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Complex 2ZHDM: Motivations
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In the SM, the amount of GP in CKM, may be enough to
explain the observed size of CP in B and K meson system.
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Complex 2ZHDM: Motivations

- N

In the SM, the amount of GP in CKM, may be enough to
explain the observed size of CP in B and K meson system.

However, it is too small to generate the observable Baryon
Asymmetry in the Universe. | ]

Therefore, models with extra CP violating phases are
welcome (SUSY, SM4, extended Higgs sector ...)

Those large CP violating phases can give contributions to
the EDM which exceed the experimental upper bound.

o |

NCTS, 24th May 2011 — p.3/30



- N

With 2HDM &, », CP can be violated either explicitly or
spontaneously in the Higgs sector
[T.D.Lee’73, Weinberg’'76, G. Branco’85, Liu, Wolfstein'87]

o |

NCTS, 24th May 2011 — p.4/30



- N

With 2HDM @, 5, CP can be violated either explicitly or
spontaneously in the Higgs sector

[ ]

Scalar sector of the MSSM is a special case of the 2HDM
scalar sector

o |

NCTS, 24th May 2011 — p.4/30



- N

With 2HDM @, 5, CP can be violated either explicitly or
spontaneously in the Higgs sector

[ ]

Scalar sector of the MSSM is a special case of the 2HDM
scalar sector

Some models of dynamical electroweak symmetry breaking
yields the 2HDM as their low-energy effective theory

[ J

o |

NCTS, 24th May 2011 — p.4/30



- N

With 2HDM @, 5, CP can be violated either explicitly or
spontaneously in the Higgs sector

[ ]

Scalar sector of the MSSM is a special case of the 2HDM
scalar sector

Some models of dynamical electroweak symmetry breaking
yields the 2HDM as their low-energy effective theory

[ ].

EW phase transition with 4th generation requires 2 SU(2)
doublet Higgs fields

[
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rameterization of C2HDM and constrain
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rameterization of C2HDM and constrain

- N

Vo= m%(qﬁr@l) T m%z(q);%) - Al(q)fr(bl)Q -
Ao (D7 @1)% + A3(D] ©1) (@5 Pa) + M| D] Do’
H{miy(®F P2) + h.ct + A5 (P P2)? + h.c]

# One can have: ExplicitGP if S(mi,\i) # 0

o For \S(mm)\*) = 0: we can have SpontaneousGP If:

\AZ’Z}“ | < 1; < &1 >=v1, < $y >= 12¢"?, the minimum
occurs for:
2
COSH =302 A #0

Stability condition £ 392 > 0= A5 >0,
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parameterization of C2ZHDM

- N

o1 Pa
b, = . Dy = .
( (U1+771+iX1)/\/§) ( (712—|—772+iX2)/\/§)

The physical Higgs eigenstates are obtained as follows.

The charged Higgs H* and the charged Goldstone fields
G* are a mixture of o7,

HY = — simﬁgpfE + Cosﬂgpgt :
GT = cos ﬁgoli + sin 6@% :

Ltanﬁzvg/vl. J
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- N

» One rotates the imaginary parts of: (1, x2) into (G, n3):

The neutral physical Higgs states are obtained:

G° = cosBx1 +sin By,
n3 = —sinfx1 + cosPxa,

GV is the Goldstone boson. The CP-odd 13 mixes with
the neutral CP-even components 7; ».

® M = Vigiggs/(OmiOny) , 4,5 =1,2,3
RM?*RE = diag (Mo, Mo, Mgg) Mo < My < My
with (H7, Hy, H3)" =R (n1.m2.m3)"
L The mass eigenstates H; have a mixed CP structure. J
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R Is parametrized by three rotation angles «;, i = 1,2, 3:

0
0 S3
\O —S3 C3 )

[ 1

[

0

C3

C1 Co

—(Cl S9 53 + S 63)

\ —C1 S92 C3 —+ S1 53

T
(cg 052\(01 510\

0 1 0 —S1 0
\ =52 0 o J\ 0 0 1)
S1 Co S9 \

C1C3 — 515253 C2 S3 ;

—(0183—|—818203) 0203)

with s; = sin «; and ¢; = cos «;,

b |

<«

1 <

-
2

NCTS, 24th May 2011 — p.8/30



Scalar potentiel parameters

- N

The potential has 12 real parameters: 2 real masses:
miy 99, 2 VEVS, 4 reals: A1 o 3 4, 2 complex: Az, mf,.
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2 minimization conditions eliminates m?, ,, and also relates

Im (m%,) and Im (\3):

Im (m?,) = vy vo Im (N5).
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Scalar potentiel parameters

- N

The potential has 12 real parameters: 2 real masses:
miy 99, 2 VEVS, 4 reals: A1 o 3 4, 2 complex: Az, mf,.

