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CP Violation

& In 1956, Lee and Yang proposed that parity P might to be violated in weak
interactions.

& In 1957, Parity Violation Discovery: (C.S. Wu)
& In 1964, CP Violation in the Kaon system. (Christenson, et al.)
& [n 2001, Discovery CP Violation in the B system. (Belle and Babar)

& CPV in other systems?
light baryons, lepton sector,...

PPP7, June 7, 2007 —p.2/26



CP Violation in the Standard Model

W Charged Current: Uy, = (u,c,t) ,Dp = (d,s,b),

W weak eigenstate basis:

9 77 -
Lyw =——=U D WTH + h.e.
%% \/5 LYut/L

M mass eigenstate basis:

Lw = —-LTT Y, VIVLDPWHE + hec.

V2
B CKM matrix: (Cabbibo 1963, Kabayashi & Maskawa 1973)
Vud Vus Vub
Verm =ViVp = [ Via Vis Vi
Via Vis Vi

& n X n unitary matrix: (n — 1)(n — 2)/2 physical phases.
n = 2 one Cabbibo angle, no phase.
n = 3 three mixing angles with one phase. Accident?
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Parametrization of the CKM matrix

B KM parametrization: (Kabayashi & Maskawa 1973)
C1 —S1C3 —S183
VKM — S1C2 C1C2C3 — 8283626 C1C2S83 + 82636i5

S1S2  €1S9C3 + coS3€" 18983 — Ccocge®

with ¢; = cos6; and s; = sin 6;.

M Standard (PDG) parametrization: (Miani 1977, Chau & Keung 1984)
—1013
C12C13 512C13 S513€
_ 5 5
Verkm = | —S12C23 — €12523513€"°13 12023 — S12823513€"°13 523C13
5 5
§12823 — C12C23513€'°'  —C12823 — S12C23513€'°'3  Ca93C13

with Cij = COS Hz'j and Sij = sin sz

the non-zero phase in the CKM matrix: The source of CP violatoin in the SM.
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Parametrization of the CKM matrix

B Wolfenstein parametrization: (Wolfenstein 1984)
1—\%2/2 A AN (p —in)
V = —\ 1—\2/2 AN? + O\
AN (1 —p—in) —AN 1
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Successful CKM mechanism

_ b dbandbe ik Jedel il
1 -0.5 0 0.5 2

The best fit values (PDG):

A =0.2272+£0.0010, A= 081810007 5 =0.22170055, 7 =0.340700F .
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New Physics

& This is NOT the Full Story of CP violation.
& QCD 6 problem.

& The Origin of the observed CKM CP Violation.
> Explicitly violated by Yukawa Couplings?
¢ Spontaneous CP Violation (SCPV) in the Higgs potential?
& The asymmetry between matter and antimatter.
CP violation is one of the necessary ingredients for the generation for matter-
antimatter asymmetry.
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Strong CP problem and PQ Symmetry

& The QCD lagrangian includes one gluon gluon interaction term which violates

C'P symmetry.
2

_ 9 YUV Ya
Lop = _(9327r2 GG,
& At one loop level a non-zero neutron electric dipole moment (EDM) is

generated,

2.5 x 1071%0 e-cm < |d,,| < 4.6 x 1070 e-cm

& The experimental upper limit d,, < 6.3 x 10726 e-cm implies that 6 be less
than 3 x 1071%. Unnatural small coupling.
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Strong CP problem and PQ Symmetry

& The QCD lagrangian includes one gluon gluon interaction term which violates

C'P symmetry.
2

_ 9 YUV Ya
Lop = _(9327r2 GG,
& At one loop level a non-zero neutron electric dipole moment (EDM) is

generated,

2.5 x 1071%0 e-cm < |d,,| < 4.6 x 1070 e-cm

& The experimental upper limit d,, < 6.3 x 10726 e-cm implies that 6 be less
than 3 x 1071%. Unnatural small coupling.

