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The Desert Hypothesis in Particle Physics
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Georgi-Glashow Model SU(5)
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Running of the gauge couplings in the SM
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The Desert Hypothesis and Supersymmetry

MSSM GUTs, Strings ?

B and L Violation: 

10 TeV ? 100 TeV ? ...

c5
�
Q̂Q̂Q̂L̂

�
�p > 1032�34 years =) � > 1016�17 GeV
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What about the L̂Ĥu, L̂L̂ê
c, Q̂L̂d̂c and ûcd̂cd̂cinteractions?

Seesaw Camel

Unification of Gauge Couplings !
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Running of the gauge couplings in the MSSM
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Stable Proton
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Aim

Physics beyond the SM vs. Proton Decay

Proton Decay in Grand 
Unified Theories

Maybe the proton is stable

and the great Desert is not 

needed

Main focus of this talk !



Outline

• Introduction


• Grand Unification vs. Proton Decay


• Nucleon Decay in Supersymmetry


• Summary
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Introduction
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Proton Stability


SM: In the renormalizable SM the proton is stable ! 
Baryon number is a global symmetry broken at the quantum 
level by SU(2) instanton processes in 3 units   

 
(�B = 3)

Matter Unification: In theories where quarks and leptons are unified one  
could have B violating interactions which mediate proton decay  
(Pati, Salam, 1973)

p ! � e+,⇡0 e+, ...(�B = 1)

GUTs: In grand unified theories ( SU(5), SO(10),..) B is explicitly broken  
at the high scale and generically one predicts proton decay.

P. Fileviez Perez

SUSY: In the MSSM  B and L are explicitly broken at the renormalizable 
level by RpV interactions and generically one predicts proton decay.

R = (�1)3(B�L)+2S



�B = 1, �L = oddExperimental Results:

13 P. Fileviez Perez
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Grand Unification vs. Proton Decay 



Non-SUSY GUTs 

d=6 gauge:

d = 6 nucleon decay in SU(5) and SO(10) theories
P. F. P, Physics Letters B 595 (2004) 476-483

O(eC
α , dβ) = c(eC

α , dβ) ϵijk uC
i γµ uj eC

α γµ dkβ,

O(eα, dC
β ) = c(eα, dC

β ) ϵijk uC
i γµ uj dC

kβ γµ eα,

O(νl, dα, dC
β ) = c(νl, dα, dC

β ) ϵijk uC
i γµ djα dC

kβ γµ νl

c(eC
α , dβ) = k2

1

h
V 11

1 V αβ
2 + (V1VUD)1β(V2V

†
UD)α1

i

c(eα, dC
β ) = k2

1 V 11
1 V βα

3 + k2
2 (V4V

†
UD)β1(V1VUDV †

4 V3)
1α

c(νl, dα, dC
β ) = k2

1 (V1VUD)1α(V3VEN)βl+ k2
2 V βα

4 (V1VUDV †
4 V3VEN)1l

α = 1 or β = 1.

V1 = U†
CU , V2 = E†

CD, V3 = D†
CE, V4 = D†

CD,

VUD = U†D, VEN = E†N , VUD = U†D = K1 VCKMK2,

VEN = K3V
M

l

UT
C YU U = Y diag

U , DT
C YD D = Y diag

D , ET
C YE E = Y diag

E

α, β = 1, 2, l = 1, 2, 3.

P. Fileviez Pérez

after integrating out the superheavy gauge bosons.

c(ec, d), c(e, dc) & c(⌫, d, dc) ⇠ g2GUT /M
2
V

MV > 1014�15 GeV

in agreement with gauge coupling unification at the high scale.

Unfortunately, the values of the Wilson coefficients can change dramatically in different models !

naive !

P. Fileviez Perez



II GRAND UNIFIED SU(5) THEORY
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FIG. 3: Decay channel p → π0 e+(µ+).
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FIG. 4: Decay channel p → π+ν̄.

ΓX ∼ α2
GUT

m5
p

M4
X

, (II.81)

where the fifth power of the proton mass has been added to fulfill dimensional analysis (the decay rate has
dimensions of energy).

From the experimental bound on the process p → π0e+, we have that the decay lifetime τ(p → π0e+) >
1.29 × 1034 years [20]. We took this bound since it is the most restrictive one and therefore sets a lower
bound for the mass-scale of the leptoquarks in the SU(5)-GG:

MX ! 5× 1015GeV, (II.82)

where we used mp = 0.938 GeV and αGUT has been taken from the unification predictions, i.e.
(αGUT )−1 ∼ 40. This result is in perfect agreement with the unification scale predicted by the unification
constraints ΛGUT ∼ 1015 GeV.

