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CP Violation in the MSSMCP Violation in the MSSM

�� In low energy SUSY, there areIn low energy SUSY, there are extra CPextra CP--violating phases beyond the CKM violating phases beyond the CKM 
ones,ones, associated with complex SUSY breaking parametersassociated with complex SUSY breaking parameters

�� One of the most important consequences of CPOne of the most important consequences of CP--violation is its possible impact violation is its possible impact 
on theon the explanation of the matterexplanation of the matter--antimatter asymmetry. antimatter asymmetry. 

Electroweak baryogenesis may be realized even in the simplest  SUSY  extension of 
the SM, but demands new sources of CP-violation associated with the third generation  
sector and/or the gaugino-Higgsino sector.

�� These  CPThese  CP--violating phases  may induce effects on observables such as violating phases  may induce effects on observables such as 
---- new contributions to the e.d.m. of the electron and the neutronnew contributions to the e.d.m. of the electron and the neutron..
---- Higgs mediated FCNC in the K and B Higgs mediated FCNC in the K and B ––meson systemmeson system

Effects on observables can be small/sizeable depending on the SUEffects on observables can be small/sizeable depending on the SUSY parameter space SY parameter space 

�� In the Higgs sector at treeIn the Higgs sector at tree--level, all CPlevel, all CP--violating phases, if present, may be violating phases, if present, may be 
absorved into a redefinition of the fields.absorved into a redefinition of the fields.

�� CPCP--violation in the Higgs sector appears at the loopviolation in the Higgs sector appears at the loop--level,level,
associated with third generation scalars and/or the gaugino/Higgassociated with third generation scalars and/or the gaugino/Higgsino sector,sino sector,
but can still have important consequences for Higgs physics but can still have important consequences for Higgs physics 



2 Higgs SU(2) doublets              2 CP-even h, H with mixing angle
5 physical states                          a CP-odd A and a charged pair H

MSSM Higgs Sector at Tree Level

H±
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Quantum corrections Quantum corrections ��Higgs mass shifted due to incompleteHiggs mass shifted due to incomplete
cancellation of particles and superparticles  in the loopscancellation of particles and superparticles  in the loops

�� Supersymmetric relations between couplings implySupersymmetric relations between couplings imply Zh mm ≤

�� Most important corrections come from the stop sectorMost important corrections come from the stop sector
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Main Quantum effects:
• enhancement  
• dependence on the stop mixing
• logarithmic sensitivity to the stop 

mass  (averaged:          )
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Upper bound : Upper bound : 

stringent test of the MSSMstringent test of the MSSM
GeV135≤hm

GeV9.91      ;GeV0.91 >> Ah mm
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Higgs Potential ���� Quantum Corrections

Main effect of CP-Violation is the mixing
of the three neutral Higgs bosons
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gives the mixing between would-be CP-odd 
and CP-even sates,  predominantly governed by stop 
induced loop effects
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Comments on Higgs Boson MixingComments on Higgs Boson Mixing

�� no longer a physical parameter, but the charged Higgs mass      no longer a physical parameter, but the charged Higgs mass      can can 
be used as a physical parameter, together with be used as a physical parameter, together with 

�� Elements of matrix O are similar to                             Elements of matrix O are similar to                             in the CPin the CP--conserving conserving 
case.  But third row and column are zero in the noncase.  But third row and column are zero in the non--diagonaldiagonal
elements in such a case.elements in such a case.

�� Three neutral Higgs bosons can now couple to the vector bosons iThree neutral Higgs bosons can now couple to the vector bosons in a wayn a way
similar to the SM Higgs. similar to the SM Higgs. 

�� Similar to the decoupling limit in the CPSimilar to the decoupling limit in the CP--conserving case, for large valuesconserving case, for large values
of the charged Higgs mass, light Higgs boson with Standardof the charged Higgs mass, light Higgs boson with Standard Model properties.Model properties.

cos and sinα α

)arg(),arg(,A,,M ~~tS gtg mAmµ

Am ±H
m



Interaction Lagrangian of W,Z bosons with mixturesInteraction Lagrangian of W,Z bosons with mixtures
of CP even and CP odd Higgs bosonsof CP even and CP odd Higgs bosons

• Effective mixing between the lightest Higgs and the heavy ones is zero 
���� H1 is SM-like
• Mixing in the heavy sector still relevant !