$ PQ Symmetry U(1)pg: one possible solution (Peccei & Quinn 1977)
> 0 relaxes to zero dynamically, by the VEV of the axion

> Axion is a weakly interacting particle = darkmatter.

& It is not possible to explain CPV in kaon mixing with 6-term. 6 as the only
source of C'PV is not enough.
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Spontaneous CP Violation

& Models with spontaneous CP breaking, should have one or more Higgs fields
to have complex vevs. = Extended Higgs structure (T.D. Lee 1973)

& Side effects: FCNC effects induced (Extra discrete symmetries, Large
falvor-violating-neutral-Higgs masses, Fine-tunning Yukawa couplings...)

& Introduction of extra discrete symmetries can eliminate FCNC in the Higgs
sector. But the introduction of such symmetries in the two Higgs doublet models

cannot have Spontaneous CP Violation.
(Glashow & Weinberg, Deshpande & Ma 1977)

& So the minimal model with Spontaneous CP violation but without tree level
FCNC has Three Higgs doublets. (Weinberg 1976, Branco 1980)
Weinberg model: 3 Higgs doublets 4+ two discrete symmetries
the Weinberg Model is in conflict with the data and ruled out:
sin 283.¢¢ less than 0.05.
Ruled out decisively by BaBar and Belle data measurement on
sin 29€ff = 0.678 + 0.032.

the ratio e’/e, the ¢ parameters in K — K9 mixing; the neutron EDM;
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Using SCPV to reproduce the CKM matrix

& Low energy CP violation mainly arises from the complex CKM matrix, which
has one Dirac phase dx s (weak CP).

& We propose one multi-Higgs model to indentify the CKM phase with the
spontaneous CP phase in the Higgs potential, i.e. reproduce CKM matrix and
solve strong CP problem with PQ symmetry.

& The minimal extension with both spontaneous CP violation and an invisible
axion has three Higgs doublets and one complex singlet.

& There are FCNC interactions mediated by neutral Higgs bosons at the tree
level. But the FCNC Yukawa couplings are fixed in terms of the quark masses and
CKM mixing angles .
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Connecting the SCPV phase with CKM phase

& Consider the following Yukawa couplings

Ly = Qr(Tu1¢1 + Tua¢2)Ur + QrTg¢psDg + he.c.
with

¢¢:ewiH¢:ewi< 75 (vi + Ri +1i4;) >

hy

& The quark mass terms in the Lagrangian are

L, =-Ur [Mulei%ﬁR — D, Mae % Dg + h.c.
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Connecting the SCPV phase with CKM phase

& The quark mass terms in the Lagrangian are

L, = —U; | My + M,e"%2=%) | U, — D; MyDp + h.c.

& In this basis M; = Md is diagonalized, the up quark mass matrix
M, = M,1 + e M, is not diagonal. Diagonalizing M,, produces the CKM
mixing matrix.

M, = Veru MV}
if taking Vg =1, we have

M, =V My = My1 + € My
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Connecting the SCPV phase with CKM phase

& The quark mass terms in the Lagrangian are

L, = —U; | My + M,e"%=9) | U, — D; M;Dp + h.c.

& In this basis M; = Md Is diagonalized, the up quark mass matrix
M, = M,1 + e M, is not diagonal. Diagonalizing M,, produces the CKM
mixing matrix.

