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SUSY SU(5) GUTs

Minimal models of Supersymmetric Grand Unified Theories 
Each generations unified into 5+10(+1) in SU(5)
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Neutrino Mass: Right-handed Neutrinos & (type-I) Seesaw mechanism

 i = (Qi , U i , Ei) , �i = (Di , Li) , N i
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Matter Contents

Higgs Contents
H = (Hu, HC) , H = (Hd, HC) , ⌃
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Using field rotation, Yukawa matrices in mass basis are given by

X

i

'fi = 0 (f = u, d, ⌫)
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Additional GUT-scale phases appear.

Model Parameters (from SU(5) with RNs)
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Universality 

Min = GUT Scale (2×1016 GeV): “CMSSM” 
Min = GUT Scale ~ Planck Scale: “super-GUT scenarios” 
Min = below GUT Scale: “sub-GUT scenarios”
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This universality is assumed at the input scale Min:

A way avoiding dangerous flavor and/or CP violating phenomena.

Scalar Masses Universality 
A-term Universality 
Gaugino masses
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# of parameters in the models where CMSSM-like boundary conditions are assumed

m0 ,M1/2 , A0 , tan� , sgn(µ) ,Min
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µ and Bµ terms are determined to satisfy EWSB conditions as usual CMSSM case

A non-trivial constraint on the soft SUSY breaking parameters in super-GUT models

if universal soft parameters are assumed to be real at input scale.

[Ellis, Evans, Mustafayev, Nagata, Olive ’16]
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@ GUT scaleB-condition

CP phases in soft SUSY parameters @ Min set to be zero

@ SUSY scale
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In the minimal SU(5), if CMSSM-like boundary conditions (real) are assumed at Min
Flavor violation / CP violation arises only from CKM angles / phase

sin2 ✓12 = 0.297 , sin2 ✓23 = 0.425 , sin2 ✓31 = 0.0214 , �CP = 1.38⇡ .
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PMNS mixing angles and Dirac CP phase (central values in PDG)
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Assuming diagonal Majorana mass matrices MR

Large mixing and phases in the neutrino sector

FV & CPV in right-handed sdown and charged slepton sector arise

RGEs b/w Min and MGUT/MR

In the SUSY SU(5) w/ RNs

FV: PMNS mixing angles 
CPV: PMNS phases and GUT scale phasesWe focus on in this study.
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Meson Oscillation (Kaon mixing)
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SUSY contributions w/ mass insertion approx.

SUSY contributions

Hadron matrix elements: 
SM op.: [FLAG average ’16] 

BSM ops.: [SWME collaboration ’15]

[Ligeti, Sala ’16]

�mK |exp = (3.484± 0.006)⇥ 10�12 MeV

|✏K ||exp = (2.228± 0.011)⇥ 10�3
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�mK |SM = 3.19(41)(96)⇥ 10�12 MeV

|✏K ||SM = 2.24(19)⇥ 10�3
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Experimental values

SM predictions
[Bai, Christ, Izubuchi, Sachrajda, Soni, Yu ’15]

Constraints on FV and CPV

[Ligeti, Sala ’16]

ΔmK should be less than  
exp. and th. errors

Constraints on model

*

*

|✏K |SUSY . 0.31|✏K |SM ' 0.69⇥ 10�3
<latexit sha1_base64="Z04oVZ3k2GcwhL2+lJXiRlIJrZA="></latexit><latexit sha1_base64="Z04oVZ3k2GcwhL2+lJXiRlIJrZA="></latexit><latexit sha1_base64="Z04oVZ3k2GcwhL2+lJXiRlIJrZA="></latexit><latexit sha1_base64="Z04oVZ3k2GcwhL2+lJXiRlIJrZA="></latexit><latexit sha1_base64="L8os7phX97DaeGeUVJYhLxPKbi0="></latexit><latexit sha1_base64="L8os7phX97DaeGeUVJYhLxPKbi0="></latexit>
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f̃ ′

χ0(B̃, W̃ )

f f

γ

Electric Dipole Moments (EDMs)

Determination of GUT-scale phases 

to see aggressive bounds
'd1 � 'd3

<latexit sha1_base64="N2/PXvbso52OJ/3yQXSq0eRBh84="></latexit><latexit sha1_base64="N2/PXvbso52OJ/3yQXSq0eRBh84="></latexit><latexit sha1_base64="N2/PXvbso52OJ/3yQXSq0eRBh84="></latexit><latexit sha1_base64="N2/PXvbso52OJ/3yQXSq0eRBh84="></latexit><latexit sha1_base64="9WCZITN35q7rIWWxzX9aAMQk25s="></latexit><latexit sha1_base64="9WCZITN35q7rIWWxzX9aAMQk25s="></latexit>

'd1 � 'd2
<latexit sha1_base64="gQNuAkzcT/u7Su5g4evrx+BO4J8="></latexit><latexit sha1_base64="gQNuAkzcT/u7Su5g4evrx+BO4J8="></latexit><latexit sha1_base64="gQNuAkzcT/u7Su5g4evrx+BO4J8="></latexit><latexit sha1_base64="gQNuAkzcT/u7Su5g4evrx+BO4J8="></latexit><latexit sha1_base64="4zwmz7CWocWHqFncAdxmBVbWNw4="></latexit><latexit sha1_base64="4zwmz7CWocWHqFncAdxmBVbWNw4="></latexit>

εK maximized

de maximized (or we choose moderate value)

|de| . 9.3⇥ 10�29 e cm
<latexit sha1_base64="dJ//z6H69iNLpUFbxymZESmyjhc="></latexit><latexit sha1_base64="dJ//z6H69iNLpUFbxymZESmyjhc="></latexit><latexit sha1_base64="dJ//z6H69iNLpUFbxymZESmyjhc="></latexit><latexit sha1_base64="dJ//z6H69iNLpUFbxymZESmyjhc="></latexit><latexit sha1_base64="4OY6X5llU3i/r3bdzw3QY+dEgeA="></latexit><latexit sha1_base64="4OY6X5llU3i/r3bdzw3QY+dEgeA="></latexit>

