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We construct a four-dimensional SU(5) grand unified theory in which the proton is stable. The Standard

Model leptons reside in the 5 and 10 irreps of SU(5), whereas the quarks live in the 40 and 50 irreps. The

SU(5) gauge symmetry is broken by the vacuum expectation values of the scalar 24 and 75 irreps. All non-

Standard Model fields are heavy. Stability of the proton requires three relations between the parameters of the

model to hold. However, abandoning the requirement of absolute proton stability, the model fulfills current

experimental constraints without fine-tuning.

PACS numbers: 12.10.-g, 12.10.Dm, 12.60.-i

Introduction.—Grand unified theories (GUTs) present an

attractive way to extend the Standard Model (SM) [1–5]. In

addition to being esthetically appealing, they have several

nice features – they reduce the number of multiplets, exhibit

gauge coupling unification and explain why electric charges

of quarks and leptons are connected.

The first attempt of partial unification was based on the

group SU(4) × SU(2)L × SU(2)R [6], while the seminal

papers describing full unification of couplings were those

proposing SU(5) [7] and SO(10) [8] gauge groups. Unfortu-

nately, GUTs with complete gauge coupling unification con-

structed so far in four dimensions are plagued with proton de-

cay and the current experimental limit [9] excludes their sim-

plest realization. Although there exist many models extending

proton lifetime to an experimentally acceptable level (see [10]

and references therein, including orbifold GUTs), a theoreti-

cally interesting question remains: is it at all possible to con-

struct a viable four-dimensional GUT based on a single gauge

group with an absolutely stable proton?

In this letter we propose such a model. The main idea is

simple but the realization is somewhat involved. We present

our model rather as a proof of concept, anticipating a sim-

pler realization in the future. An alternative proposal achieves

proton stability by imposing gauge conditions that eliminate

all non-SM fields from the theory [11], resulting in a model

that, however, appears to be indistinguishable from the SM.

The only other four-dimensional models with a single unify-

ing gauge group designed to completely forbid proton decay

we are aware of [12, 13] are experimentally excluded due to

the presence of new light particles carrying SM charges.

The most dangerous proton decay channels in GUTs are

those mediated by vector leptoquarks and arise from gauge

kinetic terms in the Lagrangian. In our model those channels

are absent, since the quarks and leptons live in different SU(5)
representations. In particular, the leptons reside in the 5 and

10 irreps of SU(5), the right-handed (RH) down quarks are

formed from a linear combination of two 50 irreps, whereas

the left-handed (LH) quark doublets and the RH up quarks

come from a linear combination of two 40 irreps. The SU(5)
gauge symmetry is spontaneously broken down to the SM by

vacuum expectation values (vevs) of scalar field multiplets

transforming as 24 and 75 irreps. In order to obtain correct

SM masses, the SM Higgs is chosen to be part of a scalar 45
irrep multiplet, and there are no proton decay channels medi-

ated by scalar leptoquarks from the Yukawa terms.

Particle content.—The model is based on the gauge group

SU(5). The fermion sector of the theory is composed of the 5,
10, 40 and 50 irreps, where the 40 and 50 come in two vector-

like copies, making the theory anomaly-free. The scalar sector

consists of Higgs fields in the 24, 45 and 75 irreps.

Fermion sector.—The fermion multiplets in the theory

come in the following LH spinor field representations, listed

below along with their SU(3)c× SU(2)L× U(1)Y decompo-

sition [14]:

5c = l ⊕Dc
5 ,

10 = ec ⊕Q10 ⊕ U c
10 ,

40i = Q40i⊕ U c
40i⊕ (1, 2)− 3

2

⊕ (3̄, 3)− 2

3

⊕ (8, 1)1 ⊕ (6̄, 2) 1

6

,

40i = Qc
40i

⊕ U40i
⊕ (1, 2) 3

2

⊕ (3, 3) 2

3

⊕ (8, 1)−1 ⊕ (6, 2)− 1

6

,

50ci = Dc
50i ⊕ (1, 1)2 ⊕ (3, 2) 7

6

⊕ (6, 3) 1

3

⊕ (6̄, 1)− 4

3

⊕ (8, 2)− 1

2

,

50ci = D50i
⊕ (1, 1)−2 ⊕ (3̄, 2)− 7

6

⊕ (6̄, 3)− 1

3

⊕ (6, 1) 4

3

⊕ (8, 2) 1

2

, (1)

where i = 1, 2. The lowercase fields l, e are the LH lepton

doublet and RH electron, respectively. The fields Q,U and

D have the same quantum numbers as the SM’s LH quark

doublet q and RH quark singlets u and d, respectively.