2 minimization conditions eliminates m?, ,, and also relates

Im (m%,) and Im (Xs): | Im (m%,) = vy vo Im (As5) .

v? + 32 is fixed at the EW scale v = (v2G )~/ = 246 GeV.

remains: 8 real independent parameters:
A1234, Re (A5), Re (m%), tan 4, Im (m%2)

or
Mpo, Mpgo, Mpy+, a1, ag, a3, tanf, Re(miz).

M2 M?I?leg(Rlz tan 5_R11)+M§13R23(R22 tan 5_R21)
HY — R33(R31—R32 tan 3) ’
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Higgs couplingsto gauge bosons
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The interactions relevant to our study are:
C(H?WW) = cos BR;1 4+ sin BR;9 ,
C(HY W= HF) = = i(sinBR;1 — cos BRi2) + Ris.
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The interactions relevant to our study are:
C(H?WW) = cosfOBR;1 +sin BR;o ,
C(HY W= HF) = = i(sinBR;1 — cos BRi2) + Ris.
One can derives the following sum rules:

C(HYWW)? + |C(HY WF H™)|* = 1 foreachi=1,2,3

3
> C(HIWW)?
1=1

1
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Higgs couplingsto gauge bosons

- N

The interactions relevant to our study are:
C(H?WW) = cos BR;1 4+ sin BR;9 ,
C(HY W= HF) = = i(sinBR;1 — cos BRi2) + Ris.

One can derives the following sum rules:
C(HYWW)? + |C(HY WF H™)|* = 1 foreachi=1,2,3

3
Y C(HIWW)? = 1
1=1
For a fixed i, if |C(HY W* H™)|? is suppressed, then
(sin BR;1 — cos BR;2)? ~ 0 and RZZ3 ~ ()

= H? is dominantly a CP-even state.

o |

NCTS, 24th May 2011 — p.10/30



-

CHIWW)2 + |C(H)WHT H7)|? = 1 foreachi=1,2,3

3
> CH]WW)?
1=1

1

For a fixed i, if |C(HY W* H™)|? is suppressed,
the second sum rule = C(HYWW)?* ~ 0 for j # i.

|
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Higgs couplingsto fermions

- N

If 1 and o, couple to all fermions

LD = —hiH (L)1 df — B (WE);Prull + (B —— )

Yukawa

The mass term is: M}, = hg{,;.l v1 + hgf 0
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Higgs couplingsto fermions
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If 1 and o, couple to all fermions
LD = —hiH (L)1 df — B (WE);Prull + (B —— )

The mass term is: M}, = hg{,;.l v1 + hgf v

Diagonalization of M. does not diagonalize hfjk
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Higgs couplingsto fermions

- N

If 1 and o, couple to all fermions

2HDM L1 TN gB _ pil (LY. & R
‘CY’ukawa — _hz’j (\chl[)@q)ld] — h;; (\Ijg)zq)lug + ((I)l A (1)2)
The mass term is: M{. = h%' vy + b v

Diagonalization of M. does not diagonalize hfjk

We would have FCNC at tree level!
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To avoid FCNC at tree level, several solutions :
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To avoid FCNC at tree level, several solutions :

Symetrie Z; (Théoreme de Glashow-Weinberg):
Oy — —Py ,u;p — —u;p. 2HDM-II (pareil gu’au MSSM)
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To avoid FCNC at tree level, several solutions :

Symetrie Z; (Théoreme de Glashow-Weinberg):
Oy — —Py ,u;p — —u;p. 2HDM-II (pareil gu’au MSSM)

2HDM-I 2HDM-II 2HDM-III 2HDM-(IV) (2HDM-L)

up Dy OB g i)
down Do O D Do
Iepton Do O Do dq

2HDM-1V ou 2HDM-L: (Lepton-specific model)
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To avoid FCNC at tree level, several solutions :

Symetrie Z; (Théoreme de Glashow-Weinberg):
Oy — —Py ,u;p — —u;p. 2HDM-II (pareil gu’au MSSM)

2HDM-I 2HDM-II 2HDM-III 2HDM-(IV) (2HDM-L)

up D9 i) P Py
down Do Dq OF] oy
Iepton Do O Do dq
2HDM-1V ou 2HDM-L: (Lepton-specific model)
Hibb = —ighit (55 — i Ryz tan 375)

