signatures. Therefore, one of the main results
of this Letter is that experimental data on partial proton
decay lifetimes cannot provide any meaningful constraint
on the scalar leptoquark mass if one includes effects of
higher-dimensional operators. Our result is applicable to
any SU(5) setup that (i) uses a single 5H and (ii) resorts
to d = 5 operators to provide viable masses for the SM
charged fermions.
The next question we want to address is whether the

complete suppression of proton decay signatures via the
scalar leptoquark mediation is compatible with the par-
tial suppression of the gauge mediated proton decay.
To that end, we recall that the relevant d = 6 opera-

tors, which govern all eight two-body proton decay chan-

nels via exchanges of X
±4/3
µ and Y

±1/3
µ gauge bosons

are [2, 3]

OI =
g2GUT

2M2
GUT

c(eCα , dβ)ϵijku
C
i γ

µujeCαγµdkβ , (24)

OII =
g2GUT

2M2
GUT

c(eα, d
C
β )ϵijku

C
i γ

µujdCkβγµeα, (25)

OIII =
g2GUT

2M2
GUT

c(νρ, dα, d
C
β )ϵijku

C
i γ

µdjαdCkβγµνρ. (26)

The dimensionless coefficients of interest read

c(eCα , dβ) =
(
U†
cU

)
11

(
E†

cD
)
αβ

+(U†
cD)1β(E

†
cU)α1, (27)
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c(eα, d
C
β ) =

(
U†
cU

)
11

(
D†

cE
)
βα

, (28)

c(νρ, dα, d
C
β ) =

(
U†
cD

)
1α

(D†
cN)βρ. (29)

Although proton decay via gauge boson exchange can-
not be completely rotated away in SU(5) [4], it is possi-
ble to significantly suppress coefficients in Eqs. (27), (28),
and (29) [5]. This, for example, can be achieved with the
followings set of conditions [5](

U†
cD

)
1α

= 0, (30)(
E†

cD
)
1α

=
(
E†

cD
)
α1

= 0, (31)(
D†

cE
)
1α

=
(
D†

cE
)
α1

= 0, (32)

where α = 1, 2. Namely, since Eq. (30) implies, via
U†D = diag(eiϕ1 , eiϕ2 , eiϕ3)VCKMdiag(eiϕ4 , eiϕ5 , 1), that
|(U†

cU)11| = |(VCKM)13|, one finds that Eqs. (30), (31),
and (32) facilitate the following levels of suppression

max |c(eCα , dβ)| = 2 → max |c(eCα , dβ)| = |(VCKM)13|,
max |c(eα, dCβ )| = 1 → max |c(eα, dCβ )| = |(VCKM)13|,
max |c(νρ, dα, dCβ )| = 1 → max |c(νρ, dα, dCβ )| = 0.

Here, VCKM represents the Cabibbo-Kobayashi-Maskawa
mixing matrix with |(VCKM)13| ≈ 4× 10−3, while ϕ1, ϕ2,
ϕ3, ϕ4, and ϕ5 are arbitrary phases.
Even though the matrix elements of Yd, Y1, YS , and YA,

as given in Eqs. (20), (21), (22), and (23), respectively,
become somewhat more constrained after implementa-
tion of Eqs. (30), (31), and (32), it is still possible to com-
pletely suppress scalar mediated proton decay signatures.
Again, Eq. (30) establishes relation between unitary ma-
trices Uc and U via VCKM, whereas Eqs. (31) and (32)
connect unitary transformations in the charged lepton
and down-type quark sectors. For example, Eq. (31) re-
lates Ec and D via

Ec = D

 0 0 eiξ1

0 eiξ2 0
eiξ3 0 0

 , (33)

where ξ1, ξ2, and ξ3 are arbitrary phases. Eq. (32) intro-
duces an analogous relationship between Dc and E.

