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Grand Unified Theories (GUTs)
H. Georgi and S.L. Glashow, Phys .Rev. Lett. 32, 438 (1974).

Unification of Standard Model gauge groups:

SU(3)C ⇥ SU(2)L ⇥U(1)Y ! SU(5)
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Gauge coupling unification

g1(MGUT) = g2(MGUT) = g3(MGUT)
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Unification of quarks and leptons
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SUSY GUTs
Supersymmetry (SUSY) and GUTs go well together.

Gauge hierarchy problem

Gauge coupling unification
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S. Dimopoulos and H. Georgi, Nucl. Phys. B193, 150 (1981);

N. Sakai, Z. Phys. C11, 153 (1981).



Doublet triplet splitting
The Higgs fields are accompanied by color-triplet fields:

Color-triplet Higgs

MSSM Higgs

Color triplets need to be heavy: proton decay limits

MSSM Higgs fields must be light

In the minimal SU(5) GUT, this mass splitting is realized 

with fine-tuning.

Doublet-triplet splitting problem



Missing partner models (MPMs)

A. Masiero, D. V. Nanopoulos, K. Tamvakis, and T. Yanagida, Phys. Lett. B115, 380 (1982);

B. Grinstein, Nucl. Phys. B206, 387 (1982).

In the minimal SU(5), SU(5) is broken by an adjoint Higgs field (24).

Instead, we use a 75 representation  to break SU(5).Σ

Superpotential
<latexit sha1_base64="Y/G4MFgW7xhMTjcluBR7XuXQVQg="></latexit>

W = �⇥H̄⌃⇥+ �⇥̄H⌃⇥̄+M⇥⇥⇥̄+ . . .
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⇥, ⇥̄ : 50, 5̄0

<latexit sha1_base64="imySKuk+SC/gsZRsHvyti+mDXyc="></latexit>

50 = (1,1,�2)� (3,1,�1/3)� (3,2,�7/6)� (6,3,�1/3)� (6,1, 4/3)� (8,2, 1/2)

Form a massive vector-like field after  gets a VEV.Σ

Remains massless because there is no partner.

Missing partner mechanism



Difficulty in Minimal SU(5) MPM
There are challenges in the minimal SU(5) MPM:

Perturbativity above the GUT scale.

Large representations ( ) make the gauge coupling 

blow up just above .

50, 50, 75
MGUT

Should take  to be very large to have 

a cut-off scale much larger than .

MΘ
MGUT

Rapid proton decay

Lighter color-triplet mass: 
<latexit sha1_base64="donW41cJ51k1zIL9xPUAWfeNliA="></latexit>

MHC = �⇥�⇥̄
(2V )2

M⇥ V: Σ VEV

Large MΘ Small MHC
Rapid proton decay



Difficulty in Minimal SU(5) MPM
Challenges perturbative gauge coupling unification

S. Pokorski, K. Rolbiecki, G. G. Ross, K. Sakurai, JHEP 1904, 161 (2019).

By examining the 2-loop RGEs + 1-loop threshold corrections,

the authors concluded that it is not possible to achieve the 

perturbative gauge coupling unification.

Is the minimal MPM excluded?



Our setup
We study the minimal SU(5) MPM with

Dimension-5 operator:
<latexit sha1_base64="jayWlmjsKXvJdaHmz/Dm+Dy5To8="></latexit>

We↵ =
c

MP
WC

AWD
B⌃AB

CD affects the matching conditions.

Super-GUT version of Constrained MSSM

Universality condition is imposed at Min > MGUT

m0, m1/2, A0, B0, tan β, sign(μ), Min

We require perturbativity up to Min
+ MSP parameters

MΘ, λΘ,Θ̄, λ′ 



Gauge coupling unification
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Large threshold effect at the GUT scale.

Perturbativity is (barely) maintained up to the input scale.
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Min = 4⇥ 1017 GeV
<latexit sha1_base64="qfKsIxWVI1IQCjNMLbDMiqv4RA4="></latexit>

M⇥ = 3⇥ 1017 GeV

Perturbative gauge coupling unification is achieved.



