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CMS detector

Luminosity uncertainty < 4% already!
Good understanding of machine

CMS transverse view

M. Chiorboli - SUSY searches in CMS Moriond QCD and High Energy Interactions - La Thuile, March 20-27 2011

Compact Muon Solenoid - CMS

1027 cm-2  s-1

2x1032 cm-2  s-1

20

≈100M channels each 
≈98% channels operational
Makes event reconstruction and 
comparison with simulations 
much easier



CMS’ path to the  Higgs

36 pb-1 at √s = 7 TeV
leptonic final states (l=e,μ)

Theory
CMS±errexp

CMS±errexp±errtheo 

CMS preliminary 2010

Probability of observing a pp→ ZZ →4μ event 
in 36 pb‐1 is ~ 20%  

A beautiful event
observed in data
(walked in early !)

PT
μ1 = 48.1GeV/c

PT
μ2 = 43.4GeV/c

PT
μ3 = 25.9GeV/c

PT
μ4 = 19.6GeV/c

Mμ1μ2
 = 92.15 GeV/c2

Mμ3μ4
 = 92.15 GeV/c2 

M4μ
 = 201 GeV/c2 

μ1

μ2

μ3

μ4

ZZ
observation

An example of finding tiny signal 
with leptons, MET, b‐tag & jets

The first di‐boson 
observation

The hunt is 
starting ...
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No narrow mass 
    peak can be reconstructed

Count excess 
cut based analysis 
multivariate approach

The signature
2 opposite charged‐ isolated‐ hight pt leptons 
large missing transverse energy
no jet activity

The backgrounds
real or fake sources of leptons and MET

           W+jets and QCD, DY, tt, tW
irreducible WW

arXiv:1102.5429, accepted by PLB for publication



10 5 Search for Higgs Bosons in the W+W− Decay Mode
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Figure 5: BDT outputs for Higgs signal and for backgrounds, for (a) mH = 160 GeV/c2 and (b)
mH = 200 GeV/c2. Higgs event yield is normalized (a) to the SM expectation, and (b) to the
fourth generation scenario.

into the signal region. For low Higgs boson mass values (mH < 200 GeV/c2) we use events252

with m!! > 100 GeV/c2, while for mH > 200 GeV/c2 we use events with m!! < 100 GeV/c2. The253

statistical uncertainty on the estimate of the W+W− background with the current data sample254

is approximately 50%.255

The non-W+W− backgrounds are estimated in the same way as in the SM W+W− produc-256

tion cross section measurement described in Section 3.2. The W + jets, QCD and Drell-Yan257

Z/γ∗ → !+!− backgrounds are estimated using data-driven methods, while the background258

estimations in the W+W− region are extrapolated into the Higgs signal region by multiplying259

them with the efficiencies of the Higgs specific selection criteria determined from simulation.260

In addition, for the present measurement we consider as backgrounds other Higgs production261

mechanics: a Higgs boson in the final state accompanied by a W or Z boson or by a pair of top262

quarks, and the vector boson fusion process. These processes are heavily suppressed by the jet263

veto and third lepton cuts, and the corresponding yield amounts to 1-2% of the gluon-fusion264

process.265

5.3 Systematic uncertainties266

Systematic uncertainties related to acceptance and efficiencies for H → W+W− are estimated267

in a similar way as described in Section 3.3.268

We use simulated events to predict the H → W+W− signal efficiency in data and use Z → !+!−269

events to study the data-to-simulation efficiency scale factors of the lepton selection and jet270

veto requirement. Due to details in the implementation of the POWHEG calculation [37], the271

resulting Higgs pT spectrum has a harder tail in comparison with the most precise spectrum272

calculated to NNLO with resummation to NNLL order [38]. Therefore, we reweight the Higgs273

pT distribution in POWHEG to the NNLO+NNLL prediction. As a consequence the overall274

signal efficiency is about 14% higher, where that factor is mostly independent of the Higgs275

