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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 decay at tree-level Proton decay at loop-level



Wigner suggested proton
decay in1949 and 1952

1965 Sakharov

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

Motivation

Theoretical side

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."

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.



https://en.wikipedia.org/wiki/Baryon_asymmetry
https://en.wikipedia.org/wiki/Proton_decay
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Proton decays in effective Lagrangian approach

dimension 6
L — ot afy aC o° . ” Q, L — SU(2), quark, lepton doublets
d=6 = Yabcd€ ( a,aubaﬁ)(Qi,c,ve’LJ J,d) ’ L9 » 1€p .
) apy AC _c u,d, | = SU(2),u, d, charged lepton singlets
T Yabed€ 7(Qi,a,oﬁz‘jQj,b,ﬁ)(Ucﬁed) C — charge conjugation
3 —C —C
+ Yopea€™ €€k (Qy.0.0@55.8) (@ c.n Lid) |
_C Positron

+ yibcdeaﬂfy(da,aub,ﬂ)(ﬂcc:fygd) + h.c. )
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1 Y1 _ 0 1 Z/§333
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Plp = e m) = o 0t yr | (3 % 1015 Gev) 2 (0= ) = {055 | (5 % 10° Gev) 2
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X,Y gauge bosons within GUT
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Proton m

d d
d }Neutral mesons

Instead of X,Y scalar leptoquarks can mediate this process

u | er u | et
L 51 _ ] +5 . e.g. Doréner, SF & Kognik, 1204.0674
Scalar LQ
d d U u
dim-6

Important: scalar LQ should have di-quark couplings that proton decays at the tree level
(dim-6, dim-9,...)



Proton decay to charged leptons

channel (AL.,AL,) limit/years
p—etete (1,0) 793 x 10°°
p—etutu” (1,0) 359 x 10%°
p—puete” (0,1) 529 x 10%°
p—putptu” (0,1) 675 x 10%°
p—pupute” (—1,2) 359 x 10%°
p—etetu” (2,—1) 529 x 10%°

Hambye & Heeck 1712.04871
16 dimension-nine operators

A) B)
s, SNOF S
/\

F - new
fermion

SU(3),SU((2),U(1 Spin  Symbol Type F . ) o .

( (()33,1(/;) R ; y53 LLY&L —5 | |. Dorsner, SF, A. Greljo, J.F. Kamenik and Kosnik, 1603.04993
(3,2,7/6) 0 Ry RL(Sf),), LR(S{},) 0
(3,2,1/6) 0 R RL(5F,), LR(5L,) 0 F- fermion number F =3B + L
(3,1,4/3) 0 Si RR(S§) -2 F=0 proton stable
(3,1,1/3) 0 Sy LL(S§), RR(SF), RR(S5") -2
(3,1,-2/3) 0 Sy RR(SE) —2
gg@jéi 1 ‘(2’ RI (VIL’L)(%Q(VI%) _02 Tree-level renormalizable interactions are not the
(3,2,-1/6) 1 12 RL (VE,), IR (V) 2 only possible source of baryon number violation. It
(3,1,5/3) 1 U RR (V) 0 might also occur through higher-dimensional
(3,1,2/3) 1 U1 LL(V{), RR(V{), RR (V) 0 P
(3,1,—1/3) 1 0, RE(VE) 0 operators.

Arnold et al., 1212.455, Murgui &Wise,
2105.14029 found if three LQ X;
are in the same representation that this

amplitude vanishes. :



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

e/l

/' q (=1 q
N\ 7/
AN / ,
v A I / AR > . s AC
N\ < / q | ) .
KoY A |. Dorsner, SF & O. Sumensari, 2202.08287
I |
|
A /\ _
! , Triple-LQs - scalars only!
q// 6// q

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

-Aq, Aq, 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) —(y%,)ijUriRoiToL; + (yR,)ij QiRserj + h.c.
Ry = (3,2,1/6) —(y% )ij driRaima Ly + hec.
scalars S = (3,1,1/3) (h )i; QCimaSiL; + (yE )iy 0%, Sier; + hic.
S =(3,3,1/3) (y%)ij QFima(7 - S3)L; + h.c.
S1 = (3,1,4/3) (y )iy d7,S1er; +hc.

