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• Flavor Structure of the SM is derived from its simple 
fermion Lagrangian, which contains only gauge covariant 
kinetic   terms and Yukawa interaction terms.

• The  complete fermion Lagrangian reads                                        

• The up and down quark mass matrices arise from the v.e.v. 
of the Higgs field, and once we diagonallize the mass 
matrix, the interactions of the Higgs field are also diagonal 
in flavor.

• For instance, in the mass eigenstate basis what we get is                                                  

Flavor Structure of the SM
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m̂i and ĥiwhere                   are the diagonal masses and Yukawa couplings 
of the down quarks.
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Flavor changing effects in the SM arise from the charged currents, 
which mix left-handed u and d quarks

where the CKM matrix appears from the missalignment of the up 
and down quark mass matrices,

The Higgs sector, as well as the neutral gauge interactions do not 
lead to FCNC. In former case, due to the allignment of the Yukawa 
interactions with the mass terms. In the latter case, due to the 
unitarity of the transformations connecting weak with mass 
eigenstates.

Flavor Changing Effects
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Two Higgs doublet Models

Now, imagine there are two Higgs doublets.

Both Higgs doublets will acquire different v.e.v.’s. The mass matrix 
will be equal to 

It is clear that the diagonalization of the mass matrix will lead to the 
diagonalization of neither of the Yukawa couplings, which will remain 
off-diagonal in the mass eigenstate basis.

This will induce large, usually unacceptable FCNC in the Higgs 
sector.  Easiest solution: Up and down quarks should couple to only 
one of the Higgs bosons. This is what happens in the MSSM at tree-
level. 
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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.



MSSM tree-level Higgs spectrum and propertiesMSSM tree-level Higgs spectrum and properties

!! Two Higgs doublets, HTwo Higgs doublets, H11 and H and H22 mix, with a mixing angle     , leading to the two mix, with a mixing angle     , leading to the two
CP-even Higgs bosons.CP-even Higgs bosons.

!! The charged and complex neutral  parts of the two Higgs doublets lead to theThe charged and complex neutral  parts of the two Higgs doublets lead to the
Goldstone as well as the CP-odd and charged Higgs bosonsGoldstone as well as the CP-odd and charged Higgs bosons

!! Ratio of Higgs vacuum expectation values,                   , determines the mixingRatio of Higgs vacuum expectation values,                   , determines 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
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Higgs Couplings to (s)fermions

• At tree level, only one of the Higgs doublets couples to down-
quarks and leptons, and the other couples to up quarks

• Since the up and down quark sectors are diagonalized 
independently, the interactions remain flavor diagonal. 

• The charged Higgs interactions, as the charged gauge interactions, 
induce flavor violation by CKM factors. For instance, at tree-level 

• Trilinear interactions of Higgs with sfermions. In the simplest case,

L = Ψ̄i
L (hd,ijH1dR + hu,ijH2uR) + h.c.
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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 off-diagonal term depends on the stop-Higgs trilinear     where the off-diagonal term depends on the stop-Higgs trilinear

     couplings,     couplings,

!! For large CP-odd Higgs boson masses, and withFor large CP-odd Higgs boson masses, and with

     dominant one-loop corrections are given by,     dominant one-loop corrections are given by,

!! After two-loop corrections:After two-loop corrections:
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Minimal and Maximal Mixing

• The expressions minimal and maximal mixing, usually heard 
in MSSM Higgs boson searches are not really related to the 
mixing in the Higgs sector, but to the “mixing parameters” 
in the stop sector that “minimizes” or “maximizes” the 
lightest CP-even Higgs boson mass. 

Minimal Mixing : Xt = 0, µ = ±200GeV

Maximal Mixing : Xt =
√

6 MSUSY, µ = ±200GeV



MSSM Higgs Masses as a function of MSSM Higgs Masses as a function of MMAA
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Radiative Corrections to Higgs Couplings

• Couplings of down and up quark fermions to both Higgs fields arise 
after radiative corrections.  