ZHHVVH jik
 gg ijkε=� All couplings as a function of two:

αα cos and sin  toanalogous →ijO



Yukawa Couplings: : CP violating vertex effects

coupling          generated by 
SUSY breaking effects

bh∆

•The one loop effects to the Yukawa couplings introduce CP-violating
effects which are independent of the Higgs mixing  

the phase of the superfield 
bR is real and positive:

M.C. Ellis, Pilaftsis , Wagner



Higgs bosonHiggs boson--quark Lagrangianquark Lagrangian
� taking into account both CP-violating  self-energy and vertex effects

(similar vertex effects in the up quark sector, but no tan     enhancement)β
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�� Decoupling limit:  Decoupling limit:  
CP violation effects in the HiggsCP violation effects in the Higgs--fermion  couplingsfermion  couplings

hence: hence: 
�� HH11bb and Hbb and H11uu pseudoscalar couplings  tend to zero while uu pseudoscalar couplings  tend to zero while 

their scalar couplings tend to SMtheir scalar couplings tend to SM--likelike
with the bottom mass:with the bottom mass:

�� Heaviest Higgs Scalar and Pseudoscalar couplings to up Heaviest Higgs Scalar and Pseudoscalar couplings to up 
and down quarks do not vanishand down quarks do not vanish

�� non decoupling of CPnon decoupling of CP--violating vertex effects as well as violating vertex effects as well as 
self energy onesself energy ones

ZH
M M >>±

0          sin         cos 312111 →→→ OOO ββ



HH11bb Scalar and bb Scalar and 
Pseudoscalar couplingsPseudoscalar couplings
as a function of phasesas a function of phases

• Analyze behaviour in term of CP-even   
quantities: BR’s
and CP- odd quatinties: Asymmetries

• Effects depend both on the dominant
squark sector phases, as well as on the
gaugino phases, affecting the vertex 
corrections.

• Cases with gluino mass phase zero 
(solid lines) and 90 degrees (dashed lines)
shown in figures: stronger effects of
gluino  phase for larger tanb

CP-Violating phases affect 
both masses and couplings 
in relevant ways.

M.C., Ellis, Pilaftsis, Wagner



Mi mama

CP-Violating Higgs bosons at LEP: challenging scenarios

HH11 decouples from the Z and  decouples from the Z and  
HH22 and Hand H33 may be out of kinematic reach.may be out of kinematic reach.

M.C., Ellis, Pilaftsis, Wagner



• Another interesting example within
the CPX Scenario:
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CPX scenarioCPX scenario: no lower bound on M: no lower bound on MHH11 from LEP!from LEP!
•• H1 decouples from the Z and  H2 and H3 may be out of kinematic reach.
• or reduced couplings of Hi to Z and extended regions were H2 decays                                        
H1H1 and the H1’s decay into b’s

mmH2 H2 < 130 GeV < 130 GeV �� major role of CPmajor role of CP--violating effectsviolating effects
Example: mExample: mH1 H1 = 40= 40--45GeV,  m45GeV,  mH2H2 = 110 GeV,                     Not excluded= 110 GeV,                     Not excluded

No Universal lower limit on mHNo Universal lower limit on mH11 but                                  (mt dep.)but                                  (mt dep.)

Including

with

in the analyses

9.26.2tan −>β

74tan −=β



low tanb and low mlow tanb and low mHi Hi regionregion
remains uncover in theremains uncover in the
absence of theabsence of the
HH22�� HH11HH1 1 analysisanalysis

M.C., Ellis, Mrenna, Pilaftsis, Wagner
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Can LHC discover the SMCan LHC discover the SM--like Higgs like Higgs 
in the MSSM with explicit CP violation?in the MSSM with explicit CP violation?

GeV 180  to140 :

GeV 120  to105 :

GeV 70
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1300 −fbATLAS Prelim.

M. Schumacher

• H2/H3 channels: VBF and ttHi

Present limitations:
VBF only for mass > 110 GeV
No study for H1 below 70 GeV

Also: bbHH with bWbHt  tAlso 1 WW →→→ ±±

GeV 3.174=tm



Looking forLooking for

�� Standard signatures not sufficient to probe the presence of  a Standard signatures not sufficient to probe the presence of  a 
SMSM--like Higgs bosons decaying into lighter Higgs states.like Higgs bosons decaying into lighter Higgs states.

�� Lighter states have weak couplings to the weak gauge bosons, butLighter states have weak couplings to the weak gauge bosons, but
large couplings to third generation down quarks and leptonslarge couplings to third generation down quarks and leptons..

