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Grand Uni�ed Theories

quarks and leptons in the same multiplets
⇒ electric charge quantized
⇒ new interactions between quarks and leptons

⇒ barion number violation
⇒ proton decay (τp > 1030 y)

mX ∼ 1014�16 GeV
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Leptoquarks

(SU(3)C,SU(2)L,U(1)Y) spin symbol
coupling coupling

F
(quark and lepton) (pair of quarks)

(3, 3, 1/3)

0

S3 LL LL −2
(3, 2, 7/6) R2 RL, LR 0
(3, 2, 1/6) R̃2 RL, LR 0
(3, 1, 4/3) S̃1 RR RR −2
(3, 1, 1/3) S1 LL, RR, RR LL, RR −2

(3, 1,−2/3) S1 RR RR −2
(3, 3, 2/3)

1

U3 LL 0
(3, 2, 5/6) V2 RL, LR LR −2

(3, 2,−1/6) Ṽ2 RL, LR RL −2
(3, 1, 5/3) Ũ1 RR 0
(3, 1, 2/3) U1 LL, RR, RR 0

(3, 1,−1/3) U1 RR 0
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Discrepancy between the neutron lifetime measurements

∆τn = 8.7± 2.2 s
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Two di�erent methods

bottle method

Γn =
~

τbottlen

beam method

ΓSMn = Γ(n→ pe−νe) =
~

τbeamn

ΓBSMn = Γ(n→ χγ) = Γn−ΓSMn = Br(n→ χγ)Γn , Br(n→ χγ) ≈ 1%
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Proton lifetime measurements

Super-Kamiokande



Introduction Leptoquarks Neutron lifetime Proton lifetime Calculations Conclusion

Cherenkov radiation detection

p → e+π0
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Starting point: scalar leptoquark S1

(SU(3)C,SU(2)L,U(1)Y) : (3, 1, 1/3)

LS1 = +yLL1 ijQ
C i ,a
L S1ε

abLj ,bL + yRR1 ij u
C i
R S1e

j
R + yRR1 ij d

C i
R S1χ

j

+ zLL1 ijQ
C i ,a
L S∗1ε

abQ j ,b
L + zRR1 ij u

C i
R S∗1d

j
R + h. c. ,

⇓

LS1 = yRR1 11u
C
RS1eR + yRR1 11d

C

RS1χ+ zRR1 11u
C
RS
∗
1dR + h. c.

↑

B. Fornal in B. Grinstein, Dark Matter Interpretation of the

Neutron Decay Anomaly, Phys. Rev. Lett. 120, 191801 (2018).
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n→ χγ

LS1 = yRR1 11u
C
RS1eR + yRR1 11d

C

RS1χ+ zRR1 11u
C
RS
∗
1dR + h. c.

∆τn = 8.6± 2.1 s



Introduction Leptoquarks Neutron lifetime Proton lifetime Calculations Conclusion

p → e+π0

LS1 = yRR1 11u
C
RS1eR + yRR1 11d

C

RS1χ+ zRR1 11u
C
RS
∗
1dR + h. c.

τ(p → e+π0) > 1.6× 1034 y

u

u

d d

d

e+

S1

u

d

u u

u

e+

S1
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p → e+γ

LS1 = yRR1 11u
C
RS1eR + yRR1 11d

C

RS1χ+ zRR1 11u
C
RS
∗
1dR + h. c.

τ(p → e+γ) > 6.7× 1032 y

u

d

u

e+

S1

γ
p e+

γ
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Atomic parity violation in cesium

weak charge: QSM
W (Z ,N) = −2(2Z + N)C1u − 2(Z + 2N)C1d

new physics contribution: δC1q = cLLqq;ee − cLRqq;ee + cRLqq;ee − cRRqq;ee

δC1u = −cRR11;11 =
v2

4m2
S1

(
yRR1 11

)2
weak charge measurement in 133Cs di�ers from the SM:

δQW = QW − QSM
W = 0.65(43)

|δC1u| =

∣∣∣∣δQW

376

∣∣∣∣ ∼ 10−3∣∣yRR1 11

∣∣
mS1

∼ 2.6× 10−4GeV−1
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Γ(p → e+π0)

