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Pati-Salam Gauge Group -

The model is based on the gauge group defined as
SU(4)C X SU(Z)L X SU(Q)R
(J.C.Pati, A.Salam,1973)

The electric charge generator is given by

B—-L
2

Q = T3 +T3r +

This gauge group extends the Standard Model (SM) by identifying the SU(3)
color group as a subgroup of SU(4) and treating the lepton number as the
fourth color.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.41.1286

Attractive Features -

Quark-lepton unification through SU(4)..

Quantization of electric charge leading to @, + Q. = 0.

The electroweak sector extends to be left-right (LR) symmetric.
Existence of right-handed neutrinos.

It treats B — L as local gauge symmetry and gauge interaction itself conserves
B — L and fermion number.

The absence of proton decay mediating processes opens the window to realize
the symmetry at a low scale.

A stepping stone to higher unification such as SO(10), Eg, SU(16) etc.
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Particle Spectrum -

SM fermion spectrum (including right-handed neutrino)

i=1: Uy ug Up Ve ~421
L (dr d, dy e)L (4,2,1);

i=1 _ [Ur Ug Up Ve -~
Cr ‘(dT d, dy e)R (4,1,2)

The simple Higgs sector comprises only left- and right-handed doublets of SU(2).

r b g
Xu Xu Xu Xv
= (X ~ (4,2,1);
XL (xd Xy x4 xe)L (4:2.1)

r b g
Xu Xu Xu Xv
— u u u ~ 4’1’2;
Xr (xZ Xy Xy xe)R (4,1,2)
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Potential -

The general Higgs potential is given by:

V= —2Tr(xhxe) — p3Te(xhxg) + Mo[(Tr(xhxe)? + (Tr(xhyr))?]+
MITrOcxexhxe) + Tr(dhxaxhyr)] + A Tr(xhxr) Tr(xhxr)+
A Tr(xEvexhxr) + M(Tr(xEX xRV R) + huc.).

V invariant with respect to parity operation, except for the scalar mass terms for
X, Which breaks the symmetry softly.

No CP-violating term is arising from the Higgs sector.

€aprs €abCed X‘waﬁbxj%cx%l term will be there. This type of pfaffian structure
leads to neutron oscillation (AB = 2) but doesn't play a role in the mass
spectrum of physical Higgs.
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Higgs Mass Mixing Matrix -

Two Neutral Higgs: The mixing matrix between o, = Re(x,) and
or = Re(xwr):

M2 _ 2()\0 + )\1)/%3% ()\2 + )\3)/{LI{R
neutral ()\2 + )\3)/€LI§,R 2()\0 + )\1)/43;L

Six up-type Higgs: The mixing matrix between x’; and ' x:

A2 1 [ —Xsk%  AskLkR
U 9 \ \skpkr  —A3k2 )’

1
with M3, = —=X3(k? + k%) and M3, = 0.

2
Twelve down-type Higgs: The mixing matrix between x’; and x’x:
M2 _ —)q/%l% — %)\3/‘%% —)\4I€LKZR .
down —MKLKR — MK — 3A3K7
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Charged Gauge Boson Masses -

The gauged Higgs sector Lagrangian, without the scalar potential, is simply:
L= (Duxe) (Duxz) + (Duxr) (Duxr)

We get 12 massive gauge bosons which is equal to the number of broken
generators

The charged gauge bosons don't mix at tree level and their masses are:

1
2 2.2
m .+ = —gr K
Wf 4gL L >
1
2 2 .2
m + = —(Jpk
Wg 4gR R
2 _1 2( 2 + 2)
i=1,2,3 4
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Neutral Gauge Boson Mixing -

The mass part of the Lagrangian is:
Wi
(Wi Wi Gus) Mg W“O
G,ulf)

ﬁNeutral
mass

OOIr—t

where the mass matrix square is given by

3
giKT 0 —\ggmmi
3 2
QRKR - 59491%53
3 2
949LHL 9491%/1 59 (K7 + k%)
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Neutral Gauge Boson Mixing (Continued) -

Matching condition:

11 12
9 9% 397

After decoupling the photon, the massive gauge boson mixing matrix looks like:

2 2
2 2) .2 2 [9v+9r .2
+ K K
e 1 (9 +91) KL 9\ Z=g2 FL
Zy—Zr

4 ¢ [9ytap 2 9y K2 1 IR _ .2
YV =9y "L gh—9v L gh—gy R

The mixing angle 3 given approximately by

2

g
B~ g—f{ N
R
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Realizing Universal Seesaw Mechanism -

We see, at this point, no Yukawa couplings are allowed.