�� Possibility of looking for  two taus and two bottoms (jets) signPossibility of looking for  two taus and two bottoms (jets) signaturesatures
at LHC in the weak boson fusion production channel of two Cat LHC in the weak boson fusion production channel of two CPP--odd  odd  
like Higgs bosons.  (like Higgs bosons.  (J. Gunion et al. with 300 fbJ. Gunion et al. with 300 fb--1 at the  LHC, NMSSM) 1 at the  LHC, NMSSM) 

�� A detailed  experimental simulation should be performed to test A detailed  experimental simulation should be performed to test 
this possibility. this possibility. 

H H H2 1 1→



Higgs Mediated FCNC in the quark sectorHiggs Mediated FCNC in the quark sector
In terms of the mass eigenstates:In terms of the mass eigenstates:

where Mwhere Muu, M, Mdd are the physical quark mass matrices,                          are the physical quark mass matrices,                          , , 
V is the physical CKM matrix and the matrix R:V is the physical CKM matrix and the matrix R:

�� Considering the squark masses flavour diagonal and universalConsidering the squark masses flavour diagonal and universal�� R diagonalR diagonal
and and 

�� Considering just the 3Considering just the 3rd rd generation, generation, we recover the effective Yukawa interactions we recover the effective Yukawa interactions 
presented above in the            effective Lagrangianpresented above in the            effective Lagrangian
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� Expressing the Higgs fields in terms of their mass eigenstates H1,2,3

� general resummed Lagrangian for the diagonal and off-diagonal 
Higgs interactions Lagrangian:
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• The above            enhanced FCNC terms properly take into account resummation,
non-universality in the squark sector and CP violation effects

• The resummation matrix R controls the strength of the Higgs-mediated FCNC effects 
If R proportional to unity� a kind of GIM mechanism cancellation occurs 

and all Higgs-mediated FCNC vanish identically

• The one-loop resummed Lagrangian captures the bulk of the one-loop induced  
radiative effects for large tanb and Msusy above the electrowek scale

β2tan



Probing the large tanb region at the TevatronProbing the large tanb region at the Tevatron

−→ +µµsB

710    .2)(BR −+ <−→ µµsB

910  1.0)(3.8 )(BR −+ ±≈−→ SMsB µµ

• Present CDF limit:

• Higgs mediated FCNC contributions can enhance the Branching ratio 
by 3 orders of magnitude

• Searches at the Tevatron  explore regions of  the tanb-Higgs masses 
parameter space in a very efficient way!

• Important effects of CP violation

• In the  MSSM with two Higgs doublets:
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SUSY Higgs-penguin contribution to
as a function of CP phases

     )(BR −→ +µµsB

)[deg]arg( ~gm

Dedes, Pilaftsis

• Predictions for other inputs of tanb and charged Higgs mass can be easily 

estimated rescaling the above values by a factor: 

• Bounds become more restrictive for phases of order 
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Present Tevatron reach in thePresent Tevatron reach in the
CP conserving MSSM Higgs sectorCP conserving MSSM Higgs sector

A/HorA/h
with

=
→→

φ
φ bbbbbbpp

1pb200 −

With about 5 fb-1 one can expect to test the regime with:

GeV 100m and  10tan A ≈≈β GeV 250m and  50tan A ≈≈−−− β

• Interesting to study the direct reach in tanb-CP-odd Higgs mass/ Hi masses
and compare with indirect reach via sensitivity to      )(BR −→ +µµsB

M.C. Noriega, Szynkman: in progress



-1exp
B ps 5.14M

s
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Dependece on CP phases of the mass difference
sBM∆

• SUSY contributions from Higgs 
mediated double penguin diagrams

Other Applications of the resummed Effective Lagrangian Other Applications of the resummed Effective Lagrangian 
for Higgs mediated FCNC to K and B systemsfor Higgs mediated FCNC to K and B systems

( ) ( )24 ]TeV[2.050tan ±×
H

mβ

Predictions for other inputs of tanb 
and charged Higgs mass can be 
easily estimated rescaling the 
above values by a factor:

• LEP/SLD  95% C.L. limit:

• SM prediction : σ2at fit  CKM global  9.17M 0.11
4.2Bs

+
−=∆ SM

Dedes, Pilaftsis

Uncertainties due to calculation of hadronic matrix elements

SM and Higgs double penguin effects may add constructively or destructively
� possible sizable new physics contributions



Other Applications of the resummed Effective Lagrangian Other Applications of the resummed Effective Lagrangian 
for Higgs mediated FCNC to K and B systemsfor Higgs mediated FCNC to K and B systems

Dependece on CP phases of the

mass difference

and the CP violating mixing     
parameter

00 KK − KM∆

Kε

• SUSY contributions from Higgs 
mediated double penguin diagrams, 
tan4b enhanced

• box diagrams: t-H+ and chargino-stop

Dedes, Pilaftsis

Isidori,Retico; Buras et al.

