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Motivation

Proton Car is the national car brand of Malaysia.
The brand was established in the early 1980's at
the behest of the Malaysian government, ...

The word proton is Greek for "first"”, and this name was given to the
hydrogen nucleus by Ernest Rutherford in 1920.



History — Baryon Number Violation

21 November 1980, Volume 210, Number 4472

Is the Proton Stable?

M. Goldhaber, P. Langacker, R. Slansky

* Weyl first proposed in 1929 that both electron and
proton are in Dirac equation (!?)

* Number of protons and number of electrons are
constant (electric charge conservation); .

* Positron was discovered by Carl D. Anderson (1932); :;5

» Stiukelberg suggestion: new conservation low in additiol
to the electric charge conservation

SCIENCE

Summary. For nearly 50 years there has been a strong belief that the proton is
absolutely stable. The current experimental upper bound on its decay rate is less than
one proton decay per 3 tons of matter per year, which corresponds to a mean lifetime
of more than 10*° years. Even more sensitive searches for proton decay are now in
progress. These are partially motivated by the development of a class of models that
combine the presently accepted theories of electromagnetic, weak, and strong inter-
actions into an elegant unified form. Some of these theories predict a proton lifetime
short enough for the decays to be detectable by the proposed experiments. If the
proton is unstable, a plausible explanation can be given for the apparent excess of
matter over antimatter in the universe.

(Schwere Ladung - heavy charge- today baryon

number)



Wigner “It is conceivable, for instance, that a conservation law for the number of
heavy particles (protons and neutrons) is responsible for the stability of the protons
in the same way as the conservation law for charges is responsible for the stability of
the electron. Without the conservation law in question, the proton could
disintegrate, under emission of a light quantum, into a positron, just as the electron
could disintegrate, were it not for the conservation law for the electric charge, into a

light quantum and a neutrino."

Wigner suggested proton decay in1949 and 1952

. +
The first measurement gave bound t, > 10%° Years. p—rne
Table 2. Nucleon lifetime bounds from nuclear methods.

Reaction Bound on Year and

lifetime (years)* reference

Spontaneous fission of 2?Th ™ > 2 X 108 1958 @)
Deuteron — neutron plus anything 7 > 3 X 102 1970 ©9)
130Te — 129Xe ™ > 1.6 x 10% 1977 (11)
3K — 3Ar T~ > 2.2 X 10% 1977 (12)




After 1965 Sakharov returned to fundamental science and
began working on particle physics and particle cosmology.

He tried to explain the baryon asymmetry of the universe; in
that regard, he was the first to give a theoretical motivation
for proton decay.

According to the SM the proton, a type of baryon, is stable

because baryon number (quark number) is conserved.


https://en.wikipedia.org/wiki/Baryon_asymmetry
https://en.wikipedia.org/wiki/Proton_decay
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Channel |A(B —L)| 1050 3;
p—et +v 0 41000 [72]
p—et +7° 0 16000 [24]
p—et+n 0 10000 [73]
p—et +p° 0 720 [73]
p—et +w 0 1600 [73]
p—et +K° 0 1000 [74]
p—et + K*Y 0 84 [65]
p—ut +y 0 21000 [72]
p—ut +x° 0 7700 [24]
p—=ut+n 0 4700 [73]
p— ut +p° 0 570 [73]
p—ut +w 0 2800 [73]
p—ut + K° 0 1600 [75]
p—v+mt 0,2 390 [76]
p—v+pt 0,2 162 [65]
p—v+ K" 0,2 5900 [77]
p—v+ K5t 0,2 130 [78]

Super-Kamiokande Collaboration, 1610.03597
1811.12430 ...
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Future experiments

Soudan Frejus IMB Super-K

Hyper-K
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Experimental

limits

Hyper-K

The Hyper-Kamiokande experiment is the next generation flagship experiment for the study of neutrino
oscillations, nucleon decays, and astrophysical neutrinos. The detector is a third generation underground
water Cherenkov detector. It will serve as the far detector for a long baseline neutrino oscillation
experiment planned for the upgraded J-PARC (Japan Proton Accelerator Research Complex) neutrino beam
as well as a detector capable of observing proton decays, atmospheric neutrinos, and neutrinos from
astronomical origins enabling measurements that far exceed the current world best measurements.