M, = Veru MV}

if taking Vg =1, we have

M, =V My = My1 + € My

& Taking PDG parametrization CKM matrix as an example

e 13 0 0 c12c13€"013 s12c13€'013 $13
—_ '5 .5
Verkvm = 0 1 0 —S12C23 — C1258235813€"°13  cyoca3 — S12823513€"°13 523C13
is s
0 0 1 $12823 — C12C23513€ 13 —C12823 — S12C23S13€ 13 ca3cCis3

Absorb the left matrix into the U, field.
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Connecting the SCPV phase with CKM phase

& From VgKMMu = M1 + e M5 |, we have

_is _is _is
ciacize 1'% —812C23—C12823813€ 1'% S812823—C12C23S13€ P

—id —id —id )
S12c13€ '3 c12€23—S12S823S513€ 13 —C12823—S812C23813€ 13 M.,
S13 S523C13 C23C13

— Mul + Mu2€i5
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Connecting the SCPV phase with CKM phase

& From |V} . M, = My + e My | we have
—1013 —1013 —1013
C12C13€ —812C23—C12523513€ $12823—C12C23813¢€
—id —id —id )
S12c13€ '3 c12€23—S12S823S513€ 13 —C12823—S812C23813€ 13 M,
S13 S523C13 C23C13
i8
— Mul -+ Muge
$ we get
0 —S12C23 S$12823
My, = 0 C12C23 —C125823 M,
S13 $23C13 C23C13
C12C13 —C12823S513 —C12C23S513
Mu2 — S§12C13 — 8512823813 —S812C23S513 MU
0 0 0
& | 6 =013

|dentified the CKM phase with the phase resulting from spontaneous CP violation!
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Remarks(l)

W As long as the phase 0 is not zero, CP violation will show up in the charged
currents. The effects do not disappear even when Higgs boson masses are all
set to be much higher than the W scale.

B ), 5 are fixed in terms of the CKM matrix elements and the quark masses,
as opposed to being arbitrary in general multi-Higgs models.

M The solution is not unique. Different parametrization for the CKM matrix
has different result. We consider the cases of PDG and KM parametrization.

M Models can be constructed with two Higgs doublets couple to the up sector

(down sector) and one Higgs doublet couples to the down sector (up sector),
called Case A (Case B).

W We build models for case A and case B with PDG and KM parametrization
and consider the phenomenological consequences for each case.
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Model Building

M 3 Higgs doublets, 1 Higgs singlet

W PQ charge assignment

Qr |Ur | Dr | 12| @3 | S
Case A | O -1 -1 +1 | —1 | 42
Case B 0 +1 | +1 | +1 | —1 | +2

& | Case A:

Ly = Qr(Tu11 + Tu2p2)Ur + Q1T 3Dy + h.c.

& | Case B:

Ly = Qrly193Ug + QL(Fd1€E1 + Fd2Q32)DR + h.c.
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Model Building

3 Higgs doublets, 1 Higgs singlet
Higgs potential (Case A,B):

—m2HIH, — m2HIHy — m2HIHy — m3,(H] Hye"%27%1) L hc) —m2sTs
A (HTH)? 4+ Mo (HI H)? + X\ (HIH3)? + 2, (815)?

N (H{ Hy)(HS Ha) + Ny (H{ Hy)(H{ Hs) + Xy (H] Hy ) (H} Hs)

Na(HI Ho)(HSHy) + Ny (H{ Hs)(H Hy) + Ny (H] Hs) (H} H>)

|4

%A5((HIH2)2ei2(92_91) + h.c.) + A¢(HI Hy)(H Hye™ %271 4 c)
A7(HI Ho)(HI Hye™ 92790 4 hoc)) + Ag(HIHg)(H] Hye'®27%0) 4 c)
FLHIH,STS + fo HIHSTS + fsHIHsSTS + dyo (H Hye'(927 91515
fra(HIH35e™ 930 =01) 4 p o) 4 fog(HIHsSe #3719 62) 4 p o)

+ + + + + + o+

Choosing |0 = 05 — 01, 0s = 03 + 05 — 05 |, from minimization condition, we

get
f13 (] sin 0

fosva + f13v1 cOSO

& Non-zero sin d is the only source of CP violaton!

tan o, = —
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Higgs sector

M Goldstone fields, axion

1

hw — ;(Ulhl_ + Ughz_ + Ughg) ,
1

h, = ;(UlAl + v Ao + v3A3) ,

a = (—vlngl — ngv%Ag + v3yv3 Az — v7v AL) /N, .

