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Using field rotation, Yukawa matrices in mass basis are given by

= fire' by, Additional GUT-scale phases appear.
fid-zf;%j-, ngfizo (f =u,d,v)
fig = fie" Uy, Model Parameters (from SU(5) with RNs)

io,. 210, 1Py
(MR)ij =e'¥ ZWik(Mlg)ke v ijke = MR(SU ’ MR y Pu; » Pd;



Universality

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

—Lsoft, = (mfo)ﬂ*% + (m ) ¢*Z¢J (mN) n ”y —I—mHHTH—I—m—H H"‘WZZTE

N ((Azo)ij %%H 4 ﬁ(Ag)ijwigbjﬁ + (AN)ijcbiﬁjH + (Bn)ijnim; + h.c.)

1 — — B A
+ (§M5>\“>\“ +ByHH + A\HYH + TETrE2 + %Tri??’ + h-C->

Scalar Masses Universality (mifermm)z — m05‘7 m%iggses = mg
A-term Universality Ay = Ao fy
Gaugino masses Ms = M; /5

This universality is assumed at the input scale Min:

Min = GUT Scale (2x1016¢ GeV): “CMSSM”
Min = GUT Scale ~ Planck Scale: “super-GUT scenarios”
Min = below GUT Scale: “sub-GUT scenarios”

# of parameters in the models where CMSSM-like boundary conditions are assumed

mo 7M1/2 7AO ,tanﬁ,sgn(,u) 7Min



Universality

A way avoiding dangerous flavor and/or CP violating phenomena.
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Aw)i 7 o 0y T = ~ =~
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u and Bu terms are determined to satisfy EWSB conditions as usual CMSSM case
m%{d — m%{u tan® 3 + %mQZ(l —tan? 3) + Aﬁ)

tan® § — 1+ A} @ SUSY scale
Bu = —%(m%{u +mj;, +2p°)sin28 + Ap

ul? =

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

2
o A
B-condition ()\—Z > 8ms, @ GUT scale

2 [Ellis, Evans, Mustafayev, Nagata, Olive ’16]
if universal soft parameters are assumed to be real at input scale.

\ CP phases in soft SUSY parameters @ Min set to be zero /)
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Flavor & CPV Physics

In the minimal SU(9), if CMSSM-like boundary conditions (real) are assumed at Min
Flavor violation / CP violation arises only from CKM angles / phase

In the SUSY SU(5) w/ RNs

Large mixing and phases in the neutrino sector \

PMNS mixing angles and Dirac CP phase (central values in PDG)

\_ sin 15 = 0.297, sin?fy3 = 0.425, sin?fs; = 0.0214, Sop = 1.387 j

l RGEs b/w Min and Macut/MRr

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

1 0, — NDrn M;
(m?;)ij ~ ot Sodj)Uik(fk)QUjk(gm?)+Ag)1n
s (i # )
Min ! ]

82
(MR

(m"’)ij =~ —Wei(wdi _@dj)Uik(f]ZPU;k (3m% + Ag) In

Assuming diagonal Majorana mass matrices MR

FV: PMNS mixing angles

We f
© focus on CPV: PMNS phases and GUT scale phases

in this study.



FV & CPV constraints

Meson Oscillation (Kaon mixing)

SUSY contributions w/ mass insertion approx.

AS=2 ag (R))? m% = b B ag (L) A (R) m% —@ o758 B —\
Mo, =~ — 612 <A12 ) Fy m2 AdrVuSrRARY" S — mAw AVE m2 d,SrAdRSE
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2 ~ _L i(pa; —Pdy) VN2 2 2 Min
(m3)12 =~ g2 ¢ 1P U (fF) U, (3mg + Ap) In Moot
SUSY contributions
Am375Y = 2Re <FO‘ Ha =2 |KO) Hadron matrix elements:
1 0 SM op.: [FLAG average ’16]
?{USY _ Im <K ‘ HeAf-fS:2 ’KO>
\ V2Am '

BSM ops.: [SWME collaboration ’15] j

Constraints on FV and CPV

f

Experimental values

AMg|oxp = (3.484 4 0.006) x 10712 MeV
ek |exp = (2.228 £ 0.011) x 1072

SM predictions
Amp|sm = 3.19(41)(96) x 10712 MeV
lexc||lsm = 2.24(19) x 1073

‘\

Constraints on model

* ‘€K|SUSY 5 0-31‘€K|SM ~ (.69 x 10_3
[Ligeti, Sala ’16]

* AmK should be less than
exp. and th. errors

[Bai, Christ, Izubuchi, Sachrajda, Soni, Yu ’15]
[Ligeti, Sala ’16] /




FV & CPV constraints

Electric Dipole Moments (EDMSs)
{

SUSY Contributions

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

| Main contribution: 1-loop w/ FV

K (

de 92 mr ,uMl L R
e ~ 32;2 m2 m2 Im[(Al( ))13<Al( ))31]f(37)
! l
[Hisano, Nagai, Paradice ’07]
m%)13 ~ _Lei((pdl_gpdg Min

L 87'('2

> Uil f7)?U5,(3mG + Aj) In
k

(Mll%))k:/

Recent Constraint on EDM
/
de] <9.3x107% e cm

-

[ACME collaboration ’16]