Predictions of proton lifetime and sensitivity of

| | | | | Hyper-Kamiokande. The sensitivity can be jumped up
e— more than 10 times after 10 years run of Hyper-
i Kamiokande and can cover most of predictions.

Kamioka mine, Hida city, Gifu prefecture, Japan.

1030 1031 1032 1033 1034 1035 103\5

Proton lifetime (p=2e*n?)



DUNE

(Deep Underground Neutrino Experiment -1512.06148)

Sanford Underground Research Facility

Fermilab was allowed to resume rock dumping on
April 8, 2022; the first two far detector modules to
be completed in 2024, the beam to be operational
in 2026, and the final modules to be operational in
2027

Proton decay lifetime limit for p - K-v as a function of time for
underground LArTPCs starting with an initial 10 kt and adding
another 10 kt each year for four years, for a total of 40 kt. For
comparison, the current limit from SK and a projected limit
from Hyper-K is also shown.

Lifetime Sensitivity (90% CL)
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Proton decays in effective Lagrangian approach

dimension 6
vy —C —C
La=6 = y;bcde! # (da,! Up," )(Qi,c, # €ij Lj,d )
wy —C .
1 + ygbcdel # (Qi,a,  €j Qjp, - )(Ug#ed)
. ; —C —C
| 2 + Yaped€ €l 6k (Qia 1 Qi ) (Qre, s Lid)

vy —C .
= Yabed € (dgy ub," )(Ug#fd) +h.c.,

L :
1 { Y1111
2% 1034yr1(3$ 105 GeV)' 2

|
|
#(p! e ") # | I (n!

b_ n 0) "

Positron

x (@

_(lb

Proton

i 4 12
1 Y3333 |

1083yr '(5# 1B GeV)' 2"



e+

d X
Proton

Ve CtO r LQ ! N\ u } Neutral mesons

o+

X,Y gauge bosons within GUT

u Y
Proton m

d d
d ]Neutral mesons

Instead of X,Y scalar leptoquarks can mediate this process

u | et u | el

y f 51 5 ; f 51 B Figures from Mitja Sadl - master thesis, 2019
Scalar LQ " Dorner, SF & Ko¥nik, 1204.0674

d d U U

Important: scalar LQ should have di-quark couplings that proton decays at the tree level



(SU@3),SU(2),U(1)) | Spin Symbol Type F
(3,3,1/3) 0 Ss LL (SH) I 2
(3,2,7/6) 0 R» RL (St,), LR (SR, 0
(3,2,1/6) 0 R, RL (SL,), LR (S,) 0
(3,1,4/3) 0 S RR (SR) 1 2
(3,1,1/3) 0 S LL (S5), RR(SR), RR(SF) !2
(3,1,! 2/3) 0 2 RR (%R) 1 2
(3,3,2/3) 1 Us LL (V) 0
(3,2,5/6) 1 Vs RL (V,), LR (VR, 1 2
(3,2,! 1/6) 1 v, RL (V;,), LR (¥R, 1 2
(3,1,5/3) 1 B, RR (VR) 0
(3,1,2/3) 1 Uy LL (VH), RR(VR), RR(VE) O
(3,1,! 1/3) 1 g, RR (¥R) 0

d et U > u
w LQ

Dorsner et al, 1603.04993

F- fermion number F =3B + L
F=0 proton stable

Tree-level renormalizable interactions are not the
only possible source of baryon number violation. It
might also occur through higher-dimensional
operators.