where N2 = (v%,v30? + v*v?) with v%, = v + V3.
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Higgs sector

Goldstone fields, axion
1

hw — ;(Ulhl_ + U2h2_ + ?Jghg_) ,
1
hz — ;(UlAl -+ ’UQAQ -+ UgAg) ;

a = (—vw%Al — vgv§A2 + v3yv3 Az — v7v AL) /N, .

where N2 = (v%,v30? + v*v?) with v%, = v + V3.

making the following changes of basis and remove h,,, h, from Yukawa
Interaction:

(Al \ ( vy /v12 —v1v3vs/Nao w1 /v —vlvg/N \ (al \
—v1/v12  —vu3vs/Ng va /v  —vov3 /N,
0 vigvs/Na  wv3/v  viv3/N, h,

As
Va4 )\ 0 a0 e )\ )

with N, = v?v, and N4 = v12005
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Higgs sector

Goldstone fields, axion

1

hw = ;(Ulhl_ + U2h2_ + ?Jghg_) y
1

hz — ;(UlAl -+ ’UQAQ -+ UgAg) ;

a = (—vw%Al — UQU§A2 + v3yv3 Az — v7v AL) /N, .

2 _ (02 02,2 | A 2N ik 02 22
where N7 = (viyv5v° + v*v7) with viy, = v] + v3.

making the following changes of basis and remove h,,, h, from Yukawa

Interaction:
( Ry \ ( Vo /v12  —v1v3vs/Nao wvi/v  —viv3 /N, \ ( HY \
Ry | | —vi/viz —vav3vs/Na wva/v  —wav3 /N, HS
Ry | 0 Vi, /Na  wv3/v  viv3/N, HY
&)\ 0o hena 0 —vtegn, ) \ B

with N, = v?v, and N4 = v12005
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Higgs sector

M Goldstone fields, axion

1

hw — ;(Ulhl_ + Ughz_ + UghS_) ,
1

h, = ;(UlAl + v Ao + v3A3) ,

a = (—vw%Al — ngv%Ag + v3yv3 Az — v7v AL) /N, .

where N2 = (v%,v30? + v*v?) with v%, = v + V3.

M making the following changes of basis and remove h,,, h, from Yukawa

Interaction:
hl_ ’02/1)12 ’01’03/1)’012 ’Ul/U Hl_
h2_ — —Ul/’UlQ ’02’03/1)’012 ’UQ/U HQ_
hy 0 —v12/v vz /v P

with N, = v?v, and N4 = v12005
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Yukawa interaction

& In the new basis, we have Yukawa interactions as:

& | Case A:
L

a
-YﬁCHVC

— (My — Yione M, ) ]UR(H + iad)
V12UV2 V1V2
2

. 1
ULMUUR[ (H —|—za2)—;H —|— (H + ia)]

V1270
S Vi2 o0 L o "’%2 0o .
DpMaDgr|— (Hy —ta2) + —Hz + ——(H, —ia)] + ... + h.c.
V3V v v2v,

ezé

V. Im(V
ornmIm( CKM) sin 0
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Yukawa interaction

& In the new basis, we have Yukawa interactions as:

& | Case A:
a ~ v ~ ~ v .
Lg,) = Ur[M, L (M, — YFaCNC M.,) = ]UR(H? —|—'La(1))
V12U2 V1V2
. V3 . 0 fvg 0o, .
+ ULMuUR[ (H2 + Za‘2) _HB + 2 (H4 + Za’)]
V12V V= Vs
’U2 0
_ - (H, —ia)] 4 ... + h.c.
V“Vg
YFaCNC -
& | FCNC terms:
c%3 —S823513C13 —C23513C13
PDG : YFaCNC = —S823813C13 8338%3 3230233%3 ’
—C23513C13 8236238%3 6333%3
0 0 0
. a _ 2
KM . YFCNC — O 82 —S2C9
—S592C2 Cg