Γ(p → e+π0) =
1
8π
|M|2 |pCM|

m2
p

=
1

32π

(
yRR1 11z

RR
1 11

m2
S1

)2 (
WRR

0 (0)
)2(

1−
(
mπ0

mp

)2
)2

mp
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Γ(n→ χγ)

Le�NγN = eψ(x)

[
F1(q2)γµAµ(x) +

1
4m

F2(q2)σµνFµν(x)

]
ψ(x)

Le�1 = LDiracn′ + LDiracχ′ + Le�n′γn′ + Le�n′↔χ′

= n′(i /∂ −mn)n′ + χ′(i /∂ −mχ)χ′ +
ean
4mn

n′σµνFµνn
′ + ε(n′χ′ + χ′n′)

mass matrix diagonalisation (ε� mn −mχ) :

−mnn
′n′ −mχχ

′χ′ + ε(n′χ′ + χ′n′) =
[
n′ χ′

] [−mn ε
ε −mχ

] [
n′

χ′

]
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Γ(n→ χγ)

mass eigenstates:

n = −n′ + ε

mn −mχ
χ′ ,

χ =
ε

mn −mχ
n′ + χ′

e�ective Lagrangian in the mass basis:

Le�1 = LDiracn + LDiracχ + Le�nγn + Le�nγχ

Le�nγχ = − ean
4mn

ε

(mn −mχ)
χσµνFµνn + h. c.
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Γ(n→ χγ)

Γ(n→ χγ) =
e2a2n
32π

mnε
2

(mn −mχ)2

(
1−

(
mχ

mn

)2
)3
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Γ(n→ χγ)

−iM = 〈χ|
(
izRR1 11u

C
RdR

) −i
m2

S1

(
iyRR1 11d

C

Rχ
)
|n〉

= i
yRR1 11z

RR
1 11

m2
S1

PRvχ〈0|
(
uCPRd

)
d
C
PR|n〉

= i
yRR1 11z

RR
1 11

m2
S1

β (vnPRvχ)

−iM =
〈
χ
∣∣iLe�n→χ∣∣ n〉

= 〈χ |iεχn| n〉
= iε(uχPRun)

mixing parameter: ε =
yRR1 11z

RR
1 11

m2
S1

β , β = 0.0144(3)(21)GeV3

Γ(n→ χγ) =
e2a2n
32π

(
yRR1 11z

RR
1 11

m2
S1

)2

β2

(
1−

(
mχ

mn

)2
)3

mn

(mn −mχ)2



Introduction Leptoquarks Neutron lifetime Proton lifetime Calculations Conclusion

Γ(p → e+γ)

interaction basis: Le�2 = LDiracp′ +LDirac
e+′ +Le�p′γp′+Le�e+′γe+′+Le�p′↔e+′

Le�p′γp′ = ep′
[
γµAµ +

ap
4mp

σµνFµν

]
p′ ,

Le�
e+′γe+′ = e

(
e+′γµAµe

+′
)

mass basis: Le�2 = LDiracp + LDirace+ + Le�pγp + Le�e+γe+ + Le�pγe+

Le�pγe+ = − eap
4mp

ε

(mp −me)
e+σµνFµνp + h. c.

Γ(p → e+γ) =
e2a2p
32π

(
yRR1 11z

RR
1 11

m2
S1

)2

β2

(
1−

(
me

mp

)2
)3

mp

(mp −me)2
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χ mass

Fornal and Grinstein exclude proton decay channel

p → n∗e+νe → χe+νe .