Dorsner, SF & Kosnik, 1204.0674
Arnold, Fornal & Wise, 1304.6119.
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Box-mediated operator 13:1:4=3"2 45

L "+ ’S"lRi'jQ @Fii S'leiq + -ZlRi',R ng s ujR + h.c.  fully antisymmetric,
only different quark flavors
can couple.

Dorsner, SF & Kosnik, 1204.0674
Oy!d, ;e "$ ald, ;e "u'LC&id, u"LC%1le.
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Proton decay at loop level can occur. The bound on the lifetime
does not allow to have nonzero Yukawa couplings to down-like quarks and
charged leptons and up-like diquark couplings simultaneously!



Tree-level dimension-nine operator from !8;1;,4=3"2 45

1 &%) X 8IG F

X 1 8GeVy, Vi
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Dorsner, SF & Kosnik, 1204.0674



Di-quark coupling
dimension-5 operator:

% =(3,2,1/6)
Xh=(3,2,7/6) We use R, A
: " Q.u ) Arnold, Fornal & Wise, 1304.6119.
/ o) = & g®ud, dg- (H Xu)!"
S 0P = L gu, e (X+ 1X )"
d e L .
n,! e #"
ol #" Imposing a Z-discrete symmetry, with elements that are

— 1 b b I"#
O = T gdR, dr- (H Xy)! powers of exp[2mi(B - L)/3], one forbids these dimension
five operators and, thus, prevents the proton from

GeV decaying in this class of models!
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Proton decay to charged leptons

Hambye & Heeck 1712.04871

channel (! Le,! Ly) limit/years
p! e* e*e' (1,0) 793" 1030
pt e pt (1,0) 359" 10%
p! p'ee (0,1) 529" 10*
pl (0,1) 675" 10%
p! ptute (#1.2) 359" 10°
p! ey (2,#1) 529" 10*
“(p! 1Py HE" 2mS  (100Tev/! )™

614431 12

10%3 yrs

Dimension-nine operators

07 =(QQ)1(#8).('d), 037 =(QQ)i(¥)(¥),
03 =(QL)y(&)(’d),  OF =(R)(E)(!d),
02 = (@@)(ud)(!d), 02 = (#u)(Ed)(!d),
0 = (#)(B!)(ud), O = (#)(Ed)(!u),
0F = (QL)s((B)(Ed))s, OFy =(QL)1(2B)1(dd),
Of; =(QL)3(P¥)3(dd), ©OF, =(R)(¥)(dd),
O3 = (@@)(u!)(dd), 01, = (Bu)(©)(dd),
Ofs = (A )(¥d)(dd), O = (P3(!d)(dd).

A) B)
N LN L
\\:’/Sz Sl\\ F //Sz
N

F - new fermion



Many authors discussed

Xo, K Ky (Ko C. Faroughy et al., 1409.5438, Kovalenko & Schmidt,hep-ph/0210187
X s R y 4 R >j+ B Klapdor-Kleingrothaus et al., hep-ph/0210156,
N PN P X Hambye & Heeck, 1712.04871, [21] J. Heeck & Takhistov, 1910.07647
N O A Foncesca & et al., 1802.04814, Murgui &Wise, 2105.14029
From Arnold et al., 1212.4556 d b
R -
~' X1! Ry
x X1
C Ty
€ IH" Murgui &Wise, 2105.14029 found that if LQ X;
jd Is in the same representation that this coupling vanishes.

Interaction which leads to proton decay, p - t'tte vy,
For X; €('3,2,-1/6).