& PDG case: D? — D° mixing, small s;3 suppress the FCNC effects.
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Yukawa interaction

& In the new basis, we have Yukawa interactions as:

& | Case B:
_ N V1 A ~ V12 .
LY = Dp[Mg — (M4 = YponoMa)——]Dr(HY — iaf)
V12V2 V1V2
. 1 2
+ DLMdDR[ (H —zag)——H —|— (H — ia)]
V1270
2
— UM, UR[—(H —|—za2)—|— H + 12 (H +ia)] + ... + h.c.
. : —16
Y = -V Im(V,
FCNC crearIm( CKM)sincS
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Yukawa interaction

& In the new basis,

we have Yukawa interactions as:

& | Case B:
~ VU1 ~ ~ V12 :
LY = Dp[My — (Mg —| Yiene IMa) |DR(H; — ia})
V12U2 V1V2
2
~ U3 1 (% .
+ DpMyDg| (Hy —iag) - ~Hg + —>—(H, — ia)]
V1270 v V- Vg
=0 V12 0 . 1 o Ufz 0 .
— ULMUUR[—(H2 + 2a9 —|——H3—|—2—(H4 —I—'La)]—|——|—hc
V3V v V4 Vg
. ; 16
Y = -V Im(V,
FCNC CKM m( CK Sind
& | FCNC terms:
C%Q S12C12 0
b
PDG . YFCNC — S12C12 S%Q 5
0 0
0 0 0
KM : Yepone=| 0 2 — 5303
—S83Cs3 C%
& PDG case: K” — K mixing; KM case: BY — BY mixing.
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Phenomenology-Meson mixing

& Taking PDG parametrization Case A as an example, there is tree level FCNC

interaction contributes to D° — D% mixing. We get

~ Am 5 9 o o Vi2Me. o fHMD mp a1 L
v I'p 12823813613( V102 I'p (mc T mu) (m%[l mgl )
1 1 1
75105 _ )(100 GeV)* .

: (
(sin 203)2v%, m%ll m2

where tan g = vy /vs.
& Combining the recent Babar and Belle results, have

r=(554+22)x107" (M.Chiuchini et al. 2007)

& In the SM, short distance contribution gives small value z ~ 107° .
& When we take tan 3 = 40, v12 = 240 GeV and Higgs mass of order 10% GeV,
we can get the exp. value for .

& If take all vevs are the same order, the new contributions are small.
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Mixing in the Higgs sector

& There are mixings between scalar Higgs and pseudoscalar Higgs, which violate
CP symmetry and contribute to neutron EDM.

& The mixing parameters

m?ﬁal = [(A6 — A7)viva — >\5(Uf — vg) cos d]sind
2 f13sin(d + d5)vvs
m ~ - ,
H1a2 \/5,02
m%bal = 200 [—2X5v1v30; sin 28 + 2(—Aev] — A7v; + (As + d12)v],)vavs sin §
+V/2f130% v, sin(8 + 85)]
v
m?—Igal = % [2X5v1v2 cos(01 — 02) + Aevi + A7vs + Agvs]sind.
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Neutron EDM

& The SM predicts a very small d,, (< 10731 e-cm).

& The present experimental upper bound: d,, < 6.3 x 1072% e-cm.
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Neutron EDM

& The SM predicts a very small d,, (< 10731 e-cm).
& The present experimental upper bound: d,, < 6.3 x 1072% e-cm.

& One-loop contribution is small due the suppression by the internal quark
masses or the small couplings si3 in the case when there is top quark in the loop.

& two loop level: It is well known that exchange of Higgs at the two loop level
may be more important than one loop contribution.
Two loop operators:

the quark EDM : O, = —%i@aw%qu
the quark color EDM OqC = —%iQSJUW%GWQ
1 ~
the gluon color EDM 05 = —chachZszanC/a
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Neutron EDM

& The SM predicts a very small d,, (< 10731 e-cm).
& The present experimental upper bound: d,, < 6.3 x 1072% e-cm.