• This is a reflection of the breakdown of supersymmetry at low energies.  
Passing to a representation in which both Higgs have the same 
hypercharge, we can write                    

• The radiatively induced coupling depens on ratios                                   
of  supersymmetry breaking parameters
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1 + ∆hdH

0
2 )dR

∆b

tanβ
=

∆hb

hb
! 2αs

3π

µMg̃

max(m2
b̃i

,M2
g̃ )

+
h2

t

16π2

µAt

max(m2
t̃i

, µ2)

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

!tan

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.

mb = hbv1

(
1 +

∆hb

hb
tanβ

)



Interactions after radiative corrections

• The appearence of couplings to the “wrong” Higgs induced FCNC, to be 
discussed below and also  modifications of the diagonal couplings to 
third generation fermions

• At large values of                               ,  one reaches a “decoupling” 
limit, in which one of the CP-even Higgs bosons couples in a SM way, and 
the other couples in a way similar to the CP-odd boson.
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v (1 + ∆b)



Couplings to down quarks and leptons

• In the large            regime, for m_A larger than 135 GeV  

• Radiative corrections may produce a small difference 
between these quantities, what leads to large variations of 
their ratios.

• For values of                       ,  the mismatch is such that can 
induce a perfect decoupling of down quark fermions to the     
lightest CP-even Higgs (or, in general, the one with SM-like 
couplings to the gauge bosons).

• For this to happen

• The tau coupling is not suppressed in exactly the same 
parameter as the bottom coupling !

tanβ

sinα ! − cos β # 1, sinβ ! cos α ! 1

∆b ! tanβ tanα, → ∆hb ! sinα

(µ At) < 0
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Figure 2: Discover reach of the LEP, Tevatron and LHC experiments in the minimal

mixing model, as defined in the text.
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Case with small values of µ At

Three sigma evidence region at the 
Tevatron, in the bb final state channel, 
covers a region complementary to the 
one covered by the LHC in the photon-
photon final state channel. 

Both measurements are quite 
challenging in this case, but weak boson 
fusion becomes a complentary channel 
that allows the coverage of the full range 
of masses.

Carena, Mrenna,C.W. ’00
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Figure 3: Same as Fig. 2 but for At = −µ = 1.5 TeV, MS = 1 TeV
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Case with large, negative values of µ At

The cancellations of the bottom
coupling become apparent in this case.  

Tevatron reach highly affected, while LHC 
reach in the gamma-gamma mode highly 
enhanced, due to an increase in the
 

In general, at the LHC, complementarity 
between photon and fermion modes is 
quite relevant to ensure the discovery of 
the SM-like Higgs boson.

BR(h→ γγ)

Carena, Mrenna,C.W. ’00



• Non-standard Higgs bosons are characterized by enhanced couplings to 
the b-quarks and tau-leptons.

• Couplings to gauge bosons and other fermions are suppressed.

• Considering the values of the running bottom and tau masses and the 
fact that there are three colors of quarks, one gets  

BR(A→ bb) " 9
9 + (1 + ∆b)

2 , BR(A→ ττ) " (1 + ∆b)
2

9 + (1 + ∆b)
2

Searches for Non-Standard Higgs bosons

gAbb ! gHbb !
mb tanβ

(1 + ∆b)v
, gAττ ! gHττ !

mτ tanβ

v



σ(bb̄A)×BR(A→ bb̄) # σ(bb̄A)SM
tan2 β

(1 + ∆b)
2 ×

9
(1 + ∆b)

2 + 9

σ(bb̄, gg → A)×BR(A→ ττ) # σ(bb̄, gg → A)SM
tan2 β

(1 + ∆b)
2 + 9

• Searches at the Tevatron and the LHC are induced by production 
channels associated with the large bottom Yukawa coupling.

• Since, depending on the parameters,                            there may be a 
strong deependence on the parameters in the bb search channel, which 
is strongly reduced in the tau tau mode.

• The tau mode provides a more stable definition of the bound on            
as well as of the future reach of the LHC. 

Searches for non-standard Higgs bosons

∆b ! ±O(1)

tanβ



Present Tevatron reach in thePresent Tevatron reach in the

 CP conserving MSSM Higgs sector CP conserving MSSM Higgs sector

A/HorA/h

with

=

!!

"

" bbbbbbpp

1pb200 !