When coupling to the 5c, SU(5) gauge bosons can act to

transmute an l to an anti-Dc
5, and when coupling to the 10 to

transmute Q10 to an anti-U c
10. This is the standard route for

proton decay in GUTs. If, however, the 5c multiplet is split,

in that the Dc
5 mass is comparable to the GUT scale, while

that of l arises from electroweak symmetry breaking, and the

light d quark arises from a linear combination of the anti-

Dc
50i , then proton decay cannot proceed through this gauge

boson exchange. This is an example of the realization of the

mechanism we are proposing for proton stability.
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Higgs sector.—The scalar sector consists of the 24, 45 and

75 irreps of SU(5). Their decomposition into SM multiplets:

24H = (1, 1)0 ⊕ (1, 3)0 ⊕ (3, 2)− 5

6

⊕ (3̄, 2) 5

6

⊕ (8, 1)0 ,

45H = H ⊕ (3, 1)− 1

3

⊕ (3, 3)− 1

3

⊕ (3̄, 1) 4

3

⊕ (3̄, 2)− 7

6

⊕ (6̄, 1)− 1

3

⊕ (8, 2) 1

2

,

75H = (1, 1)0 ⊕ (3, 1) 5

3

⊕ (3̄, 1)− 5

3

⊕ (3, 2)− 5

6

⊕ (3̄, 2) 5

6

⊕ (6̄, 2)− 5

6

⊕ (6, 2) 5

6

⊕ (8, 1)0 ⊕ (8, 3)0 . (2)

Only the Higgses in the 24 and 75 irreps develop vevs at the

GUT scale, which break the SU(5) gauge symmetry down to

SU(3)c×SU(2)L×U(1)Y [15, 16]. The SM Higgs field H is

part of the 45 irrep.

Lagrangian.—The fermion kinetic terms in the Lagrangian

are:

Lkin = i
∑

R

Tr
(

R /DR
)

, (3)

where the sum is over the representationsR = 5c, 10, 40i, 40i,
50ci and 50ci . In the standard SU(5) GUT those terms give

rise to dangerous dimension-six operators mediating proton

decay. In our model such terms generating proton decay are

absent, since physical states of SM quarks and leptons reside

in different representations of SU(5), as shown below.

The Yukawa interactions in our model are given by:

LY = Yl 5
c10 45∗H + Y ij

u 40i 40j 45H + Y ij
d 40i 50

c
j 45

∗
H

+ M ij
40 40i 40j + λij

1 24H40i 40j + λij
2 40i 24H40j

+ λi
3 24H10 40i + λij

4 40i 75H40j + λi
5 75H10 40i

+ M ij
50 50

c
i 50

c
j + λij

6 50ci 24H50cj + λij
7 50ci 75H50cj

+ λi
8 75H5c 50ci + h.c. , (4)

with an implicit sum over i, j = 1, 2, the terms with λij
1,2 cor-

responding to the two independent contractions, and the Her-

mitian conjugate applied to non-Hermitian terms. In Eq. (4)

the coefficients of the only other allowed gauge-invariant

renormalizable Yukawa terms Y ′
u
i
10 40i 45H were set to zero.

Since the SM leptons live only in the 5 and 10 irreps while

the SM quarks live only in the 40 and 50 irreps, along with the

absence of proton decay through vector gauge bosons, there is

no tree-level proton decay mediated by any of the Yukawa-

type terms (contrary to other GUT models [17]). To see this,

consider, for example, the first term in Eq. (4): an exchange

of the (3, 1)− 1

3

of the 45 necessarily couples the light lepton

doublet l to the GUT-heavy Q10.

