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Motivation

Leptoquarks are interesting, because they might potentially explain
some of the puzzles particle physicists are faced with such as

* fp, puzzle, discrepancy between experimental and lattice results for
decays of D; mesons,

* B-physics anomalies, in particular, ratios R, -y and R regarding
lepton flavor universality,

to name a couple.



Standard Model of Particle Physics

e Strong, weak and electromagnetic interactions comprise the Standard
Model of particle physics,

* Mathematically, it is a renormalizable gauge theory based on the
direct product of semi-simple groups given below:

SUGB) & SU2), & Uy
 Symmetry is broken to that of Color and Electromagnetism due to

Spontaneous Symmetry Breaking (SSB) at the weak scale.

SUB)e ® SUR), ® ULy P SUB)e @ U(D)om

—_
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Georgi-Glashow (GG) Unification Paradigm

* Matter fields, that is fermions, of the Standard Model are placed in the
following representations of SU(5):

(5 ® 10), & (5 © 10);
where Py p = %(1 + y5)
-(+) sign indicates left- (right-) handed projection operator
There is one copy of the above fermions for each of the 3 generations!
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* Gauge bosons of SU(5) reside in the adjoint representation 24. Gauge
bosons with quantum numbers of the SM gauge bosons remain massless,
whereas those mediating proton decay eat the Goldstone bosons in adjoint
24 to obtain mass after GUT scale spontaneous symmetry breaking!

* Decomposition of the scalars in 24, under the Standard Model gauge
group Is:

(8,1,0) @ (1,3,0) & (1,1,0)

_ Scalars corresponding to
24, =

unbroken symmetry
generators

(3,2,-5/6) © (3,2, +5/6)
@ Goldstone bosons corresponding
to broken symmetry generators




GUT Scale Symmetry Breaking

* At M;7~101® GeV, adjoint scalars 24 acquire a Vacuum
Expectation Value (VEV) in the SM singlet direction, that is,

R

2 0
+<24y>=2210 0 2 0 0
V30 O 0 0 -3 O
\o 00 0 -3/
St M 4
« Moyr = v24\/ = proton lifetime Ty, oron X (\/;i)
GUT

¢ MGUT = 5.5 X 1015 GeV
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Electroweak Symmetry Breaking (EWSB)

« At M,~10% GeV, color singlet, (electric charge) neutral component of
fundamental scalars 5, acquires a V.E.V. as given below:

[ o)

0
\Us/ \/E/

* Standard Model particles obtain mass as a result of this electroweak
or low-energy spontaneous symmetry breaking.

* To summarize, SU(5) - SU(3), ® SU(2), ® U(1)y at Mgyr, then
SUB3) ®SUR2), QU(D)y = SUB)® U(1)em. at My.

.<5H>=
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Drawbacks of GG Model

* Coupling constants don’t unify when measured values of physical
observables (Weinberg angle, electromagnetic and strong fine-
structure constants) are used,

* Neutrinos are massless. This could easily be overcomed by adding at
least two right-handed SU(5) singlet neutrinos, however, it wouldn’t
explain why the neutrino masses are so small!

* Disparity between the predicted and observed values of the ratios of
charged leptons and d-type quarks in the lighter two generations at
the weak scale!



Objectives

* Unify gauge fine-structure constants, a; (i = 1,2,3),
 Achieve a unification scale, M, of at least 5.5x10% GeV,

* Generate the Majorana neutrino mass matrix that gives the observed
masses and mixing angles of the 3 flavors of neutrinos through the
leptoquark mechanism,

* Obtain the mass matrices of charged fermions, i.e., u- and d-type
qguarks, and charged leptons, which correctly reproduce the observed

masses of particles at low energies,

* Accomplish these objectives with the minimal number of additional
particles, i.e., in the most economical way possible!



