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Minimal SUSY SU(S)

* Unification of quarks and leptons

* Coupling unification

* g1(Mgur) = &Mgyur) = &Mgyr)

* Charge quantization

* Anomaly cancelation

* Proton decay

"4 & 8 10 12 14 16 18
Log, ,(Q/GeV)

[S. P. Martin, A Supersymmetry primer. (1997)]
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/1:/1/:1, tanﬁ:4,A0/m0=O

GUT with ¢ =0 T,(p—>K ") [year]
I I I

|

Protown deca v z:

* Dimension-5 proton decay z;15 -
S
* p — KU (mediated by triplet Higgs) " )
5 o n
* Dimension-6 proton decay ~ N

5 10 15 20 25 30
myp [TeV]

* D — et (mediated by SU(D) gauge

Decay Mode  Current [years| HK sensitivity [years]

boson) p— Ko 6.6 x 10 [37,38] 3.2 x 10% [2)
. . o p—nti 3.5 x 1032 [39
* Without Tunlng, minimal SUSY SU(5) n — 1% 1.4 x 10%3 [39
with O(10 TeV) CMSSM is mostly poymet  2AxICMHOL 78X 107 [2
p — 10U 1.6 x 10% [40] 7.7 x 10% [2
ruled out. p— KO+ 1.0 x 10 [41
p— Kout 3.6 x 103 [42
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2. SUSY SU(S) with Plancle-
suppresse A o rators




*x Superpotential of Higgs sector
W

* Kahler potential

AKyg = ;‘;’—Eﬁ(z*ﬁ) -y Y PERSE e

M
P P F=U.® H H

* Superpotential of Yukawa sector
W%fh — (hlo)z’j faﬂ'réc‘I’::w\I'}aHC + (hg)z'j \ch‘wq)jaﬁ 3 {Qi’

(/

] )
C S C S
P 2Ly S H, + 2, SUTH
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* The soft SUSY-breaking terms Lot

~

= — (m}o),; Vi — (m),; 610; — my|H|> — mp|H|> — myTx(S'5)

1 NAY afB aBTT 1
— §M5)\A/\A -+ AIO(hIO)ijeaﬂ’MCwi ﬁ"p]aHC + Ag(hg)z’j% 5¢jaHﬂ
- A K
+unByTr (¥%) + T AT (5°) + 2 Trd; (27)
P —
F Az (Tr (52))° + pu Ba HH + MAHSH + he. ||
P i
* Symmetry breaking: SU(5) — SU(3)xSU(2)xU(1)
*« (Z) = (V+ Fy0?) diag(2,2,2, - 3, - 3) . v
V . ]./\/Mp - \/)\,ZMIZD —32I€Mp/.l,2 o= 7K1 + 3OK2 ’ R - VP ’
., ==
4 K
Aps | 32kus, I NMp 4dups  32Kué
Y +/\,3Mp, 5 K - N _)\/3MP’ (10)
Vi _ 2)\’(,4)\/ — Bz) — 2 (7/%1(141 — Bg)2-|- BOHQ(AQ — Bg)) R | (11)
(N — 4kR)
B ms. NAy —4(7Tk1A; + 30Kk245) Ry N — TkRv?
2= _41;0 (N — 4;s;R)2 2 (N —4KkR)? vo 2)\’ —4kR vy (12)
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Moss s ckrum

* Masses for the adjoint components

* Masses of gauge bosons and color triplet Higgs

* MX: SgSV,

(4c, + 30c¢,) ,
- Mp Mp
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Mabkching conditions

* The gauge coupling matching conditions

3 2 1 3
« g2Q) gXQ) g¥Q) 10z

S 3 2 3

*g20) g0 g0 4’
5 3 > 15

St S 5 = 2ln(—>+ ——
81 (0) gz(Q) 83 (Q) 21 My 83 (Q) \
* M = (M§MZ3M28)1/ % is determined by gauge coupling

* To determine V with (gs,4,4", k)
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Yulkawa sector

* MSSM Yukawa term
WYukawa — fuij (Q? . Hu)Uja — fd (Qa Hd) fe i (L Hd)

1
o éfQin (Q? ' Q?)H(cj T fQiLj (Q? ' Lj)HC'a
fu.5,Ui E;HE — fu,p,€*UiaDjpHee - (37)

