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GUT theory

SM: Ggm = SU(3)c x SU(2)r X U(l)y,@s are@

Unify three fundamental forces into a single force

GUTs: SU(5) GUTs, SO(10) GUTs
Gaut DO Ggm = SU(B)C X SU(Q)L X U(l)y

l Lo

® Unification of gauge couplings g - g - ¢

® Unification of symmetries

Three gauge couplings are unified at scale called Mgyt

® Unification of matters Zhou’ SUSY 2023
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SU(5) GUTs
_ Bajc, Nemevsek, Senjanovic, 0703080
GEOrgl-GlaShOW mOde|(1974) SU(S) Perez, Gross, Murgui, 1804.07831

Calibbi, Gao, 2206.10682
Senjanovi¢, Zantedeschi, 2402.19224

® Neutrinos are massless and predicts wrong mass relations mq = me, ms = my,, m; = m;

® Gauge couplings do not unify
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Minimally extended SU(5)

® Generating neutrino mass: type-l+111 seesaw 24 ; type-Il seesaw1d g
® Achieving gauge unification and predicting correct mass of quarks and leptons:

dimension=5 operators; 45 ; vector-like fermions(5z + 57, 10r + 10r, 157 + 155)



Seesaw mechanism

Weinberg operator: £d=5 = c51; 6p” (Ir,)¢ + h.c.
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Majorana mass term: —£ = Uy MpNg + 3(Ng)*MrNg
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Proton decay

Theory:

Non-SUSY dimension=6 operators:
1

2z (U Q) (L) + (45" Q) (€57 Q) Ai (@57 Q) (ufyuL) + (A5 Q) (V7 Q)
non-SUSY SU(5) —

~Experiments:
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Current Super-K:

_—

} Futu UNO: ) Future HK:
T(p = ne™) > 2.4 x 10%%yr, T(p = Kt0)>9.6x10%yr  7(p > KT0) >32x10%yr
T(p — KTv) > 6.6 x 1033 yr

SK, 2010.16098 JUNO, 2212.08502 HK, 1805.04163 ¢



IFieId contents

An economical model:

Fields JU(5) D.850(3)ax SU2)z x U(L)y
Fermion 10r — (3,2,4+%)q, + (3,1, —%)ug, + (1,1, +1)cs,

55 — <§?17+%)d%+(1727_%)€14

245 — (1,1,0)y +(1,3,0)s + (3, 2, —%)QL + (3, 2, %)Q% + (8,1,0)0,
Higgs 55 — (1,2,%—)h1

455  — (1,2, 3)n,

245 — (1,1,0)4,

5% e (1, 1,0)¢2

—L D5p(Yi5l, +Y,45!)10p + 105 (Y35 + Y4455)105

+55(Ysby + Yed55)24p + 245 (M + k1244 + K2755)24p + h.c.
M, = aY;" — 3bYy",
My = aY] +bYy

My = My — May + 5M7ys

type I+111 seesaw

My, = My — 31M24 — 3Mzs, M, = Y5 +dY} "M, = MiM ' M{" + MMy ' My
Mg = M; — 5 24 + Mrs | M; = \/§fY5* ‘I‘\/ggYG*a

Mgy = My 4 2May — Mzs . My = V5 /Y — V3gYy
New particles SM particles



‘Renormalization group equation (RGE)

RGE at one-loop level: dai(t) = ;Z o Beta cofficients at one-loop level:
s
=7
analytical solution {a$M} = | —12 | SM contribution
41
SM I 0
(¢ — 0 — (1 — 1
a; (taur) = o; (0) o > 27T( Gur —tr) .
I 0
{af'} = §) 0
Fields ~ SU(5) 2 SU(3). x SU2)L x U(L)y 0 0
Fermion 105 = (3,2, +b)qL +(3,L,-3)us + (1,1, +1)ec =
5 =31, +5)e +(1,2,-3)y {aP} =1 2
4p =(1,1, 0)\ +( 3,0+ (3,2,-5)q, + (3,2, §)qs, +(8,1,0)0 o
\ J
|

Only considering fermion’s contribution in RGE New particles contribution



‘Gauge coupling unification

We only focus on the situation where 24 has only one copy
The precise measurement of experiments requires us to calculate RGE at two-loop level

Two-loop threshold effect increase Mgyt Moyt = 3.05 x 10° GeV
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Scan Parameter Space
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Increases

Parameter space
Increases

w —24r has one copy

Mass hierarchy: My, < Mg, < Mg < Mgur

24 has one copy,
if Mgut > 101 GeV,
My, € (100GeV,63TeV)

Beta cofficients at two-loop level:

—— 24 has two copy

bM) =

{b} =

—24 has three copy
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Correlation between My and Mcur

My = My — Moy + 5Mys

Ms, = My — 3Msoy — 3M7s

1
Mg = M; — §M24+M75,

15.4|

- 15.3+ MQS = My + 2Moq4 — M5 .

