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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 = 0-25,Ge G

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(M,M,)
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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
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(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

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.

4-’3%@1_1
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.41.1286

Attractive Features Of Pati-Salam Gauge Group: -

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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Model -

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)+
AsTr(xh xoxhxr)-

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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Motivation for 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.

\IIZIO(]-Oa 17 1) - 61/3 @3_% @ ]._1.

Both handedness ((10,1,1) @ (10, 1,1)) are required for anomaly cancellation.
And we have the adjoint representation as well:

U15(15,1,1) — 8y @32 ®3_2 @ Lo.

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, ). With parity symmetry:

0 ylSHL)
M, =
<y15rm M5

0 yloliL>
M fr—
¢ <onHR M

M. — ( 0 ﬂ@ho@:)
‘ \/QQIOHR M

The overall non-degeneracy factor itself in the down and electron sector may not
have the necessary flexibility to accurately generate masses for all three
generations.
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Neutrino Mass Matrix -

The Lagrangian gives 9 x 9 mass matrix for neutrinos.

0 0 —%%5/%
L 31 Fv 0 0 ———=vy15kr | F5
vN 2 L 2\/6 15VR R
TSR B
2\@ 15 2\@ 15"VR 15

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

In our case, neutrinos will get Dirac mass at one loop and hence small Majorana
masses.
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Radiative Dirac Mass Through One-Loop Correction -

If the fermion has zero mass in a renormalizable theory due to symmetry or
particle content, its mass remains zero or acquires a finite mass through radiative
corrections.

(Gerard 't Hooft, 1971.)
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% S- XK= % H
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In (Mf5)2 _'_QZ?J%&;HL“RM% (Mli5)2 In (Mf5)2
e TR NGV S Ve N T

(m,))’
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https://inspirehep.net/literature/67962

Lightest Neutrino Mass -

Now the mass matrix looks like this:
3
1 0 m? _?6%5/%
Lox D~ F? mPT 0 —— _yiskg | FY
N 2 5 'L (my)) 2\@%5 R |L'R

3 1 3 1
——— Yk ———=Yisk M
26715 T g e o

The lightest neutrino mass:
3 -1

0 — o =Yi5KR (m?)"

3 v
M~ <mVD —Wéylsf%> 3 2v/6 _3 vl kp

———Yisk M 15

2\/6y15 R 15 2\/6

= (m] + (m)") oL

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

Correct Mass Hierarchy For All Generation (Continued)-

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 i J
d SL Sk dr,

. 2yd M sinf cosf M%. n <(M1i0)2) ME
my ~ : v
¢ (47)? (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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0 At The Tree Level -

0 = 0 + ArgDet(M, M)

0 Y15 HL) ( 0 ylML)
M, = ; M, =
<yir5’€R Mis ! yIO’iR My

Parity is only softly broken to set 6§ = 0.

It is clear that Det(M?) and Det(MY) are separately real.

Therefore, we have 6=0 at the tree level.
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6 At The One-Loop Level -

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 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
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One-Loop Correction For Up Quark Mass -
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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 (“‘@)Tk? - M2<M2>*) P

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

FLU;)R = (u7 U)L/R' Fg%n = (d7D>L/R1 FE/R = (e,E)L/R, FLS/R = SL/R

Ff = (vi, v, Ni),  Ffy = (vj,vg,Nf), Fpjp=0r/Of
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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.

23 /27



Concluding Remarks -

This setup can solve the strong CP problem via parity symmetry alone.
Fermion masses are generated by mixing usual fermions with vector-like fermions
belonging to the "Universal Seesaw" class.

(A Davidson, KC Wali,1987)
Loop diagrammatic approach to # from two loop corrections within left-right

symmetric models turn out to be consistent with experimental limit. We would
like to check the new contributions in this setup.

(J.Hisano, T.Kitahara, N.Osamura, A.Yamada,2023)

Thank you
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.59.393
https://arxiv.org/abs/2301.13405

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
me .+ = —giK
M/E‘— 4gL L
1
2 2
me .+ = —0nk
Wit 49R R
m? .+ =lg(n2+/{2)
Yi:_12,3 4 4\"VL R
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Neutral Gauge Boson Mixing

The mass part of the Lagrangian is:
Wi
(Wo, Wie Gus) M7 | Wh o
G,u15

ENeutral
mass

OOIH

where the mass matrix square is given by

3
9K? 0 —\ggwmi

3

QRKR 59491%5%3

3 2
949LHL 9491%/? 59 (KT + k%)
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Higgs Mass Mixing Matrix -

Two Neutral Higgs: They come from the two Higgs x¥, and x% has the
following mixing matrix in basis {Re(x..), Re(xvr)}-

vz 200+ A)RE e+ Ag)rrkn
neutral ()\2 + )\3)/{LI{R 2()\0 + Al)"’ﬁ%

Six up-type Higgs: The mixing matrix between ', and x’ » where i indicates

the color index:
M2 _ 1 —)\3/’{,?3L )\SI{LK'R
U 9 \ \skpkr —A3k2

1
with M?{ul = —5)\3(/1% + "‘Jiz) and M12{u2 = 0.

Twelve down-type Higgs: The x%; and x’, components don't mix with each
other.

2 _ 2 2
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