Colored triplet contribution

For the colored triplet case, the “dangerous” interactions which may give rise to proton decay live in the
Yukawa Lagrangian (see appendix for more details):

LY ⊃ Y1{qL T † lL + (dc)T † (uc)}+ Y3{qL T qL + (uc)T (ec)}, (II.83)
⇒ LY ⊃ Y ab

1 (νad
i
b − eau

i
b)T

†
i − Y ab

1 (dca)i(u
c
b)jT

†
k ϵ

ijk − 8(Y ab
3 + Y ba

3 )uiad
j
bT

kϵijk + 4(Y ab
3 + Y ba

3 )eca(u
c
b)kT

k.

By integrating out the colored triplet the following dimension 6 effective Lagrangian is obtained,

LT
d=6 ∼

1

m2
T

Y ab
1 (Y cd

3 + Y dc
3 )
{

νad
i
be

c
c(u

c
d)i − eau

i
be

c
c(u

c
d)i − (dc

a)i(u
c
b)je

c
c(u

c
d)kϵ

ijk

+ 2eau
i
bu

j
cd

k
dϵijk − 2νad

i
bu

j
cd

k
dϵijk + 2(dca)i(u

c
b)ju

k
cd

l
d(δ

i
kδ

j
l − δilδ

j
k)ϵ

ijk
}

. (II.84)

Therefore, the decay rate can be estimated qualitatively through the effective vertex of the interaction lead-
ing to proton decay (bold ones). The decay rate will be proportional to the feynman rule squared, so that

ΓT ∼
(

Y1(Y3 + Y T
3 )
)2 m5

p

M4
T

, (II.85)
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Georgi-Glashow Model
Georgi, Glashow, Phys.Rev.Lett.32:438-441,1974

GSM = SU(3)
N

SU(2)
N

U(1) ⊂ SU(5)

α3 α2 α1 → α5

N2 − 1 generators λa, a = 1..24

U(x) = Exp(iαa(x)λa), Det U=1, Tr λa=0

N − 1 = 4 diagonal generators.

Gauge Bosons

24G = (8, 1, 0)| {z }
Ga

L
(1, 3, 0)| {z }

Wb

L
(3, 2,−5/6)| {z }

V

L
(3̄, 2, 5/6)| {z }

V

L
(1, 1, 0)| {z }

B

Matter Assignment

(uC)L ∼ (3̄C, 1L,−2/3), (dC)L ∼ (3̄C, 1L, 1/3),

(eC)L ∼ (1C, 1L, 1),

„
uα

dα

«

L

∼ (3C, 2L, 1/6),

„
ν
e

«

L

∼ (1C, 2L,−1/2)
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What are the simplest realistic extensions of the Georgi-Glashow Model ?

I. Dorsner, P. F. P., Nucl. Phys. B723 (2005)53Type II-SU(5)

Type III-SU(5) B. Bajc, G. Senjanovic, Nucl. Phys. B723 (2005)53

Minimal Renormalizable SU(5) P. F. P., C. Murgui, Phys.Rev. D94 (2016) 7, 075014

P. Fileviez Perez



Seesaw Mechanism

20

Type I, II, III

Zee Mechanism,..
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Type II-SU(5)
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⌧p < 1036�37 years



Renormalizable SU(5)

P. Fileviez Perez

5H , 24H , 45H

45H ⇢ �1 ⇠ (8, 2, 1/2)

P. F. P., C. Murgui, Phys.Rev. D94 (2016) 7, 075014
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only field in 24H which can help for the unification is
Σ3 ∼ (1, 3, 0). Even if Σ3 and H1 are at the electroweak
scale the constraints in Eqs. (15) and (16) cannot be sat-
isfied because BGG

23 /BGG
12 ≤ 0.6. Since only the fields

with negative contribution to B12 and positive contribu-
tion to B23 can help to achieve unification in agreement
with the experiment, only the fields Φ3 and H2 in 45H
can help. The field Φ1 also can help to increase the GUT
scale and suppress proton decay.
In the 10H only the field δ(3,2) could help to achieve

consistent unification but one should notice that it medi-
ates proton decay. The δ(3,2) couples to fermions through

the term λ 5̄ 5̄ 10H in the folowing way λϵαβdcℓαδ
β
(3,2),

where δ(3,2) = (δ2/3(3,2), δ
−1/3
(3,2) ) in the SU(2)L space. Hence,

δ(3,2) alone cannot mediate proton decay. However, the
term − 1

3µT
∗
i H2

∗
αδ

iα
(3,2) ∈ − 1

6µ5
∗
H45∗H10H in the scalar

potential together with the above interaction give us a
contribution to proton decay as shown in Fig. 1.

u d

dc ν

T

δ
−1/3
(3,2)

< H0
2 >

FIG. 1: B − L violating proton decay contribution.

