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« Vacuum expectation values — most general form
that preserves U(1),,, :

o=t ) @)

Phases £1and &2 are not "physical”, and do not
themselves appear in physical observables.

£ =& — &1 does!
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Stationary point equations

* VEVs should be at minima of the potential

 Demand that derivatives of the fields should be
zero here — Stationary point equations

« Use stationary point equations to eliminate the
parameters m2,, m3, and Im m2, .

 Left with the following set of parameters:

{)\17 )\27 A3'} )\47 R@AE,, IIIlA5, ReAﬁa ImAﬁa ReA'T) IIII)\'?, p’za U1, U2, 67 }
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* Here, p?=5%—Rem?,
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( (v; +nj +zx3)/f ) j=1,2.

Introduce orthogonal states:
()= 2 ) ()
73 —vg/v  v1/v X2
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Introduce neutral sector rotation matrix:

H; m
H2 =R 112 ;
Hs 73

satisfying =~ RM?R" = diag(M7, M5, M3),

C1 C2 81 C2 39
R=1{—(c18283+81¢c3) cCc1¢c3—818283 €283
—c182¢3+ 5183 —(c183+818203) cCac3
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RM?R" = diag(M7, M3, M3),
constitutes six equations.

* Along with expression for mass of charged
scalar we have a total of seven equations.

« Solve this set for seven parameters of the
potential: {\1, A2, A3, A4, ReAs, ImAg, ImA7} and
replace.

* New set of “physical” parameters
{MIZJ:I: ) /1'2) M123 M229 M32) ImA5a ReAﬁa Re/\ﬂ U1, V2, ‘53 a1, 2, (}!3}
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* |nitial expression of potential is defined with
respect to fields 1 and @, - this defines
our initial basis.

* We can change to a new basis by the
following transformation

(I),,; — Uf,;j (I)j
where U is a U(2) matrix.

* Observables must not depend on choice of
basis — they should be basis-independent.
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 |f a basis exists in which all the parameters
of the potential and the VEVs are all real.
Then the 2HDM is CP conserving.

* |f not, the 2HDM breaks CP.

* One can further distinguish between explicit
and spontaneous CP violation.
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+ |dentified three CP-odd invariants.
Expressed these in the Higgs-basis;

J° = (MP - M3)(M7? — M3)(M3 — M3)R11Rz1 Ra:
J5° = MZqrqi(RraRiz — Rr3Rio)

— M} Ry14iq;(RkaRis — RiaRio)
J3° = MP?Ry1gi(RiaRis — RisRi2)
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¢; = Coefficient(V,H;H H™)
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(Gunion & Haber)

* Identified three CP-breaking invariants. Not limited
to Higgs-basis, but basis independent.

- IfJ, J,, Jyare all real, CP is conserved.
 |If at least one of J,, J,, J;is complex, CP is broken.

2 - (1) A
Im J]_ = —EIIH [UE.YGEZ()J ’Ud],
4 ok
Im.Js = Flm[ 0 YbechZ afJ’Ua,Ud]

Im Js = Im [030} 2,3’ 2.7 Zog rabata).

« Distinguishes between sponaneous and explicit
H% CP violation.
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Geometric approach. Minkowski-space
formalism.

Basis independent.
Introduces vector M and matrix A,

CP is broken if at most one of the
eigenvectors of /\; is orthogonal to M.

Distinguishes between sponaneous and
explicit CP violation.
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Find conditions for CP conservation/violation
expressed in terms of observable guantities.

Observable quantities: Masses and
couplings.
* Require basis-independent formalism.

* Then find which processes can be used to
determine the CP properties of 2ZHDM.

« Formalism of Gunion&Haber seems well
suited for this.
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* Write out Im J,, Im J,, Im J; in general basis.

» Write out all the couplings from Higgs-sector
and weak-sector. No Yukawas.

* Introduce "physical parameter set” in the
expressions above
{Mszi , ;1,2, M]?, Mzz, Mg?, Im)\5, Re)\ﬁ, Re)\7, V1, U2, §, a1, o, 03}
 Compare and try to find connections.
« MATHEMATICA efficient tool for this.

« Success!
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Im J, (M{ — M3) (M3 — M3)(M§ — M7)

2eies€
E : 4212 162¢3 E : 4212
_9 EijkeiejekMi Mk = 9 Eijka, Mk

(%
.J,k .5,k

where

e; = V1 hi1 + va Rio

IS a basis-invariant expression representing
several couplings.
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H,H;Z,

and

H;Z,7Z, :
H;GyGy -
H;GTA W, :
H.GYZ,W, :
H;GoZ, :

T
H;G™W, :
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e; = v1 ;1 +vaR;0

e? +e3 + e3 = v = (246 GeV)?
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(N
1
v_5[M1261 (e3q2 — ea2q3) + M2282(61Q3 — e3q1)

+Mjes(esq — e1q2))-
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ImJs=KImJ; +1ImJ; + 7 Z €% (V°q; + 2e; M7 ) Mie;qy
6,4,k
If we put Im J, =1m J, = 0, we find the only term
In this expression that survives is the second
last term.

1
Im J3g = ’0_5 Z eiij'z'Mz'zeij
],k

% Hegskolen i Bergen
BERGEMN UNIVERSITY COLLEGE



Reformulated conditions for
CP violation

* fiImJd,=ImdJd,=ImJ;, =0, CPis
conserved.

 |fatleastone of ImJ,, Im J,, Im Jy, is
nonzero, CP is broken.
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ImJzo=—=| @ q2 q3
M} @M; q3Mj
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« PutimdJ, =ImJ,=ImJ;, =0 and solve

6 distinct cases:

« Case 1: M,=M,=M,. Full mass degeneracy.
 Case 2: M,=M, and e,q, = e.q,

« Case 3: M,=M;and e,q; =e4q,
 Case4:e,=0and q,=0

» Case 5: e,=0and q,=0

» Case 6: e;=0and q;=0

If none of the above occur, then CP is broken!
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« PutimdJ, =ImJ,=ImJ;, =0 and solve

6 distinct cases:

« Case 1: M,=M,=M,. Full mass degeneracy.

« Case 2: M.=M, and (H.ZZ)(H,H*H) = (H,ZZ)(H,H"H")
« Case 3: M,=Mj and (H,ZZ)(H,H"H) = (H;ZZ)(H,H"H")
« Cased: (H,ZZ) =0and (H.HH) =0

« Case 5: (H,ZZ) =0and (H,HH) =0

« Case6: (H;ZZ) =0and (H;HH) =0

If none of the above occur, then CP is broken!
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« Summing over all possible combinations of
IJ,k, we find

M Isz
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Processes containing
Im J, and Im Jj:

« /—>VVH™H- or Z—H™H"
. ;‘FH-
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« Summing over all possible combinations of
IJ,k, we find

M contains Im.Jq M  contains ImJj
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* Three processes identified in order to
determine if Higgs-sector of 2HDM is CP
violating or not!
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» Experimental challenge!
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