& One-loop contribution is small due the suppression by the internal quark
masses or the small couplings si3 in the case when there is top quark in the loop.

& two loop level: It is well known that exchange of Higgs at the two loop level

may be more important than one loop contribution.
Two loop operators:

v(9)

> >
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Neutron EDM

& In the valence quark model, we have

4 1 C 4 2 €M
where 14,7, & are QCD running factors.
& The two loop contributions:
eQem Qg Qg 1
dq 9473 mqG(q) , fq 647T3qu(q>’ S (9)
with
m% m% lk mf mf Imzk
G(Q)_<f<m%{ )_f<mgk))] Ziq + ( (m% ) — (mgk)) mZqt
l l
2 2
my my lk
H(.g) — <h<m% ) o h<mgk ))]mZtt )
l
: : lk Yiit; Yjja my .
where I'mZ;; is defined through ImZ;; = 2 ml'mj k 2 Lk 7|
i mHz_mak

PPP7, June 7, 2007 —p.23/26



Neutron EDM

& Like for meson mixing, taking PDG parametrization Case A as an example:

& when taking tan 8 = 40, vio = 240GeV, 10? GeV order Higgs, we find that
the dominant contribution is from Hs, a; mixing, we have

m
— H
dy = —1.5 X 107 ——2%—e cm
3

& when taking all vevs are same with 10? GeV order Higgs, we have

2

m
— H
dyp ~8x 107 ——2“—ecm.
mHS—mal

& For the other 3 cases, we find the contribution to the neutron EDM has the
same order as above numbers.
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Remarks(ll)

& For the lepton sector, An analogous study can be carried out. With

right-handed neutrinos, through seesaw mechanism, neutrinos get small Majorana
masses.

& There are 2 cases to assign PQ charge to leptons, like quark sector.

LL ER VR
Case | 0 | -1 -1

Case Il 0 +1 | +1
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Remarks(ll)

& For the lepton sector, An analogous study can be carried out. With

right-handed neutrinos, through seesaw mechanism, neutrinos get small Majorana
masses.

& There are 2 cases to assign PQ charge to leptons, like quark sector.

Ly | er | VR
Case | 0 —1 ] —1
Case Il 0 +1 | +1

Case I: The Yukawa couplings:
L=Ly(YiH: + YoH2e)\wvg + L YsHser + 0% Y, Se!C T up + h.c.

which gives

1 1 i i
M; = —EYP,U?,; Mp = _E<Y1U1 + Yovse 5), Mgrp = —\/§ng36 (6+5S).

& neutrino mass matrix is given by: M, = —MDM};lMg.
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Remarks(ll)

& For the lepton sector, An analogous study can be carried out. With

right-handed neutrinos, through seesaw mechanism, neutrinos get small Majorana
masses.

& There are 2 cases to assign PQ charge to leptons, like quark sector.

Ly | er | VR
Case | 0 —1 ] —1
Case Il 0 +1 | +1

Case II: The Yukawa couplings:
L = ELY3H3VR + EL(Ylfjll —+ Ygﬁge_w)eR —+ DngSTe_i(é—I_és)l/R —+ h.c.

which gives
1 » 1 .
Ml — —E(Yfl)l —|— YQ’UQ@ 6), MD p— —EY;;’UE;, MR — —\/§YS’U3€ (0+9s)
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Summary

& CP violating phase in the CKM mixing matrix is indentified to be the same as
that causing spontaneous CP violation in the Higgs potential.

& CP violating effects will not disappear when Higgs boson masses become large.

& The FCNC Yukawa couplings are fixed in terms of the quark masses and CKM
mixing angles in this model.

& Some phenomenological implications, meson-antimeson mixing, neutron EDM,
are studied. The neutron EDM can be close to the present experimental upper

bound.
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