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theories: GUTs,...

Motivation —, experiments

Effective lagrangian describing baryon number violation

Lattice QCD for the hadronic part

Scalar Leptoquarks

Triple leptoquark interactions

Proton decays at tree-level Proton decays at loop-level

Radiative AB = 1 nucleon decays



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

IVIIV 1UILT 1aw ((LLIC 1UILEC UTLWECLD TwUu
charged particles falls off as 1/R?, where
R is the distance between the particles) is
a direct manifestation of the massless-

CTOLVIL SLAURILY wdd HISL LUNHIuldicy as
a conservation law in 1929 by Weyl, who
said (/), ‘It is plausible to anticipate
that, of the two pairs of components of

M. UUIUBAUTI 10 AUL LASHISUISILG Duiviuss at
Brookhaven National Laboratory, Associated Uni-
versities, Incorporated, Upton, New York 11973. P.
Langacker is assistant professor in the Department
of Physics, University of Pennsylvania, Philadelphia
19104. R. Slansky is a member of the staffin the The-

Is the Proton Stable?
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ter in the universe.

mber is conserved in
the proton, which is
state with nonzero
nnot decay into any

masslessness of the photon is a ce
result of quantum electrodynamics
more generally, this connection is d
a “‘local’”” symmetry (or gauge in

Weyl first proposed in 1929 that both electron and

M. Goldhaber, P. Langacker, R. Slansky

All existing experimental evidence is
consistent with the absolute stability of
the proton. The hypothesis of proton sta-
bilitv—that is. that a proton can never

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);
Stikelberg suggestion: new conservation low in addition

to the electric charge conservation
(Schwere Ladung - heavy charge- today baryon number)

way that requires electric charge con-
servation; violation would require a
drastic alteration of the theory, including
a violation of Coulomb’s law. which is




Yamaguchi in 1959 suggested "superweak” interaction leadngto p — etete
First experiment in 1960 (Backenstoss et al. using Cherenkov counters)

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

* 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 p — ”ye+

‘The first measurement gave bound t,, > 102° Years.

Reines et al., 1954 (5) 10% All (unbound proton) (Rock)
10%2 All (bound proton) 30
{charged particle of
energy > 100 MeV)
Reineset al., 1957 (13) 4 x 10% All* 61
Backenstoss ef al., 1960 (14) 2.8 x 10%¢ One relativistic 800
e, i, Or 7 or
secondary y
Giamati and Reines, 1962 (15) 1 x 10% All* 585
Kropp and Reines, 1964 (16) 0.6 x 10*%to Mode-dependent 585
4 x 10%

* 1974: Grand unified theories, Georgi & Glashow SU(5)
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Future experiments

Soudan Frejus
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DISTANCE —>

dimension 6

4 Y L
Li—e = —Eamf lfjk(Qi.anﬁ)(kaLl)
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Proton decays in effective Lagrangian approach

Q, L — SU(2), quark, lepton doublets
u,d,| = SU(2),u, d, charged lepton singlets
C — charge conjugation

a, B, y denote the colour, i, j, k, | the SU(2), indices See Aoki‘s talk

P ’OFF” N = [WIT (42 Q WPF’ 2| Po Lattice QCD
< . my ()] Fruw et al 1705.01338,
! hep-lat/9911026,

/ hep-lat/0607002
O — (acppq) &, 0l ' Bl ep-latf

2
i o 2 AV2(m2, m2, m2)
I'(p—¢tm 0) o A—; (W&‘L(U)) (mf) — m?r + m%) m3
p




Goal

The main goal of this work is to determine Wilson coefficents ot the dimension-6 operators,
or in some cases dimension-9 operators using a model which generates

AB = +1

Leptoquarks are a natural possibility for this transition as wellas AL = 2 ,AB = 2

Positron

Proton



* Grand Unified Theories (GUTs), Jogesh Pati and Abdus Salam in 1974

* In 1997, the H1 and ZEUS collaborations at HERA an excess
of events, production of leptoquarks (electron-proton

system, H1 mass 200 GeV).