Proton decay

fW
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fW

eLL( eQL)

HC HC
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e⌧R

eHu
eHd

sL(dL)

dR(sR)

⌫⌧

uR

Exchange of color-triplet Higgs induces proton decay.

<latexit sha1_base64="kEJprie5oDFvnLzvtn+/eBS+Q+Y="></latexit>
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MHCMSUSY

<latexit sha1_base64="donW41cJ51k1zIL9xPUAWfeNliA="></latexit>

MHC = �⇥�⇥̄
(2V )2

M⇥

In our setup,  tends to be suppressed (for large ):MHC
MΘ

This results in rather short proton lifetime.

(V: Σ VEV)

A high SUSY scale helps.
J. Hisano, D. Kobayashi, T. Kuwahara, N. Nagata, JHEP 1307, 038 (2013).



Proton lifetime
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J. Ellis, J. L. Evans, N. Nagata, K. A. Olive, Eur. Phys. J. C 81, 543 (2021).
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⌧(p ! K+⌫̄) > 6.6⇥ 1033 years

m1/2

Limit from the proton-decay bound is relaxed for 
large SUSY-breaking scale.

We cannot make the mass of  very large.50, 50

(Super-Kamiokande)



SUSY scale?
Proton decay limit favors a high SUSY-breaking scale.

Requirement to explain

The observed Higgs mass: ~ 125 GeV

Dark matter relic abundance 

makes the parameter space finite.

See H. Fukuda’s talk



Result
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J. Ellis, J. L. Evans, N. Nagata, K. A. Olive, Eur. Phys. J. C 81, 543 (2021).
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⌧(p ! K+⌫̄) > 6.6⇥ 1033 years

Stop LSP

We find a region where dark matter abundance and Higgs mass 

are consistent with the observed values.

(Super-Kamiokande)
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MPM (this work)
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SK

Future prospects

J. Ellis, J. L. Evans, N. Nagata, K. A. Olive, Eur. Phys. J. C 81, 543 (2021).

Proton lifetimes in MPM are predicted to be shorter than 
those in Minimal SU(5).

The prediction can be tested in Hyper-Kamiokande.

For Minimal SU(5), see J. Ellis, J. L. Evans, N. Nagata, K. A. Olive, L. Velasco-Sevilla, Eur. Phys. J. C 80, 332 (2020).



Summary
We revisited the minimal Missing Partner Model.

Thanks to the dim-5 operator, perturbative gauge 
coupling unification is achieved.

Dark matter abundance and Higgs mass can be 
explained while proton decay limit is evaded.

This model can be tested in Hyper-Kamiokande.



Backup



Superpotential

2 Setting up the Model

In this Section we outline the minimal supersymmetric SU(5) MPM we study, and specify
our notation. The representations containing the SM matter content in this model are
the same as in conventional SU(5): the right-handed down-type quark and the left-handed
lepton chiral superfields, Di and Li, respectively, reside in 5i representations, �i, and the
left-handed quark doublets, right-handed up-type quarks and right-handed charged leptons,
Qi, U i and Ei, respectively, are contained in 10i representations,  i. Here and subsequently,
Roman letters from the middle of the alphabet are flavor indices. Also as in conventional
SU(5), the MSSM Higgs fields, Hu and Hd, are combined with colored Higgs fields, HC and
HC , to form a 5 representation of SU(5), H, and a 5 representation, H, respectively.

The di↵erence from conventional SU(5) is that the SU(5) symmetry is broken down
to the Standard Model (SM) gauge SU(3)⇥SU(2)⇥U(1) symmetry by a 75-dimensional
representation of SU(5), denoted by ⌃. Unlike minimal SU(5), the Hu and Hd have small
masses without the need for any fine-tuning. This is because, as described below, the Higgs
multiplets H and H are coupled via the 75 representation, ⌃, to a 50 representation, ⇥,
and a 50 representation, ⇥̄, respectively. The ⇥ and ⇥̄ contain (3,1, �1/3) and (3̄,1, 1/3)
states that combine with the colored Higgs fields to give them large masses. However, since
none of these representations contain states that transform as (1,2, ±1/2) under the SM
SU(3)⇥SU(2)⇥U(1) gauge symmetry, the Hu and Hd remain massless.

