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Higgs Spectrum in the MSSMHiggs Spectrum in the MSSM

� Supersymmetric extensions of the SM predict and extended 
Higgs sector. In particular, in the MSSM there are one charged  
and three neutral Higgs bosons.

� The masses of these Higgs bosons satisfy relationships that
are mildly affected by radiative corrections. Therefore, the
precise determination of these masses provides a consistency
check of the MSSM scenario.

� The couplings of these Higgs bosons to fermions are also 
well determined by the parameters of the model, but they
may be strongly affected by radiative corrections induced
by the supersymmetry breaking parameters.



Charged Higgs MassCharged Higgs Mass
�� The charged Higgs Mass value is also indicative of the propertieThe charged Higgs Mass value is also indicative of the propertiess

of the neutral Higgs bosons.of the neutral Higgs bosons.

�� For For large values of the charged Higgs masslarge values of the charged Higgs mass, only , only one neutral lightone neutral light
HiggsHiggs remains in the lowremains in the low--energy spectrum and has energy spectrum and has SMSM--like properties.like properties.

�� For small values of the For small values of the charged Higgs mass, smaller than aboutcharged Higgs mass, smaller than about
150 GeV150 GeV, instead, , instead, all all neutral neutral Higgs bosons tend to have highlyHiggs bosons tend to have highly
nonnon--standard properties.standard properties.

�� An exceptional case is the large           regime, in which one An exceptional case is the large           regime, in which one of the Higgs of the Higgs 
bosons couples mostly with SMbosons couples mostly with SM--like couplings to thelike couplings to the
weak gauge bosons, but its couplings to fermions may be higweak gauge bosons, but its couplings to fermions may be highlyhly
nonnon--standard.standard.
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Large           regime

�� At large values of                , essentially only one of the At large values of                , essentially only one of the two Higgs boson two Higgs boson 
doublets participate in the mechanism of electroweak symmedoublets participate in the mechanism of electroweak symmetry breaking.try breaking.
This doublet contains the Goldstone modes and a Higgs thatThis doublet contains the Goldstone modes and a Higgs that couplescouples
in the standard way to the weak gauge bosons.in the standard way to the weak gauge bosons.

�� The other doublet contains two nonThe other doublet contains two non--standard Higgs bosons (a CPstandard Higgs bosons (a CP--odd and odd and 
a CPa CP--even Higgs boson if CP is conserved), and a charged Higgs boson.even Higgs boson if CP is conserved), and a charged Higgs boson.

�� These CPThese CP--even and CPeven and CP--odd Higgs bosons tend to be highly degenerateodd Higgs bosons tend to be highly degenerate
in mass, while the squared of the charged Higgs mass is apin mass, while the squared of the charged Higgs mass is approximately equal proximately equal 
to the sum of the squares of the Wto the sum of the squares of the W--mass and the CPmass and the CP--odd Higgs mass.odd Higgs mass.
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MSSM Higgs Masses as a function of MSSM Higgs Masses as a function of MMAA

GeV;9.91      ;GeV0.91 >> Ah mm

GeV6.78>±H
mLEP MSSM  HIGGS limits:

GeV6.114likeSM >−
hm

• Mild variation of the charged Higgs  mass with SUSY spectrum
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Couplings of the charged Higgs 

• The couplings of the charged Higgs are determined, at
tree level, by the lepton and quark masses and by

• The dominant couplings are those of the third generation 

• Observe that due to the structure of the couplings, the rate
of the charged Higgs decay into second generation quarks
will be much smaller than the one of the decay into tau-leptons
and neutrinos.

• Therefore, if the charged Higgs boson is lighter than the top
quark and                     is large, the charged Higgs decays
predominantly into tau leptons and neutrinos.
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Radiative Corrections to Higgs Couplings
As it is well known, at large values of                  the couplings of the neutral 
and charged Higgs bosons are strongly affected by radiative corrections.

The most important ones for the charged Higgs boson are the vertex 
corrections

βtan

Corrections don’t decouple for large values of the SUSY parameters. They just
reflect the fact that, after SUSY breaking, at low energies you get a two Higgs doublet
model with specific couplings dictated by the tree-level values and these threshold
effects.



For the charged Higgs one has important radiative corrections for large tanb

Interactions after radiative corrections

The interactions of the neutral and charged Higgs bosons with fermions are 
strongly affected by radiative corrections.  