* In 21st century

Scalar leptoquarks — Yukawa-like couplings

Vector leptoquarks — gauge bosons (in GUTs their masses at

GUT scale)

a) LHC Searches
b) Flavour Anomalies
c) Neutrino Mass Models

¢y, PLrqV*

Scalar and Vector Leptoquarks

EPL?qul

(SU(3),5U(2),U(1)) | Spin Symbol Type F
(3,3,1/3) 0 S LL (S7) —2
(3,2,7/6) 0 Ry RL (8f/5); LR(S{%) 0
(3,2,1/6) 0 Ry RL (S1/5), LR (5%, 0
(3,1,4/3) 0 Si RR(5¢) —2
(3,1,1/3) 0 Si  LL(S), RR(SE), RR(SF) -2

(3,1,-2/3) 0 3, RR (58 —2
(3,3,2/3) 1 Us LL (VL) 0
(3,2,5/6) 1 Va RL (Vi},), LR (V{),) —2

(3,2,—1/6) 1 Va RL {Vlf-’E)! {,_R (Vljfgj —2
(3,1,5/3) 1 Uy RR (V§?) 0
(3,1,2/3) 1 Uy LL(VE), RR(VH), RR(VE) 0

(3,1,—1/3) 1 U, RR (V) 0

Q=1I5+Y

Dorsner, SF, Greljo, Kamenik, KoSnik, 1603.04993
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Vector LQ

Scalar LQ

dim-6

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

U

u

result from an interaction, which 1s medi-
ated by a newly postulated vector boson
that carries both color and flavor by a
process that is analogous to muon cap-
ture. (No boson in the standard theory
carries both color and flavor.) If the pro-
ton decays, at least one quark must be
transformed into a lepton, since all
lower-mass spin 1/2 systems contain at
least one lepton. Such a vector boson is
called a leptoquark. For example, a lep-
toquark with electric charge —1/3 (or
—4/3), which also carries color, may cou-
ple to a current that transforms an up
quark (or'down quark) into a positron or
nncitive mnon. To comnlete the nrocess

X,Y gauge bosons within GUT

| - €+ u

} 51 -

| d d
d u

(dim-6, dim-9,...)

e.g. Dorsner, SF & Kosnik, 1204.0674

Mx,v"’ MGUT
leptoquark diquark SU3) x SU(2) x U(1)
couplings couplings representation of X
) e | XQe, XLu — (3,2,7/6)
XLd - (3,2,1/6)
u XQL, Xue | XQQ, Xud (3,1,—1/3)PD
U XQE XQQ (3: 37 _1/3)PD
Xde Xuu (3,1,-4/3)pp




7, (years)

7, (years)

If proton decay is seen, can that be a result of a gauge boson, or a scalar leptoquark?

s
M), =27 x10'2GeV

M =21TeV

7 (ycars)

"
M), =23%10"2GeV

e M= 10TeV

*r Nl

7, (years)

\F
M, =27%10'2GeV

M= 1TeV

)
M), =23%10"2GeV

‘T M=10TeV

I |

Proton decay signatures via gauge boson and scalar
leptoquark mediations within M > 1 TeV and M 2 10
TeV scenarios. Black lines are current experimental
limits, blue vertical bars are predictions for gauge
boson mediation signatures, red vertical bars are
predictions for the scalar leptoquark mediations,
and gray dashed lines represent future experimental
sensitivities after a ten-year period of data taking at
90 % C.L..