That motivates us to introduce SU(4)c charged vector-like fermions to give
consistent mass to fermions and help realize the Universal Seesaw mechanism in
this model.

W6(10,1,1) — Q(61/3) ® D(3_1) ® E(1-1).
Both handedness ((10,1,1) @ (10, 1,1)) are required for mass generation which
helps in anomaly cancellation as well.

And we have the adjoint representation as well:

U (15,1,1) = B(8) D UB2) ®U(3_2) ® N(1).

win

2
3

where i runs on three generations of fermions.
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Charged Fermion Mass Matrices -

The Yukawa Lagrangian gives 6 x 6 mass matrices for up-type quarks (u, U),
down-type quarks (d, D) and charged leptons (e, E'). With parity symmetry:

0 ylSHL)
M, =
<y15rm M5

0 yloliL>
M fr—
¢ <QIO/’€R My
M. — ( 0 \/EylofiL>
‘ \/QQIOHR M

The overall non-degeneracy factor in the down and electron sector may not have
the necessary flexibility to generate masses accurately for all three generations.
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Correct Mass Hierarchy For All Generations
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Standard model parameters in the tadpole-free pure M S scheme.
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o5

(S.P.Martin, D.G.Robertson, 2019)
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https://inspirehep.net/literature/1742653

Finite Radiative Corrections To The Seesaw I\/Iechanism-

The Seesaw mass matrix:

0 Yr RL
M; = ,
! (y}f’m MF>

One-loop contribution can be decomposed as

_ oMy, OMpy
(0M)1-100p = (5MHL 5MHH>

Effective light fermion mass matrix, up to one-loop order:

ml}ght x>~ —y’/'ﬂf[;ly;f{LHR + (SJ[LL - 5MLHM51y}KR — ny,LMEI5MHL

+ ymeMgléMHHMgly}mR

In a renormalizable theory, M has to be finite and gauge independent through
radiative corrections since no counter-term is associated.

(Gerard 't Hooft, 1971.)
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https://inspirehep.net/literature/67962

One-Loop Corrections To Light Down-Quark Mass -

uj _ uj dj oyl dj
or .-~ X-<_ o Xr .- X‘\\ XL XrR .- x XL
// \\ // \\ // \\
I \ ! \ ! \
i i i i 1 ] ij J i J (Y J
dR DL DR dL dR QL QR dL dR Eu <ELJ) dL
i
Au Yu Zlu

AR S A

di dz Di Dz‘ dz dz dz ER EL ER ey, dz dz dz Dz‘ Di dz dz
R R L R YL L R L R R L R YL L

Loy G G4

// \\ // \\\
’ AN ’ N
/ . / .
1 1
4>—J—>+>—\F +J—>+>—\F

dp dp Dy Dy dy dy dp Dy Dy dp dp Dy Di dy




One-Loop Corrections To Light Electron Mass -

ui Ml wi di N di

op .--X-<_ 0 XR -~ X o XL XRrR -~ X o XL
4 \\ // \\

/ \ ! \

! 1 ! \

er FE, Ep € °® D¢ DY ¢L °rR Ui UL €L

7 N ,

Yz'
Au o lel
€r €r E Ep €L €L °R dyp Dj Dy di °L er €r [ Ep €L €L

Z2u q(l) Gg

X
€rR €rR F; Fp €L €L €R E E €rR €R FE FE €Rr
L LR L R L R




Example With One Diagram -

Unlike charged lepton, the down sector can get one-loop radiative mass
corrections through heavy sextet and up-type Higgs.

uj _X- uj
XR //’ ~. XL
7 N
7 \
/ \
/ \
| \

x>
i ] ij J
dR QL QR dL

i 2yioMigsing cosd Mfi, In <(M1i0)2) M3
my ~ : _ Yy
¢ (4m)? (Mig)?* — M, M. (Mi)? — M3

-(50)

Hierarchy in bare mass terms can give rise to hierarchical radiative corrections
throughout the three generations.
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Neutrino Mass Matrix -

The Lagrangian gives 9 x 9 mass matrix for neutrinos.