In this case mχ is constrained:

mn > mχ > mp −me



Introduction Leptoquarks Neutron lifetime Proton lifetime Calculations Conclusion

Coupling constants

we use the previous constraint on mχ, results from atomic parity violation,

∆τn = 8.6± 2.1 s

and

τ(p → e+π0) > 1.6× 1034 y

Γ(p → e+π0) ∝

(
yRR
1 11

zRR
1 11

m2

S1

)2

, Γ(n→ χγ) ∝

(
yRR
1 11

zRR
1 11

m2

S1

)2

⇓∣∣∣yRR1 11

∣∣∣
mS1

> 7.0× 1016GeV−1
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τ(p → e+γ)

Γ(p → e+π0) ∝

(
yRR1 11z

RR
1 11

m2
S1

)2

, Γ(p → e+γ) ∝

(
yRR1 11z

RR
1 11

m2
S1

)2

τ(p → e+π0) > 1.6× 1034 y , τ(p → e+γ) > 6.7× 1032 y

⇓

τnew(p → e+γ) > 4.0× 1036 y



Introduction Leptoquarks Neutron lifetime Proton lifetime Calculations Conclusion

Mass of the leptoquark S1

Γ(p → e+π0) ∝

(
yRR1 11z

RR
1 11

m2
S1

)2

τ(p → e+π0) > 1.6× 1034 y

Taking both coupling constants of order one

⇓

mS1 & 1016GeV .

This is GUT energy scale.



Introduction Leptoquarks Neutron lifetime Proton lifetime Calculations Conclusion

Conclusion

Also decays of very common hadrons like proton and
neutron can put constraints on hypothetical particles.
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Conclusion

Thank you for your attention.
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Backup
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Backup - the Standard Model

ϕ′ = UG ′ϕ

A′ = UG ′AU
−1
G ′

UU(1)Y = e iα(x)

USU(2)L = e iθ
a(x) τa

2

USU(3)C = e iξ
b(x)λb

2

G a
µν = ∂µG

a
ν − ∂νG a

µ − gsf
abcGb

µG
c
ν

W a
µν = ∂µW

a
ν − ∂νW a

µ − gεabcW b
µW

c
ν

Bµν = ∂µBν − ∂νBµ

Dµ = ∂µ+igsG
a
µ

λa

2
+igW b

µ

τb

2
+ig ′YBµ

Q〈0|φ|0〉 = 0

L3 ⊃
m2

h

2
h2

W±
µ =

1√
2

(
W 1
µ ∓ iW 2

µ

)
[
Zµ
Aµ

]
=

[
cos θW − sin θW
sin θW cos θW

] [
W 3
µ

Bµ

]
cos θW =

g√
g2 + g ′2

sin θW =
g ′√

g2 + g ′2

tan θW =
g ′

g
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Backup - SM Lagrangian before the symmetry breaking

L = L1 + L2 + L3 + L4
gauge kinetic term:

L1 = −1
4
G a
µνG

aµν − 1
4
W b
µνW

bµν − 1
4
BµνB

µν

fermion term:

L2 = LLi i /DLLi + eRi i /DeRi + QLi i /DQLi + uRi i /DuRi + dRi i /DdRi

scalar term:
L3 = (Dµφ)†Dµφ− V (φ)

Yukawa coupling term:

L4 = y
(e)
ij LLiφeRj + y

(u)
ij QLi φ̃uRj + y

(d)
ij QLiφdRj + h. c.
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Backup - Higgs mechanism

Higgs potential: V (φ) = −µ2|φ|2 + λ|φ|4

|φ|2 =
µ2

2λ
=

v2

2

〈0|φ|0〉 =

[
0

v/
√
2

]

φ(x) = e i
1
v
τbξb

[
0

v+h(x)√
2

]
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Backup - the Standard Model

L3 ⊃ m2
WW+

µ W−µ +
m2

Z

2
ZµZ

µ

mW =
gv

2
, mZ =

v

2

√
g2 + g ′2,

m2
W

m2
Z

= cos2 θW

L4 ⊃
v√
2

(
y

(e)
ij eLieRj + y

(u)
ij uLiuRj + y

(d)
ij dLidRj + h. c.