Selection

“projected MET” cut
and Z‐veto and ml+l‐ > 12 Gev/c2

JetVeto & b‐jet tag
additional lepton veto

WW EWK selection

optimize cuts as a function of mH

cut based approach variables: 
mll, pT,l

max, pT,l
min, Δφll

multivariate approach, BDT

Higgs WW selection
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Figure 1: (a) Jet multiplicity distribution after all W+W− selection criteria, except the top veto
and jet veto requirements. (b) Dilepton mass distribution for the events passing the final selec-
tions, except the Z mass veto.

the predictions from simulation. Therefore, the top quark background contribution is taken163

directly from simulation, which predicts 0.77 ± 0.05 (stat)± 0.77 (syst) events, where a 100%164

systematic uncertainty is assigned as a conservative estimate of the difference between data165

and simulation.166

An estimate of the residual Z boson contributions in the e+e− and µ+µ− final states outside167

the Z mass window, N!!,exp
out , is obtained from data in the following way. The ratio R!!

out/in of168

the number of events outside the Z mass window to that inside is obtained from simulation.169

The observed number of events inside the Z mass window in data, N!!
in , from which the non-170

Z contributions (Nnon−Z
in ) is subtracted, is then scaled by R!!

out/in to compute the residual Z171

background:172

N!!,exp
out = R!!

out/in(N!!
in − Nnon−Z

in ), with R!!
out/in = N!!,MC

out /N!!,MC
in .

The number Nnon−Z
in is estimated as half of the number of e±µ∓ events, taking into account the173

relative detection efficiencies of electrons and muons. The result also includes WZ and ZZ con-174

tributions, in which both leptons come from the same Z boson. The total Z decay contribution175

is estimated as 0.2 ± 0.2 (stat)± 0.3 (syst) events. The systematic uncertainty of this method176

arises primarily from the dependence of R!!
out/in on the Emiss

T cut.177

Other backgrounds are estimated from simulation. The Wγ production, where the photon is178

misidentified as an electron, is suppressed by the γ conversion rejection requirements. As a179

cross-check, this background was studied using the events passing all selection requirements,180

except that the two leptons must have the same charge. This sample is dominated by W +181

jets and Wγ events. Other minor backgrounds are WZ and ZZ diboson production where the182

selected leptons come from different bosons, and Z/γ∗ → τ+τ− production. All background183

predictions are summarized in Table 2. The estimated number of remaining background events184

is 3.29 ± 0.45 (stat)± 1.09 (syst).185
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except that the two leptons must have the same charge. This sample is dominated by W +181

jets and Wγ events. Other minor backgrounds are WZ and ZZ diboson production where the182

selected leptons come from different bosons, and Z/γ∗ → τ+τ− production. All background183

predictions are summarized in Table 2. The estimated number of remaining background events184
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13 evt selected
with 36 /pb

MH SM Higgs 4th Gen Background DATA

130 0.3 ± 0.01 1.73 ± 0.04 1.67 ± 0.10 1

160 1.23± 0.02 10.35 ± 0.16 0.91 ± 0.05 0

200 0.47 ± 0.01 3.94 ± 0.07 1.47 ± 0.09 0 MVA gives ~15% better sensitivity

Cut Based final yields



Background control & Systematics

Reducible bkg 

data‐driven
control region: invert mll cut
extrapolated in the signal region 
∼50% uncertainty with L=36pb‐1

 QCD and W+jets background (fake leptons)
estimated from fake rate on a jet dominated  sample

 Top background
estimated from MC due to lack of statistics 
(100% uncertainty) 
strategy on top‐enriched sample for the future

 DY/γ* background 
extrapolation from Z peak in signal region

Irreducible WW

Source Relative 
uncertainty (%)

Luminosity 11
Trigger ε 1,5
Muon ε 0,7

Electron ε 2,4
Momentum scale 1,3

pu 0,5
Jet veto ε 5,5

PDF  3,0

Jet Veto
most delicate ingredient of the analysis
estimate from data as a ratio:

                         εdataH→WW = εMC
H→WW  (εdataZ/εMC

Z)

‐ εMC
H→WW/εMC

Z  mainly affected by the theoretical
uncertainty due to higher order  corrections
‐ experimental uncertainties cancel out 
 Uncertainty computed compare different 

generators

Bkg control Signal Efficiency



Results
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σ 1±upper limit, expected 
σ 2±upper limit, expected 

Not yet sensitivity to SM Higgs 
(× 2.1 @ mH =160 GeV/c2)

In a 4th generation model with 
infinite quark masses 
(conservative), 
Higgs mass excluded in range 
[144‐207] GeV/c2 at 95% C.L.