[ACME collaboration ’16]

Neutron EDM, other atomic EDMs: weak constraints on our model

Recent Constraint on EDM

[Hisano, Nagai, Paradice ’07]

de
e

⇠ g2Y
32⇡2

m⌧

m2
el

µM1

m2
el
Im[(�(L)

l )13(�
(R)
l )31]f(x)

<latexit sha1_base64="Y8m/WzfLiiUe0oL/nYdZDuEUi5w="></latexit><latexit sha1_base64="Y8m/WzfLiiUe0oL/nYdZDuEUi5w="></latexit><latexit sha1_base64="Y8m/WzfLiiUe0oL/nYdZDuEUi5w="></latexit><latexit sha1_base64="Y8m/WzfLiiUe0oL/nYdZDuEUi5w="></latexit><latexit sha1_base64="4/UEfkFYa66LQAAECBgdi8OUJoM="></latexit><latexit sha1_base64="4/UEfkFYa66LQAAECBgdi8OUJoM="></latexit>

(m2
ed)12 ' � 1

8⇡2
ei('d1�'d2 )U1k(f

⌫
k )

2U⇤
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2
0 +A2

0) ln
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MGUT
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eL)13 ' � 1
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ei('d1�'d3 )

X

k

U1k(f
⌫
k )

2U⇤
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2
0 +A2

0) ln
Min

(MD
R )k

<latexit sha1_base64="dJJco4BQIikKmrflgdXGfzEAjDI="></latexit><latexit sha1_base64="dJJco4BQIikKmrflgdXGfzEAjDI="></latexit><latexit sha1_base64="dJJco4BQIikKmrflgdXGfzEAjDI="></latexit><latexit sha1_base64="dJJco4BQIikKmrflgdXGfzEAjDI="></latexit><latexit sha1_base64="gkPMXU0olrKXrkNw+NWTh8bcdTg="></latexit><latexit sha1_base64="gkPMXU0olrKXrkNw+NWTh8bcdTg="></latexit>

SUSY Contributions
1-loop: neutralino-sfermion diagrams 
2-loop: Barr-Zee contributions

Main contribution: 1-loop w/ FV 
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Proton Decay
is also challenging in the SUSY SU(5)

MHC & 1017 GeV
<latexit sha1_base64="ictLbJIF/8El3vMCmVlDppDGj00="></latexit><latexit sha1_base64="ictLbJIF/8El3vMCmVlDppDGj00="></latexit><latexit sha1_base64="ictLbJIF/8El3vMCmVlDppDGj00="></latexit><latexit sha1_base64="ictLbJIF/8El3vMCmVlDppDGj00="></latexit><latexit sha1_base64="aSRtK9jyoO1McwYCF/opCWknYkI="></latexit><latexit sha1_base64="aSRtK9jyoO1McwYCF/opCWknYkI="></latexit>

MHC ' 1015 GeV
<latexit sha1_base64="t1XK27oYLW0RsvATxSrJv529oYc="></latexit><latexit sha1_base64="t1XK27oYLW0RsvATxSrJv529oYc="></latexit><latexit sha1_base64="t1XK27oYLW0RsvATxSrJv529oYc="></latexit><latexit sha1_base64="t1XK27oYLW0RsvATxSrJv529oYc="></latexit><latexit sha1_base64="dV+YH+53juGJeZ8YprYPJGMUh2c="></latexit><latexit sha1_base64="dV+YH+53juGJeZ8YprYPJGMUh2c="></latexit>

Proton decay constraint (MS ~ 10 TeV)

Gauge coupling unification in minimal SU(5)

MHC = �

✓
M2

X
M⌃

g25�⌃

◆1/3

<latexit sha1_base64="qlvk3pT3txihLk6Hck0whHNAkUg="></latexit><latexit sha1_base64="qlvk3pT3txihLk6Hck0whHNAkUg="></latexit><latexit sha1_base64="qlvk3pT3txihLk6Hck0whHNAkUg="></latexit><latexit sha1_base64="qlvk3pT3txihLk6Hck0whHNAkUg="></latexit><latexit sha1_base64="gQRri7yV47QbZWNA8F8EwgFBBeg="></latexit><latexit sha1_base64="gQRri7yV47QbZWNA8F8EwgFBBeg="></latexit>

⌧(p ! K+⌫) & 6.6⇥ 1033 years
<latexit sha1_base64="x2vK90oU0XfgIw7+XDdolQgdios="></latexit><latexit sha1_base64="x2vK90oU0XfgIw7+XDdolQgdios="></latexit><latexit sha1_base64="x2vK90oU0XfgIw7+XDdolQgdios="></latexit><latexit sha1_base64="x2vK90oU0XfgIw7+XDdolQgdios="></latexit><latexit sha1_base64="h6LOqexsH4xtY7x/kni6HpNODOw="></latexit><latexit sha1_base64="h6LOqexsH4xtY7x/kni6HpNODOw="></latexit>

� = 0.5 , �⌃ = 10�4
<latexit sha1_base64="lYtVfIkSLHVfrhukXYsgUnlYwaw="></latexit><latexit sha1_base64="lYtVfIkSLHVfrhukXYsgUnlYwaw="></latexit><latexit sha1_base64="lYtVfIkSLHVfrhukXYsgUnlYwaw="></latexit><latexit sha1_base64="lYtVfIkSLHVfrhukXYsgUnlYwaw="></latexit><latexit sha1_base64="lVBvbbNAkLRGPqOjYoADwRzwr5o="></latexit><latexit sha1_base64="lVBvbbNAkLRGPqOjYoADwRzwr5o="></latexit>
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MX
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<latexit sha1_base64="6CdvrfIfmGgAlnWrX0D4AkEH/gY="></latexit><latexit sha1_base64="6CdvrfIfmGgAlnWrX0D4AkEH/gY="></latexit><latexit sha1_base64="6CdvrfIfmGgAlnWrX0D4AkEH/gY="></latexit><latexit sha1_base64="6CdvrfIfmGgAlnWrX0D4AkEH/gY="></latexit><latexit sha1_base64="/oDQOKN9RX18P/0rbwV1tzdeh3w="></latexit><latexit sha1_base64="/oDQOKN9RX18P/0rbwV1tzdeh3w="></latexit>

