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GUT の再考

Masahiro Ibe, Satoshi Shirai, Motoo Suzuki, Tsutomu T. Yanagida.
Phys.Rev.D100.055024(2019).
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Quarks & Leptons in the Standard Model

Standard Model  
SU(3) x SU(2) x U(1) gauge theory

Higgs  boson has been discovered
→ We understand the origins of the quark, lepton Z, W masses !

→ They look complicated and not very beautiful…

x 3-generations 



SU(3) x SU(2) x U(1) gauge theory → SU(5) gauge theory?
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Miraculous Unification

(Minimal embedding into a non-abelian group)

Quarks &  Leptons are also unified into two representations!

x 3-generations 

It should not be an accident !



Deterioration… 

Gauge coupling constants tend to unify but not very precise…

Although it is basically consistent with  
the unification but seems not precise enough…

Too rapid proton decay

L ~ 
MGUT2 

[(5 10)† (5 10) + (10 10)](5 10)†- -gGUT2 

 τ(p→e+π0) ~ 1026 years x (MGUT/gGUT/1014GeV)4

↔   τ(p→e+π0) > 1.6 x 1034 years (90%CL)   [SK 2017]

Are we missing something ?



Conventional wisdom  
                    = New charged particles below the GUT scale

Better unification 

Higher unification scale MGUT > 1016GeV

Best Example =  Supersymmetry !

Standard Model Supersymmetric  
Standard Model

→ proton lifetime is long enough!



A twisted way of thinking ? 

Fact :  
    Quarks&Leptons perfectly fit into the representations of SU(5).

If not,  what is the generic theory behind the Standard Model  
which explains the seeming unification of Quarks & Leptons ?

→ Fake GUT ? 

Does this mean that  Quarks & Leptons should be unified into 
the SU(5) representations ?



Why SU(5) is successful ?

 Fake GUT ? 

ψ(5*) + ψ(10) fermions cannot obtain masses due to the mismatch  
between the gauge charges and their chiralities !
[mass term of the fermions requires the  fermion with the same chirality 
but with opposite gauge charges ]

As a result, all the fermions in ψ(5*) + ψ(10) do not obtain masses  
at the GUT scale →They result in the Quarks&Leptons in the SM.

Any GUT models in which the charge-chirarily mismatch happens only 
for SU(5) ψ(5*) + ψ(10) predict the Quarks&Leptons which apparently fit 
into ψ(5*) + ψ(10).

In general, however, it does not mean that Quarks&Leptons are actually  
embedded in ψ(5*) + ψ(10) in the GUT model! 



Example : SU(5) x U(2)H model

 Fake GUT ? 

SU(5) x U(2) 

SU(3) x SU(2) x U(1) 

1/g12 =1/gGUT2  + 3/(5g1H2)
1/g22 =1/gGUT2  + 1/(g2H2)
1/g32 =1/gGUT2 )

Gauge  coupling non-unification is consistent !

3

tively. Due to the rank condition of the mass matrix,
three linear combinations of 5̄i and  ̄i become massless.
It should be noted that the massless fermions form the
complete 5̄ representation. For i = QL, ŪR, ĒR, we ex-
pect three massless fermions which form the 10 represen-
tation.

As the GUT symmetry is spontaneously broken, the
mass matrices no longer respect the SU(5) invariance, in
general. Therefore, the quarks and leptons have di↵erent
origins although they form complete SU(5) multiplets,
which is the fake matter unification.

Example
To demonstrate the fake GUT, let us take H = U(2)
denoting U(2)H = SU(2)H ⇥ U(1)H as an example.

The symmetry breaking, SU(5) ⇥ U(2)H ! GSM, is
achieved by the vacuum expectation value (VEV) of a
complex scalar field, �↵

i
, which is a bi-fundamental rep-

resentation, (5, 2)�1/2, of (SU(5), SU(2)H)U(1)H . Here,
the subscripts i and ↵ are the indices of the SU(5) and
SU(2)H , respectively. The form of the VEV is given by

h�i = 1p
2

✓
0 0 0 v 0
0 0 0 0 v

◆
, (7)

with v being a constant with a mass dimension [15]. Once
G is broken down to GSM, SU(3)c appears as an unbro-
ken subgroup of SU(5), while SU(2)L and U(1)Y appear
as diagonal subgroups of SU(5) and U(2)H .