Model: SU(5) GUT, representations of dimensions 5,
10, 15, 24, and 35.

|. DorSner and S. Saad, 1910.09008; 2100.0678
Dorsner, Dzaferovi-Masi¢, SF, Saad, 2401.16907

proton decay p - K*v suggests an exchange
of a scalar leptoquark, raising a potential to detect the p - n°u* decay



Di-quark coupling dimension-5 operator

u v 1 1
e e Ol = g™ U tRy(HTX)) <
y 1
| LQ oy = — G"PUR ek (X p ) =
| H>
| el

/'/A\\ ) LQ: R, Ry Arnold, Fornal & Wise, 1304.6119.
-

) = Imposing a Z:discrete symmetry, with elements that are

n! e 7  powers of exp[2mi(B - L)/3], one forbids these dimension
five operators and, thus, prevents the proton from
decaying in this class of models!

p! <

J o/ e
50 TeV MpL

mV l—

GeV

n! eK*

p! K%<

Mp 7 210>

m, <10000 TeV



Dimension-6 opertors from the loops

Box-mediated operator (3,1,4/3) € 45

L2+ HdS15 el + i CiStul, +h.c.  fully antisymmetric,
only different quark flavors
v can couple.

Dorsner, SF & Kosnik, 1204.0674

) is Onldg eg) = aldy, eg)u” LC™'d u" LC™eg

a(da’ eg) ==

T ZLUE =YD UEy

Wk c 10+ 101
R ) a(dy, d§, v;) = — Z[U (Y1 — Y1 U]y,

X[DcYTEClpmy,Viama, Vid (s, X Xa,),

[D-l- YSTE ],BIm V]am€ J(xA: xu ’ Xg)

Xgi,X€i<<1,
— 4yl — 4)z1
oy 2) = (y—4ylogy . (z—4zlogz
=D -0 -2 -De-yi—2x Joen ) = L [xA—4lox _xt—410x]
(x — 4)xlogx 71 At ) ey — x Ly — 1 e x, — 1 &t

(x — Dlx —v)(x —2)



L,

Tree-level dimension-nine operator from

- 8GF VUa
U=c,t mUmZA
X [DEYTEL) gi€ape (uSy# Ldyo)(dS5RE)

X (d—kyy,uLuk)

v, . p—mle;
YUY = Y'Y U]y My =

Dorsner, SF & Kosnik, 1204.0674

(3,1,4/3) € 45

2
U=c,thmU

X [DLYSYEL ViV j€ape{ €T (€€ Ru,,)

8iG
Y 2L [U(r - YOz,

X (d_dec)(u_,deb)lm + tensor terms.
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Proton decay to charged leptons

Hambye & Heeck 1712.04871

channel (AL.,AL,) limit/years
p—etete (1,0) 793 x 10%°
p—eutu” (1,0) 359 x 10°°
p—putete (0,1) 529 x 10°"
p—ututyu” (0,1) 675 x 10°°
p—putute” (—1,2) 359 x 10%°
p—etety” (2,—1) 529 x 10°°

MHi2BZm3 | (100Tev/ )™

| D s ol S -
"t e ) CGmmae 10% yrs

Dimension-nine operators

07 = (QQ)(LL)(td), Oy =(QQ)1(LO)(Ld),
O3 = (QL)1(Ld)(Ld), 0) = (Q)(Ld)(td),
O3 = (LL)(ud)((d), Og = (Lu)(Ld)({d),
07 = (Ld)(Lt)(ud), Oy = (Ld)(Ld)(tu),
Oy = (QL)s((Ld)(Ld))s, OYy = (QL)1(LL)1(dd),
Ol = (QL)s(LL)s(dd), OV, = (LQ)(L{)(dd),
Oty = (LL)(uf)(dd), Oy = (Lu)(Le)(dd),
05 = ((L)(Ld)(dd), O = (€0)(td)(dd)
A) B)
Sa LA
s, S\ F /S



Many authors discussed

X1 N N C. Faroughy et al., 1409.5438, Kovalenko & Schmidt,hep-ph/0210187
X, v N T Klapdor-Kleingrothaus et al., hep-ph/0210156,
- < X > 0 Hambye & Heeck, 1712.04871, J. Heeck & Takhistov, 1910.07647
~ o AN o 7 ’ Foncesca & et al., 1802.04814, Murgui &Wise, 2105.14029
X1 X1 X X1
From Arnold et al., 1212.4556 q & B
f i X1 — R2
& X1 d
x /x : : :
X 1 X M1 Murgui &Wise, 2105.14029 found that if LQ X;
et e §|—H—I i Is in the same representation that this coupling vanishes.