* Yukawa coupling matching
1

fuij = 4 (hlo)z'j o 36’2’}54}2 + Z [362’;23 + 50’2’;;13] R, \/ifdij — (hg)ij 3CAh lR T chh ZR
y 1 V2Ff. = (h= 3¢9, R—3c”, R
fa.Q;, = 4 (th)ij T 462’54}2 CZ;?SR J ? ( )zy ot o2
| ;_l \/iszLj — (h )7,_7 T 2CAh lR 3cAh ZR
ij,S ij,8 ij, A
fu.g; = 4(hio)y; + 2¢x 4R — 5 [Cih 3T 50&,3] It \/§fUiDj = (hg);; + zcgh,lR + zcng ,

* Lepton and down-type quark Yukawa splitting +/2 (fdﬁ ~ fei) =5c¢] R
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3. Proton deca Y
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Color Higgs Yukawa

* Fields ¥ 3 {Q;,e U, V;E;} , ®3{D,L},

* Color Higgs Yukawa expressed in ferms of MSSM Yukawa
* Up-type Yukawa

* . — .+ 7 C R — (c R ’
/i QO0.,i fu»l ( Ah’4)’ ( Ah’3)’ If we allow (caj 3); » (Capg); To be large,

5
* fUE,i =fu,i + S(CAhA)iR - Z(CAh,?v)iR , bo‘rthQ,i and fy ; are free parameters

* Lepton and down type Yukawa

5
Jori =/Je,;i (can )il 5
*x 7O \/5

Jor.i and fyp ; are related.

5
Jupi =V (can1)iR -
* \/z
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Full proton decay computation for every branches:

[N. Nagata. PhD thesis, Tokyo U., 2013.
Proton deca Y

http://doi.org/10.15083/00006623. ]

« Dimension-5 proton decay 2! = C’]kl@l]kl + C’]kl@fﬁfl +h.c.
1 C
* @?]él - szg Eeabc mn€pq QamenQ qu
SR _ 2 abe (71, (T M
. 035 = |0 < (0) £(0),(D).

* At the SUSY-breaking scale: wino-exchange process & higgsino-exchange process

CZ-I? (Msusy) = (th; 0*3312(MSUSY)F (1, m~ m%R) :
Cik (Msusy) =~ i (Msusy) [F(Ma, ms ,m3 ) + F(My,m ,m3 )] ,
_ o 3 o .
Ci (Msusy) = —= 2 CHY¥* (Mgusy) \F(Mz,m% ,m~ ) + F(My,m5 ,m3 )] )
: . 241 Qj Q1’
* Wilson coefficients
* ’ (fug)s and (f); are big (top Yukawa)

Wino-exchange process usually gives the dominant contribution

Suppression of fy,
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Proton deca

y and SU(S) breaking

Inputs L T
My, =9.5TeV my=279TeV Ay/my=0 tanp =4 10%¢ grr—r—rrrrr— GUIT vyl'th"?'l_q A DAL N 10%° grrg=mrrrrr— GUIT V'Vl'th"?'l_(') R B
/2 — < 0 — <t 077750 = — P e Point 1 3 E TSI Point 1 :
_ r_ [ S i I T ]
A=1 A=l 1017 [ 107 b T—0un TE
GUT-scale parameters (masses in units of 10'® GeV) : :
Mgyt = 0.818 My, =1322 My =0.661 Mx = 0.906 E 1016 E 1016
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' : M. e ]
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o Point 1 S 0 Point 1
M, = A 3 M 36 p->Kout 6 n-mn’o
* HC / G 10 » _p_)n0e+ 10 —p—)r["'\)
;tg52 —n—>rt(1r\3_ ] F ——p-K*D
103> ——p—>2nr' V. N 103> E
——p->K*p
° . A W / . IGI -------------------------------------------- IGI --------------------------------------------------------
* Limit (ii): A" =0,k # 0 T pomder] L. ouf
2 2 > p->K* D 2, QKLY
K1V Klv ~ 1033 n - v ~ 1033 n - v
. MP ; MP 1032 1032
31 31
. 5 L % 10 pol 0ol el el il il 10 pol ol el el sl sl
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Inputs
My =9.5TeV  my=279TeV  Ay/my=0 tanpB =4

A=1 N =1 y R , & o .
GUT-scale parameters (masses infunitSesfl 0" Gt o " s 0 r LM