As we discussed in the previous section, the fake GUT
contains three copies of 5̄� 10 representations of SU(5)
and some vector-like representations of G as the matter
fermions. We assume that the vector-like multiplets are
given by three pairs of the doublet fermions in U(2)H ,

LH : (1, 2)�1/2 , L̄H : (1, 2)+1/2 , (8)

and three pairs of the SU(2)H singlet fermions,

EH : (1, 1)�1 , ĒH : (1, 1)+1 . (9)

In the presence of the vector-fermions, the leptonic
components in the 5̄ � 10 multiplets can be the mass
partners of L̄H ’s and EH ’s through

L =mLLH L̄H + �LL̄H�5̄

+mEEHĒH +
�E
⇤cut

EH10�†�† , (10)

where �L,E are coupling constants and ⇤cut denotes a
cuto↵ scale [16]. mL and mE are the mass parameters
which break the lepton symmetries. The cuto↵ ⇤cut cor-
responds to the Planck scale or some heavier particles
e.g., scalars with (10,2) charge, which mediate the inter-
action. On the other hand, there are no mass partners
of the quarks components 5̄ � 10, and hence, the fake
matter unification is inevitable in this example.

The leptons in the SM, LL and ĒR, are given by the

linear combinations,

✓
LM (ĒM )
LL(ĒR)

◆
=

✓
cos ✓L(E) sin ✓L(E)

� sin ✓L(E) cos ✓L(E)

◆✓
5̄L(10Ē)
LH(ĒH)

◆
. (11)

Here, 5̄L and 10Ē denote the lepton components of
the SU(5) multiplets. We neglect the flavor dependence
of the mixing for simplicity. In this simple situation, the
mixing angles are determined from Eq. (10),

tan ✓L =
p
2mL/(�Lv) , (12)

tan ✓E = 2mE⇤cut/(�Ev
2) , (13)

respectively.
As an extreme case, it is possible that ✓L,E = 0 for

mL,E = 0. In this case, the SM leptons completely come
from the U(2)H vector-like fermions, while the leptons
from 5̄ � 10 become massive. On the other hand, the
quarks come from 5̄ � 10, and hence, the complete fake
matter unification is achieved. This situation can be jus-
tified by “lepton” symmetries. There, LH ’s and ĒH ’s
are charged, while the others are neutral, which makes
mL,E = 0.

IV. FAKE FORCE UNIFICATION

Next, let us discuss the fake gauge coupling unifica-
tion. Due to the condition 5 of the Fake GUT, at least
one massless SM gauge boson is linear combination of
the SU(5) and H gauge bosons. In this case, the cor-
responding gauge coupling does not coincide with the
SU(5) gauge coupling at the fake GUT scale.
Example

Again we consider the example of H = U(2)H in the
previous section. With the VEV of the bi-fundamental
field � in Eq. (7), the gauge group G is spontaneously
broken to the SM gauge group.
In this example, the SM gauge coupling constants,

g1,2,3, are given by [17],

1/g21 = 1/g25 + 3/5g21H , (14)

1/g22 = 1/g25 + 1/g22H , (15)

1/g23 = 1/g25 . (16)

Here, g5, g2H , and g1H are the gauge coupling constants
of SU(5) and U(2)H , respectively [18]. Thus, the mod-
erate unification of the SM gauge coupling constants can
be explained by choosing appropriate gauge coupling con-
stants of the fake GUT. In fact, the RGE of the SM gauge
coupling constants shows the following relation,

1/g21 ⇠ 1/g22 & 1/g23 , (17)

at around 1014 GeV. Thus, the moderate unification can
be explained for g2H ⇠ g1H � g5 when the fake GUT
scale is at around 1014 GeV.

1/g1,2 2  > 1/g32 is predicted

MGUT ≲1014GeV

Moderate unification is explained 
for g1H, 2H  >> g5



Example : SU(5) x U(2)H model

 Fake GUT ? 
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LL(ĒR)

◆
=

✓
cos ✓L(E) sin ✓L(E)

� sin ✓L(E) cos ✓L(E)

◆✓
5̄L(10Ē)
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tion. Due to the condition 5 of the Fake GUT, at least
one massless SM gauge boson is linear combination of
the SU(5) and H gauge bosons. In this case, the cor-
responding gauge coupling does not coincide with the
SU(5) gauge coupling at the fake GUT scale.
Example

Again we consider the example of H = U(2)H in the
previous section. With the VEV of the bi-fundamental
field � in Eq. (7), the gauge group G is spontaneously
broken to the SM gauge group.
In this example, the SM gauge coupling constants,

g1,2,3, are given by [17],

1/g21 = 1/g25 + 3/5g21H , (14)

1/g22 = 1/g25 + 1/g22H , (15)

1/g23 = 1/g25 . (16)

Here, g5, g2H , and g1H are the gauge coupling constants
of SU(5) and U(2)H , respectively [18]. Thus, the mod-
erate unification of the SM gauge coupling constants can
be explained by choosing appropriate gauge coupling con-
stants of the fake GUT. In fact, the RGE of the SM gauge
coupling constants shows the following relation,

1/g21 ⇠ 1/g22 & 1/g23 , (17)

at around 1014 GeV. Thus, the moderate unification can
be explained for g2H ⇠ g1H � g5 when the fake GUT
scale is at around 1014 GeV.