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

GeV 100m and  10tan
A
!!" GeV 250m and  50tan

A
!!""" #

• Interesting to study the direct reach in tanb-CP-odd Higgs mass/ Hi masses

and compare with indirect reach via sensitivity to      )(BR !"
+µµ

s
B

M.C. Noriega, Szynkman: in progress                                                                



90 100 110 120 130 140 150

M
A
 [GeV]

10

20

30

40

50

60

70

80

90

100

110

120

130

ta
n
!

m
h

max
, Tevatron: bb", " -> bb

µ = -300 GeV

µ = -200 GeV

µ = +200 GeV

90 100 110 120 130 140 150

M
A
 [GeV]

10

20

30

40

50

60

70

80

90

100

110

120

130

ta
n
!

no-mixing, Tevatron: bb", " -> bb

µ = -300 GeV

µ = -200 GeV

µ = +200 GeV

µ = +500 GeV

Figure 1: Change in the limits obtained from the bb̄φ, φ → bb̄ channel in the mmax
h (left) and

no-mixing (right) benchmark scenarios for different values of µ. The value µ = −200 GeV
was chosen by the D0 Collaboration in Ref. [6]. The other curves indicate the corre-
sponding limits for µ = −300, +200, +500 GeV. The curves for µ = +500, +1000 GeV
(µ = +1000 GeV) are not shown in the left (right) plot for the mmax

h (no-mixing) scenario,
since for these µ values there is no tan β exclusion below tanβ = 130 for any value of MA.

In Ref. [4] the definition of the mmax
h and no-mixing scenarios given in Ref. [3] has been

updated, and the “small αeff” scenario and the “gluophobic Higgs scenario” have been pro-
posed as additional scenarios for the search for the light CP-even Higgs boson at the Teva-
tron and the LHC. The sign of µ in the mmax

h and no-mixing scenarios has been reversed to
µ = +200 GeV in Ref. [4]. This leads typically to a better agreement with the constraints
from (g − 2)µ. Furthermore, the value of MSUSY in the no-mixing scenario was increased ←

from 1 TeV [3] to 2 TeV in order to ensure that most of the parameter space of this scenario
is in accordance with the LEP exclusion bounds [1, 2].

Another scenario defined in Ref. [4] is the “constrained-mmax
h ” scenario. It differs from

the mmax
h scenario as specified in Ref. [4] by the reversed sign of Xt,

XOS
t = −2 MSUSY (FD calculation),

XMS
t = −

√
6MSUSY (RG calculation) . (28)

This results in better agreement with the constraints from BR(b → sγ). For large tan β one
has At ≈ Xt, thus At and mg̃ have opposite signs. This can lead to cancellations in the
two contributions entering ∆b, see eq. (15). In contrast to the mmax

h scenario, where the two
contributions entering ∆b add up, see eq. (26), the constrained-mmax

h scenario typically yields ←

relatively small values of ∆b and therefore a correspondingly smaller effect on the relation ←

between the bottom-quark mass and the bottom Yukawa coupling, e.g.

constrained mmax
h scenario, µ = +200 GeV, tan β = 50 : ∆b = −0.001 . (29)

11

Searches at the Tevatron in the bb mode.
Current limits from D0

M. Carena, S. Heinemeyer, G. Weiglein, C.W. ‘05
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Figure 5: Comparison between the limits obtained from the pp̄ → φ → τ+τ− channel at the
Tevatron in the mmax

h (left) and no-mixing (right) benchmark scenarios for different values
of µ.

to an expression for the branching ratio in analogy to eq. (17). Accordingly, a positive ∆b

leads to a suppression of BR(t → H±b), while a negative ∆b leads to an enhancement.
For large values of tanβ, At and Ab there is a large correction proportional to h2

t h
2
b how large are

these correc-
tions?that affects the relation between M2

A and M2
H±. For a fixed value of MH± it drives MA to

rather small values. In the region of small MH± and large tan β currently probed at the
Tevatron [8] the corresponding MA values are below the LEP exclusion bound [2]. Therefore
this channel at present is less relevant for obtaining exclusion limits in the MA–tanβ plane
than the neutral Higgs-boson search channels discussed above. It is expected to become
more competitive, however, with increasing luminosity collected in Run II of the Tevatron.

3.2 Prospects for Higgs sensitivities at the LHC

The most sensitive channels for detecting heavy MSSM Higgs bosons at the LHC are the
channel pp → H, A → τ+τ− (making use of different decay modes of the two τ leptons) and
the channel tH±, H± → τντ (for MH± ≥ mt) [49,50]. We consider here the parameter region
MA # MZ , for which the heavy states H , A are widely separated in mass from the light
CP-even Higgs boson h. Here and in the following we do not discuss search channels where
the heavy Higgs bosons decay into supersymmetric particles, which depend very sensitively
on the model parameters [50–52], but we will comment below on how these decays can affect
the searches with bottom-quarks and τ -leptons in the final state.

