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Table 2.1: Standard Model particles

FERMIONS BOSONS
families SPIN | SPIN
1st | 2nd | 3rd 1 0
u c L eluons H
quarks
d 5 b q
e 1 T W
leptons
e Vy Vo VA




PROBLEMS WITH THE STAN

Fermionic Mass Hierarchy and Flavor Problem

Gauge Coupling Unification

These three
gauge couplings
do not meet at
any energy
scale within the
Standard Model
framework.
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« SU(5) Georgi-Glashow model [9]

Table 4.1: Fermions’ quantum numbers

States SU(3) SU(2) U(1) Charge Weak Color
irrep irrep  Hypercharge Y Q isospin 713
S, 3 1 +3 +3 0 i=1,2,3
UG 3 1 —2 —2 0 i=1,2,3
dr; 3 2 +35 —3 —3 i=1,2,3
ur; 3 2 +3 +2 +3 i=1,2,3
ec, 1 1 B 1 0 -
er 1 2 —3 —1 —3 -
Ver, 1 2 —3 0 +1 -




« SU(5) Georgi-Glashow model [9]
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PROBLEMS with Georgi-Glashow model:
e massless neutrinos

« degeneracy in mass for down-type quarks and
charged leptons

Md = Me Mg = My, Myp = Ny



PROTON DECAY

Andrei Sakharov — idea of proton decay

baryon asymmetry problem
time for GUT — reviving idea of proton decay

SU(5) as one of GUT theories My
T X

y 5
m,

proton lifetime
The Georgi-Glashow model - minimal SU (5)
it has fewest number of adjustable parameters

the mass My y corresponds to the energy scale at which three out of four
fundamental forces in nature come together and become indistinguishable.

« SU (5) should be able to predict scale associated with proton decay



Proton decay Background
v

Proton
()T @ | " @ | PROTON DECAY
. \_ Oxygen \ Proton

S

Neutro.n. y

* baryon number violated — proton decay happens

« operators of dimension 6 and greater

* lower do not violate baryon number

« 2 mediators of proton decay: gauge bosons & scalar leptoquark
« conservation of B-L number



PROTON DECAY
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Figure 5.1: Figure 5.2:

Proton decay via the gauge boson mediation Proton decay via the scalar leptoquark mediation



IDEA:

finding the
dominant
channels in both
proton decay
through gauge
bosons and
through scalar
leptoquark
within well
defined GUT
model

p—mout

p— nlet
p—npt
p— KVt
p— K°u*
p— TV

p— Ko

PROTON

N
DECAY

Table 5.1: Conservation of B — L in two-body proton decays

decay channel | baryon number 3 | lepton number L B—L

p — mle 14040 0#£—14+0 1=0—(-1)
p—7mul 14040 0#£0+(-1) 1=0—(-1)
p — n'e! 14040 0404 (-1) I1=0—(-1)
p—n'u! 1LA04+0 040+ (-1) 1=0-(-1)
p— KV 14040 0#£0+(—1) 1=0-(-1)
p— K%' 1LA0+0 0#0+(-1) 1=0-(-1)
p—=mlD 1£0+0 0#0+(-1) 1=0-(-1)
p— K'D 14040 0#0+(-1) 1=0-—(-1)




PROTON

DECAY VIA SCALAR

« Only one scalar leptogquark mediates proton LEPTOQ UAR K

decay -3,
Table 5.2: Scalar leptoquarks’ quantum numbers
LQ Spin SU3) SU2) U(1) Allowed Coupling
S1 0 3 1 -1/3 ¢5lp & uher & ¢ qrn & uhdp
S, 0 3 1 -4/3 dber & uSup
S 0 3 3 1/3 G5l & q5qr
Ry 0 3 2 7/6 grer & ugly
Ry 0 3 2 1/6 drly,
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Figure 3.




EXPERIMENTS

Hyper-Kamiokande - 188 kton water

ESSNUSB - 0.5 Mton water-Cherenkov detector in Sweden

-Cherenkov detector in Gifu, Japan

DUNE - 68 kton liquid argon detector

located in llinois and South Dakota, USA JUNO - 20 kton liquid scintillator

detector located in Jiangmen, China
v, L\"-r LTy
\ ‘F "\j




EXPERIMENTS

Table 6.1: Experimental lower bounds on partial proton decay lifetimes at 90% C.L.