A qualitative study on the bounds of the delta mass
scale can be made by considering the effective coupling
of the process shown in Fig. 1, which is given by

Y3
λµ v2

M2
δ(3,2)

M2
T

udν̄d̄c. (18)

Here Y3 is the coupling in the Y310105H interac-
tion. In order to satisfy the bounds on proton decay,
µλ v2/M2

δ(3,2)
M2

T ! 1/(1012GeV)2 as in the usual Higgs
mediated d = 6 proton decay contribution. Notice that,
due to the presence of the triplet mass squared in the de-
nominator, the mass of δ(3,2) is not necessarily required
to be heavy (the parameters λ and µ are constrained to
be small since they appear in the neutrino mass matrix).
In this way one understands the B − L violating contri-
bution to proton decay mediated by δ(3,2).
In this model one has the usual doublet-triplet split-

ting problem since we need to split the 5H representation
and assume that the T field is very heavy. Now, in the
45H one has the same fine-tuning problem because the
second Higgs H2 must be light in order to have a large
vacuum expectation value needed to correct the fermion
masses. The simplest way to show that unification can
be achieved in a consistent way is to assume only the
splitting of the 45H representation. We will assume that
there is no mass splitting in 10H or in 24H , and show the
unification constraints in the scenarios where less fine-
tuning is needed.

p → π0 e+   (H.K.)

p →π0 e+   (S.K. 2014)

L
H

C

Unification constraints

3.0 3.5 4.0 4.5 5.0 5.5 6.0

15.2

15.4

15.6

15.8

16.0

Log10 MΦ1

L
o
g

1
0
M

G
U

T

FIG. 2: Unification constraints shown by the blue line when
MH2 = 1 TeV. The dashed green line shows the naive LHC
bound on the colored octet mass, MΦ1 > 3.1 TeV [25]. The
red dashed line shows the limit on the GUT scale from the
current experimental value on proton decay lifetime, τp(p →

π0e+) > 1.29×1034 years [26]. The orange dashed line shows
the projected limit on the proton decay lifetime from the
Hyper-Kamiokande collaboration, τp(p → π0e+) > 1.3× 1035

years [27]. The mass of the Φ3 is in the range 108.6 − 108.9

GeV from left to right.

In Fig. 2, assuming unification of the gauge couplings
at one-loop level, we show the allowed values for the
masses of the Φ1 ∼ (8, 2, 1/2) and the unification scale.
The solutions in agreement with the experiments are
shown by the blue line. In this case we assume that
MH2 = 1 TeV and the mass of Φ3 ∼ (3, 3,−1/3) changes
from 108.6 and 108.9 GeV. The couplings of the Φ3 to
matter are not constrained by the fermion masses so
that they can be small to suppress proton decay. The
green vertical line represents the LHC bound, MΦ1 ≥ 3.1
TeV [25], on the colored octet mass. The red horizon-
tal dashed line corresponds to the current experimental
bounds on proton decay τp(p → π0e+) > 1.29 × 1034

years [26]. We also show in Fig. 2 the limit projected
(orange line) by the Hyper-Kamiokande collaboration,
τp(p → π0e+) > 1.3 × 1035 years [27]. As one can ap-
preciate, the main prediction from the unification of the
gauge interactions is that the field Φ1 has to be light and
the model could be tested in the near future in proton
decay experiments.
In the case when the mass of Φ1 is close to the TeV

scale one could hope to produce it at the LHC. The
Yukawa interactions for the field Φ1 are given by

LY ⊃ 2dcY2Φ
†
1qL + 4uc(Y4 − Y T

4 )qLΦ1 + h.c. (19)

Notice that one can produce Φ1 with large cross sections
through QCD interactions. The second term in the above
equation comes from the interaction 10 10 45H . Notice
that since the second coupling above is anti-symmetric
the decays into two top-quarks would not be observed.
Therefore, one can have exotic signatures such as sig-
nals with one top quark and three light jets. The phe-
nomenological aspects of the colored octets have been
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investigated in Refs. [28–46].