Competitive with TeVatron limits 
(mH = [131‐204] GeV/c2 with 4.8+5.4 }‐1)

stat interpretation:   Bayesian interference
results from multivariate approach



MSSM φ→ττ

         Looking beyond the SM the Higgs sector becomes much richer: MSSM

2 doublets of Higgs scalar fields, 5 Physical Higgs Bosons: h,H,A,H+,H−

depending on the regime φ = h, H, A masses are degenerate
              mφ :  sum of (pseudo‐scalar + scalar) Higgs of about same mass

couplings of the neutral φ to down‐type quarks and leptons are enhanced at high 
tanβ:

                cross section increases and BR(φ→ττ) enhanced (cleaner signature then bb decay)

   Search for gg→φ(bb)→ττ

   Three decay channels considered:

φ(bb)→ττ→μ+τh (τh=hadronic decay) 
φ(bb)→ττ→e+τh  (τh=hadronic decay) 
φ(bb)→ττ→e+μ

arXiv:1104.1619, accepted by PRL for publication
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tau pair mass (GeV/c2)
0 100 200 300 400

0

Observed

Z

QCD, tt

Z

!!"
ll, EW"

m
A
 = 200 GeV/c2

CMS Preliminary

36 pb­1   7 TeV

       ττ mass reconstruction 
Likelihood fit of momenta of 
visible decay products and of 
neutrinos produced in τ decays

Selection
isolated, Pt>15 electrons/muons
analysis makes use of Particle Flow techniques to identify 
hadronic taus

HPS reconstructs the individual resonances of the τ decays
The jet fake rate is 1% while achieving an efficiency of 50%

cut on the MT (lepton and ET
miss) + other leptons veto

Main bkg: QCD, tt and Z‐>ll
 control via OS‐SS normalization, jet‐to‐tau fake rate



Results
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MSSM mh    scenario, MSUSY = 1 TeV
95% C.L. excluded regions

100 200 300
mA   (GeV/c2)

150 250

max

 ±1" theory
 CMS excluded

Tevatron excluded
LEP excluded
 CMS expected

No signal excess observed
Set upper limits on σxBR for different mA hypothesis (assuming tgβ = 30)
observed limit agrees with expected sensitivity 
the results can be interpreted in MSSM parameter space of tgβ vs mA, choosing a 
benchmark scenario: mh

max

we significantly extended previous limits

Xsections and BR for MSSM φ→ττ from: 
LHC cross section working group yellow report: arXiv:1101.0593
(5FS adopted)



Charged H± boson can contribute to ttbar decays 
search for ttbar events with H± that sostitute W± in ttbar decays
if exists it alters the SM predictions in τ lepton production in ttbar 
decays

Selection
the same as for ttbar cross section measurement
2 di‐lepton channel considered: eτ and μτ

One muon (electron) with pT > 20 (30) GeV/c
Hadronic τ with pT > 20 GeV/c, HPS identification
At least two jets pT > 30 GeV/c 
MET > 40 GeV

CMS‐PAS‐HIG‐11‐002

Charged Higgs

No signal excess observed
upper limit on the BR (t→H± b) assuming  BR(H+→τ+ν)=1 

            ~0.25‐0.30 for 80 GeV/c2 < mH+ < 140 GeV/c2

limit already comparable with Tevatron results



No signal excess observed
lower limit at 95% C.L. are set on the Φ±± 

of 156 GeV in the μμ (BR Φ±±→ μμ =100%)
of 154 GeV in the eμ (BR Φ±±→ eμ =100%)
(116‐131) GeV for the defined benchmark points (type II seesaw model)