Interaction which leads to proton decay, p - m'ntte vy,
For X; €('3,2,-1/6).



Triple-leptoquark interactions for tree- and loop-level proton decays

q (=10 q
N\ /
A° \\ // A?

Y
|

Ae! |. DorSner, SF & O. Sumensari, 2202.08287
|

o /\q// Triple-LQs - scalars only!

* the assumption scalar leptoquarks of interest couple solely to the quark-lepton pairs

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

-Aq, Aa, and Aa-are scalar leptoquark mass eigenstates with electric charges Q, Q;, and Q-,
respectively.



Classification

Leptoquark multiplets Yukawa interactions
Ry, = (3,2,7/6) —(yk.)ijuriRotma Ly + (yR,)ij QiRoerj + h.c.
Ry = (3,2,1/6) —(yk )ij driRoim Ly + hec.
scalars S = (3,1,1/3) (k)i OCimSiL; + (¥ )y 7S, S1en; + hic.
S; = (3,3,1/3) (y5)ij Q€ima(7 - S5)L; + h.c.
S1 = (3,1,4/3) (y& )iy d%;Sien; + hie.

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, vyield to 3-LQ interactions and 3-LQ (H).



SU(3) x SU(2) x U(1) level

SU(3) X U(1)em level

IiRgiTg R2 Sik
IiRgiTg R2 Sf

)\HT’LTQ(F . S_t‘_?,)*iTQRQSik

AHT ity Ry St S
)\HT(’F . §3>*iTgR2gik
)\HT(F . §3>*iTQRQSik

(a)
(b)
()
(d)  MHViry(7 - S3)*(7 - S)*ima Ry
(e)
(f)
(9)
(h)

)\HT(? . 5_:3)*(7_" . 5_;3)*Z'7'2R2

—2keameRe,? B S
K (R;ég R;bl/:a 51 4/3 R%B R2/3 5164/3)
/\\/Lieabc <—53_al/3 R2/3 —01/3 I \/—3—4/3 5/3 51—01/3)
)\U\/§€abc (\/553;1/3 3—4/3 R5/3 53;4/3 5,;53 R2/3>
~A ey, Sy S
Eabc (\/—52/3 2/3 64/3 4S5 1/3 R%S 5;4/3)
Eabc (\/—52/3 1/3 g c1/3 S 1/3 R;Z?’ Sizl/3>
AV 2€ e (\/_52/3 1/3R 1/3 + Ss, 4/3 53253 R§£3>

Sa/® = 53, 557 = (53 —i52)/v/2, S5 M = (Sk +i52)/V/2

Mentioned in
Kovalenko and Schmidt, hep-ph/0210187
Crivellin and Schnell, 2105.04844

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)emlevel

Ry-Ro-Ro-H*, 81-S1-R3-H,
Ry-Ry-S%, S1-S1-R5-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.