IV. CUTOFF SCALE LIMIT

Let us now derive an accurate upper bound on the
cutoff scale Λ of the setup that addresses charged
fermion masses via Eq. (1) if one furthermore implements
Eqs. (30), (31), and (32) to partially suppress gauge me-
diated proton decay signatures. This result improves the
findings of Ref. [6], where the need to use d = 5 operators
to generate experimentally observed mismatch between
the masses of charged leptons and down-type quarks and
conditions of Eqs. (31) and (32) were exploited to find the

associated upper bound on the cutoff scale. We, on the
other hand, find that the most stringent limit on Λ orig-
inates from implementation of Eq. (30) and the fact that
the leading term in the up-type quark mass matrix MU

is symmetric in the flavor space, as evident from Eq. (7).
Since a symmetric form of the up-type quark mass ma-

trix would imply |(U†
cU)11| = 1, whereas Eq. (30) yields

|(U†
cU)11| = |(VCKM)13|, one needs to have a substantial

skew-symmetric component in MU . To quantify this, we
decompose MU into a sum of a symmetric part S and a
skew-symmetric part A via

MU = U∗
cM

diag
U U† =

v5√
2
(S +A) . (34)

For our purposes it is sufficient to take Mdiag
U =

diag(0, 0,mt) = diag(0, 0, ytv5/
√
2), where mt and yt are

the top quark mass and Yukawa coupling at MGUT scale,
respectively. This decomposition allows us to find a lower
limit on the largest possible entry in A, i.e., max |(A)αβ |,
in units of yt. Since the elements of A can only orig-
inate from the very last operator in Eq. (7), our ap-
proach should yield an accurate lower limit on parameter
ϵ ≡ v24/Λ if we insist on perturbativity of Yukawa cou-
plings. Coincidentally, decomposition of Eq. (34) is com-
patible with our assumptions of Eqs. (18) and (19). This,
in turn, will enable us to explicitly demonstrate that one
can cancel d = 4 contributions with d = 5 contributions
with perturbative couplings in the up-type quark sector.
To perform our numerical analysis we first note that

Eq. (30) implies that

Uc = Udiag(eiϕ1 , eiϕ2 , eiϕ3)VCKMdiag(eiϕ4 , eiϕ5 , 1)X†,

where

X =

 0 0 eiη4

ei(η1/2+η2+η3)cθ ei(η1/2+η2−η3)sθ 0
−ei(η1/2−η2+η3)sθ ei(η1/2−η2−η3)cθ 0

 . (35)

Here, cθ ≡ cos θ and sθ ≡ sin θ, where θ is a free param-
eter, while η1, η2, η3, and η4 are four arbitrary phases.
We can, furthermore, represent unitary matrix U via

U = diag(eiβ1 , eiβ2 , eiβ3)U23U13U12diag(e
iβ4 , eiβ5 , 1),

where

U12 =

 cu12
su12

0
−su12

cu12
0

0 0 1

 , (36)

U13 =

 cu13
0 su13

e−iβ6

0 1 0
−su13e

iβ6 0 cu13

 , (37)

U23 =

1 0 0
0 cu23

su23

0 −su23
cu23

 . (38)

To evaluate U∗
cM

diag
U U† of Eq. (34) and thus determine

a lower limit on the largest entries in both A and S, one
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Figure 1. A plot of max |(A)αβ | vs. max |(S)αβ | for 104

sets of randomly chosen values of relevant parameters. For
demonstration purpose we set yt = 1.

needs to vary angle θ in X and angles u12, u13, and u23

in U . It also seems that one would need to vary phases
η1, . . . , η4, ϕ1, . . . , ϕ5, and β1, . . . , β6. However, it turns

out that η4 drops out due to the form of Mdiag
U , while η1,

η2, and η3 can be absorbed through redefinition of phases
ϕ4 and ϕ5. Also, any changes in β1, β2, and β3 equally
affect elements (S+A)αβ and (S+A)βα. This makes β1,
β2, and β3 completely irrelevant for our analysis. Finally,
phases β4 and β5 that appear on the right-hand side of