Φ±±  is excluded in mass ranges beyond those set 
previously by LEP and Tevatron

Possible extension of the SM adding
scalar triplet (Φ±±, Φ±, Φ0)

 triplet Yukawa coupling responsible for the neutrino masses 

Strategy
search for events with 3 or 4 isolated charged leptons any flavour, and look for resonance 
peaks in SS dilepton mass distribution
sensitivity in the Φ mass range where Φ→W+W‐ is kinematically forbidden
BRs for a different l1l2 pairs depend on the neutrino mass hierarchy and phase

CMS‐PAS‐HIG‐11‐001

Doubly Charged Higgs

1

1 Introduction
The existence of non-zero neutrino masses is a firmly established signal of particle physics be-
yond the standard model. The minimal seesaw model of type II [1–4] is realized with one
triplet scalar field with the SU(2)L × U(1)Y quantum numbers Φ ∼ (3, 2) that contains a dou-
bly charged component Φ++ (here and below charge conjugate modes are implicitly included).
This particle carries double electric charge and decays to the same charged lepton pairs !+i !

+
j ,

and therefore favors the seesaw mechanism of type II as the most promising neutrino mass
mechanism that can be tested directly at the LHC experiments [5]. The Φ++ Yukawa coupling
matrix Yij

Φ is proportional to the light neutrino mass matrix and allows to test the neutrino mass
mechanism by measuring the branching fractions Φ++ → !i!j at LHC [6]. In this scenario, the
LHC experiments are able to reconstruct unknown neutrino parameters such as the absolute
neutrino mass scale, the mass hierarchy and CP-violating phases [7, 8] that are not testable in
neutrino oscillations.

In this article the results of an inclusive search for the doubly charged Higgs boson in the CMS
experiment are presented based on data corresponding to an integrated luminosity of 36 pb−1.
Both, the pair production process pp → Φ++Φ−− → !+i !

+
j !

−
k !

−
l [9, 10] as well as the associated

production process pp → Φ++Φ− → !+i !
+
j !

−
k ν! [11] are studied, assuming that the Φ++ and

Φ+ are degenerate in mass. The respective feynman diagrams and cross sections are shown in
Figs. 1 and 2. We search for an excess of events in all possible flavour combinations of the same
charge lepton pairs coming from the decays Φ++ → !+i !

+
j without making assumptions on the

Φ++ branching fractions (model independent search). Both the three and four charged lepton
final states are considered including at most one and two τ leptons, respectively. In our search
the decay Φ++ → W+W+ is dynamically suppressed.
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Figure 1: Feynman diagrams of both pair- and associated production.

In addition to the model independent search, the type II seesaw model is tested in four bench-
mark points (BP) [8] that characterize different characteristic neutrino mass matrix structures.
BP1 describes the neutrino sector with normal mass hierarchy and a massless lightest neutrino,
m1 = 0 eV. BP2 describes the same but with the inverse mass hierarchy. BP3 represents a de-
generate neutrino mass spectrum with m1 = 0.2 eV, and BP4 represents the degenerate case
in which all Φ++ branching fractions are equal. This is achieved with the following values of
Majorana phases: α1 = 0, α2 = 1.7. In all benchmark points an exact tri-bi-maximal neutrino
mixing matrix and vanishing CP-phases is assumed except in BP4, where α2 is nonvanishing.
The branching fractions of the benchmark points are summarized in Table 1.

1

1 Introduction
The existence of non-zero neutrino masses is a firmly established signal of particle physics be-
yond the standard model. The minimal seesaw model of type II [1–4] is realized with one
triplet scalar field with the SU(2)L × U(1)Y quantum numbers Φ ∼ (3, 2) that contains a dou-
bly charged component Φ++ (here and below charge conjugate modes are implicitly included).
This particle carries double electric charge and decays to the same charged lepton pairs !+i !

+
j ,

and therefore favors the seesaw mechanism of type II as the most promising neutrino mass
mechanism that can be tested directly at the LHC experiments [5]. The Φ++ Yukawa coupling
matrix Yij

Φ is proportional to the light neutrino mass matrix and allows to test the neutrino mass
mechanism by measuring the branching fractions Φ++ → !i!j at LHC [6]. In this scenario, the
LHC experiments are able to reconstruct unknown neutrino parameters such as the absolute
neutrino mass scale, the mass hierarchy and CP-violating phases [7, 8] that are not testable in
neutrino oscillations.