MeV10)006.0490.3(M 12exp
K

−×±=∆

is a poor laboratory to
search for the impact for new physics

KM∆

3exp 10)017.0282.2( −×±=Kε

If                   , NP can change the fit to the Unitarity triangle SM
K

NP
K εδε ≈



Conclusions
�� Low energy supersymmetry has an important impact on Higgs physicLow energy supersymmetry has an important impact on Higgs physicss. . 

�� It leads to definite predictions to the Higgs boson couplings toIt leads to definite predictions to the Higgs boson couplings to
fermions and gauge bosonsfermions and gauge bosons. . 

�� Such couplings, however, are affected by radiative corrections iSuch couplings, however, are affected by radiative corrections induced nduced 
by supersymmetric particle loops.by supersymmetric particle loops.

�� CPCP--violation in the Higgs sector is well motivated and should be violation in the Higgs sector is well motivated and should be 
studied in detail. It affects the searches for Higgs bosons at hstudied in detail. It affects the searches for Higgs bosons at hadron adron 
and lepton colliders in an important way.and lepton colliders in an important way.

�� At a minimum, it stresses the relevance of studying nonAt a minimum, it stresses the relevance of studying non--standard standard 
Higgs boson production and decay channels at lepton and hadron Higgs boson production and decay channels at lepton and hadron 
colliders.colliders.



Interaction Lagrangian of W,Z vector bosons with Interaction Lagrangian of W,Z vector bosons with 
mixtures of CP even and CP odd Higgs bosonsmixtures of CP even and CP odd Higgs bosons
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Impact of the top quark mass on the results

main effect for                       is due to opening of main effect for                       is due to opening of 
HH11Z, HZ, H2Z channels  as well as HZ channels  as well as H11HH2  2  

104tan −=β



CP-Violating Higgs bosons at the Tevatron

Example:
• MH1 about 90 GeV  but out of the 
reach of LEP. 
• All other channels 
kinematically unaccessible

• MH1 also hopeless at the Tevatron due
to reduced W/Z H1 coupling

• H1 and H2 masses have little variation 
with phase of At, but couplings to gauge 
bosons vary importantly

The Tevatron has a chance of having 
a first glance at  H2.

Most crucial however, explore similar regions but 
for

12 HH M2M ≥

M.C., Ellis, Pilaftsis, Wagner



M.C. Ellis, Mrenna, Pilaftsis, Wagner
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CPCPsupersuperHH

�� Code to compute Higgs spectrum, couplings and decay modes in Code to compute Higgs spectrum, couplings and decay modes in 
the presence of CPthe presence of CP--violationviolation

Lee, Pilaftsis, M.C., Choi, Drees,Ellis, Lee,Wagner.’03Lee, Pilaftsis, M.C., Choi, Drees,Ellis, Lee,Wagner.’03

�� CPCP--conserving case: Set phases to zero. Similar to HDECAY, but conserving case: Set phases to zero. Similar to HDECAY, but 
with the advantage that charged and neutral sector treated with with the advantage that charged and neutral sector treated with 
same rate of accuracy.same rate of accuracy.

�� Combines calculation of masses and mixings by Combines calculation of masses and mixings by M.C., Ellis,M.C., Ellis,
Pilaftsis, Wagner.Pilaftsis, Wagner. with analysis of decayswith analysis of decays byby Choi, Drees, Hagiwara,Choi, Drees, Hagiwara,
Lee and Song. Lee and Song. 

�� Available at Available at 

http://theory.ph.man.ac.uk/~jslee/CPsuperH.htmlhttp://theory.ph.man.ac.uk/~jslee/CPsuperH.html







TwoTwo--loop effectsloop effects

�� At one loop, Higgs masses up to 150 GeV may be obtained for stopAt one loop, Higgs masses up to 150 GeV may be obtained for stop
masses of order 1 TeV.masses of order 1 TeV.