Mdiag
U in Eq. (34) drop out from considerations, while β4

and β5 that appear on the left-hand side of Mdiag
U can be

absorbed in ϕ1 and ϕ2, respectively. After all is said and
done, one only needs to vary four angles and five phases.
These phases are ϕ1, ϕ2, ϕ4, ϕ5, and β6, where ϕ3 is also
irrelevant as it can be interpreted as an overall phase in
Eq. (34), upon redefinition of phases ϕ1 and ϕ2.
We have accordingly performed a scan over 106 con-

figurations of the randomly chosen value sets of these
nine parameters, i.e., θ, u12, u13, u23, ϕ1, ϕ2, ϕ4, ϕ5,
and β6, to find that max |(A)αβ | ∈ (0.288yt, 0.500yt) and
max |(S)αβ | ∈ (0.261yt, 0.521yt). Moreover, max |(A)αβ |
and max |(S)αβ | tend to be correlated. Namely, if the
largest entry in A is on the larger side, so is the largest
entry of matrix S. To that end we present in Fig. 1 a plot
of max |(A)αβ | vs. max |(S)αβ | for 104 randomly chosen
sets of values of four angles and five phases of relevance.

To find an upper bound on Λ we first observe that
the relevant limits are max |(A)αβ | > 0.288yt and
max |(S)αβ | > 0.261yt. Also, the assumption that Y4 is
skew-symmetric, is consistent with the search for an up-
per limit on Λ as it yields the smallest possible maximum
for values of elements in Y4 matrix. We can thus write, if
we take Y4 = −Y T

4 and use Eqs. (7) and (34) to find both
the symmetric and skew-symmetric contributions in MU ,
that S = 2(Yu+Y T

u )+3(Y3+Y T
3 )ϵ and A ≡ 5/2Y4ϵ. The

latter identity, then, leads to the following inequality

5

2
max |(Y4)αβ |ϵ ≡

5

2
max |(Y4)αβ |

v24
Λ

> 0.288yt. (39)

To proceed, one would need to establish what the vi-
able values of v24 and yt, to be used as input in
Eq. (39), are. We accordingly observe that v24 =

MGUT

√
(2α−1

GUT)/25π, where αGUT = g2GUT/(4π). Also,

a model [6–8] that (i) uses perturbative couplings to gen-
erate neutrino masses, (ii) relies on operators of Eq. (1)
to generate charged fermion masses, and (iii) implements
Eqs. (30), (31), and (32) to suppress gauge mediated pro-
ton decay signatures, yields α−1

GUT = 37.1 and yt = 0.42,
where αGUT is evaluated via the two-loop level gauge
coupling unification analysis, whereas yt, atMGUT, is ob-
tained through the one-loop level renormalisation group
equation running. If these values for αGUT and yt are
inserted into Eq. (39) we find that the upper limit on
Λ for a model of Ref. [7] reads Λ < 57MGUT, where we

assume that 5/2max |(Y4)αβ | =
√
4π. This bound on Λ,

as inferred from Eq. (39), is another key finding of this
Letter. It is, as already advocated, much more stringent
than the Λ ≲ 900MGUT bound reported in Ref. [6].
It is now trivial to show that it is possible to cancel

d = 4 contributions with d = 5 terms in the up-type
quark sector, as required by Eq. (18), if one is to com-
pletely suppress scalar mediated proton decay signatures.
Namely, if we insert conditions of Eqs. (18) and (19) into
Eq. (7) and implement numerical analysis of the decom-
position of Eq. (34), we find that

5max |(Y3 + Y T
3 )αβ |ϵ > 0.261yt. (40)

Since the right-hand side of Eq. (39) is larger than the one
in Eq. (40), we see that one can simultaneously accom-
plish complete suppression of the scalar mediated proton
decay and partial suppression of the gauge mediated pro-
ton decay, where the correct upper bound on the cutoff
scale Λ in Eq. (39) originates from Eqs. (7) and (30).
Let us, as a qualitative example, assume that ϵ =

0.05. This, for α−1
GUT = 37.1 and yt = 0.42, im-

plies that Λ = 19.4MGUT, 5max |(Y3 + Y T
3 )αβ | > 2.2,

5max |(Y4)αβ |/2 > 2.4, and 2max |(Yu + Y T
u )αβ | > 0.88

if one is to implement suppression of both scalar and
gauge mediations of proton decay.
If one only wants to suppress scalar mediated proton

decay, one can completely drop a skew-symmetric con-
tribution towards MU in Eq. (7). This could be accom-
plished by setting, for example, Y4 = 0. In this scenario,
MU = MT