PROTON DECAY CHANNELS

Proton lifetime bound at 90% C.L.

p — wlet 2.4 x 10%* years [9]
p— mlut 1.6 x 103 years |9]
p— 7ty 3.9 x 10% years |89]
p — nle™ 1.0 x 103* years [90|
p—nlut 4.7 x 1033 years [90]
p— K%* 1.1 x 1033 years |90|
p— K%t 3.5 x 1033 years [13]
p— KT 6.6 x 1033 years [89]




Table 6.2: Future expectations for a ten-year period of data taking

EXPERIMENTS

decay channel

current bound 7, |ycars|

future sensitivity 7, |years|

p— et 2.4 x 103419 7.8 x 1034 [10]

p— mout 1.6 x 1034 9] 7.7 x 1034 [10]
p—net 1.0 x 103411 4.3 x 1034 [10]
p—n'ut 4.7 x 1033 [11] 4.9 x 1034 [10]

p— Kl™ 1.1 x 1033 [12] -

p— Kot 3.6 x 1033 [13] -
p—7wtT 3.9 x 10%2 [14] -

p— Kv

6.6 x 1033 [15]

9.6 x 1033 [16] & 3.2 x 1034 [10]




SPECIFIC SU(5)

The model 1s built on eight representations:

5H} 24H: SE'H} SFE': 10F‘i: 151‘”1 EF} and 24V

extension of the original

Georgi-Glashow (GG) model
« Scalar sector: 5, 24 & 35

5w =A=A7(1,2,5) +43(3,1,—3)
24y = @

355 =
VEV: (244) = (¢) = Frdiag(-1,-1, -1,2,%)

(51.1) = Vy = 174 GeV

Table 7.1: Particle content of a specific SU(5) model and associated 3-function coeflicients

Type of SU(5) Standard Model | f-function coefficients

representations state (SU(3), SU(2), U(1)) (bs, ba, by)
- A (1,2,0) 0,2 %)

As (3,1 3) (5.0 15

o (0,0,0) (0,0,0)

¢ (1,3,0) (0.3,0)

Uy = ¢ ¢ (3,2,—2) (3.4 %)

scalar ¢5(3.2,4) (5113
#s (8,1,0) (%,0,0)

®, (1,4,-2 (0,2,2)

- 3 (3,3, ) (2:2:3)

6 (6,2, ) (5L

@0 (10,1,1) (3.0,2)

S Li(1,2,—1) (0,1,2)

df (3,1,3) (1,0,)

Qi (3,2,5) (2.3,)

10p; = T; uf (3,1,-2) (1,0,8)

ef (1,1,1) (0.0, %)

fermion %, (1,3,1) (0.3.%)
155 = % %3 (3,2,1) (3,1, %)

6 (6,1,—%) (3.0, 3)

$i(1,3,-1) (0.3, 8)

e =X ¥ (3,2,-3) (3.1,%)

% (6,1,5) (3,0,15)




SPECIFIC SU(5)

There are couple of specific predictions of this model. Neutrinos arc Majorana particles with mass

ordering corresponding to the normal hierarchy. And, onc of the ncutrinos is massless particle. Also,

the model provides firm predictions for partial proton decay lifetimes thus establishing the link between

experimental bounds on matter stability and a lower bound on the associated mass scales of new physics.

In comparison with the original Georgi-Glashow model, this model is extended with one additional

scalar representation 357 and an additional vector-like fermion gencration represented with 157 and
15p. These additions arc important in order to create an experimentally observed mismatch between
the masses of the down-type quarks and charged leptons, generate realistic ncutrino masses, and provide

gauge coupling unification.



SPECIFIC SU(5)

SYMMETRY BREAKING st) £ sus) x su2) x v(1) 22 s0(3) x U(1)e

Vi [0 [ 1 )
> 0 1
e I 1
M. s e "=
0 —3
12 broken generators
X, Y gauge bosons \ v ) \ —3 }

+ <5;> where v5 = 174.104 GeV is the Standard Model VEV.