16

Searches at the Tevatron in the tau tau 
mode

M. Carena, S. Heinemeyer, G. Weiglein, C.W. ‘05



3.2.1 Discovery region for the process pp → H, A → τ+τ−

CMS uses
m=

¯
5 GeV!!!!To be specific, we concentrate in this section on the analysis carried out by the CMS Col-

laboration [50, 53]. Similar results for this channel have also been obtained by the ATLAS
Collaboration [49, 54]. In order to rescale the SM cross sections and branching ratios, the
CMS Collaboration has used for the branching ratios the HDECAY program [55] and for the
production cross sections the HIGLU program [47] (gg → H, A) and the HQQ program [56]
(gg → bb̄H). In the HDECAY program the ∆b corrections are partially included for the decays
of the neutral Higgs bosons (only the O(αs) contribution to ∆b is included, see eq. (15)).
The HIGLU program (see also the discussion in Sect. 3.1.2) and HQQ, on the other hand, do
not take into account the correction to the bottom Yukawa coupling. The prospective 5σ
discovery contours (corresponding to the upper bound of the LHC “wedge” region, where
only the lightest CP-even Higgs boson may be observed at the LHC) obtainable with the
CMS detector have been presented in the MA–tanβ plane for an integrated luminosity of
30 fb−1 and 60 fb−1 in Refs. [50, 53]. The results were presented in the mmax

h scenario for
different µ values, µ = −200, +300, +500 GeV. It should be noted that decays of heavy
Higgs bosons into charginos and neutralinos open up for small enough values of the soft
supersymmetry-breaking parameters M2 and µ. Indeed, the results presented in Refs. [50, 53]
show a degradation of the search reach in the MA–tanβ plane for smaller absolute values of
µ, as a consequence of an enhanced branching ratio of H , A into supersymmetric particles
and accordingly a reduced branching ratio into τ pairs.
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Figure 6: Variation of the 5σ discovery potential for the pp → H, A → τ+τ− process at the
LHC in the mmax

h (left) and no-mixing (right) benchmark scenarios for different values of µ.

Taking this additional dependence on the parameter µ into account we now study the
impact of including the ∆b correction into the production cross sections and branching ratios
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Searches at the LHC in the tau mode

M. Carena, S. Heinemeyer, G. Weiglein, C.W. ‘05
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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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BR(H± → τντ ) " (1 + ∆b)
2

(1 + ∆b)
2 + 9(1−m2

t /m2
H±)

, mH± > mt + mb

Charged Higgs Boson Decay Properties

• Searches for charged Higgs bosons are mostly done in the tau-neutrino 
decay channel.

• The branching ratio of this decay depends strongly on the mass of the 
charged Higgs boson.

• At the Tevatron, only the first option is available, and the charged Higgs 
boson is produced in the decay of a top quark, with a width that depends 
on the bottom Yukawa coupling. Hence, there is a strong parameter 
dependence on this channel, which is reduced at the LHC.

BR(H± → τντ ) " 1, mH± < mt



Quantum Corrections to ( )+!" bHt

• leading and subleading log(Q/mb) resummed using mb running in         &

• One-loop finite QCD terms also included
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Charged Higgs Searches at theTevatronCharged Higgs Searches at theTevatron
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Figure 8: Variation of the of the 5σ discovery contour as a function of MA in the constrained
mmax

h scenario for the pp → H, A → τ+τ− process (left) and the H± → τ±ντ process (right).
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Figure 9: Comparison between the 5σ discovery contours obtained from the tH±, H± → τντ

channel in the mmax
h (left) and no-mixing (right) benchmark scenarios for different values

of µ.
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Flavor Changing Neutral Currents

• As described above, since at the loop level the down quarks couple 
to both Higgs fields, there will be FCNC in the Higgs sector

• We need that, when the Higgs field are replaced by v.e.v.’s, the 
whole expression becomes diagonal, and equal to the masses. We 
also know that

• Hence,

• Keeping only the non-diagonal, flavor changing interactions, we get 

d̄R

(
D†

RhdDL

)
D†

L
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2
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• The above formulae are valid in two interesting cases: The first 
one is when all squark masses are approximately the same, and 
therefore Eg and Eu are Universal and diagonal.

• The second case is when the up and down quark masses are 
universal, apart from a correction which depends on powers 
of           , as happens with flavor universal masses which evolve 
according the the RG equations for moderate or small values of 

• In this second case,  the two terms are diagonalized 
simultaneously. But this can only arise for flavor violating 
couplings, governed by the CKM elements in the down quark-
squark-gluino sector. 