20



Contractions | Operators | Proton decay (tree) | Proton decay (one-loop)
. dddevv | p— ntate vo -
(a) RQ—RQ—ST
ddueev | p— ntete v p— 7Ty
- dddeee | p— ntrte ete” -
() Ry-Ry-S}
ddueev | p— wrete v p— 71ty
ddueev | p— wtete v p—TTD
duuevv | p— etvi p — et
(C) SrS;;-R;—H
duueee | p — etete” p — mlet
uuueevy | p— wetety -
ddueevy | p— ntete v p—TTD
(d)  S3-S3-R3-H | duvevi |p— etvi -
duuecee | p— etete” p — 7let
- ddueev | p— mtete v p—7TTD
(6) Sl—Sl—Rg—H*
duueee | p—etete” p — met
ddueev | p— mtete v p—TTD
(f) S5-Si-Ry-H* | duvevv |p— etvw p — met
duueee | p — etete” p — mlet
dduvvv | p— ntvop p—7TTD
- ddueev | p— ntete v p—ty
(9) Si-Ss-Rs-H*
duvevv | p — etvp p — mlet
duuecee | p— etete” p — 7let
dduviov | p— ntvop p—7TTD
(h) 53-53-[‘3;-}[* ddueev | p— ntete v -
duvevv | p — etvi p — mlet

non-trivial A-A'-A-and A-A'-A"-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.

21



Phenomenological analysis

Tree level proton decays

. -0
>\\AQ AQO//<
AN /

q ’ o

AN
N/
Y
I
|
@
I
|

AQ

5 2
. m m,v

Loop-level proton decay

Effective di-quark coupling

1 m v
1672 A2

Yud = A yuey;kle




Comparison tree and loop level proton decay width

an example
) , p—eeter
J //e comparison of the
> — 53 X . . O _|_
\ ~.R T existing data p — 7le
S?:l/3 >
u o/ -
p > / e
j “
/ =43
s S
> /4{
d
I(p—efefer) 1 m3 \? ~ 10-7( Me 2/1TeV\"
I'(p—nVet) — w2 \mpA2) my A ’
The loop-induced processes are more sensitive probes of T(p — 7T0€+) - iF(p _ €+€—€+)

the triple-leptoquark interactions than the tree-level ones!

23



Tree-level leptoquark mediation of P — e etet

L85 N ewe Ox (a8 Pre)(dS Pre)(ePxu,) + hec.,

X=L,R
\f p
. 2v2Av x L\, L R \x
CL - m%émQRz (V ys;g)ySg (Vsz) )
24/2 )\ . «
Cr = —m(v ygg)ygg (3/1];{2) :
abe(0(@S Prdy) Pruc|p) = a, P = —0.0144(3)(21) GeV*®
€ab < ’(U R b) LU |p> ap RUP Oép ( )( ) € 3 Lattlce QCD A0k| et al. 1705.01338
€abe (0| Prdy) Pruc|p) = BpPru, B, = +0.0144(3)(21) GeV
dth my 2 12 4 2|12
Decay widt I'(p— etete )= —2 Crl* + a2|Cgr

experiment SuperKamiokande

tete x 1034 years
T(p = eTeTe”) > 3.4 %10y Takenaka et al., 2010.16098

_ r _.,R _ . L _ y _
assumptions Ys, = Yr, = Yr, — A=1

Msy =Mr, =& | otete . A > 1.6 x 10% TeV



Loop-level leptoquark mediation of p — Ve

£U9=9) 5 cuden (gCPpd) (e° Pru) + C¥ds (uCPpd) (e Pru) + h.c.

u
N [1)5/g ¢
. . . NG
Explicit loop computation ey > -
~1/3

. / 1" b L~ /§3_4/3 b)

General scenario  p S \pe,, AC? A? A? 1+ h.c. d
LQ interactions with quarks and leptons g

Lo D G (yrPr + yrPr) ¢ A° + ¢/C (ypPr + v, Pr) ¢ A?™ + h.c.