Pati-Salam GUT
Murgui & Wise 2105.14029,

PS group spontaneously broken scale much
higher than the ~ 100 - 1000 TeV

Energy
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Vi
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rvevof ! (10,1," 1)ps

S SU@B) ! SU@)L ! UQ)y

" 10 TeV (Bavor anomalies)
few TeV

Leptoquark(s)

When the Pati-Salam gauge group is broken
at a high scale the type-l seesaw
mechanism is an attractive way to generate
large right-handed neutrino masses

SU@4)$ SU2)L $ UD)R

broken at the ~ 100 - 1000 TeV
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AN

' Mp

! 10® Gev(@dme6 ! B=1 1)

SU@) ! SU@)L ! UL)g

evevof ! (4,11 2)ps

! SM Higgs
Y 1103 Tev (K, " opre ) — 3 + |
oy ey |SU@ L SU@)L! U@y 15 "4 0 HoTa! (15,2,1/2)ps
i Leptoquark(s)
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Triple-leptoquark interactions for tree- and loop-level proton decays

Y . Doréner, SF & O. Sumensari, 2202.08287
| to appear in JHEP
|

I /\ I Triple-LQs - scalars only!

Two different proton decay topologies
- with or without a Higgs vacuum expectation value

-Ar, Ay and A sare scalar leptoquark mass eigenstates with electric charges Q,
Q:, and Q respectively.



Classification

Leptoquark multiplets Yukawa interactions
R>=(3,2,7/6) | (YR,)i BriRai!2L; + (YR,); @iRoerj +h.c.
R, =(3,2,1/6) ! (y;{z)ij i RqiloL; +h.c
scalars S1=(8,1,13) (vs,)i GCil.S.L +(y§)ij 85 Sierj +h.c.
S;=(9,3,13) (v5,)i @Filo( 8Ss)L; +h.c.
S1=(8,1,4/3) (ysRl)ij & Siexj +h.c.

Scalar leptoquark multiplets and their interactions with the SM quark-lepton pairs.

The SM extended with up to three different scalar leptoquark multiplets,
denoted with A, A’, and A” and study all possible cubic and quartic contractions

A-A'-A" and A-A’-A"-H, yield to 3-LQ interactions and 3-LQ (H).



SU@B)! SUR)! U@Q) level

SURB)! UD)em level
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Cubic and quartic leptoquark multiplet contractions at the SU(3)xSU(2)x U(1) level

and the associated triple-leptoquark interactions at the SU(3) x U(1)#s level

RZ'RZ'RZ'HI y Sl'Sl'Rlz'H
Ryp-Rp-Sh, S1-G1-Ry-H!

vanish

symmetric under the exchange of two identical electric charge eigenstates
in direct conflict with the antisymmetric nature in the colour SU(3) space.

Way out: to accommodate them in different representations.



Phenomenological analysis

Tree level proton decays

I (p! e"ete )" 61 6

an example 0 )
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Loop-level proton decay

Effective di-quark coupling

q =1 d y | 1 mf VIl y y|
N ’, ud - ue Yd
N 1612 12 °
Y
] Q!!:
B : 2 2
m m
O+t © P P 2
/\ L(p! !7e) 16 2 [Yud Yuel
!!! q!! H
Comparison tree and loop level proton decay width
| : s 2 : o A The loop-induced processes are
Il (p! ee'e), 1 my v 107 Me 1TeV more sensitive probes of the
I (p! !0%e*) 12 m "2 M " triple-leptoquark interactions
than the tree-level ones




Contractions | Operators| Proton decay (tree) Proton decay (one-looq
e ddded g |p! "*""e'lb b
(@  R2-R2-Sj )
dduegg | p! "*e'e ! p! "*I
. dddeee | p! "*"*e e'e P
(D R-Ro-S, |
dduegg | p! "*e'e ! p! "*I
ddued p! "*e'e b p! "*b
. duvdp | p! €elb p! "%
(0 Si-S3-Ry-H
duveed | p! e'e‘e p! "%
uuueeg | p! "' e'e'! 1)
dduead p! "*e'e b p! "*b
(d) Ss-Ss-Ry-H | duudp |p! e''bp )
duveed | p! e'e'e p! "%
, dduedl p! "*e'e b p! "*b
(e) Sl—Sl-R’Z—H’
duveed | p! e'e‘e p! "%
ddued p! "*e'e b p! "
(f) Ss-S1-Ry>-H' | duvd i |p! elb p! "Og*
duveed | p! e'e'e p! "O¢
ddu! ¥ p! "*lbb p! "*b
., , | dduea |p! ""e'eb p! "'
(9) Si-Sg-R3-H’
duve p | p! €'l p! "%
duuees | p! e'e'e p! "%
ddus | p! "*lib pl "'
(h) S5-S3-Ry-H' | ddued |p! "*e'€' b )
duve g | p! €'l p! "O%"