Unification constraint is relaxed by the MPl suppressed operator 

WPl =
c

MPl
Tr[⌃WW ] + · · ·

<latexit sha1_base64="ZkEzTvP2fV2Us+hNDNq8GamspII="></latexit><latexit sha1_base64="ZkEzTvP2fV2Us+hNDNq8GamspII="></latexit><latexit sha1_base64="ZkEzTvP2fV2Us+hNDNq8GamspII="></latexit><latexit sha1_base64="ZkEzTvP2fV2Us+hNDNq8GamspII="></latexit><latexit sha1_base64="+uRPVFa9r1fZWwNz7JAt2Fz2ltc="></latexit><latexit sha1_base64="+uRPVFa9r1fZWwNz7JAt2Fz2ltc="></latexit>

[Tobe, Wells ’03]

MHC: function of Yukawa couplings among GUT-Higgses 
( -> λ~O(1),  λΣ<<1 are required) 

tanβ: small value is preferred (assume to be 6 in numerical studies)

'ui
<latexit sha1_base64="OLC/FTYO0ttvUoWa/aHU0CAITZA="></latexit><latexit sha1_base64="OLC/FTYO0ttvUoWa/aHU0CAITZA="></latexit><latexit sha1_base64="OLC/FTYO0ttvUoWa/aHU0CAITZA="></latexit><latexit sha1_base64="OLC/FTYO0ttvUoWa/aHU0CAITZA="></latexit><latexit sha1_base64="G6QGvdsOvcWGivkRg6KXfu/l+ek="></latexit><latexit sha1_base64="G6QGvdsOvcWGivkRg6KXfu/l+ek="></latexit>

: are assumed to ensure the longevity of protons
Cijkl

5L = � 1

MHC

fu

i
ei'ui �ijV ⇤

kl
fd

l

Cijkl

5R = � 1

MHC

fu

i
VijV

⇤
kl
fd

l
e�i'uk

<latexit sha1_base64="xQpoziKOFdTTtsLc3TkD4pe9IBY="></latexit><latexit sha1_base64="xQpoziKOFdTTtsLc3TkD4pe9IBY="></latexit><latexit sha1_base64="xQpoziKOFdTTtsLc3TkD4pe9IBY="></latexit><latexit sha1_base64="xQpoziKOFdTTtsLc3TkD4pe9IBY="></latexit><latexit sha1_base64="1FiCgboWPYQH5KwbsBsR6V0+fp4="></latexit><latexit sha1_base64="1FiCgboWPYQH5KwbsBsR6V0+fp4="></latexit>

Wilson coefficients for D=5 proton decay



Recall free parameters

m2
0 , M1/2 , A0 , tan� , sgn(µ) , Min , MR , � , �⌃ , 'ui , 'di

<latexit sha1_base64="qlLc0pdwy78mFlZjLVI3EHOXQ9M="></latexit><latexit sha1_base64="qlLc0pdwy78mFlZjLVI3EHOXQ9M="></latexit><latexit sha1_base64="qlLc0pdwy78mFlZjLVI3EHOXQ9M="></latexit><latexit sha1_base64="qlLc0pdwy78mFlZjLVI3EHOXQ9M="></latexit><latexit sha1_base64="0ibD+uGN566d/7fBaqtNbFuvD+Q="></latexit><latexit sha1_base64="0ibD+uGN566d/7fBaqtNbFuvD+Q="></latexit>

Fixed to ensure proton long lifetime
� = 0.5 , �⌃ = 10�4

<latexit sha1_base64="lYtVfIkSLHVfrhukXYsgUnlYwaw="></latexit><latexit sha1_base64="lYtVfIkSLHVfrhukXYsgUnlYwaw="></latexit><latexit sha1_base64="lYtVfIkSLHVfrhukXYsgUnlYwaw="></latexit><latexit sha1_base64="lYtVfIkSLHVfrhukXYsgUnlYwaw="></latexit><latexit sha1_base64="lVBvbbNAkLRGPqOjYoADwRzwr5o="></latexit><latexit sha1_base64="lVBvbbNAkLRGPqOjYoADwRzwr5o="></latexit>

tan� = 6
<latexit sha1_base64="xaorzmTKxScacJ0d+s1yHoFYzY8="></latexit><latexit sha1_base64="xaorzmTKxScacJ0d+s1yHoFYzY8="></latexit><latexit sha1_base64="xaorzmTKxScacJ0d+s1yHoFYzY8="></latexit><latexit sha1_base64="xaorzmTKxScacJ0d+s1yHoFYzY8="></latexit><latexit sha1_base64="8w3IR3i1a4HOu2GvwUZGqlh3M9I="></latexit><latexit sha1_base64="8w3IR3i1a4HOu2GvwUZGqlh3M9I="></latexit>

Fixed to see the most aggressive constraints
Min = MPl = 2.4⇥ 1018 GeV

<latexit sha1_base64="nMc2D7SU929Yt7cyWfrueolLQUY="></latexit><latexit sha1_base64="nMc2D7SU929Yt7cyWfrueolLQUY="></latexit><latexit sha1_base64="nMc2D7SU929Yt7cyWfrueolLQUY="></latexit><latexit sha1_base64="nMc2D7SU929Yt7cyWfrueolLQUY="></latexit><latexit sha1_base64="sfQwAbJ9ZhGTyxtd9f3a2gYooIE="></latexit><latexit sha1_base64="sfQwAbJ9ZhGTyxtd9f3a2gYooIE="></latexit>