The Lagrangian of the scalar sector consists of all possible

renormalizable gauge-invariant terms involving the 24, 45 and

75 representations:

LH =− 1
2µ

2
24Tr(24

2
H)+ 1

4a1
[

Tr(242H)
]2
+ 1

4a2Tr(24
4
H)

− 1
2µ

2
75Tr(75

2
H)+ 1

4

∑

bkTr(75
4
H)k +M2

45Tr(|45H |2)

+ 1
2

∑

gkTr(24
2
H752H)k +

∑

hkTr(24
2
H |45H |2)k + ... (5)

where the index k = 1, 2, 3 corresponds to the contractions in

which the two lowest representations in a given trace combine

into a singlet, a two-component tensor and a four-component

tensor, respectively, and a prime is added if more than one

contraction in each case exists. For simplicity, we exclude

cubic terms in the scalar potential by assuming a Z2 symmetry

of the Lagrangian.

We will now show that there exists a region of parameter

space for which all SM fields have standard masses at the elec-

troweak scale and below, whereas all new fields develop large

masses.

Fermion representations 5 and 50.—We first focus on the

particles in the representation of the down quark. After SU(5)
breaking, the corresponding Lagrangian mass terms are:

Lmass =
(

D501
D502

)

MD





Dc
5

Dc
501

Dc
502



 , (6)

with the mass matrix elements

Mi,1
D =

√
2
3 λi

8v75 ,

Mi,j+1
D = M ij

50 + cD24λ
ij
6 v24 + cD75λ

ij
7 v75 ,

(7)

where v24, v75 are the vevs of the representations 24, 75, re-

spectively, cD24 = 1/(3
√
30) and cD75 = 1/(3

√
2). In order to

switch to the mass eigenstate basis, we perform a bi-unitary

transformation

Mdiag
D = (RD)2×2 MD (LD)†3×3 (8)

and, correspondingly, the mass eigenstates are





Dc
5
′

Dc
501
′

Dc
502
′





L

= LD





Dc
5

Dc
501

Dc
502





L

,

(

D′
501

D′
502

)

R

= RD

(

D501
D502

)

R

. (9)

The unitary matrices LD and RD are used to diagonalize

the matrices
[

(MD)†MD

]

and
[

MD(MD)†
]

, respectively.

From the structure of MD we immediately infer that the ma-

trix
[

(MD)†MD

]

has one of the eigenvalues equal to zero.

In order to completely forbid proton decay, the corresponding

eigenstate Dc
5
′ cannot contain any admixture of Dc

5. This is

achieved by requiring the following tuning of parameters1:

det
(

M ij
50 + cD24λ

ij
6 v24 + cD75λ

ij
7 v75

)

= 0 . (10)

1 Condition (10) does not take into account terms involving the SM Higgs.

With just this relation satisfied and no further fine-tuning of the electroweak

terms, this would produce a tiny mixing between the heavy and light fields

suppressed by v/MGUT, where v is the SM Higgs vev and MGUT is

the unification scale. This would result in proton decay with lifetime

τp ≈ 1060 years. However, there exists a condition more general than

(10) involving also the electroweak Yukawas, which ensures that there is

no mixing between the SM quarks and the heavy fields. An alternative so-

lution would be to stay with condition (10) and simply fine-tune Y ij
u and

Y ij

d
, so that they produce exactly the SM quark mass terms, without any

mixing between the light and heavy states.
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Field c24 ×
√
30 c75 × 3

√
2

Dc
50 1/3 1

(1, 1)2 2 3

(3, 2) 7

6

7/6 1

(6̄, 1)
−

4

3

− 4/3 1

(6, 3) 1

3

1/3 − 1

(8, 2)
−

1

2

− 1/2 0

TABLE I. Contribution to the masses of the fermion components of

the 50c irrep generated by the Lagrangian terms in Eq. (13).

In this case Dc
5
′ is a linear combination solely of Dc

501 and

Dc
502 , and can be associated with the SM field dc:

dc = L12
DDc

501 + L13
DDc

502 , (11)

where the matrix entries L1,j+1
D are functions of M ij

50, v24,

v75, λij
6 , λij

7 and λi
8.

The condition in Eq. (10) ensures that our model has no

proton decay that would involve either a component of the

SM lepton doublet l or the down quark d. To our knowledge

this novel model building feature has not been discussed in

the literature.

If one chooses to abandon the requirement of absolute pro-

ton stability, the parameters of the model need not be tuned.