Proposed Model

* In addition to the particle content of the Georgi-Glashow model,
there are scalars in the 10

* 105 = (¢1, Ry10, $1) = (LLDS (3,2,%) S> (3, 1, —3)

3
and 40 representations of SU(5), but no fermions beyond those of SM,

* 405 ES (771; N2, R;;AO Ry 775'716) — , )
(1298 (519052 J©(332)@(s2-Hews 1
 However, only the following split multiplets are not decoupled from
the theory below the GUT scale and contribute to running.

S{iRy; ny,ms  The first two are (scalar) leptoquarks!



Majorana Neutrino Mass Matrix

H Feynmann diagram for
Ryy) -4 S Majorana neutrino mass

,” < 1 —
J.r 1-II - E MabVL ava

> o > S

Uy, d 'y,

. . G P
* dr LT R; 10q originates from 1OS] 5FaidFpj » 1051 5Fai5Fbk24,’§j ;

. H“iT2§§,1oSf originates from 10?5;”5};,(24’;”- ;
. QfaeaﬁL[le originates from . _1O;:]a§Fbi5_>Ik-Ij ) 10'i':ka§Fbi5}‘{j24{{k ,
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Majorana Neutrino Mass Matrix

(Scalar)

leptoquarks N
with electric RyP

R,.

charge -1/3

; 5
» A

Feynmann diagram for
Majorana neutrino mass

L
— > Mooy

— a5
° dRLLRZ,loa

* HYiT3R;5 1051

- Qf EaﬁLﬁSl
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Ly,

= J

originates from
originates from

originates from

10/ 554;5rp; , 10 5r4i5rpr < 241’3j>

10455, < 5ip >< 245, >
10;1615,:,,15,,] , 10;’;5,:,,15,,] <24}, >,
10%) 5,55 < 24%,>.
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* A neutrino that is its own anti-particle is called Majorana. If it’s anti-
particle is distinct, then it is a Dirac neutrino.

* Charge conjugation operation of a fermion field is defined by
Yo =iyt
* In the previous slide, a,b are generation (or family or flavor) indices,
whereas i,j,k are group indices, in our case those of SU(5).

a,b=1,2,3 while i,j,k=1,2,3,4,5.

* By calculating the Feynmann diagram we will have found the neutrino
Majorana mass matrix, M.,



Mixing due to Electroweak Symmetry
Breaking (EWSB)

* Changes in good quantum numbers after EWSB

i@ -{6-) s {64
: : 2) - {(3,+2
~ 1 o ’
o 1 (3’+3) 772(31+ )_)1(34_ )
R, (3,2, + 6) — {(3’ B %) 3 f(g, +3§)
(2 2 33 +2) 5 {(3 42
~ 1
. (3.+2) ’74( 3) ( ’ 3)
Roecoun (32 +5) = (3-3) (3-3)

ooooooooooooooooooooooooooooooo



Mixing due to Electroweak Symmetry
Breaking (EWSB)

* Changes in good quantum numbers after EWSB

$i(31-3) ~ {37 51 (3.1+3) {3
(3

7 (314 >3

ooooooooooooooooooooooooooooooo



o 7_1/3 — 2
12
M%Z 2 2
— N N 1 (mﬁz—anL)
(msi_mﬁz)
1 MS%AL
0 0 (’m% _m?2 )
2 Rz,decoup 4
0 - 24 MZ
7 34
Y )
mx= —m
Rz,decoup 4
— 5 . . .
where M2, = ~ 2730 VeVy4As_10 - This is the rotation matrix that

diagonalizes the squared mass matrix (f;yr = 0 for simplicity).




Majorana Mass Matrix of Neutrinos

« MV = 3vsAs—10 Mgyt cosf log( Si/m~2)
6422 JAGUT GUT ( 2 _ 2 )

Mgx—MRg, T
) o MGUT Yv m YD 4 MGUT YD _ MGUT YD
X A\/ZTE(XGUT A\/ZST[CZGUT/Z A\/SOT[C(GUT/g
+transpose

where m is a diagonal matrix with elements m,, m,, m, along the diagonal.
* Unification scenario determines M¢yr, &gy, Mg, and mg,.

