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Motivation

• The Standard Model of Particle Physics is great but we

need to look for hints beyond it, especially because of the

current LHC bounds on supersymmetric searches

• A new era of large underground detectors are scheduled to

operate in the near future

• These detectors are both aimed at studying neutrino

properties and as proton decay experiments.
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Current and future discovery/exclusion values (in units of 1033

years) will help us to exclude/constraint models

Decay Mode Current (90% CL) Future (Discovery) Future (90% CL)

p → K+ν̄ 6.6 [6] JUNO: 12 (20) [3] JUNO: 19 (40) [1]

DUNE: 30 (50) [3] DUNE: 33 (65) [2]

Hyper-K: 20 (30) [3] Hyper-K: 32 (50) [3]

p → π+ν̄ 0.39 [29]

p → e+π0 16 [40] DUNE: 15 (25) [3] DUNE: 20 (40) [3]

Hyper-K: 63 (100) [3] Hyper-K: 78 (130) [3]

p → µ+π0 7.7 [40] Hyper-K: 69 [3] Hyper-K: 77 [3]

n → K0
S ν̄ 0.26 [25]

n → π0ν̄ 1.1 [29]

n → e+π− 5.3 [48] Hyper-K: 13 [3] Hyper-K: 20 [3]

n → µ+π− 3.5 [48] Hyper-K: 11 [3] Hyper-K: 18 [3]
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The two prominent decay modes are

p→ e+Π0 p→ ν̄ K+

Leading for non-supersymmetric models Leading for supersymmetric models

Γ(p→ e+π0) ∼ g4m5
p

M4
X

Γ(p→ ν̄K+) ∼ tanβ2m5
p

m2
q̃M

2
3

.
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Thes two modes have been traditionally used to exclude and further

construct models
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Being optimistic about the discovery we can have a better idea from

the following sensitivity plots for discovery
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Introduction to GUT
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+40 years of Grand Unified Theories

• Georgi- Glashow Model 1974, SU(5) 

• 1980-1990 Matching to MSSM fields developed, use of  numerical 1-loop beta 

functions for the CMSSM 

• 1990-2000: Computation of 2-loops beta functions, matching at EW Scale 

developed 

• 2000-2010: Computation of Higgs Observables, development of tools for probing 

SUSY at the LHC  

•  2010: Adding of running above the GUT scale, use of supergravity: no- scale 

supergravity 

• 2013: Code development of no-scale supergravity models 

• 2015: Lattice calculation reduced to 30% uncertainty in hadronic parameters 

• 2017: Lattice calculation reduced to 10% uncertainty in hadronic parameters 

• 2019: Refinements in the theory and precision in calculations for PD  
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Basic Motivations of GUTs

• Gauge Coupling Unification (one step in supersymmetry,

multi-step in non-supersymmetric models)

• Sound predictions: Proton Decay, explain charge

quantization, anomaly cancellation, neutrino masses, B-L

• Relations among the masses of quarks and leptons simply

because they are in the same multiplet, e.g. in SU(5)

5̄ =


D1

D2

D3

E

−N

 10 =
1√
2


0 U3 −U2 U1 D1

−U3 0 U1 U2 D2

U2 −U1 0 U3 D3

−U1 −U2 −U3 0 E

−D1 −D2 −D3 E 0

 (1)

In SO(10) all particles are in the 16 representation.

11



Gauge Coupling Unification

Supersymmetric (low-scale susy) vs. non-supersymmetric
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High− scale Low − scale

MS = 102 TeV MS = 200 GeV

M2 = 3 TeV M2 = 1 TeV

M3/M2 = 9 M3/M2 = 3.5
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Basics of Proton Decay

Computation
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Non-Supersymmetric Models: Dimension-6 Operator

Example with the gauge group SU(4)⊗ SU(2)⊗ SU(2): In non-SUSY
GUTs, proton decay is induced by gauge interactions. The relevant
interactions are written as