)
M

(f )
ij = − v√

2
y

(f )
ij

f ′Li = Sij fLj , f ′Ri = Tij fRj

f
′
LiM

(f )
ij f ′Rj =

[
f
′
LkSki

] [
S†ilM

(f )
lm Tmj

] [
T †jnf

′
Rn

]
= f Li

(
M

(f )
d

)
ij
fRj

S†ikM
(f )
kl Tlj =

(
M

(f )
d

)
ij
, S†iky

(f )
kl Tlj =

(
y

(f )
d

)
ij
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Backup - interactions

L2 ⊃ −eQ(e)e i /Aei − eQ(u)ui /Aui − eQ(d)d i /Adi

e = g sin θW = g ′ cos θW

Aµf
′
Liγ

µf ′Li = Aµf LjS
†
jiγ

µSik fLk = Aµf Ljδjkγ
µfLk = Aµf Liγ

µfLi ,

L2 ⊃ −
g ′

2 cos θW
f i

(
g

(f )
V
/Z + g

(f )
A
/Zγ5
)
fi ,

g
(f )
V = T

(f )
3 − 2Q(f ) sin2 θW, g

(f )
A = T

(f )
3
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Backup - interactions

L2 ⊃ −
g√
2

(
JCCqµ W+µ + JCClµ W+µ + h. c.

)
JCCqµ = u′Liγµd

′
Li = uLjS

(u)†
ji γµS

(d)
ik dLk = uLjVjkγµdLk

V = S (u)†S (d)

u′Li = V †ij uLj in d ′Li = dLi

JCClµ = ν ′Liγµe
′
Li = νLjS

(ν)†
ji γµS

(e)
ik eLk = νLjδjkγµeLk = νLiγµeLi

S
(ν)†
ik M

(ν)
kl T

(ν)
lj =

(
M

(ν)
d

)
ij

= diag(0, 0, 0)

JCC†lµ = e ′Liγµν
′
Li = eLjS

(e)†
ji γµS

(ν)
ik νLk = eLjγµUjkνLk

ν ′Li = UijνLj in e ′Li = eLi

ν ′L =
[
νe νµ ντ

]T
L

= U
[
ν1 ν2 ν3

]T
L
, e ′L = eL =

[
e− µ− τ−

]T
L

L2 ⊃ −
gs
2
qiλ

a
ijγµG

µ
a qj
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Backup - charge conjugation and chirality

ψC = Cγ0ψ∗ = iγ2ψ∗

ψL = PLψ =
(1− γ5)

2
ψ, ψR = PRψ =

(1 + γ5)

2
ψ

ψL,R ≡ (PL,Rψ)†γ0 = ψ†PL,Rγ
0 = ψPR,L

ψCL,R ≡ (ψL,R)C =
(
ψC
)
R,L

ψ
C

L,R ≡ ψCL,R = (ψL,R)C = (ψC)R,L = ψCPL,R
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Backup - Lagrangian of the rare meson decays

Lqiqj ``′ =− 4GF√
2

[
cLLij ;``′

(
qiLγ

µqjL

) (
`Lγµ`

′
L

)
+ cRRij ;``′

(
qiRγ

µqjR

) (
`Rγµ`

′
R

)
+ cLRij ;``′

(
qiLγ

µqjL

) (
`Rγµ`

′
R

)
+ cRLij ;``′

(
qiRγ

µqjR

) (
`Lγµ`

′
L

)
+ gRRij ;``′

(
qiRq

j
L

) (
`R`
′
L

)
+ hRRij ;``′

(
qiRσ

µνqjL

) (
`Rσµν`

′
L

)
+ gLLij ;``′

(
qiLq

j
R

) (
`L`
′
R

)
+ hLLij ;``′

(
qiLσ

µνqjR

) (
`Lσµν`

′
R

)
+ gLRij ;``′

(
qiLq

j
R

) (
`R`
′
L

)
+ gRLij ;``′

(
qiRq

j
L

) (
`L`
′
R

) ]
+ h. c.
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Backup - Wilson coe�cients for the Lagrangian of the rare

meson decays

cLLij ;``′ = − v2

4m2
S1

(
V T yLL1

)
j`′

(
V T yLL1

)∗
i`

cRRij ;``′ = − v2

4m2
S1

yRR1 j`′y
RR∗
1 i` ,

gLLij ;``′ = −4hLLij ;``′ =
v2

4m2
S1

yRR1 j`′

(
V T yLL1

)∗
i`

gRRij ;``′ = −4hRRij ;``′ =
v2

4m2
S1

(
V T yLL1

)
j`′

yRR
∗

1 i`
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Backup - Atomic parity violation in cesium