2.1 The Superpotential and Symmetry Breaking

The superpotential for this minimal supersymmetric SU(5) MPM is

W5 =
µ⌃

2
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E + (h5)ij  
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i
�jAHB , (2)

where the upper-case Roman letters are SU(5) gauge indices and ✏ABCDE is the totally
antisymmetric tensor. The upper and lower indices of ⌃AB

CD
, ⇥ABC

DE
, and ⇥̄DE

ABC
are also

totally antisymmetric, and these fields satisfy the following traceless conditions: 6

⌃AB

AC
= ⇥ABC

AD
= ⇥̄AD

ABC
= 0 . (3)

We assume a supergravity framework with the following minimal canonical form for the
Kähler potential:

K =
�� AB

i

��2 + |�iA|
2 +
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��HA

��2 +
��⇥ABC

DE
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ABC
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��2 , (4)

6These representations may be described by the following Young tableaux:

⇥ = , ⇥̄ = , ⌃ = .

3

VEV of Σ

As seen in Eq. (9), the ⌃ field contains an SM singlet component. We assume that ⌃ develops
a vev in this direction, thereby breaking SU(5) without breaking the SM gauge symmetry. 8

The vev of ⌃ is thus of the form

h⌃↵�
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i0 =

3

2
V
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�
, (10)

h⌃↵b

�d
i0 = h⌃b↵

d�
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�d
i0 = �h⌃↵b

d�
i0 = �

1

2
V �

↵

�
�
a

d
,

where the Greek letters ↵, �, ... are SU(2) indices, early Roman letters a, b, ... are SU(3) in-
dices, the 0 subscript denotes, for later convenience, the vev with no supersymmetry breaking,
and 9

V =
3

4

µ⌃

�0 . (11)

This breaks SU(5) down to the SM SU(3)⇥SU(2)⇥U(1) gauge symmetry, and gives masses
to the GUT gauge bosons: 10

MX =
p

24g5V , (12)

where g5 is the SU(5) gauge coupling constant.
The following are the irreducible representations of SU(3)⇥SU(2)⇥U(1) that are con-

tained within the 75: 11
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8As discussed in Ref. [6], there are numerous degenerate minima in the potential of the 75 field, which
lead to di↵erent breaking patterns of SU(5). A discussion of the cosmological selection between these possible
vacua is beyond the scope of this paper.

9This result is consistent with those given in Refs. [33, 43].
10This agrees with the result in Ref. [44].
11These results are consistent with those in Ref. [45], up to a di↵erence in overall normalization by a factor

of 2 that originates from the di↵erence in the normalization of the kinetic term.
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8As discussed in Ref. [6], there are numerous degenerate minima in the potential of the 75 field, which
lead to di↵erent breaking patterns of SU(5). A discussion of the cosmological selection between these possible
vacua is beyond the scope of this paper.

9This result is consistent with those given in Refs. [33, 43].
10This agrees with the result in Ref. [44].
11These results are consistent with those in Ref. [45], up to a di↵erence in overall normalization by a factor

of 2 that originates from the di↵erence in the normalization of the kinetic term.
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Mass spectrum
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Components in 75 fields

where ✏
↵� = ✏↵� and ✏

abc = ✏abc are the totally antisymmetric tensors of rank 2 and 3, respec-
tively, and each field component is labelled by its SU(3)⇥SU(2)⇥U(1) quantum numbers.
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and its conjugate 50 field, ⇥̄, decomposes into the corresponding conjugate representations.
When the SU(5) symmetry is broken to the SM gauge symmetry SU(3)⇥SU(2)⇥U(1),

the components in ⌃ obtain masses as follows: 12
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We note that the (3,2, �5/6) � (3̄,2, 5/6) components remain massless after the SU(5)
symmetry is broken, as they are the Nambu-Goldstone fields associated with this symmetry
breaking that are absorbed by the SU(5) gauge vector multiplets.