Mgyt = 0.818 My, = 1.322 My =0.661 Mx = 0.906
Observables

. +7
O k2 =0.096 my = 122.9 GeV Decay mode: p = K™'v
*  Wino exchange process * Higgsino exchange process
CIE = ——(fopyoa 3™V fy) €1 = ——(fy VPV )iy g6~
Hc Hc
5 5
— | —_— |
N fQL,i — Je,i 1 (Can )il x Jupi =Jai (canDiR -
NG NG
GUT with ¢ =0 T,(p—=>K*V) [year] GUT with ¢ =0 T,(p—=>K*V) [year] GUT with ¢ =0 T,(p—=>K*V) [year]
| | | | | 1(\3J3 | | | | |
0.50 F point 1 N X 10 [~ Ppoint 1 o 3 10 - Point 1 N
0.48 - h o 9 | i oy = i
~0.46 1034 = 2 g E 1o - = 8| -
SR B Q35T R T ——— :
5044 e T R S |l < > 5
| 10 T el T i
0.42 | - o
6 - - 6 -
0.40 10 =
5 | P 51 .
0.38 k | | | B | | - | | | | |
0.001  0.002  0.003 0.001  0.002  0.003 0.400 0.425 0.450 0.475 0.500
—(Can, 1)1 —(Can, 1)1 —(Can,1)2
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Inputs
My =9.5TeV  my=279TeV  Ay/my=0 tanpB =4

ot e b s ' % Y -
GUT-scale parameters (masses infuniteshsl 0 7o " S 0 r LM

Mgyt = 0.818 My, = 1.322 My =0.661 Mx = 0.906
Observables

——(fups V>V (fup)izi, =

O, h? =0.096 my = 122.9 GeV
X h MHC
E(p — K+I7i) CRL(’U,SCZVZ)
_I_CLL (’U,Sdl/z)
Cru(usdv,) = =ViaCy (my)
RL\USAVr ) — tdlg Iz
Cru(udsv,) = =Vi,Cf! (my)
RL\UGSVr ) = tsb1 Iz
GUT scanning over ¢; T,(p—=K*v) [year] GUT scanning over ¢; Tp(p—>K+v) [year] GUT scanning over ¢; Tpo(p—=>K*v) [year]
| | | | 1n54 | | | | |
0.50 | point 1 9 10 - point 1 7 10 - Point 1 7
1034 S
0.48 - o - oF T T 9 | - -
~o046F 1035 K 2ol |
G 0.44 F 1 35 - S S
T - T T /T ]
0.42 -
1034 or 0\ S~ __- .
0.40 [ -
5F 103 - 5 - 2
0.38 1 | | — | - | | | | | | |
0.001 0.002 0.003 0.001 0.002 0.003 0.400 0.425 0.450 0.475 0.500
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Exclusion Regions

1 n->n’ @M NoEWSB WM Stau LSP
p—->K*tv B Stop LSP " Chargino LSP

Yulowa sector

DM abundance
B 0.01<Q,h%<2.0

A CMESM

Inputs

Inputs

My =9.5TeV mg=279TeV  Ay/my=0 tanf =4
A=1 N =1

myp = 9.8 TeV mg=14.15TeV  Ag/mg =3 tanf3 =5
A=1 N =1

GUT-scale parameters (masses in units of 10'® GeV)

GUT-scale parameters (masses in units of 10'® GeV)

Mgur = 0818 My, =1.322 My =0.661 Mx = 0.906
V = 0.264 gs = 0.685 ¢ = 0.1365

Observables

Mgyt = 0.685 My, =1.257 My =0.628 Mx = 0.862
V =0.251 g5 = 0.686 ¢ = —0.481

Q,h*=0.096 my =122.9 GeV

Observables

O h%=0.099 my=124.3 GeV

/1:/1/:1, tanﬁ:4,A0/mO=O

SUT scanning over @; Tp,(p—=>K*V) [year]

| 1

5 10 15 20
maip [TeV]
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24:/1,:1, tanﬂ=5,A0/mO:3

SUT scanning over @; Tp,(p—~>K*V) [year]

5 10 15 20
my; [TeV]
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fQLl — ( l)fez

100 GUT with 0= 0 Bpp~ K*v) [year]
. point 1a 1031 1 N M |
1032 _|Point 1a Inputs
- mip = 9.0 TeV  mg = 27.9 TeV ma =, 9. LoVl
S 107! | E u=1TeV tan 3 =6 A=1
1022 - GUT-scale parameters (masses in units of 1(
Mgyur = 0.810  {' My, = 0.662
V =0.265 g =068 = —1.23 x 10~
'\}934\\|
1077 ————— i
500 1000 50001 § Inputs
u[GeV] L myn=95TeV mo=27.9 TeV ma=27.9.TeV . da/y
| =1 TeV tan3 =6 d
GUT W|th (p O T [year] (u=1TeV) — -
E ' S S S GUT-scale pa masses in units o
1037 n Pomt 1a p— KOe + - Y — 0.810
—P—’T[OIJ+ GUT — V. ‘m ‘
1036 p—)KOIJ+ V =0.185 c=—1.76 x 10
—p - rr et
35 —n->nm° v
— 10 s ————p->nty -
L ——p->K*D MSSM parameters (masses in units of TeV) ©
>10% poore’ >
= p>K m, = 1.060 my, = 22.1 mg = 19.40 My, = 1.061 =
1033 F . 105 ma = 27.90 uw=1.0 mg, = 28.4 mg. = 28.1
msz = 28.0 mg, = 31.2 mg. = 30.9 m;, = 27.3
10° A, = 18.75 Ay = 27.2 B =-131
1031 e O DsETVaDbleS
1o°2 10 100 | SSEZ0M0 e B0
(gD * —
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[ Pomt 1b