MR = 1015 GeV
<latexit sha1_base64="0aDnrf/sHsNtiG1cvPXPsU9/5t4="></latexit><latexit sha1_base64="0aDnrf/sHsNtiG1cvPXPsU9/5t4="></latexit><latexit sha1_base64="0aDnrf/sHsNtiG1cvPXPsU9/5t4="></latexit><latexit sha1_base64="0aDnrf/sHsNtiG1cvPXPsU9/5t4="></latexit><latexit sha1_base64="qJQrCdADBk0dwe7fgbCKOI3YvmE="></latexit><latexit sha1_base64="qJQrCdADBk0dwe7fgbCKOI3YvmE="></latexit>

and diagonalized structure

'd1 � 'd3
<latexit sha1_base64="N2/PXvbso52OJ/3yQXSq0eRBh84="></latexit><latexit sha1_base64="N2/PXvbso52OJ/3yQXSq0eRBh84="></latexit><latexit sha1_base64="N2/PXvbso52OJ/3yQXSq0eRBh84="></latexit><latexit sha1_base64="N2/PXvbso52OJ/3yQXSq0eRBh84="></latexit><latexit sha1_base64="9WCZITN35q7rIWWxzX9aAMQk25s="></latexit><latexit sha1_base64="9WCZITN35q7rIWWxzX9aAMQk25s="></latexit>

'd1 � 'd2
<latexit sha1_base64="gQNuAkzcT/u7Su5g4evrx+BO4J8="></latexit><latexit sha1_base64="gQNuAkzcT/u7Su5g4evrx+BO4J8="></latexit><latexit sha1_base64="gQNuAkzcT/u7Su5g4evrx+BO4J8="></latexit><latexit sha1_base64="gQNuAkzcT/u7Su5g4evrx+BO4J8="></latexit><latexit sha1_base64="4zwmz7CWocWHqFncAdxmBVbWNw4="></latexit><latexit sha1_base64="4zwmz7CWocWHqFncAdxmBVbWNw4="></latexit>

εK maximized

de maximized (or we choose moderate value)

finite A0 is preferred

• Higgs mass 
• B-condition
✓
A⌃

�⌃

◆2

& 8m2
⌃

<latexit sha1_base64="QNNmnrOE9+rR00tMGnjTp2N+C6A="></latexit><latexit sha1_base64="QNNmnrOE9+rR00tMGnjTp2N+C6A="></latexit><latexit sha1_base64="QNNmnrOE9+rR00tMGnjTp2N+C6A="></latexit><latexit sha1_base64="QNNmnrOE9+rR00tMGnjTp2N+C6A="></latexit><latexit sha1_base64="d8WSwaizphzzz7DNh6h8H+xkG4w="></latexit><latexit sha1_base64="d8WSwaizphzzz7DNh6h8H+xkG4w="></latexit>
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tachyonic stop 
stop LSP

'd1 � 'd3 = 0.18⇡
<latexit sha1_base64="otoY+NoT2l4ZReFSGKlaPY9jXv4="></latexit><latexit sha1_base64="otoY+NoT2l4ZReFSGKlaPY9jXv4="></latexit><latexit sha1_base64="otoY+NoT2l4ZReFSGKlaPY9jXv4="></latexit><latexit sha1_base64="otoY+NoT2l4ZReFSGKlaPY9jXv4="></latexit><latexit sha1_base64="SVmFW8Fi3SROF35aPPtRY5XeKDQ="></latexit><latexit sha1_base64="SVmFW8Fi3SROF35aPPtRY5XeKDQ="></latexit>

Min = 2.4⇥ 1018 GeV
<latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="BeWnZZaGj/qG8sdPqRw4iCWFNNM="></latexit><latexit sha1_base64="BeWnZZaGj/qG8sdPqRw4iCWFNNM="></latexit>

Excluded by SK Mass Spectrum: FeynHiggs 2.14.2

MNR = 1015 GeV
<latexit sha1_base64="XJdhHFdgRj6jjOI5QSRl+mFPjK8="></latexit><latexit sha1_base64="XJdhHFdgRj6jjOI5QSRl+mFPjK8="></latexit><latexit sha1_base64="XJdhHFdgRj6jjOI5QSRl+mFPjK8="></latexit><latexit sha1_base64="XJdhHFdgRj6jjOI5QSRl+mFPjK8="></latexit><latexit sha1_base64="RqLJSceg16geLehfVXOGAHF6zTg="></latexit><latexit sha1_base64="RqLJSceg16geLehfVXOGAHF6zTg="></latexit>

� = 0.5 , �⌃ = 10�4
<latexit sha1_base64="5fYbe4uQkMumxo+OzUNsuxZQgMM="></latexit><latexit sha1_base64="5fYbe4uQkMumxo+OzUNsuxZQgMM="></latexit><latexit sha1_base64="5fYbe4uQkMumxo+OzUNsuxZQgMM="></latexit><latexit sha1_base64="5fYbe4uQkMumxo+OzUNsuxZQgMM="></latexit><latexit sha1_base64="mxl8Ta0ySp7Cjwo+t9bkgJkTTkc="></latexit><latexit sha1_base64="mxl8Ta0ySp7Cjwo+t9bkgJkTTkc="></latexit>

'ui
<latexit sha1_base64="VeHwx+hybzgk57SAu+6vZc4zQcY="></latexit><latexit sha1_base64="VeHwx+hybzgk57SAu+6vZc4zQcY="></latexit><latexit sha1_base64="VeHwx+hybzgk57SAu+6vZc4zQcY="></latexit><latexit sha1_base64="VeHwx+hybzgk57SAu+6vZc4zQcY="></latexit><latexit sha1_base64="1kfk6F7yYwrcaA3umn4pMU1j7Os="></latexit><latexit sha1_base64="1kfk6F7yYwrcaA3umn4pMU1j7Os="></latexit>