* The cutoff scale A is in the interval Mgy < A < Mp; ~ 101° GeV, and v =
246 GeV.
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In the basis where M% | the mass matrix of charged leptons, is
diagonal, Upsys , Pontecorvo-Maki-Nakagawa-Sakata matrix,
has the following form:

1 0 0 C13 0 s3e7% Ci2 S12 O
Upmns = (O €23 SZB) 0 1 0 <—S12 C12 0)
0 —S93 Co3 —513€l6 0 C13 0 0 1

where c,3 = c0s0,3 , etc.
Ubyns = Upnins because the CP violating phase is takentobe § = 0,

vV 1% T
M" = UPMNSMdiagUPMNS



Input parameters:
Am3, = (7.57 £0.18) x 107> eV? (a.k.a. Am§)
Am%, = (2.50 £ 0.03) x 1073 eV? (a.k.a. AmZ,,,)

One of the neutrinos is assumed to be massless for simplicity, so
m; = 0,m, = 8.70 x 1073 eV, m3 = 5.00 x 1072 eV

sin®*0,, = 0.322 + 0.018 (a.k.a. sin“6)
sin“0,; = 0.542 + 0.025 (a.k.a. sin%0,4,,)
sin“0,3 = (2.219 + 0.075) x 1072

CP violating phase is taken to be 6 = m and the Majorana phases are
assumed to be zero.



. ,BGUT~is the rotation angle that ~relates ’Ehe interaction eigenstates ﬁz,m
and R, 40 to mass eigenstates R, and R gecoup -

R, >= cosfgyr ‘Rz,m > _Sin:BGUT‘RZAO >

Ry decoup >= SinPeyr ‘Rz,lo > +COS,BGUT‘R2,4O >

* The coupling constant A5_; is a free parameter,whereras (elements of
matrix) coupling constants YV, YV: Y?, Y?, YP must reproduce the
observed values of charged lepton mass matrices.

* Coupling constants should not exceed v 4 for our calculation to be
consistent. This is the so-called perturbativity constraint.



Bounds on Leptoquark Masses

* We can use the Majorana neutrino mass matrix to place upper bounds
on the leptoquark masses as shown below:

mg: ,mp < 2.5 X 10'° GeV

* The mass of the scalar leptoquark S is constrained from below due to
the lower bound on the lifetime of the proton to be

mg: = 2.8 X 10 GeV

* The mass of the scalar leptoquark R,, on the other hand, is restricted to
be above the lower bound given below due to destabilization by EWSB.

mg, = 2.4 X 10° GeV
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R, : EW interaction eigenstate

=_1 . . :
R, /3 . mass eigenstate after EWSB with electric charge -1/3
T4 T4
2 M12 M24 2
meg  — — = Mz_1/3
i (mz* —m? ) (m2 — m> ) 2
Sl §2_1/3 M4 I§2—1/3

provided m§2—1/3 <mgz, Kmy, ,Mg:

A g4 172

s M7, +M24 _ My, _ VsV24
Mg, = m2 m2  m

\ ST Na |

4 m774




Unification of Gauge Couplings

* Fine-structure constants evolve with energy as foIIows

da;(n) b
dljg(l;) - ﬁ“z(#) +—a2(u)z bij ;i (1)
1

too 2(#) Z C,,Tr (Yl) Yl]
l=U,D,E

* (Matrix) coefficients b;, b;;, C;;, and (matrix) functions Y!(u) are known.
The coupled differential equations above are solved to find a; (1) for

1=1,2,3. No summation over i!
* At two-loop order, quartic couplings don’t conribute!

November 8, 2023 BSM-2023, Hurghada 24



log(M M
B. = b, + Z b, g(Mgyr/Mj)
- log(Mgyr/myz)

intermediate mass scales satisfy m, < M; < Mqyr



da! aU _ 3 2
= — [T -GV + — 2 CKM D ’
dlog,u 2T ( 2 a; ‘
da? 2
=— | T-GP _ _z KM U ’
dlogu 2m ( + a v Jt

daf aE 7 GE+3
dlog,u 27 2a '

T =T/(4n),G' = G'/(4m), a} = (Yil)z/(élrn)
|=U,D,E whereas i=1,2,3.