• A slightly different scheme is the one denoted as minimal flavor 
violation, in which squark and quark mass matrices may be 
diagonalized simultaneously (in block) at tree level. These three 
possibilities collapse into a single one when the squark masses 
are universal.

h†
uhu

tanβ



Comments on FCNC. Universal Case

• If one ignores the second and third generation, the FCNC 
Lagrangian agrees with the previously presented one, once 
we identify

• Since, in the universal case considered, only Eu h_u^2 does 
not commute with the Cabibbo rotation,  all the FCNC 
effects are proportional to Et, and to the Cabibbo angle.

• This provides a predictive scheme for the calculation of 
FCNC in the MSSM.

• Main effects at the Tevatron:

∆b = (Eg + Eth
2
t ) tan β

BR(Bs → µ+µ−), and ∆MBs

R = 1 + EgI + Etĥ
2
u

LFCNC = d̄i
R
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3iV3j ĥt

2
R−1dj

L(H + iA) + h.c.



BR(Bs → µ+µ−) " X2
RL tan2 β

m4
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A

Flavor Violating  b s couplings

Also,

An interesting  correlation appears between the SUSY contribution to 
different processes
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Probing the large tanb region at the TevatronProbing the large tanb region at the Tevatron
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•  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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In general, it is difficult to accomodate a light CP-odd Higgs, with mass and 
couplings in the Tevatron range, in SUSY minimal flavor violating models. 
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Correlation between Higgs mediated flavor 
violating effects

• Higgs mediated contribution to Delta Ms has the opposite sign as the 
SM one, unless it is very large. 

• Bounds on the Branching ratio of Bs to muons, together with bounds 
on the loop corrections Eu and Eg already puts a strong constraint on 
the possible Higgs mediated contribution to Delta Ms

M. Carena, A.Menon, A. Szynkman, R. Noriega, C.W.’05
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Size of Effects in Minimal Flavor Violation Scheme

• Minimal flavor violation refers here to the fact that all the effects are 
induced by Cabibbo mixing.

• Positive contributions to Delta Ms can appear from stop--chargino box 
diagrams. The plot below was performed by trying to maximize these 
effects.
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Conclusions

• Higgs Physics in the MSSM presents interesting variations 
from the SM ones.

• Not only there are additional Higgs bosons, with enhanced 
couplings to leptons and down quarks, but the Higgs sector 
properties are strongly affected by radiative corrections

• Searches at the Tevatron become more efficient in the bb 
mode, but the bounds are strongly dependent on the choice 
of third generation mass parameters.  Reach in the tau 
mode becomes more stable under parameter changes.

• Flavor changing neutral currents in the Higgs sector are 
induced at the loop level, with interesting effects testable at 
the Tevatron in the near future.



the pp → H, A → τ+τ− process is shown as a function of µ in the mmax
h scenario for different

values of MA. As explained above, for MA
>∼ |µ|+M1 the decay modes into supersymmetric ←

particles have a significant impact, while outside this region the dependence on µ is rather
weak.

In Fig. 8 we show the results for the constrained-mmax
h scenario, see eq. (28). The vari-

ation of the discovery contour in the MA–tanβ plane with µ is similar to the case of the
mmax

h scenario, see Fig. 6. However, the largest impact now comes from the additional decay
channels of the heavy Higgs bosons into charginos and neutralinos. Correspondingly, the
weakest sensitivity is obtained for the smallest values of |µ|, µ = ±200 GeV.
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Figure 7: Variation of the 5σ discovery contour as a function of the parameter µ in the mmax
h

scenario for the pp → H, A → τ+τ− process (left) and the H± → τ±ντ process (right).

3.2.2 Discovery region for the process tH±, H± → τντ

For this process we also refer to the analysis carried out by the CMS Collaboration [50,57].
The corresponding analyses of the ATLAS Collaboration can be found in Refs. [49, 58]. The
results of the CMS Collaboration were given for an integrated luminosity of 30 fb−1 in the
MA–tan β plane using the mmax

h scenario with µ = −200 GeV. No ∆b corrections were
included in the gb → tH± production process [59] and the H± → τντ decay [55].

In Fig. 9 we investigate the impact of including the ∆b corrections into the production
and decay processes and of varying µ. In order to rescale the original result for the discovery
reach in tan β we have first evaluated the tan β dependence of the production and decay
processes. If no supersymmetric radiative corrections are included, for a fixed MA value, the
discovery contour is obtained by using a rate approximately proportional to

tan2 βorg × BR(H± → τντ )org . (34)
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