�� Apart from lowering the Higgs mass by about 10Apart from lowering the Higgs mass by about 10----15  percent of15  percent of
its tree its tree –– level value by log. corrections, an asymmetry in the Higgslevel value by log. corrections, an asymmetry in the Higgs
mass under change of sign of Xt  appears at the twomass under change of sign of Xt  appears at the two--loop levelloop level

�� Such an asymmetry is induced by oneSuch an asymmetry is induced by one--loop corrections to the loop corrections to the 
relation between the toprelation between the top--quark mass and the top Yukawa coupling, quark mass and the top Yukawa coupling, 
which depend on the product of Xt  and the gluino mass.which depend on the product of Xt  and the gluino mass.
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Allowing 2 -- 3 TeV stop masses, the 
revised top-quark mass value, and playing with
all other parameters, upper bound on the lightest
Higgs mass can be pushed up to about 145 GeV.
P. Slavich, this conference.

Carena, Haber, Hollik, Heinemeyer, Weiglein, C.W. ’00
Heinemeyer, Hollik, Weiglein’02
Degrassi, Slavich, Zwirner ‘02
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MSSM treeMSSM tree--level Higgs spectrum and propertieslevel Higgs spectrum and properties

�� Two Higgs doublets, HTwo Higgs doublets, H11 and Hand H22 mix, with a mixing angle     , leading to the two mix, with a mixing angle     , leading to the two 
CPCP--even Higgs bosons.even Higgs bosons.

�� The charged and complex neutral  parts of the two Higgs doubletsThe charged and complex neutral  parts of the two Higgs doublets lead to the lead to the 
Goldstone as well as the CPGoldstone as well as the CP--odd and charged Higgs bosonsodd and charged Higgs bosons

�� Ratio of Higgs vacuum expectation values,                   , deRatio of Higgs vacuum expectation values,                   , determines the mixing termines the mixing 
angle between Goldstones and Higgs states.angle between Goldstones and Higgs states.
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Minimal model:  2 Higgs SU(2) doublets
5 physical states:  2 CP-even   h, H             with mixing angle        

1 CP-odd      A                and a charged pair



For moderate or large values of the CP-odd  Higgs boson  mass:

(                             )



•• Supersymmetric relations between couplings imply Supersymmetric relations between couplings imply 

After quantum corrections, Higgs mass shifted due  to incompleteAfter quantum corrections, Higgs mass shifted due  to incomplete
cancellation of particles and superparticles  in the loopscancellation of particles and superparticles  in the loops

Zh mm ≤

• Main Quantum effects:  enhancement ; dependence on the stop 
mixing ; logarithmic sensitivity to the stop mass  (averaged:          )

4
tm

tX SM
Upper bound : Upper bound : 

stringent test of the MSSMstringent test of the MSSM
GeV135≤hm

GeV9.91;GeV0.91 >> Ah mm

GeV6.78>±H
m

LEP MSSM  HIGGS limits:

GeV6.114likeSM >−
hm

M.C., Quiros, Wagner; M.C.,Haber



Loop Corrections to Higgs boson massesLoop Corrections to Higgs boson masses
�� Most important corrections come from the stop sector,Most important corrections come from the stop sector,

where the offwhere the off--diagonal term depends on the stopdiagonal term depends on the stop--Higgs trilinearHiggs trilinear
couplings,couplings,

�� For large CPFor large CP--odd Higgs boson masses, and withodd Higgs boson masses, and with
dominant onedominant one--loop corrections are given by,  loop corrections are given by,  

�� After twoAfter two--loop corrections:loop corrections:

M
m m D m X

m X m m Dt
2 Q

2
t
2

L t t

t t U
2

t
2

R

~ =
�

�
�

+ +
+ +

�

�
�

X A tant t= − µ β* /

m M cos 2
3m

4 v
log

M
m

X
M

1
X

12 Mh
2

Z
2 t

4

2 2
S
2

t
2

t
2

S
2

t
2

S
2≈ +

�

�
�

�

�
�

�

�
� + −

�

�
�

�

�
�

�

�
�2 β

π

Okada, Yamaguchi, Yanagida; Ellis et al, Haber et al. ’90

Carena, Espinosa, Quiros, C.W.’95; Haber and Hempling ’96; Heinemeyer, Hollik, Weiglein’98 
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Strong suppresion of HStrong suppresion of H11bb bb 
Coupling depending on Coupling depending on 

the gluino phasethe gluino phase

• Suppression of Higgs coupling to
bb for a Higgs with SM-like
couplings to vector bosons

Region of parameter space consistent 
with electroweak Baryogenesis

Carena, Ellis, Pilaftsis, C.W. ‘00

Searches at LEP excluded a mass 
up to about 112 GeV in the flavour 
independent analysis