Proton decay experimental constraints [9] require merely

L11
D . 0.1×

√

(L12
D )2 + (L13

D )2 . (12)

The factor of ∼0.1 can be easily understood: The presence of

Dc
5 in Dc

5
′ would trigger proton decay. The standard SU(5)

model predicts proton decay at a rate roughly 100 times larger

than the current experimental bound. The contribution to this

rate scales like the admixture of Dc
5 squared, thus the admix-

ture itself has to be roughly less than 10%.

Finally, one also has to show that all the fields within the

50c irrep other than Dc
50 are heavy. For this to be the case, it

is sufficient to show that the Lagrangian terms:

∆Lmass = λij
6 50ci 24H50cj + λij

7 50ci 75H50cj (13)

generate different mass contributions:

∆Mij = cR24λ
ij
6 v24 + cR75λ

ij
7 v75 (14)

for those representations than for Dc
50, since then the equiva-

lent of condition (10) would not be fulfilled for those represen-

tations and they would acquire GUT-scale masses. The values

of c24 and c75 are presented in Table I. When combined, these

fulfill our requirements. Table I shows that the contribution of

the term involving the 75 irrep in Eq. (13) gives the same mass

for Dc
50 as for (3, 2) 7

6

and (6̄, 1)− 4

3

. The contribution of the

term involving the 24 irrep in Eq. (13) breaks this degeneracy.

Fermion representations 10 and 40.—The analysis for the

SU(3)c×SU(2)L×U(1)Y representations with the quantum

numbers of the quark doubletQ and anti-up quarkU c is a little

Field c241 ×
√
30 c242 ×

√
30 c75 × 3

√
2

Uc
40 13/9 1/3 5/9

Q40 − 7/9 − 4/3 1/9

(1, 2)
−

3

2

2 − 3 1

(3̄, 3)
−

2

3

1/3 − 3 − 1/3

(6̄, 2) 1

6

1/3 2 − 1/3

(8, 1)1 − 4/3 2 1/3

TABLE II. Mass contribution generated by the terms involving the

scalar 24 and 75 for the fermion components of the 40 irrep.

different, since they both reside in the 40 of SU(5). Following

the reasoning from the previous case, we arrive at the two

conditions:

det
[

M ij
40+

(

cU,Q
241

λij
1 +cU,Q

242
λij
2

)

v24+cU,Q
75 λij

4 v75

]

= 0 , (15)

with the values of the coefficients provided in Table II. If these

relations are fulfilled, the SM fields uc and q are not part of the

10 irrep, preventing the proton from decaying through chan-

nels involving q, u and e. We verified that there exists a class

of values for the parameters M ij
40, λij

1,2,4 fulfilling the require-

ment (15), thus forbidding proton decay. The SM uc and q are

given by:

uc = L12
U U c

401 + L13
U U c

402 ,

q = L12
Q Q401+ L13

Q Q402 ,
(16)

where L1,j+1
U,Q are functions of M ij

40, v24, v75, λij
1,2,4 and λi

3,5.

The values of cR241 , cR242 and cR75 for the other SU(3)c ×
SU(2)L× U(1)Y components of the 40 are given in Table II.

All those representations have different sets of cR’s as com-

pared to U c and Q and, consequently, Eq. (15) is not satisfied

in those cases. Therefore, those representations develop GUT-

scale masses.

Scalar representations 24, 45 and 75.—In our model the

gauge group SU(5) is broken down to the SM by the GUT-

scale vevs of the 24 and 75 irreps, while the 45 does not de-

velop a vev. Stability of the scalar potential is equivalent to

the condition that all squared masses of the components of

the 24 and 75 irreps are positive, except for one combina-

tion of (3, 2)− 5

6

and one of (3̄, 2) 5

6

[15, 16, 18], the would-

be Goldstone bosons of the broken SU(5). We checked that

there exists a large region of parameter space for which all

components of the 24 and 75 develop large positive squared

masses, apart from the (3, 2)− 5

6

and (3̄, 2) 5

6

for which the

mass-squared matrix is given by

M2
(3,2) = − 1

18 (g2 + 11 g3 + 15 g′3)





v2

75

5
v24v75
2
√
10

v24v75
2
√
10

v2

24

8



. (17)

We have used relations between parameters satisfied at the sta-

tionary point of the potential. The constant of proportionality

is a combination of coupling constants, defined in Eq. (5), and
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can take either sign. The matrix (17) has a vanishing deter-

minant so that one of the linear combinations of the fields is

massless while the other is heavy.

