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Motivation

��CP in the Higgs sector. New CP violation sources might
be possible at higher energies and would be desirable to
explain Baryogenesis or Leptogenesis.

Resonant CP violation induced by particle mixing in transition amplitudes, Higgs
scalar-pseudoscalar mixing in the minimal supersymmetric standard model, CP violation in
the Higgs sector of the MSSM. Pilaftsis, (1997-1998).
Higgs bosons in the minimal supersymmetric standard model with explicit CP violation.
Pilaftsis and Wagner,(1999).
Higgs-boson pole masses in the MSSM with explicit CP violation. Carena, Ellis, Pilaftsis and
Wagner, (2002).
LHC signatures of resonant CP violation in a minimal supersymmetric Higgs sector. Ellis,
Lee and Pilaftsis,(2004).
H / A Higgs mixing in CP-noninvariant supersymmetric theories. Choi, Kalinowski, Liao and
Zerwas,(2005).
CP violation through particle mixing and the H - A lineshape. Bernabeu, Binosi and
Papavassiliou, (2006).
The Higgs boson masses and mixings of the complex MSSM in the Feynman-diagrammatic
approach. Frank, Hahn, Heinemeyer, Hollik, Rzehak and Weiglein, (2007).

Determining the CP properties of the Higgs boson. Bhupal Dev, Djouadi, Godbole,

Muhlleitner and Rindani, (2008).
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Exceptional points. Degeneracy of both eigenvalues and
eigenstates are present in non-relativistic quantum
systems:

Frecuency and width crossing of two interacting resonances in a microwave cavity. Philipp,
Von Brentano, Pascovici and Richter, (2000).
Experimental observations of the topological structure of exceptional points.
Dembowski,Graf, Harney, HeissRehefeld nd Richter, (2001).
Non-Hermitian degeneracy of two unbound states.E. Hernández, A. Jáuregui and A.
Mondragón,(2006)
Resonance Coalescence in Molecular Photodissociation; Lefebvre, Atabek, Sindelka and
Moiseyev, (2009).

Applications of parametric equations of motion to study the resonance Coalescence in H+
2 .

Kalita and Gupta, (2012)
Signature of exceptional points in the lasser control of non-adiabatic vibrational transfer.
Jaouadi, Desouter-Lecomte, Lefebvre and Atabek, (2013).
Discussion of the adiabatic hypothesis in control schemes using exceptional points. Leclerc,
Jolicard and Killingbeck, (2013).
Laser-controlled rotational cooling of Na2 based on exceptional points. Kokoouline, Wearne,
Lefevbre and Atabek, (2013).

Optical lasers with exceptiona points in the continuum. Longhi and Della Valle, (2014).

Would it be possible to have an exceptional point in field
theory? In the Higgs sector?
Exceptional point of the neutral heavy Higgs system H2 − H3. [F-B,G-B,H,M,M], Int.J.Theor.Phys.

50 (2011)
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Under the following conditions:

1 Multi-Higgs models

→ more than two neutral scalar Higgs bosons,
Minimum two Higgs doublets, as: 2HDM, MSSM, NMSSM, etc.

2 Decoupling limit

→ two masses larger than the EW scale including radiative
corrections, mh < mH ,mA

3 Near degeneracy in mass at tree level

→ as in the MSSM m
(0)
H = m

(0)
A for mA � mZ and

tanβ � 1.

4 Non-Hermitian mass matrix: System manifestly ��CP

→ If CP conserving Higgs sector:
h0,H0 CP even and A0 CP odd.
��CP Higgs sector → h0,H0

2 ,H
0
3 , (H

0
4 ), where H0

i CP-mixed
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multi Higgs models, examples:

THDM

Φ1 =

(
φ+

1
1√
2

(v1 + φ1 + iχ1)

)
, Φ2 =

(
φ+

2
1√
2

(v2 + φ2 + iχ2)

)

MSSM

H1 =

(
v1 + 1√

2
(φ1 − iχ1)

−φ−1

)
, H2 =

(
φ+

2

v2 + 1√
2

(φ2 + iχ2)

)

NMSSM

H1, H2, S = vs +
1√
2

(φs + iχs)
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THDM ��CP Higgs potential

L2HDM
H = m2

1(Φ†1Φ1) + m2
2(Φ†2Φ2) + m2

12(Φ†1Φ2) + λ1(Φ†1Φ1)2

+λ2(Φ†2Φ2)2 + λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1)

+λ5(Φ†1Φ2)2 + [λ6(Φ†1Φ1) + λ7(Φ†2Φ2)](Φ†1Φ2) + h.c .

(1) m2
12 = m2R

12 + im2I
12 (2) λ5,6,7 = λR5,6,7 + iλI5,6,7

and generates mixing of heavy neutral H − A Higgs bosons.
[Grzadkowski,Gunion,Kalinowski 99],[Choi,Kalinowski,Liao,Zerwas 05]
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MSSM ��CP Higgs potential:CMSSM

VMSSM
H = m2

1H∗1iH1i + m2
2H∗2iH2i

−εij(m2
12H1iH2j + m2∗

12H∗1iH∗2j)

+
1

8
(g2

1 + g2
2 )(H∗1iH1i −H∗2iH2i ) +

1

2
|H∗1iH2i |2 + h.c .

i , j are the doublet components.. ��CP would come from posible
new phase between the two Higgs doublets ξ .