Lint =
gGUT√

2

[
(Q)ar /XairPR(LC)i + (Q)ai /XairPL(LC)r + εijεrsεabc(QC)ar /XbisPLQ

cj + h.c.
]
,

(2)

where

Q =

(
u

d

)
, L =

(
ν

e−

)
, (3)
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After integrating out the SO(10) gauge fields X, we obtain the
dimension-six proton decay operator. The operator is expressed in a
form that respects the intermediate gauge symmetry,
SU(4)⊗ SU(2)⊗ SU(2):

Leff = C(MGUT) · εijεrsεαβγδ(ΨC)αiPLΨβj(ΨC)γrPRΨδs , (4)

where α, β, . . . denote the SU(4) indices

εijεklεαβγδ(ΨC)αiPLΨβj(ΨC)γkPLΨδl = εrsεtuεαβγδ(ΨC)αrPRΨβs(ΨC)γtPRΨδu = 0 .

(5)

At tree level, the coefficient of the effective operator is evaluated as

C(MGUT) =
g2
GUT

2M2
X

, (6)

with MX the mass of the heavy gauge field X.
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C(Mint) =

[
α4(Mint)

αGUT

]− 15
4b4
[
α2L(Mint)

αGUT

]− 9
4b2L

[
α2R(Mint)

αGUT

]− 9
4b2R

C(MGUT) .

(7)

At the intermediate scale, the SU(4)⊗ SU(2)⊗ SU(2) theory is
matched onto the SM. The effective Lagrangian is written as

Leff =
4∑
I=1

CIOI , (8)

with the effective operators given by

O1 = εabcεij(u
a
Rd

b
R)(QciLL

j
L) ,

O2 = εabcεij(Q
ai
L Q

bj
L )(ucReR) ,

O3 = εabcεijεkl(Q
ai
L Q

bk
L )(QclLL

j
L) ,

O4 = εabc(u
a
Rd

b
R)(ucReR) . (9)

We evaluate the coefficients CI as

C1(Mint) = 4C(Mint) ,

C2(Mint) = −4C(Mint) ,

C3(Mint) = C4(Mint) = 0. (10)
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C1(mZ) =

[
α3(mZ)

α3(Mint)

]− 2
b3
[
α2(mZ)

α2(Mint)

]− 9
4b2
[
α1(mZ)

α1(Mint)

]− 11
20b1

C1(Mint) , (11)

C2(mZ) =

[
α3(mZ)

α3(Mint)

]− 2
b3
[
α2(mZ)

α2(Mint)

]− 9
4b2
[
α1(mZ)

α1(Mint)

]− 23
20b1

C2(Mint) . (12)

The beta-function coefficients should be appropriately modified when

the number of quark flavors changes. Below the electroweak scale, the

QCD corrections are the dominant contribution. W can compute the

Wilson coefficients at the hadronic scale µhad as

Ci(µhad) =

[
αs(µhad)

αs(mb)

] 6
25
[
αs(mb)

αs(mZ)

] 6
23
[
αs(µhad) + 50π

77

αs(mb) + 50π
77

]− 173
825

[
αs(mb) + 23π

29

αs(mZ) + 23π
29

]− 430
2001

Ci(mZ) , (13)

with i = 1, 2.
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Finally, the decay amplitude is given by

Γ(p→ e+ π0) =
mp

32π

(
1−

m2
π0

m2
p

)2 [
|AL(p→ e+ π0)|2 + |AR(p→ e+ π0)|2

]
,

where mp and mπ0 are the proton and pion masses respectively. The

amplitude at EW is computed from

AL(p→ e+ π0) = CRL((ud)RuL)(µ = 2GeV)〈π0|(ud)RuR|p〉,
AR(p→ e+ π0) = 2CLR((ud)LuR)(µ = 2GeV)〈π0|(ud)RuR|p〉,(14)
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Supersymmetric Models: Dimension-5 Operators

J. Ellis, J. Evans, N. Nagata, K. Olive and L.Velasco-Sevilla

1912.04888

Q̃L

W̃ W̃

L̃L (Q̃L)

QL

QL

LL (QL)

QL (LL)

H̃u H̃d

t̃R τ̃R

sL (dL)

dR (sR)