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

~

Determination of GUT-scale phases
Pdy — Pds

Pdy — Pds

€ K maximized

de maximized (or we choose moderate value)

to see aggressive bounds




FV & CPV constraints

Proton Decay
is also challenging in the SUSY SU(5)

rVMHC > 1017 GeV Proton decay constraint (Ms ~ 10 TeV)
7(p — KT7) 2 6.6 x 10 years
M, ~ 10'° GeV Gauge coupling unification in minimal SU(5)

Unification constraint is relaxed by the Mpi suppressed operator

3 2 1 1 3 My Scv C
- - =52 12 = Tr[¥
BQ)  #Q #Q@Q 25 Q  Mp Wer = - T EWW] +
D 3 2 _ 3 MMy
7Q BQ A#Q 2 @ [Tobe, Wells *03]

MHc: function of Yukawa couplings among GUT-Higgses

. MHC 2)\
(-> A~0(1), As<<]1 are required) g5/1\%
tan B : small value is preferred (assume to be 6 in numerical studies) A=05, Ap=10"1
Yu; : are assumed to ensure the longevity of protons Wilson Coeﬁ”icientf for D=5 proton decay
Cii' = —qp—fie' e dUVisy
C' = _Lffvijvkﬁ}flde_w”’“

My,




Recall free parameters

/’

-

finite Ao is preferred

Higgs mass
B-condition

As\?

,/

N
Fixed to ensure proton long lifetime

A=05, Agp=10"1
tan 3 =6

@ixed to see the most aggressive constraints
M, = Mp) = 2.4 x 10'® GeV

Mp = 10" GeV  and diagonalized structure

Yd; — Pda €k maximized

k YPdi — Pds de maximized (or we choose moderate valuey
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Model Parameters: \

/ 15
MNR = 10 GeV

Pu,;:maximize proton lifetime
©d;, — Pd, = 0.187 maximize € «

M1/2:4.5 TeV, taﬂ5:6

- /

Mass Spectrum: FeynHiggs 2.14.2

Gue shaded: excluded by €k constraint \\

green dotted: Higgs mass
above black dotted: B-condition is satisfied

m;l — mxtl) SJ 100 GeV
near boundary (purple)

Inside red-dotted island @ high mo:

kbeyond final goal of ACME-Il |d.| < 10‘3169
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GUT-scale phases to maximize eEDM

Model Parameters:
/ )

My, = 10" GeV
A=05, Ag=10"1

Pu,:maximize proton lifetime

©d;, — Pd, = 0.187 maximize € «

k M1/2:45 TeV, taﬂ5:6

/

Red shaded region:
predicted eEDM exceeds current constraint

.| < 9.3 x 1072 [ecm]

above black dotted: B-condition is satisfied

my, —myo S 100 GeV
near boundary (purple)

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

d.| ~ 107 %ecm
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Results

_ - __

M, = 2.4 x 10'® GeV

4 RN | | |
VY .
‘\T‘\T-‘\\ Sparticle mass spectrum @ ref.
A H<o0
‘\\\\\‘é \ ©d, — Pg, = 0.68 Particle Mass
35 L\ At . | h 125.2 [GeV]
| EENN tachyonic stop H, A H* 23.0 [TeV]
‘ stop LSP (X%, %9, %3, x%) | (2.56,4.14,19.2,19.2) [TeV]
— g 8.70 [TeV]
:ED (f1,%2) (2.61,10.9) [TeV]
- (bl, bg) (109, 126) [TGV]

mgl — mX(l) SJ 100 GeV
near boundary (purple)

DM: bino-stop coannihilation

near the boundary
[Ellis, Evans, Luo, Olive, Zheng ’18]

6 8 10 12 14 16 18 20

mg [TeV] Gluinos below 10TeV @ 100TeV Collider

[Ellis, Zheng ’15]
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Summary and Discussion

& We reexamined the SUSY SU(b5) 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

™ Ao # O 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
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Phase determination

tan3 =6, My;p=1TeV, Ag=0, p>0, My= Mp

2
10 . § 10 Qg = Pd; — Pd,

Bad = Qd, — ©Pd,

Idl [1078 & cm]

0.1
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B-matching Condition in detail

soft-supersymmetry breaking parameters above Magut

_ _ B
Lop = (BHMHHH + A\NHSH + 22”2 Trn? +

soft-supersymmetry breaking parameters below Mgut

— Loty = (B,LLHqu + hC) + ...

Matching conditions including F-term VEV of 2 ()
= g — 3\ <1+A2_BZ)
205
o SAUAA ﬂ B _ _ 2
B =Buy + . + ot [(As — Bx)(2Bs — As + A4) — mg]

Removing BH and assuming that Bs has real solutions,

As

A 6

AZ )\2

2
A2 — 224 — 44, +4B) + (AZ—’“‘) > 8m

TrY3 + h.c.) + ...

v [1+ (As — Byx)6?] diag(2,2,2, -3, —3)

Ajg=Ay — By — A\ +Byg ~0

2
3o
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sign(mu) dependence
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Difficult to realize both the observed Higgs mass and bino-stop coannihilation.

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

- (m2)3; (m3)i;
Ml = lj+7) = (Crr + CLr)ji l; Prif ¢l (Ceadis = g | =i D otSelaes) + = o3S, ()
e =12 v
2
(CLR)jz' = %Ml ; Uj AUi*+3Amg,A SLR(ZL'el)
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