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1 Calculation Vacuum phase CP Violation

In this section, we perform a calculation within the minimal Nelson-Barr framework of [1]. Our objective
is to find the value of the phase a. Let us start by first considering the Lagrangian of the theory:

e Vector-like quark pair, Dy, Dpr
o Single Neutral Complex Scalar S

The couplings of the theory go as so:
L= uDrpDgp + (g,S + ng*) u;Dg + yZﬁQlﬂJ + y’ZiJHQlJJ —+ ...

We enforce CP invariance in the Lagrangian and introduce an additional Zs and U (1) symmetry.
Under this symmetry, all Standard Model fields remain unchanged, while the new fields Dy, Dg = d‘}% ,
and S are odd.

In this model, the scalar sector has a single spontaneously broken U(1) symmetry which is broken by
more than one spurion (S$? and S*) [i]. We wish to find the phase « for which the vacuum breaks CP
invariance. We begin with the most general potential of that stated in Bento [].

1.1
Vo = Vo (#,8) + (4 + MS*S + Aaiplp) (8% + 5°2)

Which we can express more simply as

Ve=V,o+Vs+V, 5
Where, if one distributes through (1.1), the following values are found:
— pot t,)?
Vo=relo+X(e'0)",
Vs = 5*S[ar + b15*S] + (S* + 5*%) (az + b25*S) + by (S* + 5*)
Vo5 = (pTap[ccl (52 + 5*2) + c25*9].

This is a lot but with some work, we can get some important information. Let’s start by finding the
phase « )
polo + A (pT9)" +5*S (a1 +01S*S) +... + V.5

Start by using the VEVS ¢ = Ve, S = Vge'®. Also, let ofp + A ((pﬂp)z =

= 4+ Va1 +b1 V] +(VEe* ™ + Vie ™) (ag + bV ) +bsVa e e Y] +V7 (c1 (aVis (€2 + e72') + ¢2Vs))
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=+ Viar + b1 VZ] 4+ V3 (€2 + e72) (ag + b2VE) + b3V e + e 4] + (a + by VZ) (e e 2™

Group like-terms

=+ Viar + b1V + [VE (e + %) (az + b V) + (a2 + b2VE) (e e™ 2] + b3V [e*™ + e

=Y+ Viar + b1 VE] + [V (ag + b2VE) + (az + b2VE)] (€2 +e7%%) + b3V (e +e74%)

We only care about terms with «. Hence,
let v4 + VSQ[al + b1V52] =clet ng (CLQ + bQVSQ) + (CLQ + b2VSZ) =b
Then our expression becomes,

1.2
Vm —c4+ b (e2ia + 6721'(1) +a (64ia + 6741‘(1)

This has simple form which we will certainly stash for later use. Now, our objective is to find the phase
a. Let us minimize V.

min (V) = %Vm =0

min (V) - i c+b e2ia +e*2ia + elia +674ia —0
Oa

0
0= ——[c+b((cos2a + isin2a) + cos —2a + isin —2a) + (cosda + isinda) 4 cos —4da + isin —4a] = 0

O
Notice, eg i sin —4a = —isin4a and cos —4a = cos4a, hence we have cancellations
0= P [¢ 4+ b (cos2a + isin 2a + cos 20 — i sin 2a) + (cos 4o + isinda) + cos da — isinda],
a
0= P [c + b (cos 2a + isin 2a) 4 cos 20 — i sin 2« + (cos 4o + isinda) + cos da — isinda] ,
a
0
0= % [c 4+ bcos2a + cos 2c + cosda + cosda] = 0,
a
0
0=—[c+b-2cos2a+2cosda],
foJe
0 a(172(302)4—8( 2 cos 4a)
=_—(b-2cos2a)+ —(a- o
Oa O ’

0 = 4bsin 2a + 8a sin 4«

0 = bsin 2« + 4a sin 4a,

0 = bsin 2 + 4a (2 cos 2asin 2av)
0 = sin 2« (b + 4a - 2cos 2a) ,
0=0+4a-2cos2aq,

= 2,
Sa COS 2
—b
20 = —,
COS Z(x 34

2a = arccos —,

1 —b
Q = — arccos —.
2 8a
For this value of o the vacuum breaks general CP invariance.

(*section with minimizing Scalar potential*) (*section with minimizing Higgs potential*)
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