ντ

uR

controlled by the effective operators O5L
ijkl and O5R

ijkl are defined by

O5L
ijkl ≡

∫
d2θ

1

2
εabc(Q

a
i ·Qbj)(Qck · Ll) ,

O5R
ijkl ≡

∫
d2θ εabcU iaEjUkbDlc , (15)
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The effective Lagrangian for this contribution is

Leff
5 = Cijkl5L O5L

ijkl + Cijkl5R O5R
ijkl + h.c. , (16)

where the effective operators O5L
ijkl and O5R

ijkl are defined by

O5L
ijkl ≡

∫
d2θ

1

2
εabc(Q

a
i ·Qbj)(Qck · Ll) ,

O5R
ijkl ≡

∫
d2θ εabcU iaEjUkbDlc , (17)

and the Wilson coefficients Cijkl5L and Cijkl5R are given by

Cijkl5L (MGUT) =
1

MHC

hQiQjhQkLl , Cijkl5R (MGUT) =
1

MHC

hUiEjhUkDl . (18)

The leading-order RG evolutions of the Cijkl5L and Cijkl5R between
MGUT and the supersymmetry breaking scale are given by

β(Cijkl5L ) ≡ (4π)2Λ
d

dΛ
Cijkl5L =

(
−8g2

3 − 6g2
2 −

2

5
g2
1

)
Cijkl5L + Cmjkl5L

(
hDh

†
D + hUh

†
U

)i
m

+Cimkl5L

(
hDh

†
D + hUh

†
U

)j
m

+ Cijml5L

(
hDh

†
D + hUh

†
U

)k
m

+ Cijkm5L

(
h†EhE

) l

m
,

β(Cijkl5R )≡(4π)2Λ
d

dΛ
Cijkl5R =

(
−8g2

3 −
12

5
g2
1

)
Cijkl5R + Cmjkl5R

(
2h†UhU

) i

m

+Cimkl5R

(
2hEh

†
E

)j
m

+ Cijml5R

(
2h†UhU

) k

m
+ Cijkm5R

(
2h†DhD

) l

m
, (19)
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We write the effective Lagrangian for p→ K+ν̄i decay in the
following form:

L(p→ K+ν̄i) =CRL(usdνi)
[
εabc(u

a
Rs

b
R)(dcLνi)

]
+ CRL(udsνi)

[
εabc(u

a
Rd

b
R)(scLνi)

]
+CLL(usdνi)

[
εabc(u

a
Ls
b
L)(dcLνi)

]
+ CLL(udsνi)

[
εabc(u

a
Ld

b
L)(scLνi)

]
.

(20)

The operators CLL (usdνk) and CLL (udsνk) are mediated by Wino

exchange, and CRL(usdντ ) and CRL(udsντ ) are mediated by the

Higgsino.

W̃

Q̃L

W̃

L̃L(Q̃L)

HC HC

QL

QL

LL(QL)

QL(LL)

HC

t̃R

HC

τ̃R

H̃u H̃d

sL(dL)

dR(sR)

ντ

uR

Q̃L

W̃ W̃

L̃L (Q̃L)

QL

QL

LL (QL)

QL (LL)

H̃u H̃d

t̃R τ̃R

sL (dL)

dR (sR)

ντ

uR
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W̃

Q̃L

W̃

L̃L(Q̃L)

HC HC

QL

QL

LL(QL)

QL(LL)

HC

t̃R

HC

τ̃R

H̃u H̃d

sL(dL)

dR(sR)

ντ

uR

Q̃L

W̃ W̃

L̃L (Q̃L)

QL

QL

LL (QL)

QL (LL)

H̃u H̃d

t̃R τ̃R

sL (dL)

dR (sR)

ντ

uR

CRL(usdντ ) = −VtdCH̃2 (mZ) , CRL(udsντ ) = −VtsCH̃1 (mZ) ,

CLL(usdνk) =
∑
j=2,3

Vj1Vj2C
W̃
jk (mZ) , CLL(udsνk) =

∑
j=2,3

Vj1Vj2C
W̃
jk (mZ) .