~

non-trivial A-A+d\and A-A+d\+H contractions,

d = 9 effective operators, and corresponding proton decay

The effective operators in scenarios (a) and (b) conserve B + L,
while the ones appearing in the remaining scenarios conserve B - L,
where B and L are baryon and lepton numbers, respectively.



d = 9 effective operators
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" BtV
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Tree-level leptoquark mediation of p!

e et et

LE 1 Cx (BSPLe)(dEPLe)(ePx uc) +h .c.,
X =L,R
_ 2 2lv oL L R \!
CL = —mg3m§2(v Ys.)Ys, (VYR,)
I _
_w 22V L Ly
Cr = —mégméz(v Ys.)Ys, (Yr,)
Lattice QCD
!abc!0|(ﬂg Prdp)PL Uc|p" = " pPrUp ' p =1 0.0144(3)(21) Ge\?

L anc! 0](8S P dp) Py uc|p" = #,PL up

"o = +0 .0144(3)(21) GeV

Aoki et al.
1705.01338



Decay width

S

m I [} ]
assumptions experiment
L = yR = yL = I =1
Ys; = Yr, T YR, I(p! e"e" e )> 34" 10°* vears
Ms, = Mg, = ! SuperKamiokande

Takenaka et al., 2010.16098

p! eee : | " 1.6# 10° TeV



Loop-level leptoquark mediation of 9 !

N RY3 €
2
N
eV ——
> 1 1/3
A s 3 g
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Explicit loop computation

: ! ’ q =1 d
General scenario | .1 1 y"_ | 2| S 1 " +h.c N
R
I
LQ interactions with quarks and leptons @
Lya. ! TQ(YrPr+ YLPL)#! Q+ gC (yiPr+ YL P # 2 +h.c /\q
R=Q" Q
The loop diagram corresponds to a loop-induced diquark coupling of the @="Q" Q
A1 beptoquark | |
— n C ..L L I I
Lagt = "abc®§ YagPL * YqqPr ! @ +h.c
L v # p o Mgy v, My 3
Yad = Tggzmz MLYR T YRR RN Chirality flip in the internal lepton and
oy S external quark lines

R v poew Mg o T
Yoo = 1652m2 m yry, " YLYL yRyR



Ingredients

-2l vm
ClLJEIeu = | 4e (V ySg) YS3 (VYSZ)

8" 2 4me
I vm
Ctjlgeu = 32u2 | 4u (V ySg) (sz)
I ,::#$ | TR
om0t M= Wy (@) W (@) P,
Y
o" = .UCP!d P, u
I ,| b = R’L

1] uCPd Prdipt = 2010 TP d Py ulpt

Form factors



( 2) 2% +
L(p! 1% = o 17— (Woh )G + (Wo ) *ICR™)?

Lattice QCD
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Conclusions

 a phenomenological impact of triple-leptoquark interactions on proton stability;

* two different decay topologies under the assumption that scalar leptoquarks of interest couple solely to
the quark-lepton pairs;

* the tree- level topology has been analysed in the literature before in the context of baryon number violation
while the one-loop level one has not been featured in any scientific study to date;

 we demonstrate that it is the one-loop level topology that is producing more stringent bounds on the scalar
leptoquark masses of the two, if and when they coexist;

p! ee'e : | " 1.6# 10°TeV p! 1%" : 1 " 18# 10 TeV

* we also specify the most prominent proton decay signatures due to the presence of all non-trivial cubic
and quartic contractions involving three scalar leptoquark multiplets, where in the latter case one of the

scalar multiplets is the SM Higgs doublet