B. Proton Decay

There are several fields mediating proton decay in this
model. Here one has the usual gauge boson contributions
mediated by the gauge bosons V ∼ (3, 2,−5/6) living in
24G, and the Higgs contributions mediated by T in 5H ,

as well as Φ3,Φ5 and Φ6 living in 45H . In the previous
section we have investigated the unification constraints
and we have shown that the only extra light Higgses are
H2 and Φ1 which do not mediate proton decay. There-
fore, the main contribution to proton decay are the gauge
contributions.

The proton decay widths for the most relevant channels
are given by

Γ(p → π0e+β ) =
mp

8π
A2k41

(∣
∣c(ec, d)

〈

π0
∣
∣ (ud)LuR

∣
∣p
〉∣
∣
2
+
∣
∣c(e, dc)

〈

π0
∣
∣ (ud)RuL

∣
∣p
〉∣
∣
2
)

, (20)

Γ(p → K+ν̄) =
mp

8π

(

1−
m2

K+

m2
p

)2

A2k41
∑

i

∣
∣c(νi, d, s

c)
〈

K+
∣
∣ (us)RdL

∣
∣p
〉

+ c(νi, s, d
c)
〈

K+
∣
∣ (ud)RsL

∣
∣p
〉∣
∣
2
, (21)

with A = AQCDASR =

(
α3(mb)

α3(MZ)

)6/23( α3(Q)

α3(mb)

)6/25( α3(MZ)

α3(MGUT )

)2/7

. (22)

where k1 = gGUT /
√
2MGUT and A defines the running

of the operators. AQCD ≈ 1.2 corresponds to the run-
ning from the MZ to the Q ≈ 2.3 GeV scale, while
ASR ≈ 1.5 defines the running from the GUT scale to
the electroweak scale. The c-coefficients [47] are given by

c(ecα, dβ) = V 11
1 V αβ

2 + (V1VUD)1β(V2V
†
UD)α1, (23)

c(eα, d
c
β) = V 11

1 V βα
3 , (24)

c(νl, dα, d
c
β) = (V1VUD)1α(V3VEN )βl. (25)

where the V ’s are mixing matrices defined as

V1 = U †
CU, V2 = E†

CD, V3 = D†
CE, (26)

VUD = U †D and VEN = E†N. (27)

The matrices U , E, D andN define the Yukawa couplings
diagonalization so that

UT
CYuU = Y diag

u , DT
CYdD = Y diag

d , (28)

ET
CYeE = Y diag

e , NTYνN = Y diag
ν . (29)

The quantities
〈

π0
∣
∣ (ud)LuL

∣
∣p
〉

,
〈

π0
∣
∣ (ud)RuL

∣
∣p
〉

,
⟨K+| (us)RdL |p⟩ and ⟨K+| (ud)RsL |p⟩ are the differ-
ent matrix elements computed in lattice calculations.
Here we use the values reported in Ref. [48]. In
general one cannot predict the c-coefficients entering
in the decay width for the proton decay ampli-
tude. In the most conservative scenario c(e, dc) = 1,
and c(ec, d) = 2 for p → π0e+ and in the case
of p → K+ν̄ we use c(νl, d, sc) = (V3VEN )2l, and
c(νl, s, dc) = V 12

CKM (V3VEN )1l.
We show in Fig. 3 the conservative values for the pro-

ton decay lifetime and the current experimental bounds,
τp(p → π0e+) > 1.29 × 1034 years [26] and τp(p →
K+ν̄) > 5.9 × 1033 years [49]. As one can see, in the

Hyper-Kamiokande experiment one could rule out the
model if proton decay is not found in the π0e+ channel.
In this way we show that the unification can be realized in
agreement with the bounds on the proton decay lifetimes
and the fact that the predictions are not far from the
reach of the Hyper-Kamiokande experiment, one could
hope to test this model in the near future.

p → π0
e +

H.K. 

S.K. 2014

p → K +
ν

L
H

C

100 104 106 108

1032

1033

1034

1035

1036
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τ
(y

e
a

rs
)

FIG. 3: Predictions for the proton decay lifetimes. The blue
line shows the predictions for the decay p → π0e+, while
the purple line shows the predictions for the decay p → K+ν̄.
The horizontal red dashed line shows the current experimental
value on proton decay lifetime, τp(p → π0e+) > 1.29 × 1034

years [26] from the Super-Kamiokande collaboration. The
orange dashed line shows the projected limit on the pro-
ton decay lifetime from the Hyper-Kamiokande collaboration,
τp(p → π0e+) > 1.3× 1035 years [27]. The green vertical line
represents the LHC bound, MΦ1 ≥ 3.1 TeV [25], on the col-
ored octet mass.