(21)
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where

CH̃i =
ytyτ

(4π)2
F (µ,m2

t̃R
,m2

τR
)C∗331i

5R ,

CW̃jk =
α2

4π

[
F (M2,m

2
Q̃1
,m2

Q̃j
) + F (M2,m

2
Q̃j
,m2

L̃k
)

]
Cjj1k5L . (22)

Here mt̃R
, mτ̃R , mQ̃j

, and mL̃k
are the masses of the right-handed

stop, the right-handed stau, left-handed squarks, and left-handed
sleptons, respectively, αi ≡ g2i /(4π), and

F (M,m2
1,m

2
2) ≡ M

m2
1 −m2

2

[
m2

1

m2
1 −M2

ln

(
m2

1

M2

)
− m2

2

m2
2 −M2

ln

(
m2

2

M2

)]
. (23)

Note that
CH̃,W̃ ∝ 1

MHMS
(24)

where

H =


H1
C

H2
C

H3
C

H+
u

H0
u

 , H =


H

1
C

H
2
C

H
3
C

H
−
d

−H0
d

 , (25)

where Hi
C are the components color Higgs triplets and Hd,u are the

MSSM Higgs doublets. 24



Finally, the decay amplitude is given by

Γ(p→ K+ν̄) =
mp

32π

(
1− m2

K

m2
p

)2

|A(p→ K+ν̄i)|2, (26)

where mK is the mass of the kaon and the decay amplitude is given
in terms of the Wilson Coefficients effective at the hadronic scale (2
GeV)

A(p→ K+ν̄i) = CRL(usdνi)〈K+|(us)R dL|p〉+ CRL(udsνi)〈K+|(ud)R sL|p〉
+ CLL(usdνi)〈K+|(us)L dL|p〉+ CLL(udsνi)〈K+|(ud)L sL|p〉.

(27)
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Supersymmetric Models: Dimension-6 Operators

Leff
6 = Cijkl

6(1)
O6(1)
ijkl + Cijkl

6(2)
O6(2)
ijkl + h.c. , (28)

where

O6(1)
ijkl ≡

∫
d2θd2θ̄ εabcεαβ

(
U
†
i

)a(
D
†
j

)b
e−

2
3
g′B(e2g3GQαk )cLβl , (29)

O6(2)
ijkl ≡

∫
d2θd2θ̄εabcεαβ Q

aα
i Qbβj e

2
3
g′B(e−2g3GU

†
k

)c
E
†
l , (30)

and their Wilson coefficients are

Cijkl
6(1)

= − g2
5

M2
X

eiϕiδikδjl ,

Cijkl
6(2)

= − g2
5

M2
X

eiϕiδik(V ∗)jl . (31)
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At the one-loop level, the RGEs of these coefficients can easily be
solved. The coefficients are then matched at the electroweak scale
onto the effective operators

L(p→ π0l+i ) = CRL(uduli)
[
εabc(u

a
Rd

b
R)(ucLlLi)

]
+ CLR(uduli)

[
εabc(u

a
Ld

b
L)(ucRlRi)

]
,

(32)

where

CRL(uduli) = C111i
6(1) (MZ) ,

CLR(uduli) = Vj1
[
C1j1i

6(2)
(MZ) + Cj11i

6(2)
(MZ)

]
. (33)
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Using Nihei and Goto hep-ph/9808255 for the QCD RGEs. The
partial decay width for p→ e+π0 is then given by

Γ(p→ π0e+) =
mp

32π

(
1− m2

π

m2
p

)2[
|AL(p→ π0e+)|2 + |AR(p→ π0e+)|2

]
, (34)

with

AL(p→ π0e+) = − g2
5

M2
X

·A1 · 〈π0|(ud)RuL|p〉 ,

AR(p→ π0e+) = − g2
5

M2
X

(1 + |Vud|2) ·A2 · 〈π0|(ud)RuL|p〉 , (35)

where A1 and A2 are the renormalization factors:

A1 = AL ·
[
α3(MSUSY)

α3(MGUT)

] 4
9
[
α2(MSUSY)

α2(MGUT)