In this article the results of an inclusive search for the doubly charged Higgs boson in the CMS
experiment are presented based on data corresponding to an integrated luminosity of 36 pb−1.
Both, the pair production process pp → Φ++Φ−− → !+i !

+
j !

−
k !

−
l [9, 10] as well as the associated

production process pp → Φ++Φ− → !+i !
+
j !

−
k ν! [11] are studied, assuming that the Φ++ and

Φ+ are degenerate in mass. The respective feynman diagrams and cross sections are shown in
Figs. 1 and 2. We search for an excess of events in all possible flavour combinations of the same
charge lepton pairs coming from the decays Φ++ → !+i !

+
j without making assumptions on the

Φ++ branching fractions (model independent search). Both the three and four charged lepton
final states are considered including at most one and two τ leptons, respectively. In our search
the decay Φ++ → W+W+ is dynamically suppressed.
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Figure 1: Feynman diagrams of both pair- and associated production.

In addition to the model independent search, the type II seesaw model is tested in four bench-
mark points (BP) [8] that characterize different characteristic neutrino mass matrix structures.
BP1 describes the neutrino sector with normal mass hierarchy and a massless lightest neutrino,
m1 = 0 eV. BP2 describes the same but with the inverse mass hierarchy. BP3 represents a de-
generate neutrino mass spectrum with m1 = 0.2 eV, and BP4 represents the degenerate case
in which all Φ++ branching fractions are equal. This is achieved with the following values of
Majorana phases: α1 = 0, α2 = 1.7. In all benchmark points an exact tri-bi-maximal neutrino
mixing matrix and vanishing CP-phases is assumed except in BP4, where α2 is nonvanishing.
The branching fractions of the benchmark points are summarized in Table 1.Normal Hierarchy / Inverse Hierarchy / Degenerate State
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Conclusions
The CMS experiment has revisited the Standard Model in a new regime at record centre‐of‐mass energy 
of 7 TeV for p‐p collisions and a solid ground has been established, with EWK boson candles, first di‐
bosons, di‐top and single top measurements, on the route towards the Higgs boson(s)  

A SM‐Higgs boson with mass in 144‐207 GeV/c2 range in an extension of the Standard Model with 
4‐fermion generations is excluded 

New territories are being explored for extending Higgs sector (e.g. MSSM)

An exclusion of the SM‐Higgs is possible at the 95% CL for and integrated luminosity of 1r‐1 for masses 
between 135‐450 GeV/c2

A 3σ observation for the SM‐Higgs bosons is possible for integrated luminosity of 5 r‐1  and  masses 
above 120‐550 GeV/c2

A 5σ discovery for the SM‐Higgs bosons is possible for integrated luminosity of 5 r‐1  and  masses above 
140‐220 GeV/c2

Very low masses 115 < MH < 130 GeV/c2 will require the highest integrated luminosity and relay for a 
discovery mostly on H in 2 gamma and H in ZZ* (+possibly boosted Higgs in bb)

Wide range of searches underway with novel techniques
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correspond to the DGLAP-evolution of these densities. Their DGLAP-evolution resums them.124

This leads to an approximate approach starting from the process bb̄ → h/H/A at LO, where125

the transverse momenta of the incoming bottom quarks, their masses and their off-shellness126

are neglected at LO.127
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Figure 3: Comparison of the 4-flavour NLO and 5-flavour NNLO bbHiggs cross section for a
pseudo-scalar Higgs.

