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Motivation
» Sources of CP violation — a fundamental question in particle
physics
» CP conservation — the Lagrangian and vacuum conserve CP

» CP violation — explicit or spontaneous

» 2HDM allows both the explicit and spontaneous violation
of CP symmetry

» CP violating weak-basis invariants

» To distinguish spontaneous and explicit violation —
comparison of various invariants
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2 Higgs Doublet Model

» We consider the general 2 Higgs Doublet Model (without fermions):

L = Lyauge +(Du®1)' (D"®1) + (D,02)" (D'3) -V,
Vo= A(o]er) 22 (0f0r) t s (0 0)) (0] 02)+ (0] 02) (0] ;)
3 a5 (@] 02) (0] 2 )+ 26 (0] 1) (@] B2 )+ 27 (@] 02 ) (0] 02)+H ]

*%m§1(¢1¢1)7%m§2(¢;¢2)7%m%2(¢1¢2)7%(m%2)*(¢;¢1)

B Scalar doublets in the Higgs (Georgi) Basis (ie. (®2) = 0):

G* ot
d= vt +iG° $r= m+iA
V2 V2

» There are 2 charged physical Higgs fields: H*, H~ and 3 neutral:

e in case of CP conservation: h, H, A

e in case of CP violation: hy, ho, hs
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CP transformation

» In Lagrangian we must identify CP-invariant part in order to
determine the CP transformation

[Branco, Lee 66]

» Let us consider the simplest CP transformation in 2HDM:
Ou(#t) - O (<71),  Ba(@t) — O 1)

» Under this transformation the fields transform as follows:

CP-even: 112 — 1.2, CP-odd: A — —A
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Conditions for CP violation

CP-odd weak-basis inviariants — invariant under weak basis
transformation but change sign under CP transformation.

» Jarlskog invariant for quarks in SM (m; - mass, V;; - CKM

matrix):

)(mf —m3)(mZ —mi)(my —m3)(mj — mg)(ms —mj)
xImM(VyaVes Vs Vo)

us ¥V ed

J o< (m? —m
If J =0 then CP is conserved. )
[Jarlskog ’85]
» Invariant for scalars in 2HDM (m; - mass, T;; - elements of
rotation matrix):
J1 oc (mf —m3)(mi — m3)(m5 — m3)TuTnTs

J1 = 0 % CP conservation ,
[Lavoura ’94]
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J-invariants

» The squared mass matrix for neutral scalars (11,72, A) in the

Higgs basis has following form:
In the Higgs basis: )‘i—>/\i’m12'j _’.Uf'j

My Mz Mis 2 v2Re Ag —v2lm Ag
Mjio Mo Mp3 — v2Re N6 [’UZ/\3457,U,%2]/2 vaIm /\5/2
Mz Mas Ms3 —v?lm Ag —v2lm As /2 [UQ/N\345—N§2]/2

» The invariant constructed from mass matrix:
J1 = M12M13(M22 — M33) + M>ps (M123 — M122) = —8u%Im (/\E/\%)
e M3 or Mb3 non-zero = CP-mixing between states, CP violation

e My3 = Mp3 = 0 = no CP-mixing, yet possible CP violation

» Note that A7 does not appear in mass matrix and it can
appear only in interactions = Jp, J3:

Jo = = Iim (NA2), T3 = 2v/20%1Im (A3 Ne)



Weak-Basis Invariants

J-invariants - summary

From mass matrix: From interaction:
J1 o< Im (AEA2) Ja o< Im (AGA3), T3 o< Im (A3Ae)

» To have CP conserving model all J-invariants must be 0.

» CP violation:

e If J; # 0 then there is mixing between neutral states of
different CP properties and physical states hi, ho, h3 have
no defined CP.

e If J; =0 and J>3 # 0 we have CP violation from
interactions even if there is no mixing between states!

e Note that J; do not distinguish between spontaneous and
explicit CP violation.

» Note that all that is valid not only in the Higgs Basis!
[Lavoura, Silva, Botella "94]
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[-invariants

» Other invariants formed from the parameters of the potential:
V =Yoo, + Z seq(OLo) (dld,)

W07, Vi) L = m(Y,5Y,3Zy3072%2)

1,01
I3 = Im(ZacbdZ}Ef)Zéh)zftijl_czkfmﬁznﬁlha)v Iy = Im(Z 32 czdg Zeh 1Y oa Yib Yo )

» 4 invariants formed from quartic and quadratic parameters of V'

» The potential is explicitly CP conserving < all I; are 0
< there exists ,real basis” of fields ®1, ®, in which all A;, mfj are real
= CP symmetry can be conserved or violated spontaneously

» If 37; # 0 then CP is explicitly violated.

[Branco; Haber, Gunion ’05]
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CP violation without mixing

J- and [-invariants: a comparison

Model J-invariants | I-invariants
properties

CP explicitly aJ; #0 L, #0
violated

CP spontaneously 3J; #0 VI; =0
violated

CP conserved VJ; =0 VI; =0

» if VJ; = 0 then we have CP conserving case

» if 3J; # 0 then we have CP violation

e if VI; = 0 then we have spontaneous CP violation

e if 37; # 0 then we have explicit CP violation

Summary
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CP violation without mixing: J; =0

» Let’s consider a special case when ImAs = ImAg = 0. The neutral
mass matrix in basis (91,17, A) is:

1)2/\1 sze/\ﬁ 0
v2Re Mg [v2/\345—,u§2]/2 0 = J; ~ Im(/\;/\%) =0
0 0 [v2/~\345 —/t%z] /2

» After diagonalization we get states h, H and A with defined CP
properties - there is no mixing between states of different CP.

» The interactions with gauge bosons are like in CP conserving case

(v — mixing angle between 11 and 72, x; — relative coupling with respect to SM):
AWIW ™ o x{ =cosa, HW W™ x xy =sina,
AWTW ™ o xy =0

» Note, that if there is a mixing then y¥ # 0
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CP violation without mixing - self-interactions

» ImAs =ImAs=0=J; =0
» ImA; #£ 0= Jp,J3 # 0 - there is a sign of CP violation in the
interaction!

AAA x—ImAqv, Ahh x—ImA;vsin® a,
AHH —ImAzv cos® a, AhH xImA7v cos acsin a,
AHTH™ x—ImA7v

» No couplings with odd number of A in CP conserving case

» To conclude:
e J; =0,J53 # 0: there is a CP violation in the model.

e To determine whenever it is spontaneous or explicit
violation we need to use I-invariants.
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» CP violation in 2HDM without fermions

» Study of sources of CP violation with focus on distinguishing
explicit and spontaneous violation

» We found that both J; and I; are needed to distinguish
sources

» Usual approach: CP violation < mixing between states of
different CP properties (true for soft violation of Z» symmetry)

» However, with CP conservation in the gauge interactions of
scalars still possible CP violation in self-interactions

= CP violation effects in vertices with odd number of A

(eg. A— HYH™)
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