The loop diagram corresponds to a loop-induced diquark coupling of the
Aa-leptoquark

qu/ = 5abcg (yé;q/PL + yé;q/PR) ql/) A? + h.c.
Chirality flip in the internal lepton and

LM Do Mg, . Mg, external quark lines
Ye¢ = 167T2m_2A meYrYr — IyRyR - TyLyL
AU m My
R _ I ox q /7 x q ok
Yo = —167T2m2A (mé YrY1 — IyLyL - TURQR)



Ingredients wdew  V2Xvme o I Ras . Md 1, L\«
Cpfer = LRI (B VUL + Pk )

A UMYy,

udeu x L \2¢ L \x*
/ / ?: / / .
<7r0 ‘OFF p> _ {WOFF () — m—gW]FF (qﬂ Pru, O = (@CPpd) Pru T,
P A

Form factors
(m*| (u® Prd) Prd|p) = V2(r°| (u® Prd) Proulp)

327 m2

2\ 2
m m
D(p— ') = -2 ( - —f) (WERPCHe + (WP Cpe
WEL = 0.134(5) GeV? WIE = —0.131(4) GeV*  Lattice QCD, Aoki et al., 1705.01338

assuming ygg — y]% — y]% = A=1and mg, =mpgr, = A

p—mlet: A>18x10*TeV

R, L.



p—>7T+D

L9 5 cwdvd (7€ PLd) (79 PLd) + Civ? (@€ Pgd) (7°Prd) + h.c.

u %
N 5/3
Ry
N
€y >— —~
wdy V2 vm, . My § ~1/3 .
it = S R (V) + ) ol || 8N
A um d U
U

m m72T ? uav uav
- ) = fet (1= 22 ) [OWEDPICHE + OV P
p

assuming ygg — yJIiQ — y]% = A=1and mg, =mp, = A

_|_

p—>TtD A>1.2 x 10* TeV

27



SF, Sadl, 2304.00825

Decay mode

F_l/l()'?’oy?“

p—etnd

p—ptn’
n—>1/ﬂ_0
p—ety
p—pTy
n—vy

16000
7700
1100

670
478

Existing bounds

Radiative nucleon decays with AB =1

Loyp =€p (A e i e QBFaﬁ) P, ap = 1.793.
P
Enq{n =en (iUQBFa}Q) n An = _1.913.
dmy, ‘

LPE = e, (Pl + fp), LY

mix mix

= ep(nV + n)

After the diagonalisation of the mass matrices, in the limit £, < (
such interaction leads to the contributions

a,e £ _
R P P af
ﬁp—H’w Srps e o g foppihc
p '''p ¢
eff aneen — _af
Loy = . e Fopn +h.c.

T

my — mf) or &, X My,

28



Rest of the “ingredients”

example

Ls, = —(y"U)sdg 'Siv] +

+ U zjugzsleR + yl ij dCZSlVR
(20 *V1)iydE P St

+ (VT2E

)wugzs*dj

—|—zlquZSldj + h.c.,

et
o5
o/
(.

(Viypt

P,S1

?,
)%JUL SleL

Wilson coefficents for p — e transitions

p
C3ap

’mSl

(19)
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Possible decay mechanism

U > = - €
1/3
+ Sl; 83!
d h N

attaching photon everywhere

d

u

(7
N ’5{3
F
4
SEI‘?\\ ff )
N/ VAVAVAVAVAV.
w
/3
1
SE |
]
U [

\\I

VAVAVAVAVAVIRS|

—

I
Ly
I

W

e

AN

¢

d
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F(m;n my, mw) .

s (1- ())

= (mp — me)2AY2(m2, m2m2) (m2 + m2 —m2,

(O](ud) ruL|p) = apPruy, {0[(ud)Lur|p) =
(O|(ud)Lur|p) = BpPrup, (0|(ud)rur|p) =

o, = —0.0144(3)(21) GeV?
B, = +0.0144(3)(21) GeV?