Radiative corrections to the tau coupling tend to be small, and we shall ignore
them, since they don’t play a relevant role in our analysis.

Carena, Mrenna,C.W. ’98/99
Haber et al. ‘99

Carena, Garcia, Nierste,C.W.’99; Gambino et al.’00



Quantum Corrections to    ( )+→Γ bHt
• leading and subleading log(Q/mb) resummed using mb running in & 
• One-loop finite QCD terms also included

0Γ

�
�
�

�
�
�

×+×−=→Γ +≥
+

π
αβ

π
β

)(
1tan)()1(

 64
),(

2
2222

2

2

10tan
. ts

tbHt
W

imp
QCD

m
mmqm

M
g

bHt

�
�
�

�
�
�

�
	



�
�


−�

�

�
�
�

� −++−+−−− ++++
2

2

)1()1log(
3
2

9
4

)1(2)1log(2
9

8
7

HHHH
qqqq

π

� After higher order 
tanb enhanced SUSY 
corrections included:

2
.

10tan
.

)1(
1

),(
b

imp
QCD

imp
MSSM m

bHt
∆+

Γ=→Γ ≥
+

β

GeV 125m
H

=�

imp. MSSM

imp. MSSM

imp. QCD

loop-1 MSSM

loop-1 MSSM

GeV 500==

= +

+

~

2

2

g
t

t

H
H

MA

m

m
q



Charged Higgs Searches at theTevatronCharged Higgs Searches at theTevatron

Curves of constant                            after
resummation of LOand NLO logs fo QCD

( )+→ bHtBR

Shaded area excluded by DO RunI analysis
Similar for CDF.

Including SUSY corrections for large tanb and
a heavy SUSY spectrum 
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Tau Polarization & Charged Higgs 
Measurements

�� In the rangeIn the range
it seems difficult to identify                decays from       

Crucial Observation:

Due to the lefthandness of the charged current: Due to the lefthandness of the charged current: 
whereaswhereas

�� a consequence of the helicitya consequence of the helicity--flipflip
(c(conserving)  of the SM Higgsonserving)  of the SM Higgs
(v(vector boson) couplingsector boson) couplings

Hence: Hence: 
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�� The decay distributions of the      are sufficiently different fThe decay distributions of the      are sufficiently different from rom 
those of those of 

�� Considering the main contributions to oneConsidering the main contributions to one--prong hadronic prong hadronic 
tau decays:tau decays:

The dependence of the tau polarization of the angularThe dependence of the tau polarization of the angular
distributions of the primary decay modes in the tau rest framedistributions of the primary decay modes in the tau rest frame
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In the colinear limit In the colinear limit 

Energy distributions arising fromEnergy distributions arising from
are significantly are significantly 

different from                         different from                         
decaysdecays

�� Most energetic particles from Most energetic particles from 
decays decays �� transv. polarized transv. polarized 
�� Most energetic particles fromMost energetic particles from
decays decays �� & long. polarized& long. polarized
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Energetic pions favour charged Higgs over W’s

Bullock, Hagiwara, Martin



Charged Higgs searches at the ILC:
the impact of tau Polarization

� We consider
� with 

�� and 
Main background: both tops decay into Wb and
� Simulations done with CompHEP, including ISR and 
beamstrahlung with polarized 
� Polarized      decays with TAUOLA, using new CompHEP-

TAUOLA interfase      (E. Boos et al.)

� All other stages done with CompHEP-Pythia interface
� Energy distributions are given in the reconstructed top 

rest frame using the recoil mass technique

bH bWtt
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Systematic EffectsSystematic Effects

�� It is clear that,  since we will rely on the It is clear that,  since we will rely on the recoil mass techniquerecoil mass technique
to determine the top quark mass rest frame, there will beto determine the top quark mass rest frame, there will be
a a systematic effect, related to the uncertainty in the , related to the uncertainty in the 
determination of the energy and momentum of the decaying determination of the energy and momentum of the decaying 
toptop--quarks.quarks.

�� Since one of the Since one of the toptop--quarks decays into jets and bottom quarksquarks decays into jets and bottom quarks
one should hope thatone should hope that this error will be smallthis error will be small and we shall ignoreand we shall ignore
in the following analysis. However, it is important to detin the following analysis. However, it is important to determineermine
what would be the size of this systematic effect in a realwhat would be the size of this systematic effect in a realistic istic 
case.case.