]− 3
2
[
α1(MSUSY)

α1(MGUT)

]− 1
18

×
[

α3(MZ)

α3(MSUSY)

] 2
7
[

α2(MZ)

α2(MSUSY)

] 27
38
[

α1(MZ)

α1(MSUSY)

]− 11
82

,

A2 = AL ·
[
α3(MSUSY)

α3(MGUT)

] 4
9
[
α2(MSUSY)

α2(MGUT)

]− 3
2
[
α1(MSUSY)

α1(MGUT)

]− 23
198

×
[

α3(MZ)

α3(MSUSY)

] 2
7
[

α2(MZ)

α2(MSUSY)

] 27
38
[

α1(MZ)

α1(MSUSY)

]− 23
82

, (36)

with AL = 1.25 the long-distance QCD renormalization factor.
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Taking into account GUT threshold corrections

MX =

(
2g5

λ′

) 1
3 (
M2
XMΣ

) 1
3 , (37)

The error in the hadronic matrix element 〈π0|(ud)RuL|p〉 gives
approximately 20% uncertainty in the decay rate. On the other hand,
the uncertainty due to the error in the strong gauge coupling constant
can be estimated in the same manner as before

στ(p→e+π0) ' τ(p→ e+π0)

(
4π

9

)(
∆αs

αs(MZ)2

)
= 0.11

(
∆αs

0.0011

)(
0.1181

αs(MZ)

)2

τ(p→ e+π0) . (38)

τ(p→ e+π0) ' 1.8× 1035 ×
(

MX

1016 GeV

)4

. (39)

This expression shows that p→ e+π0 can be probed at

Hyper-Kamiokande if MX . 1016 GeV.
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CURRENT STATUS IN THE CMSSM

Current status in the CMSSM

1 10 15
29
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rs)

  A0/m0 = 3, tan β = 5, μ > 0
Min = MGUT

115

120

130

135

125
m

h  (GeV)

τp (c ≠ 0) τp (c = 0)

mh 

現在の制限 (SK)

ヒッグス質量（理論誤差）

�  は暗黒物質残存量を

説明するように選んだ。
m0

J. Ellis, J. L. Evans, N. Nagata, K. A. Olive, L. Velasco-Sevilla, arXiv:1912.04888.

� のとき，陽子崩壊の実験を逃れつつヒッグス質量

の観測値を説明できる。
m1/2 ∼ 10 TeV

最小SU(5)大統一理論

p → K+ν̄
W�g

e↵ =
c

MP
Tr [⌃WW ]

<latexit sha1_base64="LO2rqgPZkqwXRlh3bjoaWIlgNB4="></latexit>

次元５の演算子

Current Limit

Expected Limit from DUNE

Shaded band shows 
where agrees with the 
experimental value of     
within the estimated 

mh

±3�
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CURRENT STATUS SUPERGUT-SU(5)

Current Limit

Expected Limit from 
DUNE
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Figure 10: Some (m1/2, m0) planes in the CMSSM for tan � = 5, µ > 0 (upper panels),
µ < 0 (lower panels), A0/m0 = 3 (left panels), A0/m0 = �4.2 (right panels). The black
lines are contours of the p ! K+⌫̄ lifetime, as calculated varying the GUT phases to
minimize this decay rate, using the central parameter values and their combined 1-� vari-
ations. The green lines are corresponding results including the dimension-5 contribution
discussed in the text. When present, the green dot-dashed curves correspond to the DUNE
discovery sensitivity. The red lines are the indicated contours of mh.