8 |

12 4 3

= My = Mg — Mg, — 2M
;9 15.2 N 5 Q 5 Qs 5 >

My §t My EMcgur §

When Ms. = 500 GeV, the maximal
value of Mguyr is 2.51 x 10> GeV,
| | which is allowed by gauge unification
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Flavor mixing

Casas-lbarra parametrization: Casas, Ibarra, 0103065
2M
Y© = N(\/mg cosz U} 5 + /m3 sinzU5)
v
2M _
Yo — 5 (—/Tg sin 2 U, + /g cos z U) The s.mallpess of: three left-handed
v neutrinos is attributed to the smallness
2 l 02 of |Y111| and the largeness of My
M, = YiYh Y Vi
oMy 1X7 +2M2 RS
; : My=10"GeV
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Im(z) actually affects |Y| 12



Proton decay
Vip| < [Via| < [Vis| < [Vep| < [Veal < [Vaus| < [Ves| < [Vl < [Via|

N A A O(1)
Scenario 1: ' Y; =Y,
6.88 x 1032 )

u
11V ZIV*
"NV )21 Vi
1

0g10 <(U’lIL)%1 +0.27(U!)11(U!)21 4+ 0.02(U)3,
+ . 34
p—>7re p%K 7(p = K'v) =logy T
>< .
p — T V

numerical solution(V.a, Vus are taken from PDG)

v qlet) =
T(p

T(p = K'u™) =

| < 5.59 x 1033 )
@)
&10 (U{L)%l + 0.69([]&)11((]&)21 + 0.13((]1;)%1

1)1+ 7.46(U)35,
U )V, + (U)a Vo),
UiV, +2(U )21 V.0

p—>K0+

1.68 x 1033)
(Ui
Only two free parameters (U )11, (U])21

T(p— 7to) = log1, (

Unitarity: [(U})11]* 4 [(U})21]* < 1
(U )11%0 (U)1—>O T — +00

13



Proton decay

Mz = 500 GeV, Moy = 2 X 1015 GeV are determined
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Proton decay

Mgcut 1 Proton lifetime ¢ Parameter Space
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Proton decay

Scenario 2: YdT =Y, and V] =Y, numerical solution:

u u u s T(p—rlet) =
2(U) 11 Vua + (U )12V, V.,q log ( 6.88 x 107 )

w11 Vud w)12Ved ud 10 2 2
U, + 0.27(U, U, + 0.02(U,,

(Uu)llvud + (Uu)IQVcd Vus ( 0 )_:1 ( )11< )12 ( )12
N T(p— K-e™) =

d e d v log: ( 4.92 x 1034 )

(@)
p— w0t p— Kt O\ (U3, +5.22(U) 11 (Uy)12] + 7.56(Uy)2,

T(p — KT0) = 3.5 x 10°* years > HK bound
T(p = 770) =18 x 1033 years > SK bound

u S U -
2(Uu)11Vus + (Un)12Ves Only two free parameters: (Uy )11, (Uy)12
(U'u)llvus + (UH)IQ%S Vud

u u+ d . (Uu>11 — 0, (Uu)lg — 0,7 — 400

p— Kt p— T
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Proton decay

Two free parameters: (Uy)11, (Uy)12
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Similar to S1, there is hope to test this assumption in future proton decay experiments
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Proton decay
Scenario 3: Y, =Y, 7(p — e ) max = 8.5 x 1032 years < 2.4 x 103* years(SK bound)

(Ué)ll Vus . .
Scenario 3 i1s excluded
p — mlet p— Ko

numerical solution: 3 3965 % 1033

d/11 .

U S
MW, (0 K%)= log, 1.0607 x 104 )
U TP ¢ TS0z, 10,2012
u ut T(p — KT0) = 3.49 x 10°* years > 3.2 x 10°* years(HK targeted)

p— K™
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Conclusion

1. New particles in 24 satisfy the following mass hierarchy Ms, < Mg, < Mg.

2. My, should be lighter than 10*®GeV in ordeer to make Mgyt > 101°GeV
when 24 has only one copy.

3. There is hope to test this economical model in future proton decay exper-
iments.

4. Future neutrino experiments can provide multiple tests of GUTSs via mul-
tiple proton decay channels.

Thanks!
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