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(3) X U(1)em level

SU(3) x SU(2) x U(1) level
(a) kRYiTy Ry S
(b) kRYiTy Ry S
(c) ANHTiry(7 - S3)*ima Ry St
(d) AHVirs(7 - S3)*(7 - S3)*im Ry
(e) NHT i1y Ry S5 S%
(f) AHT (7 - S5)*imyRyS;
(9) NHT (7 - S3)*ira Ry S}
(h)  MH'(7- S3)*(7- S5)*ima Ry

—2f€€abcR 1/3 R;éB Sl—cl/g
K€abe (Rg(/f’ Rz_bl/?’ 51‘04/3 _ R%B ]:22/3 §—4/3>
)\%Gabc <—53_a1/3 R2/3 _01/3 + \/_5—4/3 5/3 Sl—cl/s>
A0V 2€ 4. <\/_53 1/3 —4/3 Rs/3 53_114/3 53253 R2/3>
S W EabcR5/3 S 1/3 5164/3
€abc <\/_S2/3 2/3 04/3 4 S, 1/3 R%?’ 51—04/3)
Eabc <\/_52/3 1/35 01/3 Si 1/3 R;éi’) 51—01/3)
Nov2ea (VIS 83 B + 53, S BB

Sy/° = 53, 557 = (53 —iS2)/V/2, S5 = (54 +1iS3) /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

32-32-R2-H*, 51-51-R3-H
Ro-Ro-S3, S1-S1-R3-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 Loop-level proton decay
¢ 1% . : :
Effective di-quark coupling
CAQ  AQ . q (=10 q
BN A \ / 1 mev
N AQ \\ // AQ ~ f )\ *
Ky d =
| ﬁ\l( Yu 167T2 A2 YuelYde
AQ”: AQ”:
' ) f can be either the valence
g// q . .
/\ quark g, or the lepton running in the loop
g,/ q//

_ m m5v 2 m m2 2
F(p_> 6+6+€ )2 (1672';)3< ApG ) ‘)\y’(z/,e yd€’2 F(p _> 7TO€+) = 162_ Ag |yud yue‘Q



Comparison tree and loop level proton decay width

an example
-
U /
> _ \R;/:z F(p — €+€+€_) N i m}% 2 N 10_7 Me 2 1 TeV 4
\ 5\ 7 I(p—mPt)  7w2\mpA2) my A ’
>/
:U - 7 €+
p ) P
4 —4/3
, S5
N M

The loop-induced processes are more sensitive probes of
the triple-leptoquark interactions than the tree-level ones

. p—eetet
comparison of the

ot 0+
existing data p— me T(p — 7T0€+) ~ —Tp — €+€_€+)



Contractions | Operators | Proton decay (tree) | Proton decay (one-loop)
. dddevy | p— mrrte vw -
(a) RQ'RQ'ST
ddueev | p— whete v p— 7ty
R dddeee | p— ntnte ete -
(b)  Ro-Ry-S}
ddueev | p— ntete v p— 7Y
ddueev | p— ntete v p—TTD
duvevv | p—eTvp p — ot
(C) Sl—Sg—Rz—H
duueee | p— etete p— mlet
uuueer | p—wetetv -
ddueev | p— ntete v p— D
(d)  S3-S3-R3-H | duvevi | p— etvi -
duueee | p— etete p— mle™
. ddueev | p— wrete v p— D
(8) Sl-Sl-R;-H*
duueee | p— etete p— mlet
ddueev | p— wrete v p— 7D
(f)  S3-Si-Re-H* | duueviv | p— etvi p— mlet
duueee | p— etete p— mlet
dduvvv | p — 7mtvip p— 7D
. ddueev | p— mrete v p— 7D
(9) Si-S3-R3-H*
duuevv | p — etvi p— mle™t
duueee | p— eTete” p — mlet
dduvvv | p— ntvip p— 7D
(h)  S3-Sy-Ri-H* |  ddueev p—atete -
duuev | p— etvp 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.



Tree-level leptoquark mediation of P — e etet

L85 N eape Ox (a§ Pre)(dS Pre)(ePxuc) + hec.,

X=L,R

\/_ p

22 v
CL m§3mR2 (V 53)y53(vyR2) )

2v/2)\v . X
Cr= —m(v ?Jgg)yég (?szg) :
abe (0|(@€ Prdy) Pruc|p) = a, P = —0.0144(3)(21) GeV?
Core 01T P Prtelp) = Pty v B Ge , Lattice QCD Aoki et al. 1705.01338
Eabc<0|(’L_LaCPLdb)PLuc‘p> = /5’pPLup Bp = ‘|‘00144(3)(21> GeV

: m5
Decay width I'(p—etete) = —6(16 ; (ﬁ CL |2—|—0z2|C | )

experiment SuperKamiokande

Tete— 34 years
T(p—efete”) >34 x10"y Takenaka et al., 2010.16098

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

mgs; = MRy, = A D — 6+6+6_ : A 2 1.0 X 102 TeV



Loop-level leptoquark mediation of p — nleT

£U9=0 5 cuden (7€ PLd) (€€ Pru) + CyE™ (u€Prd) (€€ Pru) + hec.,

Explicit loop computation v - et
2
€\ >
: / 17 [ /3 _
General scenario  , . S \vey, AY A? AY +he. » S u
d 0

LQ interactions with quarks and leptons ,

Lyuk. oq (gRPR —+ yLPL) EAQ —+ q/_C (y;%PR —+ y/LPL) KAQI* + h.c.