As an example, consider a point near (m1/2, m0) = (9.8,14.1) TeV. It corresponds
to a bino LSP with mass of roughly 4.8 TeV that is nearly degenerate with the lighter
stop. The Higgs mass is close to 125 GeV. With c = 0, this point has a lifetime which is
slightly less than the experimental limit, but is well within one � of the limit. However,
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Figure 13: Some (m1/2, m0) planes in the super-GUT model with Min = 1017 GeV for
tan � = 5, µ > 0 (upper panels), µ < 0 (lower panels), A0/m0 = 3 (left panels), A0/m0 =
�4.2 (right panels). The black lines are contours of the p ! K+⌫̄ lifetime, as calculated
varying the GUT phases to minimize this decay rate, using the central parameter values
(solid) and their combined 1-� variations (dotted). The DUNE discovery sensitivity is
shown by the black dot-dashed curves. The red dot dashed lines are the indicated contours
of mh.

the Higgs mass. Thus, DUNE should be able to probe all the viable parameter space in
this illustrative example.
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CMSSM super-GUT

LSP t̃1

LSP ⌧̃

PRESENT 

DUNE

mh = 125 GeV

⌦� h2 ⇡ 0.11

LSP t̃1

EWSB not possible
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Table 1: Comparison of changes in hadronic matrix elements.

element
Matrix

GeV2

(2015)
Error

[%]
Error
Net

GeV2

(2017)
Stat.[%]

Sys.
Error [%] Error

Net

h⇡0|(ud)RuL|pi �0.103 (23) (34) 40 0.041 -0.131 (4)(13) 3.0 9.7 0.013
h⇡0|(ud)LuL|pi 0.133 (29) (28) 30 0.040 0.134 (5)(16) 3.4 11.6 0.016
h⇡+|(du)RdL|pi �0.146 (33) (48) 40 0.058 -0.186 (6)(18) 3.0 9.7 0.019
h⇡+|(du)LdL|pi 0.188 (41) (40) 30 0.057 0.189 (6)(22) 3.4 11.6 0.023
hK0|(us)RuL|pi 0.098 (15) (12) 20 0.019 0.103 (3)(11) 2.8 10.4 0.011
hK0|(us)LuL|pi 0.042 (13) (8) 36 0.015 0.057 (2)(6) 3.5 10.7 0.006
hK+|(us)RdL|pi �0.054 (11) (9) 26 0.014 -0.049 (2)(5) 3.7 10.9 0.006
hK+|(us)LdL|pi 0.036 (12) (7) 39 0.014 0.041(2)(5) 4.4 13.1 0.006
hK+|(ud)RsL|pi �0.093 (24) (18) 32 0.030 -0.134 (4)(14) 3.2 10.3 0.014
hK+|(ud)LsL|pi 0.111 (22) (16) 25 0.027 0.139 (4)(15) 3.0 10.9 0.016
hK+|(ds)RuL|pi �0.044 (12) (5) 30 0.013 -0.054 (2)(6) 3.6 10.6 0.006
hK+|(ds)LuL|pi �0.076 (14) (9) 22 0.017 -0.098 (3)(10) 2.8 10.3 0.010
h⌘|(ud)RuL|pi 0.015 (14) (17) 147 0.022, 0.006 (2)(3) 30.0 42.1 0.003
h⌘|(ud)LuL|pi 0.088 (21) (16) 30 0.026 0.113 (3)(12) 3.1 10.2 0.012

Table 2: Comparison of hadronic matrix elements.

element
Matrix

W0 GeV2

(Previous val.) Total error
W0 GeV2

(New val.) Total error

h⇡0|(ud)RuL|pi �0.103 (23) (34) 0.041 -0.131 (4)(13) 0.013
h⇡0|(ud)LuL|pi 0.133 (29) (28) 0.040 0.134 (5)(16) 0.016
h⇡+|(du)RdL|pi �0.146 (33) (48) 0.058 -0.186 (6)(18) 0.019
h⇡+|(du)LdL|pi 0.188 (41) (40) 0.057 0.189 (6)(22) 0.023
hK0|(us)RuL|pi 0.098 (15) (12) 0.019 0.103 (3)(11) 0.011
hK0|(us)LuL|pi 0.042 (13) (8) 0.015 0.057 (2)(6) 0.006
hK+|(us)RdL|pi �0.054 (11) (9) 0.014 -0.049 (2)(5) 0.006
hK+|(us)LdL|pi 0.036 (12) (7) 0.014 0.041(2)(5) 0.006
hK+|(ud)RsL|pi �0.093 (24) (18) 0.030 -0.134 (4)(14) 0.014
hK+|(ud)LsL|pi 0.111 (22) (16) 0.027 0.139 (4)(15) 0.016
hK+|(ds)RuL|pi �0.044 (12) (5) 0.013 -0.054 (2)(6) 0.006
hK+|(ds)LuL|pi �0.076 (14) (9) 0.017 -0.098 (3)(10) 0.010
h⌘|(ud)RuL|pi 0.015 (14) (17) 0.022, 0.006 (2)(3) 0.003
h⌘|(ud)LuL|pi 0.088 (21) (16) 0.026 0.113 (3)(12) 0.012