H;tt = _129777;% (smﬁ — iR;3 cot Bv5)

|
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Feynman Diagrams
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Feynman Diagrams
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Feynman Dla_grams H= — W=*H
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Feynman Diagrams. vetex & selfenergies
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Feynman Diagrams. vetex & selfenergies
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Feynman Diagrams. boxes

|

NCTS, 24th May 2011 — p.17/30



CP violating asymmetries

Decay rate asymmetries A%{}, defined by:

NHT—=-T(H —f T
Agﬁ (H:t — f) — ( QFtre.fe)(H+(_>f) f) ) f — tbv W:EHZO

|

NCTS, 24th May 2011 — p.18/30



CP violating asymmetries

Decay rate asymmetries Agﬁ, defined by:
N(HT—f)-T(H —f T
Agi” (H:t — f) — ( QFtreJZ)(H+(_>f) f) y f — tbv W:EHZO

Production rate asymmetry A%" defined by:

ACP _ olpp—H"8)—o(pp—H 1)
P - 20-tree(pp_>H—|—f) 9
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CP violating asymmetries

Decay rate asymmetries Agﬁ, defined by:

+ - f -
AGE (% — f) = R Dt =D — th WEHD

Production rate asymmetry A%" defined by:

ACP _ olpp—H"8)—o(pp—H 1)
P - 20-tree(pp_>H—|—f) 9

Asymmetries AJ(?P for production and subsequent decays:

ACP _ o(pp—tH —tf)—o(pp—tH —tf)
o 20tree (pp—tH T —tf) '
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CP violating asymmetries

Decay rate asymmetries A%" 12 defined by:

H — H —f 7
Agﬁ” (H:t — f) — QFtrefe)(H-l—(_>f) i 9 f — tb; W:IZHZO

Production rate asymmetry A%" defined by:

ACP _ olpp—H"8)—o(pp—H 1)
P 20tree (pp— H 1) )

Asymmetries AJ(?P for production and subsequent decays:

ACP _ o(pp—tH —tf)—o(pp—tH —tf)
foo 20tre¢(pp—tH T —tf) '

In the narow width approximation:

| AGY = ABY + ARl »
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Constraints

fc mpg+ 2 290 GeV. (b — S’y) —‘
e p parameter: extra-contribution: —0.0011 < Ap < 0.0029.
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Constraints

fc mpg+ 2 290 GeV. (b — S’y) —‘
e p parameter: extra-contribution: —0.0011 < Ap < 0.0029.

Theoretical constraints:
Potential bounded from bellow:

A1 >0, Ma>0, A3++v/A1A >0, )\4—|—)\4—|)\5|—|—\/)\1)\2>0
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Constraints

|70 mpg+ 2 290 GeV. (b — S”y) —‘
e p parameter: extra-contribution: —0.0011 < Ap < 0.0029.

Theoretical constraints:
Potential bounded from bellow:

A1 >0, Ma>0, A3++v/A1A >0, )\4—|—)\4—’)\5|—|—\/)\1)\2>0

Perturbative unitarity constraints:
‘ ()\1 otV — )2t 4\>\5|2) < 16r,

‘()\1+)\2i\/()\1—)\2)2+4)\§> < 167,

300 + A2) £ /900 — A3 40\ + A)?)| < 16m,

L‘)\gi)\4|<8ﬂ', |)\3:|:‘)\5H<87T, ‘)\3—|—2)\4:|:’)\5‘ < SWJ
Only |\s| is constrained not the CP phase
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Numerics: H=*
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Production: pp — tH™
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CPV In neutral Higgs decaysinto fermion
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At the LHC, the expected accuracy for h — 777— is about
20% .
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CPV In neutral Higgs decaysinto fermion

- N

At the LHC, the expected accuracy for h — 777— is about
20% .

Br(H, — 777~ &bb) suppressed for as ~ 0 and oy ~ £7/2

37 . . gmb L e .
H1bb = mwes (cos ap cos ag — isin g sin G5)

o |
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® In C2HDM with softly broken Z, the complex m?,

°

Production: pp — tH™
-

parameter of the tree-level potential gives CPV In
pp — H*t+ X, and H* to tb, and to W H;, i=1,2

The parameters space of C2ZHDM is severely
constrained by vacuum stability, perturbative unitarity ...
CPA cannot be greater than ~3 %.

In the CMSSM , the CPVA can reach more than 20%.
However, at the LHC they will have roughly same
statistical significance. Not enough for a clear
observation at the LHC.

need for SLHC!

Calculations have been done with FeynArts &
FormCalc. A new model file has been created and J

corresponding fortran drivers have been written and
tecte d ) NCTS, 24th May 2011 — p.30/30
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