As mentioned above, after the ⌃ field acquires a vev, the (3,1, �1/3) and (3̄,1, 1/3)
components in ⇥ and ⇥̄ combine with the (3̄,1, 1/3) and (3,1, �1/3) components in H̄ and
H via the couplings �⇥ and �⇥̄, respectively, acquiring the following mass terms:
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As we discuss below, in order to preserve perturbativity of the SU(5) gauge coupling, we
must require M⇥ � V : indeed, we find that V ⇠ (6 � 7) ⇥ 1016 GeV over the interesting
region of parameter space. In this limit, we can integrate out ⇥ and ⇥̄ at the scale of M⇥ to
construct an e↵ective theory in which the mass term for the color-triplet Higgs multiplets is
given by

We↵ � ��⇥�⇥̄
(2V )2

M⇥
H

a

C
H̄Ca , (17)

from which we see that the colored Higgs mass MHC is given by
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. (18)

12These results agree with those in Refs. [33, 44, 46].
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symmetry is broken, as they are the Nambu-Goldstone fields associated with this symmetry
breaking that are absorbed by the SU(5) gauge vector multiplets.
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W � M⇥⇥a

(3,1,�1/3)⇥̄a(3,1,1/3) + 2�⇥V H̄Ca⇥
a

(3,1,�1/3) + 2�⇥̄V H
a

C
⇥̄

a(3,1,1/3) . (16)

As we discuss below, in order to preserve perturbativity of the SU(5) gauge coupling, we
must require M⇥ � V : indeed, we find that V ⇠ (6 � 7) ⇥ 1016 GeV over the interesting
region of parameter space. In this limit, we can integrate out ⇥ and ⇥̄ at the scale of M⇥ to
construct an e↵ective theory in which the mass term for the color-triplet Higgs multiplets is
given by
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Benchmark point parameters
Inputs

m1/2 = 20 TeV m0 = 15.9 TeV A0/m0 = 2.25

tan� = 4.5 Min = 1017.6 GeV M⇥ = 3 ⇥ 1017 GeV

�0 = 0.005 �⇥,⇥̄ = 1 B0 = A0 � m0

GUT-scale parameters (masses in units of 1016 GeV)

MGUT = 0.692 MHC = 5.53 M⌃ = 0.0215

MG = 2.95 MX = 28.6 V = 6.46

g5 = 0.907 d = 0.24

MSSM parameters (masses in units of TeV)

m� = 4.2 m
t̃1
= 4.2 mg̃ = 17.7

m�2 = 8.5 m
H̃

= 24.1 µ = �23.5

m
l̃L

= 21.5 m
l̃R

= 23.2 m⌧̃1 = 20.5

mq̃L = 26.6 m
d̃R

= 24.4 m
t̃2
= 18.1

At = 32.7 Ad = 80.9 B = �14.6

cK = �0.043 cW = �1.44

Observables

⌦�h2 = 0.125 mh = 125.3 GeV ⌧p = (0.099 ± 0.026) ⇥ 1035 yrs

Table 1: Benchmark point parameters. We first give the input parameters defined at Min,
with the exception of the Yukawa couplings, which are defined at MGUT, and assume µ < 0.
The second set of parameters are GUT scale quantities determined by the matching conditions
described in the text. The third set of quantities are derived from the running of the RGEs
and matching at the weak scale. We find that mt̃1

� m� = 12 GeV at this point. The
chargino masses are nearly degenerate with the wino and Higgsino masses given as m�2 and
m

H̃
, m⌧̃2 is similar to m

l̃L
, mũR is similar to mq̃L, m

b̃1
is similar to mt̃2

, and m
b̃2

is similar
to m

d̃R
. Other A-terms take values between At and Ad. The final entries correspond to the

observables we concentrate on in this work: the relic density, the Higgs mass, and the proton
lifetime.
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Matching conditions (gauge couplings)
coupling constants in the DR scheme:

1
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1

g
2
2(Q)

=
1

g
2
5(Q)

+
1

8⇡2


6 ln

✓
Q

M⌃(6,2,5/6)

◆
+ 16 ln

✓
Q

M⌃(8,3,0)

◆
� 6 ln

✓
Q

MX

◆�
�

3

2

✓
8dV

MP

◆
,

(29)
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. (30)

The conditions on the e↵ective theory below the mass threshold of ⇥ and ⇥̄ when these
fields are integrated out can be simplified to 15
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g
2
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+
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, (33)

where we have used (see Eq. (15))

M⌃(6,2,5/6)
= 2M⌃(8,1,0)

, M⌃(3,1,5/3)
= 4M⌃(8,1,0)

, M⌃(8,3,0)
= 5M⌃(8,1,0)

, (34)

and
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= 2
12
5 5

1
2 . (35)

15These simplified equations are modified if �0 is small and there are higher-dimensional operators con-

sisting of 75 fields, such as
�
⌃AB

CD
⌃CD

AB

�2
, that become important. In this case, the masses of the component

fields in ⌃ are shifted from those in Eq. (15), altering the GUT-scale matching conditions. A general dis-
cussion of the possible impacts of this and other higher-dimensional operators lies beyond the scope of this
paper.

9

coupling constants in the DR scheme:

1

g
2
1(Q)

=
1

g
2
5(Q)

+
1

8⇡2


10 ln

✓
Q

M⌃(3,1,5/3)

◆
+ 10 ln

✓
Q

M⌃(6,2,5/6)

◆

+
2

5
ln

✓
Q

MHC

◆
� 10 ln

✓
Q

MX

◆�
+

5

2

✓
8dV

MP

◆
, (28)

1

g
2
2(Q)

=
1

g
2
5(Q)

+
1

8⇡2


6 ln

✓
Q

M⌃(6,2,5/6)

◆
+ 16 ln

✓
Q

M⌃(8,3,0)

◆
� 6 ln

✓
Q

MX

◆�
�

3

2

✓
8dV

MP

◆
,

(29)

1

g
2
3(Q)

=
1

g
2
5(Q)

+
1

8⇡2


10 ln

✓
Q

M⌃(6,2,5/6)

◆
+ ln

✓
Q

M⌃(3,1,5/3)

◆
+ 3 ln

✓
Q

M⌃(8,1,0)

◆

+ 9 ln

✓
Q

M⌃(8,3,0)

◆
+ ln

✓
Q

MHC

◆
� 4 ln

✓
Q

MX

◆�
�

1

2

✓
8dV

MP

◆
. (30)

The conditions on the e↵ective theory below the mass threshold of ⇥ and ⇥̄ when these
fields are integrated out can be simplified to 15

3

g
2
2(Q)

�
2

g
2
3(Q)

�
1

g
2
1(Q)

= �
3

10⇡2
ln

✓
Q

MHC

NHC

◆
�

48dV

MP

, (31)

5

g
2
1(Q)

�
3

g
2
2(Q)

�
2

g
2
3(Q)

= �
3

2⇡2
ln

✓
Q

3

M
2
X

M⌃(8,1,0)

NX

◆
+

144dV

MP

, (32)

5

g
2
1(Q)

+
3

g
2
2(Q)

�
2

g
2
3(Q)

= �
15

2⇡2
ln

✓
Ng5

M
2
⌃(8,1,0)

MXQ

◆
+

6

g
2
5(Q)

+
72dV

MP

, (33)

where we have used (see Eq. (15))

M⌃(6,2,5/6)
= 2M⌃(8,1,0)

, M⌃(3,1,5/3)
= 4M⌃(8,1,0)

, M⌃(8,3,0)
= 5M⌃(8,1,0)

, (34)

and

NHC ⌘

✓
M

5
⌃(8,3,0)

M
2
⌃(3,1,5/3)

M
2
⌃(6,2,5/6)

M⌃(8,1,0)

◆ 5
2

=
5

25
2

215
,

NX ⌘

M
4
⌃(3,1,5/3)