1
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Before we finish, remember the interconnection of scales

•

MGUT MEW

SU(5) MSSM

Matching to MSSM 
fields

No-scale supergravity

SM

Low Energy 
Phenomenology

SUSY SCALE

Wilson Coefficients have a different 
evolution from each scale to the 
other

/  SO(10)

MP � MIn > MG
MS
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We can summarize this section with the simple formula (given in
years)

τ ∼ 4× 1035 × sin4(2β)×
(

0.1

AR

)2 ( MS

100 TeV

)2 ( MHC

1016 GeV

)2

, (40)

where MHC is the colour-triplet Higgs mass, AR is a hadronic parameter and β is

the usual angle determined by the ratio of the vacuum expectation values of the

two Higgs doublets of the MSSM.
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Flavoured Channels
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N. Nagata, S. Shirai 1312.7854*

Enter flavour, enter more channels

*Thanks to N. Nagata for allowing me to use figures from his paper and

presentations.
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Recall the MSSM content

Names Spin PR Gauge Eigenstates Mass Eigenstates

Higgs bosons 0 +1 H0
u H0

d H+
u H−

d h0 H0 A0 H±

ũL ũR d̃L d̃R (same)

squarks 0 −1 s̃L s̃R c̃L c̃R (same)

t̃L t̃R b̃L b̃R t̃1 t̃2 b̃1 b̃2

ẽL ẽR ν̃e (same)

sleptons 0 −1 µ̃L µ̃R ν̃µ (same)

τ̃L τ̃R ν̃τ τ̃1 τ̃2 ν̃τ

neutralinos 1/2 −1 B̃0 W̃ 0 H̃0
u H̃0

d Ñ1 Ñ2 Ñ3 Ñ4

charginos 1/2 −1 W̃ ± H̃+
u H̃−

d C̃±
1 C̃±

2

gluino 1/2 −1 g̃ (same)

goldstino
(gravitino)

1/2
(3/2)

−1 G̃ (same)

Table 8.1: The undiscovered particles in the Minimal Supersymmetric Standard Model (with
sfermion mixing for the first two families assumed to be negligible).

8.5 Summary: the MSSM sparticle spectrum

In the MSSM, there are 32 distinct masses corresponding to undiscovered particles, not including the

gravitino. Above, we have explained how the masses and mixing angles for these particles can be

computed, given an underlying model for the soft terms at some input scale. The mass eigenstates of

the MSSM are listed in Table 8.1, assuming only that the mixing of first- and second-family squarks and

sleptons is negligible. A complete set of Feynman rules for the interactions of these particles with each

other and with the Standard Model quarks, leptons, and gauge bosons can be found in refs. [31, 193].

Feynman rules based on two-component spinor notation have also been given in [49].

Specific models for the soft terms can predict the masses and the mixing angles angles for the MSSM

in terms of far fewer parameters. For example, in the MSUGRA models, the only free parameters not

already measured by experiment are m2
0, m1/2, A0, µ, and b. In GMSB models, the free parameters

include the scale Λ, the messenger mass scale Mmess, the integer number N5 of copies of the minimal

messengers, the goldstino decay constant ⟨F ⟩, and the Higgs mass parameters µ and b.