Z boson
gluons ® photon W+ boson



SPECIFIC SU(5)

C a{ﬂf,g TEPTIONE 4+ VAT Foj Ny + YR Faify + Y S gy o @
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FYETPE 5,00 + h.c.} + M5 Zo58 4y, 557762 —
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SU(5) [SU(3) x SU(2) x U(1)| SU(5) |SU(3) x SU(2) x U(1)

o =A A (1,2,3) 5r; = Fi Li (1_’2’ —3)
As (3,1, —3) dc (3,1, 1)

o (1,1,0 Q: (3.2,

fr;l'["l (1!31[]} ].DFE' ET{_ (3!1!_3]

=9  ¢:(3,2,—¢) e (1,1,1)
¢35 (3,2, 7) ¥(1,3,1)

¢s(8,1,0) lop =X ¥a (3!2! é}

D, [:1,4:—3} Y (6,1, —2)

35H = ¢ ‘I.i [:3’3’ 3 } L - El (13 _1}

fpﬁl::ﬁsznp} 1 j-‘EL E? G’Eﬂ_é:}
210 (10,1,1) Z6 (6,1, 3

SPECIFIC SU(5) MODEL [16]

 Fermion sector:

5i & 101" [ =
1,2,3

Additional fermions:
15, & 15,

15, =2
%,(1,3, 1) +

5. 3,2,%)+
P 6,1,—%)

Reason: SM
multiplets in 24,
and 5, cannot
produce viable
unification on their
own




SU(5) |8SU(3) x SU(2) x U(1), SU(5) |SU(3) x SU(2) x U(1)
_ A1 (1,2, 3) E Li (1,2, —3)
il VTS S A dﬂ(mﬂ)
¢o(1,1,0) Qi (3,2, 5)
¢1(1,3,0) 10p; =T uf (3, 1,-%]
4y = o ¢3(3,2,—2) el (1,1,1)
¢35 (3,2, 2) ¥1(1,3,1)
o= (8,1,0) 15, =% 3 (3,2, ¢)
@, (1,4,-3%) Y6 (6,1, —2)
_ ®; (3,3,—2) ¥ (1,3,-1)
PA=L @21 | Be=% > (3.2, -)
$10(10,1,1) ¥s (6,1, 2

SPECIFIC SU(5) MODEL [16]

= TWO NEUTRINOS
BECOME
MASSIVE



SU(5) |SU(3) x SU(2) x U(1)] SU(5) |SU(3) x SU(2) x U(1)
1 : 1
5u=A| Ax (1,2, il) 5r; = F; L‘*ﬂ(l_*z* 12)
S]. _.!"13 (3, 1,—5 d-i. (3: 1: E)
"',;'-[-'I:] (1:1:[]} Q‘i (3:2: é)
61 (1,3,0) 105; = T} ul (3,1, - 2)
24HE¢. VA ¢3(3:21_%) 53(1111]
2 =
¢35 (3,2, 2) ¥1(1,3,1)
s (8,1,0) 155 = 3 ¥ (3,2, 1)
@1 (1,4, —3) %6 (6,1,—7)
35H =& @3 (gu 3,—§} o - El (1!3! 1}
@E (Euzu é) 1 FEE EE (ﬁlzl_é)
@lﬂ (ﬁ: ]-5 1] EE (E‘ 1‘ 3

SPECIFIC SU(5) MODEL [16]

= PROTON
DECAY
SIGNATURES
CAN BE
PREDICTED.
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- parameter space spanned in this plane Mg, -My;,
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Figure 7.2: The Feynman diagrams of the leading order contribution towards Majorana neutrino masses

at the SU(5H) (left panel) and the Standard Model (right panel) levels.




CORRELATION’

- GAUGE COUPLING UNIFICATION ( max(MguT) )

M = min(Mjy), J =@, D3, Pg, P, 21, X3, 2g, 1, 05, A3

A - MASS RELATION(S)
M,

GuT ME6 -+ le — 2M23

— 21 (L, 3,1 :

My, aguT 1 ) SCENARIO (a):
3 ME(S ~ le ~ M23

SCENARIO (b):

>
Mg, Ms,, = —Msy,

“1.D., Emina Dzaferovi¢-Masi¢, and Shaikh Saad, Phys.Rev.D 104 (2021) 1, 015023, arXiv:2105.01678.



a(u)

- GAUGE COUPLING UNIFICATION
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The contours for Mg ; are given in units of 10> GeV and
are shown as the vertical solid lines while the contours for
Agyr are given as dot-dashed lines that run horizontally.

The parameter space that corresponds to Mg;; < 6 x 101
GeV is discarded in this numerical study in all three
instances due to the fact that such a low Mg ;; is a priori
not realistic with regard to the experimental input on the
proton decay lifetimes.

log, (Mg /1 GeV)

Green solid contours are used fo mark the naive bound
on the correct neutrino mass scale.