:maximize proton lifetime

'd1 � 'd2 = 0.18⇡
<latexit sha1_base64="EIhYKP7qsLtxknmpHkD6GVHW6OI="></latexit><latexit sha1_base64="EIhYKP7qsLtxknmpHkD6GVHW6OI="></latexit><latexit sha1_base64="EIhYKP7qsLtxknmpHkD6GVHW6OI="></latexit><latexit sha1_base64="EIhYKP7qsLtxknmpHkD6GVHW6OI="></latexit><latexit sha1_base64="V0ZmoNEOUee+2FPz4cYZV7S2xH8="></latexit><latexit sha1_base64="V0ZmoNEOUee+2FPz4cYZV7S2xH8="></latexit>

:maximize εΚ

M1/2 = 4.5 TeV , tan� = 6
<latexit sha1_base64="z6GjJ8pVg7w5h4d2KukjhVrW/as="></latexit><latexit sha1_base64="z6GjJ8pVg7w5h4d2KukjhVrW/as="></latexit><latexit sha1_base64="z6GjJ8pVg7w5h4d2KukjhVrW/as="></latexit><latexit sha1_base64="z6GjJ8pVg7w5h4d2KukjhVrW/as="></latexit><latexit sha1_base64="KnwuoKTLbgNqwLqMOHEVbzbIZ5Y="></latexit><latexit sha1_base64="KnwuoKTLbgNqwLqMOHEVbzbIZ5Y="></latexit>

Model Parameters:

Inside red-dotted island @ high m0:

beyond final goal of ACME-II |de| . 10�31e cm
<latexit sha1_base64="SNhkWf7ZeR/FAOqIKOV358ui4gM="></latexit><latexit sha1_base64="SNhkWf7ZeR/FAOqIKOV358ui4gM="></latexit><latexit sha1_base64="SNhkWf7ZeR/FAOqIKOV358ui4gM="></latexit><latexit sha1_base64="SNhkWf7ZeR/FAOqIKOV358ui4gM="></latexit><latexit sha1_base64="x3VQX73oF2zbzz7t0ar0+O4FKS0="></latexit><latexit sha1_base64="x3VQX73oF2zbzz7t0ar0+O4FKS0="></latexit>

blue shaded: excluded by εK constraint 
green dotted: Higgs mass 
above black dotted: B-condition is satisfied

near boundary (purple)
met1 �m�0

1
. 100 GeV

<latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="8hPhlX9zCXX+/R6DNtZv0m3rfEk="></latexit><latexit sha1_base64="8hPhlX9zCXX+/R6DNtZv0m3rfEk="></latexit>

|✏K |SUSY > 0.69⇥ 10�3
<latexit sha1_base64="i39JFz3/17MRx4bq1HzxvM5DDOc="></latexit><latexit sha1_base64="i39JFz3/17MRx4bq1HzxvM5DDOc="></latexit><latexit sha1_base64="i39JFz3/17MRx4bq1HzxvM5DDOc="></latexit><latexit sha1_base64="i39JFz3/17MRx4bq1HzxvM5DDOc="></latexit><latexit sha1_base64="5VoXE6lBB3rnHzdbr1V6wDBqeZo="></latexit><latexit sha1_base64="5VoXE6lBB3rnHzdbr1V6wDBqeZo="></latexit>
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de
 < 
de
ex
p

|de| < 9.3⇥ 10�29 [e cm]
<latexit sha1_base64="9x9eyUqWvJmBNDx3fIcrWiMsy80="></latexit><latexit sha1_base64="9x9eyUqWvJmBNDx3fIcrWiMsy80="></latexit><latexit sha1_base64="9x9eyUqWvJmBNDx3fIcrWiMsy80="></latexit><latexit sha1_base64="9x9eyUqWvJmBNDx3fIcrWiMsy80="></latexit><latexit sha1_base64="rhpbOkwjfT8ixLB7T7Gogt8e3Ug="></latexit><latexit sha1_base64="rhpbOkwjfT8ixLB7T7Gogt8e3Ug="></latexit>

GUT-scale phases to maximize eEDM

above black dotted: B-condition is satisfied

Red shaded region:  
predicted eEDM exceeds current constraint

near boundary (purple)
met1 �m�0

1
. 100 GeV

<latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="8hPhlX9zCXX+/R6DNtZv0m3rfEk="></latexit><latexit sha1_base64="8hPhlX9zCXX+/R6DNtZv0m3rfEk="></latexit>

|de| ' 10�31e cm
<latexit sha1_base64="5oDM4HB1Cb72UUf1m2R+jsHKUwg="></latexit><latexit sha1_base64="5oDM4HB1Cb72UUf1m2R+jsHKUwg="></latexit><latexit sha1_base64="5oDM4HB1Cb72UUf1m2R+jsHKUwg="></latexit><latexit sha1_base64="5oDM4HB1Cb72UUf1m2R+jsHKUwg="></latexit><latexit sha1_base64="rB87WsEj0qGV9CA6zN3bjGuPvLE="></latexit><latexit sha1_base64="rB87WsEj0qGV9CA6zN3bjGuPvLE="></latexit>

A whole parameter region is accessible to  
the ACME-II sensitivity on eEDM:

Min = 2.4⇥ 1018 GeV
<latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="BeWnZZaGj/qG8sdPqRw4iCWFNNM="></latexit><latexit sha1_base64="BeWnZZaGj/qG8sdPqRw4iCWFNNM="></latexit>

MNR = 1015 GeV
<latexit sha1_base64="XJdhHFdgRj6jjOI5QSRl+mFPjK8="></latexit><latexit sha1_base64="XJdhHFdgRj6jjOI5QSRl+mFPjK8="></latexit><latexit sha1_base64="XJdhHFdgRj6jjOI5QSRl+mFPjK8="></latexit><latexit sha1_base64="XJdhHFdgRj6jjOI5QSRl+mFPjK8="></latexit><latexit sha1_base64="RqLJSceg16geLehfVXOGAHF6zTg="></latexit><latexit sha1_base64="RqLJSceg16geLehfVXOGAHF6zTg="></latexit>