3

0 0 _?6‘%5@
L 31 FY 0 0 ———=vy15kr | F5
vN 9 L 2\/6 15VR R
NERP TN I S
2\/8 15 2\/5 15"VR 15

The basis is written in F} = (v, v%, Ni), Fp= (v§,vr, N§)
This mass matrix leads to the lightest neutrino being massless.

In our case, neutrinos will get Dirac and Majorana mass contributions at one
loop.
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Radiative Majorana Mass Through One-Loop Correctior.

(1,1) block:

<JL> \\\ /// <0L> ZL,LL ZR;L
g B N\

// Uz Uf \\

! \
e
vp N Np Vp VL Vo Ny Np Vo VL VL Vo Np Ny VL VL
(2,2) block:

(o) v .77 Logw) Zry
Soh ok

! \

—— x>
VR Ng Ng VR VR VR NE Ng Vr VR
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Radiative Dirac Mass Through One-Loop Correction

i X 7
Xul 7 X T XuR
// \\
! \
1 \
——L

Yo pi, D¢ VYR vi Ny N¢ VR
(mP)i,, = 3yt Mizsind cost l ' M In <(Mf5)2> _ ‘ M3
v /1+2 1672 (M{5)2 - M[21u1 M%Iul (Mf5>2 - MXQ/

In (Mf5>2 +39iy%5’fL’fRMf5 (Mlis)z In (Mf5)2
e 62 |-\
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Lightest Neutrino Mass

Now the mass matrix looks like this:

m mP —iy K
L y 230/6 15KL
Loy D= FY m2)T m ———uyiskR | Fh
N 2 5 'L ( ) R 2\@y15 R R
3 T 3 T, M
2\/6%5 L _2\/6915 R 15
The lightest neutrino mass:
-1
D\T
3 mg S =Y15RR (m,))
Mf ~ —mp + (mll,) —Wéyw/‘%) 3 Q\f __3 yT/fL
By M 15
2\@915 R 15 216
2
mﬁ(mVD+(mVD) )+ﬁ—LmR—mL
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The Strong CP Problem -

The Strong CP Problem is related to the presence of this term in Lagrangian (a
consequence of non-perturbative effects):

Ly = 055G, Gom

Violates P and T but conserves C, so it violates CP.
(J.Schwinger, 1951)

0 carries the information of CP violation in strong interactions.

0 is shifted by the chiral transformation needed to diagonalize the quark mass
matrix M.

The invariant physical parameter § is

0 = 0 + ArgDet(Mg)
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https://journals.aps.org/pr/pdf/10.1103/PhysRev.82.914

Constraints on @ from Neutron EDM -

» The Feynman diagram giving the leading-order contribution to the neutron EDM

3
<Y
3

0 A? _
dnze géCJer < >:3x10_16060m
o\
po= 197 ¢, = 1.6, = 4rf,
My + My
(A.Hook,2018)
» Experimental bound, d,, < 107%’e cm— 6 < 10~ '°

) (C.Abel et al.2020)
» Extreme smallness in this dimensionless parameter 6, is the strong CP problem.
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https://arxiv.org/abs/1812.02669
https://arxiv.org/pdf/2001.11966.pdf

0 At The Tree Level -

0 = 0 + ArgDet(M,My) + 5 ArgDet(Mexter) + 6 ArgDet( Mocter)

0 y15/€L> < 0 ylolfL)
<yI5HR M;s ¢ on/‘iR My
Anomaly coefficients are different for different representations of SU(3)¢
It is clear that Det(M,) and Det(M,) are separately real.
Mestet = Mg and Myt = M5 are the hermitian bare mass matrices realized in
left-right symmetric Lagrangian. Parity is only softly broken in dimension 2

terms.

Therefore, we have #=0 at the tree level.
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6 At The One-Loop For Up- And Down-type Quark -

We choose to work on the weak basis rather than the mass eigenstate.

Radiatively corrected quark (¢ = u, d) mass matrix:
M7 = M1+ O).
So  can be expressed as
0 = ArgDet(1 + C) = ImTr In(1 + C) = ImTrC + ImTr(Cy — 3C3) + ...