2mo/v/Am3, =1,10, 100

14|

11+

10 +

13 +

log, (Mg, /1 GeV)




Proton decay channels via gauge
boson mediation within M =2 1 TeV
scenario, where thin black horizontal
lines represent current experimental
limits, blue vertical bars stand for
expected ranges within the model
under consideration, and horizontal
grey dashed lines represent future
experimental sensitivities after ten-
year period of data taking at 90 %
C.L

Tp (years)

1038

1037

1036

1039

1034

1033

1032

1031

Mz=1TeV




CORRELATION

1039
1039 1039
39
1038 - M > 10 TeV . 10
10 0% M3>100 TeV
1037 |- 1038
10%7 1037
37
1036 |- - 10
5 I ] = 1036 1036 -
o —
€ 0% - 2 [ i1 = 0%
& - 0% € 0B - -
0#E . ) e 1039
% o: " —_ 10 104 4«
- N 34
10 3 T “= NY +§~ I+> Ot: o::‘ + — —_ |10
Q T+ 9 X 10% 1 K o -
S5 w X 1 102 o 1 = X N5
1032 | I> P £ 2 Q £ 9 X & 1%
0 + Q. x — < + <
S £ < 1032 > 1 o X
1031 Q K T 1032
1031 T Q
1031 Q
103"



due to the fact that
various contributions
towards their decay
widths are of
approximately same
magnitudes that
even the smallest
change in a single
phase induces a
large effect

to be
observed
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Figure 8.4: Proton decay widths for eight decay channels via (a) gauge boson and (b) scalar leptogquark
mediations for point Q with coordinates of My, = 10112 GeV and My, = 1037 GeV within M > 1 TeV

SCENArD,.




"2

(a) p — 7Y™ via gauge boson

| Decay width I /10757

(b) p — 7Ve™ via scalar leptoquark

| Decay width " /10767

—0.0026
—0.0024

—0.0022

0.0020
0.0018
0.0016
0.0014

0.0012



10%2

10411
1040

1039 -

1038 1

Ip (years)

|I Mz1TeV ‘\

JE | ||
" [
+ —
@ -+
QL‘: -:;::L +C|J
T K = 3
=1 T g- o
|= Q.
¥
=
T
Q,

1042

1041

1040

1039

1038

1037

1036

103

1034

1033

102

1031

Tp (years)

1042
10411

1040

1039 -

1038 -

M= 10 TeV

....... - L
X
OL‘: +CIJ N
7 = X
Q, _ T fony
- T
[ Q
|
k
T
Q,

1042

1041
1040
1039
1038
1037
1036
103%

1034

1033

1032

1031

Ip (years)

1042 E
1041+
1040 -
1099+

1098 -

1031 —

I M = 100 TeV

CORRELATION

Correlation of proton decay signatures via gauge boson and scalar leptoquark mediation within M = 1 TeV,
M= 10TeV, and M =2 100 TeV scenarios. Thin black lines represent current experimental limits, blue vertical bars

are predictions for gauge boson mediation signatures, red vertical bars are corresponding predictions for

scalar leptoquark mediations and grey dashed lines represent future experimental sensitivities after ten-year
period of data taking at 90 % C.L.
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Scalar leptoquark mediation uncertainties: fermion mass fit varies from point to point, 2 unknown phases,
decay widths are proportional to the products of Yukawa couplings.




CONCLUSIONS

There are only two possible types of mediators of proton decay within the model in question.
The anticipated experimental signal of these decay processes can, hence, originate solely from
gauge boson mediation, or entirely from scalar leptoquark mediation, or from combination of

the two. Our analysis stipulates that we can conclude with certainty that if in experiments
proton is observed to decay to:

p— mlet the decay is mediated via gauge boson

p— K'w the decay is mediated via scalar leptoquark
0, +

p—= Tl combination of the two



CONCLUSIONS

 The fact that the proton decay signatures from two different sources of
new physics can be predicted at this level of accuracy has not been
observed in other models of SU (§) unification.

« There does not exist a single correlation study of proton decay signatures
via two different sources of new physics in the literature.

; l(€+7ﬂ+717) o l<€+,/,t+,l7)
>$< > ______ T ______ <
d,u q (u,d,5) d,u q(a,d,3)
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