3.5 [T e ey
3.0 '
,,' F(p->e*y)sLq < 3.1 x107% GeV
- 20 "' Mp-e*n®) < 1.3 x107% GeV
N
=45
1.0
05
—ap Pruy, 0.0 ===
—B. Pru 2 4 6 8 10 12
B Prup, ms[107GeV]
T'(p—ety) =~ 3.8x107°T(p = et "),
I(p—=pty) ~ 4.6 x1073I(p = putr?),
I'n—=77) ~ 3.8x10°I(n— or°).
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Conclusions

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

there are 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—etete : A > 1.6 x 10° TeV
p—7mlet: A>18x10*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;



* We revisited radiative nucleon decays exploring that the photon radiation from a
hadron and charged lepton can be related nucleons’ anomalous magnetic moments;

« The braching ratio for radiative decays are BR(p = £7~) ~107*BR(p — £Tn").

Thanks

33



d = 9 effective operators

L) D ﬁ(yfb)@(ﬂidlﬁ) (%)Tk(élzd}zb)

X [(V*Z/é)li(agceb - (ygl)li(gchD + (yﬁ)u(ﬂ%ceﬁg)] + h.c.,

KRe€abe % /-] % /—7] £ /—
e L [V ) = ) ()] 0, ()
SRR

1 Ry
+ [(yég)ij(ﬂiuRQ) + (yﬁg)?[j(ééd[/(l)} (yI%Q)Tk(élzde)} (Z/g)h(czgceg) + h.c. s

Aeabcv * _ i T i _ i
)2 Jm m m? [(V ys (g ep) — (ys hald ovi) + (yghi(ugce,%)]
S3 Ro> S1

x { (V" )15 ueh) + (105D | | (W )i (P ums) + ()i (e
— V2(y&, )15 (d5 4e1) [(Vy§2)fk(é]fzuLb) - (ylL%zﬁk(élzuRb)} } +h.c.,

20/ 2\ e ¥ o
L D —2(yL)1:(dS €
(d) mégm%Q (ysg>19< 7.a€L)

A0 )T ) [ i) + ()
) @) + (Vub ) w(afoeh) | | (wh )i (Ehune) — (ViR }

+ h.c.



V2m?% m2% m? (ygl)li(jgce%) [(y%)ij(é‘i“m) - (Vyf,i)ij(ég%um)}
< [0 aEach) + k) = ()] + e,

L D

>\€abcv R 7C ;
)1 (d Pre'
ﬂm%zmggmé (Y, )ui(de Pre’)

L2V )10 ) [0 ) + 0, i)

[ WE) L) + (VyE)u (S el | | k) iu(Eums) = (VoR, i) }

e [V (S ) — (v )i(dE ) + (uE)1i(aG i)
X { [(ygg)lj(jga%) + (V*?J§3)1j(@€a€%)} (yz, )1k (€ dRro)
2003 )05 ) 0, s (PEd) |+ e

2\/5)\60170?)
= 4 2

5377?'}?2

Lo {<y§3>u<d€ae1> (Vuk (TS (0, )i (Ehdne)

— (B 1 hdre) (V' )1 (0 h) (s ) B Ao + (V' s (et | } +he.
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SCALARS FERMIONS
Standard Model | (bs, bs, by) Standard Model | (b3, by, by
A (1,2,43) | (0.5 15) Li (1,2, -3) 5)
As(3,1,-3) | (50 3) d; (3,1,+3) | (1,0,3)
Po (1:1:0) (09070) Qi (31 2?_'_%) 2’3’%)
$1(1,3,0) | (0,3,0) ui(3,1,-3) | (10,3)
b= | 6(2-2 | (L13) eLL+) | (0,0,5)
5(3.2+8) | (61 13) %1(1,3,41) | (0,3,3)
¢s(8,1,0) | (5,0,0) 5 (3,2,45) | (3:135)
@ (1,4,-3) | (0,3,5) % (6,1,—3) | (5,0,35)
(6] :35H ‘1)3 (éa 31_§) (5%727%) El (1: 37_1-) (201%3%)
®6(6,2,+5) | (3,1 15) %3 (3,2, —5) 5L 15)
®1(10,1,+1) | (5,0,2) 56 (6,1,42) 5,0, 1)
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