U implies Uc ≡ U . We can thus resort to the
decomposition of Eq. (34), drop A, set Uc ≡ U , and vary
three angles in U , together with three phases β4, β5, and
β6, to establish correct upper limit on the cutoff scale Λ.
This procedure, combined with the condition of Eq. (18),
yields

5max |(Y3 + Y T
3 )αβ |ϵ > 0.334yt. (41)

It is clear that if one drops a skew-symmetric contribution
to MU , one would obtain somewhat more stringent limit
on the cutoff scale Λ. It is thus preferable to have the
d = 5 skew-symmetric contribution towards MU or even
obligatory if one is to suppress proton decay signatures
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through gauge boson mediation. Amazingly, though, it
is entirely possible to completely suppress proton decay
through scalar mediation even when the up-type quark
mass matrix is symmetric as long as Λ satisfies Eq. (41).

V. FINAL REMARKS

Final comments are in order.
Our derivation of the limit on Λ is accurate up to the

corrections of the order of mc/mt, where mc is the charm
quark mass. Moreover, the values of elements in VCKM

used to generate bounds in Eqs. (39), (40), and (41) are
sourced from the Particle Data Group [9], although the
only VCKM entry that matters for our analysis is the
Cabibbo angle.

We have explicitly demonstrated how to suppress the
quark-quark couplings of the scalar leptoquark T in
Sec. III. We could have alternatively opted to suppress
the quark-lepton couplings of Eqs. (12), (14), and (16)
via Y2ϵ = 2

3 (Yd − Y1ϵ) and
(
Y3 + Y T

3

)
ϵ =

(
Yu + Y T

u

)
+(

3
2Y4 − Y T

4

)
ϵ in order to eliminate proton decay through

the color triplet mediation. Note, however, that we can-
not simultaneously suppress both sets of the scalar lepto-
quark couplings. This distinguishes our proposal from an
approach advocated in Ref. [10] that insists on complete
decoupling of the color triplet from the SM fermions, thus
resulting, as specified in Ref. [11], in existence of long-
lived colored state(s).

If the color triplet T ∈ 5H is indeed light, it would
form a complete SU(5) multiplet with the SM Higgs bo-
son doublet D ∈ 5H as far as the analysis of the running
of the gauge coupling constants is concerned. Since the
SM Higgs boson doublet is always beneficial for unifi-
cation and aids the largeness of MGUT, the lightness of
T would consequentially lower maximal possible value of
MGUT, thus making the proton decay signatures through
the gauge boson mediation more accessible.

Suppression of the scalar mediation of proton decay
signatures somewhat constrains Yukawa couplings of lep-
toquark T to the SM fermions. (See, for example,

Eqs. (20), (21), (22), and (23).) If one, furthermore, sup-
presses proton decay through gauge mediation, one would
also introduce strong correlation between pairs of unitary
matrices (U , Uc), (D, Ec), and (E, Dc). Consequently,
the detection of the scalar leptoquark T at current or
future colliders would enable the verification of consis-
tency between lepton-quark-leptoquark or quark-quark-
leptoquark interactions and the observed final states.

VI. CONCLUSIONS

We demonstrate that without additional assumptions
about the flavor structure of the theory, the experimental
data on partial proton decay lifetimes cannot meaning-
fully constrain the mass of the scalar leptoquark if one
includes effects of higher-dimensional operators. Our re-
sult is applicable to any SU(5) setup that (i) uses a sin-
gle 5H , where the aforementioned leptoquark resides, and
(ii) resorts to the use of d = 5 operators to provide viable
masses for the SM charged fermions. This undermines
the underlying premise behind the need to implement
the doublet-triplet mass splitting in this class of models.
We also show that the complete suppression of proton

decay via the scalar leptoquark mediation is compatible
with the partial suppression of the gauge mediated pro-
ton decay signatures.
Finally, we show how to derive an accurate upper

bound on the cutoff scale of the d = 5 operators in the
fermion sector if one implements partial suppression of
the two-body proton decay signatures due to the gauge
boson exchanges, complete suppression of the scalar me-
diated proton decay, or both.
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