T =Tr|(YE)TYE + 3(YYU)TYY + 3(YP)TYP|

17 9
20 4 8\
GY 1 9 91
D — 2
E 4 4 -
\9 9 O/ 93

4 4



Masses of Split Multiplets in 10¢ Representation

5 5 3 3 5 3 5
mg. = Miy — ﬁgmvm + Eflg,wvm T EA107724 )

2 2 1 13 , _ 1 2
o = Mo~y Siovs +ggtaroth ~ghuvks

2 2 2 2 2 2
mg, = Mip + ﬁngm + 1_5/1g,107724 + 1_5/1107724 :

2
Mfy = mfg + A2 10V24
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Masses of Split Multiplets in 40¢ Representation

2 3 3 2 3 ~ 3 2 3 - 2 3 2
= MZ, — ﬁngm + 1—0/19,401724 — ﬁgz}ovm + 1_0/1g,40V24 + 1_0)1407724 + 1_0)1407724 :

5 1 17 5 13 49 1. 7
= M}, + %ngﬂ + %/19,401724 — 6—\/%9407724 + 180/1g 20V + 6/1407724 60 — AaoV34

5 4 22 5 7 29 1 13
= Mio — ﬁgmvm + %’1@40”24 + ﬁgmvm 180/1"407724 18/1407724 90/1407724:
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N4
, 3 3 , 1 13 , 1. 1 )
= Mip — _%9407724 + 1_0/1g,407724 " 5730 %9401724 60/1”407724 C = AaoV3s + 2_0/1407724'
my
5
, 2 2 , 1 13 1. 1 5
= Mjo + \/%9407724 + 15/19,407724 — 2—\/%9407724 607[~407724 5/1407724 — %/1407724»
my
6
o 2 2 , 2 2 2 . 2

= Mjp + 59407724 + 1_5/19,407724 + ﬁ@mvm 1T — Ag.40V54 + 1_5/14017224 + 1_5/14077224 :

M3, = m§, + Az, 20V54



in the MS scheme,

SinZHW(mZ) = 0.23120 + 0.00015,
ask(m,) = 127.906 + 0.019
a.(m,) = 0.1187 + 0.002..

boundary conditions at the GUT scale,

agur Mgyr) = ai ' (Mgyr) + —— Tog - %2 > (Mgyr) + —— = a3 ' (Mgyr) + ——

121 12m



After the masses of leptoquarks S;, R, are set within the allowed ranges, and
the mass of g is set, M-y, @y, and the mass of n, is solved for.

m,, )—22/127 ( mg: )—1/127 ( mg, )—5/127
10 TeV 1.2 X 1014 GeV 2.5 X 1015 GeV

m,. )—36/381 ( mg: )+33/381 ( mg, )—89/381
10 TeV 1.2 X 1014 GeV 2.5 X 101> GeV

MGUT — 830 X 1015 (

m,, = 4.76 X 107 (
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Charged Fermion Masses

* Mass matrix of down-type quarks,

1 3({ v - 2 _
[2 2\ AV/30 3 >

* Mass matrix of charged leptons,

(ME)T — [lyD _§< V24 )(Y’D + YD)] Ve

2 2

* Mass matrix of up-type quarks,
MY =~2[YY + (YV)Tvs
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Conclusion

e Achieved unification of coupling constants at GUT scales exceeding
1.4x101® GeV in all scenarios,

* Predicts color sextet, weak isodoublet scalar particle with mass 1 TeV
(10 TeV),

* Majorana neutrino mass matrix is compatible with the observed
masses and mixing angles,

* Degeneracy between the mass matrices of down-type quarks and
charged leptons lifted by non-renormalizable operators,

* Leptoquarks can NOT be made light due to mixing!!!



Thank you for your attention!