� = 0.5 , �⌃ = 10�4
<latexit sha1_base64="5fYbe4uQkMumxo+OzUNsuxZQgMM="></latexit><latexit sha1_base64="5fYbe4uQkMumxo+OzUNsuxZQgMM="></latexit><latexit sha1_base64="5fYbe4uQkMumxo+OzUNsuxZQgMM="></latexit><latexit sha1_base64="5fYbe4uQkMumxo+OzUNsuxZQgMM="></latexit><latexit sha1_base64="mxl8Ta0ySp7Cjwo+t9bkgJkTTkc="></latexit><latexit sha1_base64="mxl8Ta0ySp7Cjwo+t9bkgJkTTkc="></latexit>

'ui
<latexit sha1_base64="VeHwx+hybzgk57SAu+6vZc4zQcY="></latexit><latexit sha1_base64="VeHwx+hybzgk57SAu+6vZc4zQcY="></latexit><latexit sha1_base64="VeHwx+hybzgk57SAu+6vZc4zQcY="></latexit><latexit sha1_base64="VeHwx+hybzgk57SAu+6vZc4zQcY="></latexit><latexit sha1_base64="1kfk6F7yYwrcaA3umn4pMU1j7Os="></latexit><latexit sha1_base64="1kfk6F7yYwrcaA3umn4pMU1j7Os="></latexit>

:maximize proton lifetime

'd1 � 'd2 = 0.18⇡
<latexit sha1_base64="EIhYKP7qsLtxknmpHkD6GVHW6OI="></latexit><latexit sha1_base64="EIhYKP7qsLtxknmpHkD6GVHW6OI="></latexit><latexit sha1_base64="EIhYKP7qsLtxknmpHkD6GVHW6OI="></latexit><latexit sha1_base64="EIhYKP7qsLtxknmpHkD6GVHW6OI="></latexit><latexit sha1_base64="V0ZmoNEOUee+2FPz4cYZV7S2xH8="></latexit><latexit sha1_base64="V0ZmoNEOUee+2FPz4cYZV7S2xH8="></latexit>

:maximize εΚ

M1/2 = 4.5 TeV , tan� = 6
<latexit sha1_base64="z6GjJ8pVg7w5h4d2KukjhVrW/as="></latexit><latexit sha1_base64="z6GjJ8pVg7w5h4d2KukjhVrW/as="></latexit><latexit sha1_base64="z6GjJ8pVg7w5h4d2KukjhVrW/as="></latexit><latexit sha1_base64="z6GjJ8pVg7w5h4d2KukjhVrW/as="></latexit><latexit sha1_base64="KnwuoKTLbgNqwLqMOHEVbzbIZ5Y="></latexit><latexit sha1_base64="KnwuoKTLbgNqwLqMOHEVbzbIZ5Y="></latexit>

Model Parameters:

'd1 � 'd3 = 0.68⇡
<latexit sha1_base64="xb4Vffsfq3tF6Ky/AzW/+jSzp6Y="></latexit><latexit sha1_base64="xb4Vffsfq3tF6Ky/AzW/+jSzp6Y="></latexit><latexit sha1_base64="xb4Vffsfq3tF6Ky/AzW/+jSzp6Y="></latexit><latexit sha1_base64="xb4Vffsfq3tF6Ky/AzW/+jSzp6Y="></latexit><latexit sha1_base64="sZdyTpAM8MPZFgxetKPH6nmnJkU="></latexit><latexit sha1_base64="sZdyTpAM8MPZFgxetKPH6nmnJkU="></latexit>

tachyonic stop 
stop LSP
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Particle Mass

h 125.2 [GeV]
H,A,H

± 23.0 [TeV]
(�0

1,�
0
2,�

0
3,�

0
4) (2.56, 4.14, 19.2, 19.2) [TeV]

eg 8.70 [TeV]
(e⌧1, e⌧2) (10.4, 13.1) [TeV]
(et1,et2) (2.61, 10.9) [TeV]

(eb1,eb2) (10.9, 12.6) [TeV]
<latexit sha1_base64="cTucxCOfbpE7RbY0GxbjcNESlIQ="></latexit><latexit sha1_base64="cTucxCOfbpE7RbY0GxbjcNESlIQ="></latexit><latexit sha1_base64="cTucxCOfbpE7RbY0GxbjcNESlIQ="></latexit><latexit sha1_base64="cTucxCOfbpE7RbY0GxbjcNESlIQ="></latexit><latexit sha1_base64="xE/6fshkRMkuesII+XO84g60Xfk="></latexit><latexit sha1_base64="xE/6fshkRMkuesII+XO84g60Xfk="></latexit>

Sparticle mass spectrum @ ref.

near boundary (purple)
met1 �m�0

1
. 100 GeV

<latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="XY6Mx1wc5rFD1ic+ZnDxpMeD2cE="></latexit><latexit sha1_base64="8hPhlX9zCXX+/R6DNtZv0m3rfEk="></latexit><latexit sha1_base64="8hPhlX9zCXX+/R6DNtZv0m3rfEk="></latexit>

Gluinos below 10TeV @ 100TeV Collider

Min = 2.4⇥ 1018 GeV
<latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="Wx3UTu4QtMYQuzxTroBjGMXGXH0="></latexit><latexit sha1_base64="BeWnZZaGj/qG8sdPqRw4iCWFNNM="></latexit><latexit sha1_base64="BeWnZZaGj/qG8sdPqRw4iCWFNNM="></latexit>