Lepton is not necessarily in ψ(5*) + ψ(10)  in the presence 
of massive U(2)H  charged particles.
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tified by “lepton” symmetries. There, LH ’s and ĒH ’s
are charged, while the others are neutral, which makes
mL,E = 0.

IV. FAKE FORCE UNIFICATION

Next, let us discuss the fake gauge coupling unifica-
tion. Due to the condition 5 of the Fake GUT, at least
one massless SM gauge boson is linear combination of
the SU(5) and H gauge bosons. In this case, the cor-
responding gauge coupling does not coincide with the
SU(5) gauge coupling at the fake GUT scale.
Example

Again we consider the example of H = U(2)H in the
previous section. With the VEV of the bi-fundamental
field � in Eq. (7), the gauge group G is spontaneously
broken to the SM gauge group.
In this example, the SM gauge coupling constants,

g1,2,3, are given by [17],

1/g21 = 1/g25 + 3/5g21H , (14)

1/g22 = 1/g25 + 1/g22H , (15)

1/g23 = 1/g25 . (16)

Here, g5, g2H , and g1H are the gauge coupling constants
of SU(5) and U(2)H , respectively [18]. Thus, the mod-
erate unification of the SM gauge coupling constants can
be explained by choosing appropriate gauge coupling con-
stants of the fake GUT. In fact, the RGE of the SM gauge
coupling constants shows the following relation,

1/g21 ⇠ 1/g22 & 1/g23 , (17)

at around 1014 GeV. Thus, the moderate unification can
be explained for g2H ⇠ g1H � g5 when the fake GUT
scale is at around 1014 GeV.
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◆
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linear combinations,

✓
LM (ĒM )
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◆
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◆
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Here, 5̄L and 10Ē denote the lepton components of
the SU(5) multiplets. We neglect the flavor dependence
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2) , (13)

respectively.
As an extreme case, it is possible that ✓L,E = 0 for

mL,E = 0. In this case, the SM leptons completely come
from the U(2)H vector-like fermions, while the leptons
from 5̄ � 10 become massive. On the other hand, the
quarks come from 5̄ � 10, and hence, the complete fake
matter unification is achieved. This situation can be jus-
tified by “lepton” symmetries. There, LH ’s and ĒH ’s
are charged, while the others are neutral, which makes
mL,E = 0.
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Next, let us discuss the fake gauge coupling unifica-
tion. Due to the condition 5 of the Fake GUT, at least
one massless SM gauge boson is linear combination of
the SU(5) and H gauge bosons. In this case, the cor-
responding gauge coupling does not coincide with the
SU(5) gauge coupling at the fake GUT scale.
Example

Again we consider the example of H = U(2)H in the
previous section. With the VEV of the bi-fundamental
field � in Eq. (7), the gauge group G is spontaneously
broken to the SM gauge group.
In this example, the SM gauge coupling constants,

g1,2,3, are given by [17],

1/g21 = 1/g25 + 3/5g21H , (14)

1/g22 = 1/g25 + 1/g22H , (15)

1/g23 = 1/g25 . (16)

Here, g5, g2H , and g1H are the gauge coupling constants
of SU(5) and U(2)H , respectively [18]. Thus, the mod-
erate unification of the SM gauge coupling constants can
be explained by choosing appropriate gauge coupling con-
stants of the fake GUT. In fact, the RGE of the SM gauge
coupling constants shows the following relation,

1/g21 ⇠ 1/g22 & 1/g23 , (17)

at around 1014 GeV. Thus, the moderate unification can
be explained for g2H ⇠ g1H � g5 when the fake GUT
scale is at around 1014 GeV.

(i)  mL,E  >> GUT scale  → Quarks & Leptons in ψ(5*) + ψ(10) 

(ii) mL,E  << GUT scale  → Quarks  in ψ(5*) + ψ(10) , Leptons in LH  , EH

Even for the case (ii), the model predicts the low energy fermions 
which fits in ψ(5*) + ψ(10) of SU(5)  
                                           = Fake matter unification !

Proton decay rate is suppressed by (mL,E /GUT scale)2

p→π0 + e+ is not necessarily the main mode. 
(e.g. p →π0 + μ+ can be the main mode ! )



Summary 

Quarks &  Leptons in the SM  miraculously fit into ψ(5*) + ψ(10) 

→In conventional GUT, Quarks &  Leptons are embedded in ψ(5*) + ψ(10)

Any GUT models in which only the charge-chirarily mismatch happens 
to SU(5) ψ(5*) + ψ(10) predict the Quarks&Leptons which apparently fit 
into ψ(5*) + ψ(10).

= FAKE GUT !

In Fake GUT, the gauge coupling unification is not predicted although 
Qaurks&Leptons inevitably fit into ψ(5*) + ψ(10).

As the matter unification is FAKE, the proton decay rate and the branching 
ratios are controlled by additional parameters such as the mass  
parameters of other vector-like fermions.