H1 =

(
v1 + 1√

2
(φ1 − iχ1)

−φ−1

)
, H2 = eiξ

(
φ+

2

v2 + 1√
2

(φ2 + iχ2)

)
Also generates mixing of the heavy neutral Higgs bosons
H − A.
[Frank, Hahn, Heinemeyer, Hollik, Rzehak and Weiglein, 2006]
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Neutral Higgs mass matrix

The complete 4× 4 renormalized neutral Higgs mass matrix
can be written as

M2
φ = m

(0)2
φ + Π2

φ = M2
φ − iMφΓφ

The radiative correction mass, Πφ written in the basis
H1H2A1A2, may be expressed as

ΠHHAA =

ΠS
2×2 ΠSP

2×2

ΠSP
2×2 ΠP

2×2

 (1)

with

ΠS =

(
MH1H1 MH1H2

MH2H1 MH2H2

)
; ΠP =

(
MA1A1 MA1A2

MA2A1 MA2A2

)
;

and the mixing part

ΠSP =

(
MH1A1 MH1A2

MH2A1 MH2A2

)
(2)
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Heavy neutral Higgs bosons H0 and A0

In the CMSSM with h0 decoupled, the elements of the mass
matrix M2

H2−H3
(s) can be constructed explicitly from

dominating self-energies contributions diagrams
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The propagator of the neutral heavy Higgs system

Another way of writing the mass matrix in terms of the Pauli
matrices

M2
H2−H3

(s) =
1

2
T12×2 + (~R − i~Γ) · ~σ (3)

where

T =
1

2

[
(M2

H + M2
A)− i(MHΓH + MAΓA)

]
(4)

is the trace of the mass matrix. And we define the following
vectors

~R =
(1

2
(M2

H −M2
A), 0,ReM2

HA

)
, ~Γ =

(
1
2 (MHΓH −MAΓA), 0, ImM2

HA

)
where M2

HA is the off-diagonal term in the mass matrix.
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Neutral heavy Higgs bosons as s-channel
resonances

Masses and mixings of the H-A system may be detected as
two relatively closely spaced or even overlapping
resonances in the s-channel reaction.

µ+µ− → A∗/H∗ → f f̄

[Pilaftsis 97],[Bernabeu, Binosi, Papavasiliu 06]

The line shape of this process would indicate the presence
(or absence) of CPV in the heavy Higgs system.

In the resonant region, the t-channel amplitude is
relatively small and may be ignored

Then, in the electroweak basis, the transition amplitude
matrix between states with CP-violation via resonant
Higgs exchange is

T res(s) = V P∆̂−1
H2−H3

(s)VD
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where we identify the propagator as

∆̂−1
H2−H3

(s) = s12×2 −M2
H2−H3

(s) (5)

We also write the propagator of the neutral heavy Higgs bosons
as

∆̂H2−H3 (s) =
[
s −M2

H2−H3
(s)
]−1

=
1

(s − 1
2T )2 − (~R − i~Γ)2

[
(s − 1

2
T )21 + (~R − i~Γ) · ~σ

]
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Heavy neutral Higgs bosons mass eigenvalues

The eigenvalues µ2
2,3 of this matrix are given by the zeroes of

the det[s12×2 −M2
H2−H3

(s)],

µ2
H2,3

=
1

2

[
(M2

H − iMHΓH) + (MA − iMAΓA)
]
±
√(

~R − i
1

2
~Γ
)2

(6)
The degeneracy conditions are for real and imaginary parts:

R2 − 1

4
Γ2 = 0, ~R · ~Γ = 0. (7)
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See how it works in a toy model

[Choi,Kalinowski,Liao and Zerwas 05]
Simplifying the model to expressed the matriz elements as
functions of the model parameters. Knowing that in the
decoupling limit M2

A >> |λi |v2, we consider the magnitudes of
all λi as same order, and φ is the CP violating common phase
of the complex couplings.
Then we may find a simplifying approach for the relations of
the mass matrix.
If further more we neglect the weak s dependence of the
elements of M2

H2−H3
, we found an approximation for pole

position mass.
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The term under the square root admit a Puiseux expansion
series around the exceptional point, [Hernández,Jáuregui and
Mondragón 06].

µ2
2,3(λ, φ) =

1

2

√
c

(1)
1 (λ− λ?) + c

(1)
2 (φ− φ?) + ... (8)

where c
(1)
k are the derivatives of µ2

2,3 with respect to the
parameters λ and φ.
And using the degeneracy conditions we get the exceptional
point as:
λ? = 0.1075, φ? = π/2 and
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Unfolding of the exceptional point

The figures show the mass hypersurface representing the real
and imaginary parts of µ2

2,3 as function of the Lagrangian
parameters in the neighbourhood of the exceptional point

Figure : Mass complex surfaces in the parameter space.
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Crossing and anticrossing



��CP Higgs
degeneracy

Melina Gómez
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Higgs lineshape in the µµ̄→ (H/A)�
�CP → f f̄

The cross section being proportional to the resonant transition
matrix in the mass representation as

T res(d)(s) = (Ṽ P
H , Ṽ

P
A )∆

(d)
H2,H3

(s)

(
ṼD
H

ṼD
A

)
(9)
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���CP Higgs lineshape with and without Coherence

Nearby resonances beyond the Breit-Wigner approximation.

Cacciapaglia, Deandrea and De Curtis, (2009).
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Conclusions

CP-violating complex couplings allow for the possibility of
mixing of H, A and degeneracy of the H2, H3 physical states.

In one point of the parameter of the model we encounter a
particular behaviour: At exact mass degeneracy, the propagator
of the system has an exceptional point.
(It might be only a point in the whole Higgs sector, but it is an
exceptional one!)

In parameter space the mass surfaces have one branch point of
rank one where exact degeneracy occurs.

At degeneracy, the identification of the two particles will depend
strongly on the values of the parameters of the model.

The lineshape coming from µµ̄→ (H/A)��CP → f f̄ process would
not increase near the degeneracy but rather could vanish.
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Thanks!
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