'd1 � 'd3 = 0.68⇡
<latexit sha1_base64="xb4Vffsfq3tF6Ky/AzW/+jSzp6Y="></latexit><latexit sha1_base64="xb4Vffsfq3tF6Ky/AzW/+jSzp6Y="></latexit><latexit sha1_base64="xb4Vffsfq3tF6Ky/AzW/+jSzp6Y="></latexit><latexit sha1_base64="xb4Vffsfq3tF6Ky/AzW/+jSzp6Y="></latexit><latexit sha1_base64="sZdyTpAM8MPZFgxetKPH6nmnJkU="></latexit><latexit sha1_base64="sZdyTpAM8MPZFgxetKPH6nmnJkU="></latexit>

tachyonic stop 
stop LSP

[Ellis, Zheng ’15]

DM: bino-stop coannihilation
near the boundary

[Ellis, Evans, Luo, Olive, Zheng ’18]
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Summary and Discussion

We reexamined the SUSY SU(5) GUT with Right-handed neutrinos and with input scale 
for soft-SUSY breaking parameters above the GUT scale (super-GUT scenario) 

Due to PMNS matrix and GUT-scale additional phases, flavor and CPV processes mainly 
constrains on this model 

A0 ≠ 0 case: we found the region is compatible with all constraints (Higgs mass, Proton 
stability, and flavor and CPV processes) 
LSP: bino (coannihilation with stops)  

Electron EDM gives a strong constraint on this model; future sensitivity by ACME-II exp 
may cover the broad parameter region.
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Backup



Phase determination
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↵d = 'd1 � 'd2

�d = 'd1 � 'd3
<latexit sha1_base64="osxziuSgNZDNW6qaealnoxJgurU="></latexit><latexit sha1_base64="osxziuSgNZDNW6qaealnoxJgurU="></latexit><latexit sha1_base64="osxziuSgNZDNW6qaealnoxJgurU="></latexit><latexit sha1_base64="osxziuSgNZDNW6qaealnoxJgurU="></latexit><latexit sha1_base64="1+UTBkx1JX7lK/g5DK3fIaqSN3A="></latexit><latexit sha1_base64="1+UTBkx1JX7lK/g5DK3fIaqSN3A="></latexit>

10-5

10-4

10-3

10-2

 0  0.5  1  1.5  2

|
K|

d/

d = 0
d = /2

d = 

↵d|max = 0.18⇡
<latexit sha1_base64="nY+i1t4CljTxrb94pKuEiiTrNTw="></latexit><latexit sha1_base64="nY+i1t4CljTxrb94pKuEiiTrNTw="></latexit><latexit sha1_base64="nY+i1t4CljTxrb94pKuEiiTrNTw="></latexit><latexit sha1_base64="nY+i1t4CljTxrb94pKuEiiTrNTw="></latexit><latexit sha1_base64="vE5m0CVGrAJJLH4iZdOdteU3Dds="></latexit><latexit sha1_base64="vE5m0CVGrAJJLH4iZdOdteU3Dds="></latexit>

0.1

1

10

 0  0.5  1  1.5  2
|d

e|
 [1

0-2
8  e

 c
m

]

d/

d = 0
d = /2

d = 

�d|max = 0.68⇡
<latexit sha1_base64="emjF8GfAX8531wyW8ZPrMcDUe8E="></latexit><latexit sha1_base64="emjF8GfAX8531wyW8ZPrMcDUe8E="></latexit><latexit sha1_base64="emjF8GfAX8531wyW8ZPrMcDUe8E="></latexit><latexit sha1_base64="emjF8GfAX8531wyW8ZPrMcDUe8E="></latexit><latexit sha1_base64="wTM66rEV/7cVQzkEZb3y1RJbCE8="></latexit><latexit sha1_base64="wTM66rEV/7cVQzkEZb3y1RJbCE8="></latexit>

�d|mod = 0.18⇡
<latexit sha1_base64="gEGeZ7bNPkdY7B8RTGbLYORjVbc="></latexit><latexit sha1_base64="gEGeZ7bNPkdY7B8RTGbLYORjVbc="></latexit><latexit sha1_base64="gEGeZ7bNPkdY7B8RTGbLYORjVbc="></latexit><latexit sha1_base64="gEGeZ7bNPkdY7B8RTGbLYORjVbc="></latexit><latexit sha1_base64="QuN3v8tva5APoMcUknkHqxpWvBg="></latexit><latexit sha1_base64="QuN3v8tva5APoMcUknkHqxpWvBg="></latexit>

tan� = 6 , M1/2 = 1 TeV , A0 = 0 , µ > 0 , Min = MPl
<latexit sha1_base64="H0NSc9SVNrQKT0ZO7oOePJIq+No="></latexit><latexit sha1_base64="H0NSc9SVNrQKT0ZO7oOePJIq+No="></latexit><latexit sha1_base64="H0NSc9SVNrQKT0ZO7oOePJIq+No="></latexit><latexit sha1_base64="H0NSc9SVNrQKT0ZO7oOePJIq+No="></latexit><latexit sha1_base64="MlfE723h1yuEXUG+DV3IwXlUwM8="></latexit><latexit sha1_base64="MlfE723h1yuEXUG+DV3IwXlUwM8="></latexit>



B-matching Condition in detail

 17

soft-supersymmetry breaking parameters above MGUT

soft-supersymmetry breaking parameters below MGUT

�Lsoft =

✓
BHµHHH +A��H⌃H +

B⌃µ⌃

2
Tr⌃2 +

A⌃�⌃

3
Tr⌃3 + h.c.

◆
+ · · ·

<latexit sha1_base64="e9Xz4LOIRrz+Mt22umh7ycL1eV0="></latexit><latexit sha1_base64="e9Xz4LOIRrz+Mt22umh7ycL1eV0="></latexit><latexit sha1_base64="e9Xz4LOIRrz+Mt22umh7ycL1eV0="></latexit><latexit sha1_base64="e9Xz4LOIRrz+Mt22umh7ycL1eV0="></latexit><latexit sha1_base64="phYpfj4I42MUwmX/3oLiBTYbVjs="></latexit><latexit sha1_base64="phYpfj4I42MUwmX/3oLiBTYbVjs="></latexit>