GUTWlthqo 0 Tp(p—>K+v) [year]

5000

u [GeV]

GUT Wlth(p O T [year]

(u=1TeV)

1037 Point 1b — _poKOe
—p->niut
1036 P—’KOH+
—p—>rr e’
- ——n - v
107 B I e ——p->mnty
______________________________________ + -
1034 L pon'e p->K™V
p->K*v
1033 F n=n%
1032
1031 I
1072 1071 10°
(rql)i
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Sum mary

* SUSY SU(D) GUT with dimension-5 Planck-suppressed operators —> mass
spectrum and proton decays

* Higgs sector
* Mass splitting of My and My,
* Yukawa sector

* Color Higgs Yukawa deviation form the MSSM Yukawa (C,j, 1);, (Cap0);,
(Can3)is (Cana);
* CMSSM & NUHM
* Hyper-Kamiokande, JUNO, and DUNE
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L(p - K'1;)

C’RL (udera mt)

CRL (udsy,[, mt)

Proton deca v

= Cry(usdv;)[€apc (ufsh) (dSv:)] + Cre(udsv;) (€ (uds) (s5v;)]

T CLL(uSdVi)[eabc(uZSZ)(diVi)] + Cpp(udsv;)|€qpc (ug db)(SLV )],

—Vi CH(mt)
—Vi CH(mt)

W
Crr(usdvy; m,) = E 2CJk m,),

Crr(udsyi;m;) = le VjZijyc(mt)°
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Benchmarie FQ T\ PQT&M

Inputs Inputs
mi/g = 9.5 TeV  mg=27.9 TeV Ao/mo =0 tan 8 =4 myjg = 9.8 TeV my=14.15 TeV Ao/mo =3 tan 8 =5
A=1 N =1 A=1 N =1

GUT-scale parameters (masses in units of 10'% GeV)

Mgyt = 0.818 Mg, =1322 My =0.661 Mx = 0.906

GUT-scale parameters (masses in units of 10'® GeV)

Mgyt = 0.685 My, = 1.257 Ms, =0.628 Mx = 0.862

V =0.264 g5 = 0.685 ¢ = 0.1365 V =0.251 g5 = 0.686 c = —0.481
MSSM parameters (masses in units of TeV) MSSM parameters (masses in units of TeV)
m, = 0.987 mg, = 21.3 m; = 19.40 m,, = 0.988 m, = 4.78 mz, = 4.84 m; = 19.15 m,, =4.84
my = 28.85 p = 0.938 m; =284 m; =28.0 ma = 24.21 p© = 18.87 mg, = 15.30 m;_ = 14.56
msz = 28.0 mg, = 31.2 mg. =308 mg =27.0 msz, = 14.44 mg, = 20.9 mg. =203 my = 15.78
Ay =18.45 Ap =272 B = —218 Ay =325 Ay = 65.6 B=-11.43
Observables Observables
QO h*=0.096 my =122.9 GeV

O, h%=0.099 my, =124.3 GeV
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* The phases @; —> the cancellation among higgsino exchange and wino
exchange processes

1040 —— (IE'UT WithI<P= 0 | | 1040 | GUTI scanninlg over ¢, |
oint N Op + Point 1 0 +
p—-K-e MN —p > K"e
39
10 10%° ——pomut
38 38 —p->K"u
10 10 p_)ng€+
37 [ 37 ——n->mn’v
.%. 10 -%- 10 ——p->ntv
——p->K*v
% 1036 % 1036 P
|"’ 1035 ~ 1035 ____________________________________________________
1034 e p - "
v
1033 1033 n-mlv
1032 I 1032 I I I I | I
2 4 §) 8 10 12
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GUTW|thq) O 'L',O(p—>KJr ) [year]

109 =

GUTWIth(p O Tp(p—>K+v) [year]

109

E Pomt 1

[ Pomt 1
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GUT with ¢ =0

102 ¢

GUT with ¢ =0
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