Lqiqj ``′ = −4GF√
2

[
cRRij ;``′

(
qiRγ

µqjR

) (
`Rγµ`

′
R

)
. . .
]

+ h. c.

cRRij ;``′ = − v2

4m2
S1

yRR1 j`′y
RR∗
1 i` → cRR11;11 = − v2

4m2
S1

(
yRR1 11

)2
(ue− → ue−)

Interaction violating parity:

LSMPV =
GF√
2

∑
q=u,d

[
C1q

(
eγµγ5e

)
(qγµq) + C2q (eγµe)

(
qγµγ

5q
)]
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Backup - Atomic parity violation in cesium
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′
R

)
. . .
]
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S1
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)]
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Backup - form factor W0, β and the decay width di�erential

〈
P(k ′)

∣∣∣OΓΓ′(q)
∣∣∣N(k , s)

〉
=

[
W ΓΓ′

0 (q2)−
i/q

mN
W ΓΓ′

1 (q2)

]
PΓ′uN(k , s)

OΓΓ′ =
(
qCPΓq

)
PΓ′q

〈
0
∣∣(uCPRd)PRd∣∣ n〉 = βPRun

dΓ =
1

32π2
|M|2 |pCM|

m2
dΩ

Γ =
1
8π
|M|2 |pCM|

m2



Introduction Leptoquarks Neutron lifetime Proton lifetime Calculations Conclusion

Backup - completeness relation and traces

{
γ5, γµ

}
= 0,

(
γ5
)2

= I
{γµ, γν} = 2gµνI∑

s

ua(p, s)ub(p, s) =
(
/p + mI

)
ab∑

s

va(p, s)vb(p, s) =
(
/p −mI

)
ab∑

r

ε∗µ(q, r)εν(q, r) = −gµν

Tr [odd number γµ] = 0

Tr
[
γ5
]

= 0

Tr
[
γ5 · odd number γµ

]
= 0

Tr
[
γ5γµγν

]
= 0

Tr [γµγν ] = 4gµν
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Backup - Γ(p → e+π0)

−iM =

〈
e+(k2)π0(k3)

∣∣∣∣∣(izRR1 11u
C
RdR

) i

q′2 −m2
S1

(
iyRR1 11u

C
ReR

)∣∣∣∣∣ p(k1)

〉

= i
yRR1 11z

RR
1 11

m2
S1

PRve+(k2, s2)
〈
π0(k3)

∣∣(uCPRd) uCPR∣∣ p(k1)
〉

= i
yRR1 11z

RR
1 11

m2
S1

WRR
0 (k22 ) (vp(k1, s1)PRve+(k2, s2))

|M|2 =
1
2

∑
s1,s2

|M|2

=

(
yRR1 11z

RR
1 11

m2
S1

)2 (
WRR

0 (0)
)2

(k2 · k1)
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Backup - magnetic moment and Γ(n→ χγ)

proton: F p
1 (0) + F p

2 (0) = µp = 1 + ap = 1 + 1.793 = 2.793

neutron: F n
1 (0) + F n

2 (0) = µn = 0 + an = 0− 1.913 = −1.913

−iM =
ean
2mn

ε

(mn −mχ)
qµε
∗
ν(q, r)uχ(k2, s2)σµνun(k1, s1)

|M|2 =
1
2

∑
s1,s2,r

|M|2 = 2
(

eanε

mn(mn −mχ)

)2

(k1 · q)(k2 · q)
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Backup - lower bounds on the partial proton lifetimes

proton decay mode partial lifetime [1030 y]

p → e+π0 16000
p → µ+π0 7700
p → νπ+ 390
p → e+η 10000
p → µ+η 4700
p → e+ρ0 720
p → µ+ρ0 570
p → νρ+ 162
p → e+ω 1600
p → µ+ω 2800
p → e+K 0 1000
p → µ+K 0 1600
p → νK+ 5900
p → e+γ 670
p → µ+γ 478
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