�Lsoft = (BµHuHd + h.c.) + · · ·
<latexit sha1_base64="AB24olmwqTk6kbzMbMOLL3CKD0o="></latexit><latexit sha1_base64="AB24olmwqTk6kbzMbMOLL3CKD0o="></latexit><latexit sha1_base64="AB24olmwqTk6kbzMbMOLL3CKD0o="></latexit><latexit sha1_base64="AB24olmwqTk6kbzMbMOLL3CKD0o="></latexit><latexit sha1_base64="a7wLol6CuOM2h/EzYMS/hwtLERA="></latexit><latexit sha1_base64="a7wLol6CuOM2h/EzYMS/hwtLERA="></latexit>

µ = µH � 3�v

✓
1 +

A⌃ �B⌃

2µ⌃

◆

B = BH +
3�v�A

µ
+

6�

�⌃µ

⇥
(A⌃ �B⌃)(2B⌃ �A⌃ +�A)�m2

⌃

⇤

<latexit sha1_base64="1yXBcTRg6krLf+P3hSVhf0Jh2fo="></latexit><latexit sha1_base64="1yXBcTRg6krLf+P3hSVhf0Jh2fo="></latexit><latexit sha1_base64="1yXBcTRg6krLf+P3hSVhf0Jh2fo="></latexit><latexit sha1_base64="1yXBcTRg6krLf+P3hSVhf0Jh2fo="></latexit><latexit sha1_base64="Lds5TmGgzEnzw63dSuXp2qoSRl4="></latexit><latexit sha1_base64="Lds5TmGgzEnzw63dSuXp2qoSRl4="></latexit>

�A = A⌃ �B⌃ �A� +BH ' 0
<latexit sha1_base64="tcswBmzT2yXQBM34CVSGkGcddLk="></latexit><latexit sha1_base64="tcswBmzT2yXQBM34CVSGkGcddLk="></latexit><latexit sha1_base64="tcswBmzT2yXQBM34CVSGkGcddLk="></latexit><latexit sha1_base64="tcswBmzT2yXQBM34CVSGkGcddLk="></latexit><latexit sha1_base64="V3lY3mZftLOgYp/1gED1qYEgxhc="></latexit><latexit sha1_base64="V3lY3mZftLOgYp/1gED1qYEgxhc="></latexit>

Matching conditions including F-term VEV of Σ h⌃i = v
⇥
1 + (A⌃ �B⌃)✓

2
⇤
diag(2, 2, 2,�3,�3)

<latexit sha1_base64="DUcdaTKm454BNpdFgqLPUZYz3us="></latexit><latexit sha1_base64="DUcdaTKm454BNpdFgqLPUZYz3us="></latexit><latexit sha1_base64="DUcdaTKm454BNpdFgqLPUZYz3us="></latexit><latexit sha1_base64="DUcdaTKm454BNpdFgqLPUZYz3us="></latexit><latexit sha1_base64="sR7UCpZ5bcex7/abCPlNsQigTdg="></latexit><latexit sha1_base64="sR7UCpZ5bcex7/abCPlNsQigTdg="></latexit>

Removing BH and assuming that BΣ has real solutions, 

A2
⌃ � �⌃µ

3�
(A⌃ � 4A� + 4B) +

✓
�⌃µ

6�

◆2

� 8m2
⌃ ,

<latexit sha1_base64="e+eexIH4051LvFGhcbWzntoBzso="></latexit><latexit sha1_base64="e+eexIH4051LvFGhcbWzntoBzso="></latexit><latexit sha1_base64="e+eexIH4051LvFGhcbWzntoBzso="></latexit><latexit sha1_base64="e+eexIH4051LvFGhcbWzntoBzso="></latexit><latexit sha1_base64="Md/2MKASI35QamFRSjYqaJ/d9kw="></latexit><latexit sha1_base64="Md/2MKASI35QamFRSjYqaJ/d9kw="></latexit>
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M(li ! lj + �) = (CLL + CLR)ji ljPR[6q,6✏]li
<latexit sha1_base64="pcCR3CZ2C2r6h4bemgDZqbM/pck="></latexit><latexit sha1_base64="pcCR3CZ2C2r6h4bemgDZqbM/pck="></latexit><latexit sha1_base64="pcCR3CZ2C2r6h4bemgDZqbM/pck="></latexit><latexit sha1_base64="pcCR3CZ2C2r6h4bemgDZqbM/pck="></latexit><latexit sha1_base64="FnradhtS1GUkq25XCWHdzr8XmK8="></latexit><latexit sha1_base64="FnradhtS1GUkq25XCWHdzr8XmK8="></latexit>

(CLL)ji =
e

16⇡2
mli

2

4 (m2
eL
)ij

m4
ee

X

i=1,2

g2i Se(xei) +
(m2

eL
)ij

m4
e⌫

g22S⌫(x⌫2)

3

5

(CLR)ji =
eg21
16⇡2

M1

X

A

Uj AU
⇤
i+3A

1

mee,A
SLR(xe1)

<latexit sha1_base64="gZyVlSRe5O47yaRHx8bJcfZawg4="></latexit><latexit sha1_base64="gZyVlSRe5O47yaRHx8bJcfZawg4="></latexit><latexit sha1_base64="gZyVlSRe5O47yaRHx8bJcfZawg4="></latexit><latexit sha1_base64="gZyVlSRe5O47yaRHx8bJcfZawg4="></latexit><latexit sha1_base64="J5HytsJ3oJvjkmhKhdre7+SdQ6g="></latexit><latexit sha1_base64="J5HytsJ3oJvjkmhKhdre7+SdQ6g="></latexit>

mu e gamma process depends on sign of mu (positive mu has the right sign to add)

Difficult to realize both the observed Higgs mass and bino-stop coannihilation.