The representation 45 does not take part in SU(5) breaking

and its SU(3)c× SU(2)L× U(1)Y components generically

have masses at the GUT scale. Since one of those fields is the

SM Higgs, a cancellation between some of the parameters of

the potential is required. To show that such an arrangement

is possible, it is sufficient to consider only the explicit mass

term for the 45 along with the terms mixing it with the 24 in

Eq. (5). A small SM Higgs mass contribution is obtained for:

M2
45 +

(

h1 − 67
240h2 +

31
120h

′
2 − 13

60h3 − 5
16h

′
3

)

v224 ≃ 0 . (18)

We verified that there exists a wide range of parameters for

which the GUT-scale masses of all other components of the

45 are positive. The fine-tuning in Eq. (18) is equivalent to

the standard SU(5) doublet-triplet splitting problem and per-

haps may be solved by introducing additional SU(5) repre-

sentations along the lines of [19, 20].

Quark and lepton masses.—The SM electron Yukawa

emerges from the term:

Yl 5
c10 45∗H ⊃ yl l H

∗ec . (19)

The terms contributing to the SM down quark mass are:

Y ij
d 40i 50

c
j 45

∗
H ⊃ yd q H

∗dc , (20)

and for the SM up quark we have:

Y ij
u 40i 40j 45H ⊃ yu q H uc . (21)

There is no need to correct the typical SU(5) relation between

the electron and down quark Yukawas, since they are not di-

rectly related in our model.

Proton stability at loop level.—So far, we have shown that

the model proposed in this letter is completely free from any

tree-level proton decay. As it turns out, it is also possible to

forbid proton decay at any order in perturbation theory.

First we note that the model has no proton decay at any loop

order mediated by vector gauge bosons or scalars from the 45
irrep. This can be argued on symmetry grounds. All the La-

grangian terms in Eqs. (3) and (4), apart from λi
3 24H10 40i,

λi
5 75H10 40i and λi

8 75H5c 50ci , are invariant under:

5c → −5c , 10 → −10 . (22)

Under this transformation, the SM leptons are odd while the

SM quarks are even. For proton decay one must have an odd

number of leptons in the final state and none in the initial state,

and there must be no heavy particles in either the initial or final

states. This is odd under the transformation (22), and hence

forbidden.

The only remaining loop-level proton decay channels are

those mediated by the scalars from the 24 and 75 irreps. To

forbid these, we assume that the spontaneous breaking of

SU(5) is nonlinearly realized [21] and we can replace the 24
and 75 irreps by nondynamical condensates [11]. The 24 and

75 scalar sector of the theory is then described by a nonlinear

sigma model [22, 23]. This concludes the proof that in our

model the proton is stable.

Conclusions.—We have constructed a grand unified model

in four dimensions based on the gauge group SU(5) which

does not exhibit any proton decay. This was accomplished by

assigning the quarks and leptons to different irreps of SU(5).
In order to forbid proton decay at tree level, three relations

between the model parameters have to hold. In addition, for

proton stability at any loop order, the SU(5) breaking has to

be nonlinearly realized. Abandoning the requirement of ab-

solute proton stability removes the necessity of any tuning or

the nonlinear symmetry breaking, and the model is consistent

with experiments for a large range of natural parameter values.

The model has additional desirable features. Upon adding

one [24] or several [25, 26] extra scalar representations it

allows for gauge coupling unification if some of the scalar

fields from the 45 irrep are at the TeV scale. It also con-

tains no problematic relation between the electron and down

quark Yukawa plaguing the standard SU(5) models. How-

ever, the usual doublet-triplet splitting problem still persists

and requires further model building, perhaps along the lines

of a non-supersymmetric version of [19].

Let us stress again that our goal was just to show through

an explicit construction that, contrary to common belief,

four-dimensional grand unified theories with a stable proton

do exist. We hope that this may inspire new directions in

model building and revive the interest in grand unification,

which perhaps deserves more attention in spite of negative

results from proton decay experiments.
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