M⌃(6,2,5/6)
M

1/2
⌃(8,1,0)

M
11/2
⌃(8,3,0)

=
29

5
11
2

,

Ng5 ⌘

M
4/5
⌃(3,1,5/3)

M
4/5
⌃(6,2,5/6)

M
1/2
⌃(8,3,0)

M
21/10
⌃(8,1,0)

= 2
12
5 5

1
2 . (35)

15These simplified equations are modified if �0 is small and there are higher-dimensional operators con-

sisting of 75 fields, such as
�
⌃AB

CD
⌃CD

AB

�2
, that become important. In this case, the masses of the component

fields in ⌃ are shifted from those in Eq. (15), altering the GUT-scale matching conditions. A general dis-
cussion of the possible impacts of this and other higher-dimensional operators lies beyond the scope of this
paper.
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Matching conditions (gaugino masses)

⇥ and ⇥̄ that mix with the colored Higgs fields. Since ⇥ and ⇥̄ must be significantly heavier
than the GUT scale, there are two matching scales. At M⇥, ⇥ and ⇥̄ must be integrated out
in an SU(5)-symmetric way, and we use the superpotential in Eq. (17) for the GUT-scale
matching conditions. The B-term for the colored Higgs bosons in this superpotential is

Lsoft � ��⇥�⇥̄ (B⇥ � A⇥ � A⇥̄ + 2A⌃ � 2B⌃)
(2V )2

M⇥
H̄CHC . (55)

Using this, we find that the SU(5) gaugino gets the following correction from integrating out
⇥ and ⇥̄:

�M5 = ±35
g

2
5

16⇡2
B⇥ , (56)

where the correction is positive when running down from Min. In order to obtain the match-
ing condition for the gauginos at the GUT scale, we need the correction to the vacuum
expectation value of ⌃ from the soft supersymmetry-breaking terms in Eq. (39), which is

h⌃AB

CD
i =


1 +

A⌃ � B⌃

µ⌃
+ (A⌃ � B⌃) ✓

2

�
h⌃AB

CD
i0 . (57)

where the term proportional to ✓
2 is the F -term of ⌃. This F -term leads to an additional

correction to the gaugino matching conditions. Including this, we find that the gaugino mass
matching conditions are

M1 =
g

2
1

g
2
5

M5 �
g

2
1

16⇡2

h
10M5 � 10(A�0 � B⌃) � 20B⌃

+
2

5
(B⇥ � A⇥ � A⇥̄ + 2A⌃ � 2B⌃)

�
+

5

4

✓
8dV

MP

◆
(A�0 � B⌃) , (58)

M2 =
g

2
2

g
2
5

M5 �
g

2
2

16⇡2
[6M5 � 6 (A�0 � B⌃) � 22B⌃] �

3

4

✓
8dV

MP

◆
(A�0 � B⌃) , (59)

M3 =
g

2
3

g
2
5

M5 �
g

2
3

16⇡2
[4M5 � 4 (A�0 � B⌃) � 23B⌃ + B⇥ � A⇥ � A⇥̄ + 2A⌃ � 2B⌃]

�
1

4

✓
8dV

MP

◆
(A�0 � B⌃) . (60)

The matching conditions for the squarks and sleptons are the same as in the minimal SU(5)
super-GUT, and can be found in Ref. [22] and references therein. As discussed earlier, there
is no matching conditions for the MSSM µ- and B-terms. These are fixed at the weak by the
electroweak symmetry breaking minimization conditions by introducing the Giudice-Masiero
terms in Eqs. (5) and (6).

The renormalization e↵ects on the gaugino masses for our benchmark point are shown
in the left panel of Fig. 2. Descending from 20 TeV at the input scale Min = 4 ⇥ 1017 GeV,
we see that M5 initially decreases rapidly to ⇠ 10 TeV at M⇥, where the large threshold
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Additional plots
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Proton decay in CMSSM
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p → K+ν decay may be observed in future experiments.
Proton decay bound can be evaded.