Using the loop expansion:C' = C; + Cy + C3 + ..

The correction matrix for up- and down-type quark can be denoted by

oMY, oM}
SM? = LL LH)
(S S
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0 At The One-Loop Level(continued) -

Elements of correction matrix enter into 6 in the following manner

0 = ImTr[— ( > 5MgL(y;)—1Mpyq—1+

RILRKR
) oMgu "+ () oM
KL LHYq KR HL\Jq

where y, = y15(y10) and Mp = My5(Myp) is for up (down ) quark.
(K.S.Babu, R.N.Mohapatra,1989)

O MY, doesn't enter into the equation for 6. That means we need
not compute one-loop correction to vector-like quark mass.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.41.1286

One-Loop Correction For Down Quark Mass -

15
Gp, Gl5
0 b 0
N Wik Wi

S S GV -
dp Dp Dr dy dr dr Dy Drdy dr dr dr Dy Dgr dp dp
o G15
15 0
L © Gu W,uL

——
Dr d, Dgr d, Dgp Dr dy dy Dr Dr dp dg

X& et Xr N Yy

dp Q7 Q7 &), dp °R E, Eg €L d, Dp Er €L dg
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One-Loop Correction For Up Quark Mass -

15
Gu

G15
OR //’X‘x\ oL Wo ¢ Wwo
,/ R uR nuL
/ \
1 \
—p——p———x—p——p—
URr Ur, Ugr U Ur UR Uy Up YL UL Ur UR [, Ur YL UL
15
or Gu G5 Wo
I

//’——\\ ML
/// ) ﬁk
N \
\
P e

Ugr ur, Ugr ur Ug Ugr ur, ur Ug Ugr ur, ur,

u Y,
XjR .-=X~_ XjL ! Y,
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One-Loop Correction For Sextet and Octet Mass

The induced @ can be written considering upto one-loop:

0 = Im Tr[M;,' (0Mg)] + Im Tr[M' (0 Ms)]
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Correction To The Propagator Line -

Since we are treating mass as a part of the interaction, the cross on the
fermion/boson line stands for all possible tree-level diagrams.

Propagator with all possible mass insertion can be written as:

. kQ
Fr ((kaﬂ - M2<M2>T) Fr

Unique features of having Quark-lepton unification: Corrections coming from the
SM lepton, sextet, and octet lines as well.

Fi%=(w,U)yr FioR" = (d,D)pyre Fijp= (e, E)yr, Fip = Qur

FY = (v, v, Ni),  Fp=(f,vr Nf), Frp=3%0/5¢
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Example With Electron Propagator Line Correction

Each diagram separately gives zero contribution to @

p—k

The amplitude with leptoquark in the loop is proportional to

OMyy, = J% <%>2 (gw _ = k)j&(g - m) ((ZS)T:;]\]\%%]\J{%);)
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Electron Propagator Line Correction(continued) -

It's contribution to 6:

1
ImTr [— ( ) 5M5L(y10)‘1Mloyi)1]
RLRR

We can evaluate the trace before momentum integration.

Expanding (M2(M?)t — k?)~%:
0/ 1,0 2y-1 _ B.(k*)
(Me (Me)T —k ) = ( BT(ICQ) C (k,Q) )

with A, = Al, C, = C! and B, are 3 x 3 block matrices
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Electron Propagator Line Correction(continued) -

_ k? :
The term related to ezer from ((Mg)T ] ) expansion:

MO0
SMY, > E2kpB.(k)yls

So, the contribution to #:

0 ~ T | Bo(k)ylo(ylo) ™ Miovio |
= ImTr [(/{%yioylg — k2>_ (Mlo)TCe (kQ) Mlo] =0

with C, being hermitian.
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Concluding Remarks -

This setup has the potential to solve the strong CP problem via parity along with
some other appropriate symmetry.

Fermion masses are generated by mixing usual fermions with vector-like fermions
belonging to the "Universal Seesaw" class.

(A Davidson, KC Wali,1987)

All generation fermion mass can be realized through the one-loop radiative
corrections.

Lightest neutrino acquires Majorana and Dirac mass contribution at one-loop
level.

Thank you
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