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

‘C = Eabc qa (yqq/PL _|_ yqq PR) Qb AQ _|_ h C.
Chirality flip in the internal lepton and

L v C e Mg, Mg, external quark lines
Yaq = 167T2m2A (mﬁ YrLYr — 1 — YrRYRr — 1 ZUL?JL)
AU m My
R /% q /1 % q /%
Yo — —167r2m2A (me YrY1 — 1 — 9Ly — 1 yRyR)



Ingredients e \f)\ VM, “ . my .
A vm
udeu _ U *
/ / Z /
(»]0|p) - [Wo”“ (@)~ Ly <q2>} Proa,
b -

T _ (C
O = (“ PFd) Prru Form factors

P)I’/ =R, L. <7T+’ (ﬂCPFd) Prfd’p> = \/§<7T0‘ (ﬂCPFCD PpU‘p)

2\ 2
F(p—>7'('0€+) mp (1 o m_) |:(W0LL) |Cudeu 2 (WORL) ‘Cudeu

327 m2

WL = 0.134(5) GeV? WEE = —0.131(4) GeV?  Lattice QCD, Aoki et al., 1705.01338

assuming y§3 — CUJI%Q — y}% —A=1land mg, =mpgr, =A

p—alet: A>18x10*TeV



p— Tty

L9 5 cudvd (@€ Pyd) (v°Pud) 4 Cptvd (€ Prd) (v°Prd) + hic.
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u
uay \/g)\ Ullle * Mg *
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d
wdv A UMy .
ORCIZ; ¢ — _3277-2 A4 (V ygg)z(yég) :

m m72T ? uav uav
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p

assuming yéfB — yzlég — y§2 —A=1and mg, =mp, =A

_|_

p—o> D A>1.2x10*TeV



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>1.8x10*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



Thanks




dimension-nine operators

O] = (QQ)1(LL).(td), 05 =(QQ)(LE)(Ld),
O3 = (QL)1(Ld)(Ld) O) = (lQ)(Ld)(td),
OF = (LL)(ud)(¢d), Og = (Lu)(Ld)(td),
O7 = (Ld)(L¢)(ud) Oy = (Ld)(Ld)(lu),
0§ = (QL)s((Ld)(Ld))s, OFy = (QL)1(LL)1(dd),
0%1 - (QL)?)(E_)?)(dd)) O%z - (@Q)(iﬁ)(dd),
O3 = (LL)(uf)(dd), 0}y = (Lu)(Le)(dd),
Ofs = (LL)(Ld)(dd), Ols = (£0)(Ld)(dd)

(H)?Bimy (100 TeV/A)"
6144m3A12 — 1033 yrs

Hambye & Heeck 1712.04871

20



d = 9 effective operators

Ly D 5 Wk )17 dra) (VE, )ir (€l dRy)

x|V (g eeh) — (E)uldfh) + W u(afeeh) | +hee.,

R€abc % /-] % /—] % /—
e (VU ) = (R Chun)] (i)
S1 2 Ry

E(b) D)

+ | h,)1, (Phuna) + (UR,)i; (Fheva)] <y52>ik<é’zdm>} (v )1i(d5 o) + hic.

)\Gabc’l}

Li o [V 0 el — () + (B )|

\/im?%m?%msl
x { (V" )15 (0 ah) + (W (0 o) | | Wk )i (Phums) + (R )i (Phie)|
— V()1 (A ) | (VYR i Eune) — (v, ()] } +hie.,

2\/5)\6(11)01) - ;
Ly D ——o—(8,)1;(d] ,€1)

A0 s ) [0 i) + ) )
[ o) + (Vuh ) (@Coeh) | | (k)i Ehune) — (ViR,)iu(use)| }

+ h.c.



—)\eabcv - i . /i . /=i
Ly D J2m2 m2 m? (ygl)li(d%cez%) {(yég)lj(eiuRa) - (Vygg)lj(egzum)]
gl R2 Sl

x| (VyE)(ageh) + (W u(@giek) — (6 )u(df,vh)] +he.,

)\eabcv R C i
& )1 dc Pre'
ﬁm%ngngSI (y51)1 ( )

LD

v {Q(V*ygg)lj(agaui) {(yég)}‘k(ﬂfum) + (yJI%Q)Tk(élf%dLb)}

W) + (V'yE )5 @Eael) | | R, )ik @hure) — (ViR )i (Ehusy)] }

)\eabcv * _ i kT i _ i
Lip D = 2 | (VU eel) — (h aldfovh) + (08 )ua(55ek)|
\/§Trzss7711_:£2ms1

A [0 E) + (Vr a5 O el
2Vl d) (0, is(Phd) |+ e

2\/5/\6abcv 7 j * — )
D ﬁ{(yé/g)lj(dgaei) (V*y§,)1k (s ,vr) (w5 )ii(Erdre)
mg,m¥

Ln)

— W55 Thdre) (VY5 (@) | (ys) Bu(dEh) + (Vyh e eh)| } +he.



Channel

[A(B - L)

P_l

1030 yr
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 ...