Proton decay in Minimal Renormalizable SU(5) 
P. F. P., C. Murgui, Phys.Rev. D94 (2016) 7, 075014

45H ⇢ �1 ⇠ (8, 2, 1/2)



Neutrino Mass - Minimal Renormalizable SU(5)

III MASSIVE NEUTRINOS

TABLE III: Contributions to the Bij coefficients from the 24F .

24F
Bij TF SF OF Σ(3,2)F Σ(3̄,2)F

B12 −4
3rTF 0 0 2

3rΣ(3,2)F
2
3rΣ(3̄,2)F

B23
4
3rTF 0 −2rOF

1
3rΣ(3,2)F

1
3rΣ(3̄,2)F

Does it help? ! × × × ×
Proton decay × × × ! !

content of SU(5)-GG is not enough to ensure unification of the couplings, a splitting in the 24F needs to be
introduced. The unification constraints set therefore an upper bound to the mass of the fermion triplet (for
the Planck scale cutoff):

mT ≤ 102.1TeV. (III.41)

A detailed study on bounds coming from unification constraints and proton decay in the 24F can be found
in reference [27]. The prediction of a triplet of extra fermions below TeV is remarkable in the sense that it
is likely to be found at LHC, which shows the predictive power of this SU(5) extension.

D. Zee mechanism

The Zee model is a mechanism proposed by Antony Zee in 1980 [8] that gives mass to neutrinos through
first order radiative corrections. In the Zee mechanism for neutrino masses two extra Higgses are needed to
generate neutrino masses at one-loop level: a charged scalar singlet under SU(2) and a second Higgs doublet
(the standard model one is already counted). Fig. 18 shows the topology of the process in the unbroken
phase. We are using the following notation: Ha ∼ (1, 2,−1/2) where a = 1, 2 and δ+ ∼ (1, 1, 1). The

eLk νLjeRl

H0
a

H0
c

H+
bδ+

νLi

FIG. 11: Zee model generating 1-loop radiative mass to neutrinos in the unbroken phase [8].

relevant interactions are given by (assuming a general effective theory with the usual SM field content plus
the extra charged singlet mentioned above),

VZee ⊃ lLλlLδ
+ + lLYaHaeR + µHaHbδ

− + h.c. (III.42)

34

P. F. P., C. Murgui, Phys.Rev. D94 (2016) 7, 075014
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Nucleon Decay in Supersymmetry



MSSM Interactions

P. Fileviez Perez



B and L Violation in the MSSM

P. Fileviez Perez



Proton Decay and M-Parity



d=5 operators

Example:

Dimopoulos, Raby, Wilczek; Arnowitt, 
Chamseddine, Nath; Goto, Nihei; Lucas, Raby;  

Bajc, P.F.P., Senjanovic



d=5 contributions Bajc, P.F.P., Senjanovic

Many contributions !
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The non-renormalizable SUSY SU(5) model is OK,  
see: Bajc, P.F.P., Senjanovic, 0210374; 0204311. 

Unfortunately, the proton decay lifetime cannot be  
predicted in SUSY  because one needs to know the full spectrum of 

supersymmetric particles !
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J. Hisano @ BLV2013
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These theories are considered very appealing because the  
fermions are unified in the 16 representation. However, one  
has different breaking scales and it is very difficult to predict  
the lifetime of the proton.

SO(10) GUTs and proton decay

16F , 10H , 126H , 210H , ...

For recent studies see: 
!

K.S. Babu, S. Khan, 2015 
H. Kolesova, M. Malinsky, 2014 
Mohapatra et al, 2012 
Babu, Pati, Tavartkiladze, 2010 
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Summary P. Fileviez Perez

The idea of grand unification is one of the most 

appealing ideas we have for new physics. 

One can predict the lifetime of the proton in the 

simplest non-supersymmetric grand unified theories. 

The minimal renormalizable SU(5) predictions could 

be tested at Hyper-Kamiokande or other experiments. 

More experimental effort is needed to search for  
proton decay in the near future. Young people, new ideas  
and new techniques are needed in this field. 
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