After RG evolving the soft terms down to the electroweak scale, one can demand that the scalar

potential gives correct electroweak symmetry breaking. This allows us to trade |µ| and b for one

parameter tan β, as in eqs. (8.1.9)-(8.1.8). So, to a reasonable approximation, the entire mass spectrum

in MSUGRA models is determined by only five unknown parameters: m2
0, m1/2, A0, tan β, and Arg(µ),

while in the simplest gauge-mediated supersymmetry breaking models one can pick parameters Λ,

Mmess, N5, ⟨F ⟩, tan β, and Arg(µ). Both frameworks are highly predictive. Of course, it is quite likely

that the essential physics of supersymmetry breaking is not captured by either of these two scenarios

in their minimal forms.

Figure 8.4 shows the RG running of scalar and gaugino masses in a sample model based on the

MSUGRA boundary conditions imposed at Q0 = 1.5 × 1016 GeV. [The parameter values used for this

illustration were m0 = 300 GeV, m1/2 = −A0 = 1000 GeV, tan β = 15, and sign(µ)= +, but these

values were chosen more for their artistic value in Figure 8.4, and not as an attempt at realism. The

goal here is to understand the qualitative trends, rather than guess the correct numerical values.] The

110
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m2
f̃

=m2
0

1 + ∆f̃
1 δf̃12 δf̃13

δf̃∗12 1 + ∆f̃
2 δf̃23

δf̃∗13 δf̃∗23 1 + ∆f̃
3

 , (41)

with f̃ = Q̃L, ũR, d̃R, ẽR, L̃L. In the minimal SU(5) GUT, there are
relations among the sfermion mass matrices at the GUT scale:

m2
Q̃L

= VQU (m2
ũR

)tV †QU = VQE(m2
ẽR

)tV †QE and m2
d̃R

= V ∗DL(m2
L̃L

)tV tDL, (42)

where VQU , VQE and VDL are the GUT “CKM” matrices.

When the flavor violation is small but sizable, e.g., δQ̃L

13 ∼ 0.1, the
contribution is evaluated as

CLL(udsνµ) ' −4

3

α2α3

sin 2β

mtms

MHC
m2
W

Mg̃

m2
0

eiϕ3 (VudVcsV
∗
cs)
(
δ
Q̃L∗
13

)2
,

CLL(udsντ ) ' −4

3

α2α3

sin 2β

mtmb

MHC
m2
W

Mg̃

m2
0

eiϕ3 (VudVcsV
∗
cb)
(
δ
Q̃L∗
13

)2
. (43)
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In particular gluino exchange becomes important when :

∣∣δQ̃L
13

∣∣ & 2× 10−3 ×
(

1

sin 2β

∣∣∣∣µHMg̃

∣∣∣∣) 1
2

. (44)

Then proton decay rates are enhanced
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The scale of supersymmetry can be probed as the decay rates depend

on this scale
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B-L proton decay modes

K. S. Babu and R.N. Mohapatra 1203.5544
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Summary and Outlook

• Optimistic view: Supergravity and supersymmetry are very

rich frameworks which are predictive and allow for the

majority of computed observables to be in agreement with

measured quantities

• Pessimistic view: PD, EDMs and flavor observables are a

quicker way to exclude models!

• Upcoming proton decay experiments will be ruling some

models and

• Make accessible flavoured channels

• Need to complete our machinery to studied in a unified

way EDM, proton decay and flavour-violation
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Suggested problem

Consider the flavoured decay mode p→ ν̄K+ mediated by the gluino as depicted

in the figure of pg. 38. Take into account the two Wilson Coefficients of Eqs. (43)

and set the Wilson Coefficients CRL = 0. Then use the formula for the decay

amplitude of Eq. (26). Can you then find a set of values that satisfy Eq. (44) and

such that the flavour decaying mode of the diagram in Fig. of page 38 renders a

smaller life time than the current limit (check the value in the table of pg. 4) ?

For MH use 1016 GeV, for the masses of the quarks at MZ you can use

{mt,mb,mc,ms,md,mu} = {171.4, 2.87, 0.64, 0.055, 0.0028, 0.0015} GeV. (45)

For the CKM matrix values you can use the current values given by the Particle

Data Group. For the gauge coupling values at MZ you can use g2
1 = 0.128,

g2
2 = 0.425, g2

3 = 1.5 .
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