� In the top rest frame: 

where the resonance R is either the W boson or the charged Higgs

where:  
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Top Quark Mass ErrorTop Quark Mass Error

�� All energy distributions depend on the All energy distributions depend on the toptop--quark massquark mass and theand the
charged Higgs mass.charged Higgs mass.

�� The The top quark mass will be independently determined at the ILCtop quark mass will be independently determined at the ILC,,
via, for instance, topvia, for instance, top--quark production threshold scans.quark production threshold scans.

�� We will assume that the We will assume that the error on the top quark mass is mucherror on the top quark mass is much
smaller than 1 GeV.smaller than 1 GeV.



--meson energy spectrum in the top rest frame

Two MSSM benchmarkTwo MSSM benchmark
MSSM scenarios:MSSM scenarios:

common parameters:
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Performing a fit to the simulated Performing a fit to the simulated 
signal + backgroundsignal + background

(b)(a)

one can determine the value of

In particular we obtain:

(no systematics/detector effects)
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Charged Higgs Mass Determination

�� The example provided above shows that the systematics may be undThe example provided above shows that the systematics may be under er 
control, the control, the charged Higgs mass may be determined  with high accuracy.charged Higgs mass may be determined  with high accuracy.

�� Observe that, due to the missing energy in the charged Higgs decObserve that, due to the missing energy in the charged Higgs decay, this is ay, this is 
probably a much probably a much better determination than the one coming from charged better determination than the one coming from charged 
Higgs pair productionHiggs pair production. This, of course,   must be studied in detail.. This, of course,   must be studied in detail.

�� We have used We have used only one of the possible oneonly one of the possible one--prong tau decaysprong tau decays..
Other decays should be helpful in improving the charged HigOther decays should be helpful in improving the charged Higgsgs
mass determination and should also be studied. They shouldmass determination and should also be studied. They should
partially compensate for the unaccounted systematic and departially compensate for the unaccounted systematic and detector errors.tector errors.

�� Finally, the error in the determination of topFinally, the error in the determination of top--quark rest frame must be studied.quark rest frame must be studied.



Conclusions
�� Low energy supersymmetryLow energy supersymmetry has an important impact on Higgs physics. has an important impact on Higgs physics. 

�� It leads to It leads to definite predictions to the Higgs boson masses anddefinite predictions to the Higgs boson masses and
their couplings to fermions and gauge bosonstheir couplings to fermions and gauge bosons. . 

�� Such Such couplingscouplings, however, are , however, are affected by radiative correctionsaffected by radiative corrections induced by induced by 
supersymmetric particle loops. supersymmetric particle loops. 

�� QCD and SUSY quantum corrections to                      lead tQCD and SUSY quantum corrections to                      lead to crucialo crucial
effects in the interpretation of        searches from top deffects in the interpretation of        searches from top decays at the Tevatronecays at the Tevatron

�� Tau Lepton polarization is a powerful discriminative characterisTau Lepton polarization is a powerful discriminative characteristic to tic to 
separate charged Higgs signal separate charged Higgs signal 

�� Fit to pion spectra from polarized tau decays allows to extract Fit to pion spectra from polarized tau decays allows to extract light chargedlight charged
Higgs masses with                                      Higgs masses with                                      

Theory level study, but only info on           from        Theory level study, but only info on           from        has been usedhas been used
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CPCPsupersuperHH

�� Code to compute Higgs spectrum, couplings and decay modes in theCode to compute Higgs spectrum, couplings and decay modes in the
presence of CPpresence 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 withconserving case: Set phases to zero. Similar to HDECAY, but with
the advantage that charged and neutral sector treated with same the advantage that charged and neutral sector treated with same rate rate 
of accuracy.of accuracy.

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

�� Available at Available at 

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



Renormalization Group EffectsRenormalization Group Effects

� tanb enhanced correc. to hb are not the only universal ones
� Standard QCD corrections to transitions involving               Yukawa 

interactions� log(Q/mb) with:

-- Summation to all orders in  leading logs done 
evaluating running hb(Q)         mb(Q)

-- Full one-loop QCD correc. to decay rates require summation of NLO    
logs                            due to non-log       terms

To consider both effects: using OPE + RG evolution in 

The above relation is also valid at the scale Q 
� the characteristic scale of the process
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