The NLO and NNLO QCD corrections to these bottom-initiated processes are known and of128

moderate size, if the running bottom Yukawa coupling is introduced at the scale of the corre-129

sponding Higgs boson mass. At NNLO the full process gg → bb̄ → h/H/A contributes to the130

real corrections for the first time. The fully exclusive process, calculated with four active parton131

flavours in a four-flavour scheme (4FS), and the result, calculated with 5 active parton flavours132

in the five-flavour scheme (5FS), will converge against the same value at higher perturbative133

orders. Reasonable agreement between the NLO 4FS and NNLO 5FS is achieved, if the factor-134

ization scale of the bottom quark densities is chosen as about a quarter of the Higgs mass. If135

both bottom jets accompanying the Higgs boson in the final state are tagged, one has to rely on136

the fully exclusive calculation.137

A comparison of the 4FS and 5FS cross section for the pseudo-scalar higgs can be seen in Fig. 3.138

The blue bands shows the combined scale and 68% CL PDF+αs uncertainties of the 5FS calcu-139

lation, while the red bands include the scale uncertainties of the 4FS only.140

Typical uncertainties on the bbHiggs cross section of the pseudo-scalar Higgs for different val-141

ues of tan β and MA can be seen in Table 2.

σ(bbA): Theoretical Uncertainties
4FS calculation 5FS calculation

MA (GeV) scale PDF+αs MA (GeV) scale PDF+αs
100 24% - 100 5% 3%
300 24% - 300 2% 6%
500 26% - 500 2% 8%

1000 30% - 1000 1% 2%
Table 2: Renormalization/Factorization scale uncertainty and PDF (MSTW)+αs uncertainty on
the bbA cross section in the 4-flavour NLO QCD and the 5-flavour NNLO QCD calculation
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A summary of the cross sections obtained for gluon fusion and associated b production in the143
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! " Poor man’s solution but may work. 

! " Central value is given by the mid-point of inner 

overlap. 

! " Total error is given by the outer band. 

! " 5FS and 4FS are overlapping. 
! " Almost equivalent with single 5FS and 4FS result 

for light Higgs mass region where LHC is most 

sensitive now. 

! " For heavy Higgs, the lower XS is defined by 4FS. 

Discussion within the 
LHC cross section 
working group. 
Envelope method for 
higher masses?



mh
max scenario for MSSM φ→ττ3

values, and the mass MA. The production processes that are expected to be most relevant for85

early searches for MSSM Higgs bosons at the LHC are Higgs production via gluon fusion and86

in association with bottom quarks. The cross section calculations are used from reference [13].87

It is customary to discuss searches for MSSM Higgs bosons in terms of benchmark scenarios
where the lowest-order input parameters tan β and MA are varied, while the other SUSY pa-
rameters entering via radiative corrections are set to certain benchmark values. In this study
the mmax

h benchmark scenario is considered, which in the on-shell scheme is defined as

MSUSY = 1TeV, XPQt = 2MSUSY, µ = 200GeV, Mg̃ = 800GeV, M2 = 200GeV, Ab = At, (1)

where MSUSY denotes the common soft-SUSY-breaking squark mass of the third generation,88

Xt = At − µ/ tan β the stop mixing parameter, At and Ab the stop and sbottom trilinear cou-89

plings, respectively, µ the Higgsino mass parameter, Mg̃ the gluino mass, and M2 the SU(2)-90

gaugino mass parameter. M1 is fixed via the GUT-relation M1 = 5/3M2 sin θw/ cos θw.91

Two dedicated codes exist for calculating the Higgs-boson masses and mixing contributions in92

terms of the MSSM input parameters, FEYNHIGGS and CPSUPERH, which incorporate higher-93

order corrections in the MSSM Higgs sector up to the two-loop level. In the case of real param-94

eters a more complete set of higher-order corrections is included in FEYNHIGGS. FEYNHIGGS95

has been used to evaluate the Higgs-boson masses and effective couplings in the MSSM in this96

study. The branching fraction into τ leptons of the pseudo-scalar higgs A for different values97

of tan β can be seen in Fig 1.98
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Figure 1: Branching fraction of the pseudo-scalar higgs to a pair of τ leptons for different values
of tanβ.

The dominant neutral MSSM Higgs production mechanisms for small and moderate values of99

tan β are the gluon fusion processes, gg → h, H, A, which are mediated predominantly by top100

and bottom loops as in the SM case, but in addition by stop and sbottom loops for the scalar101

Higgs bosons h, H, if the squarks are light.102

NLO QCD corrections to the quark loops are known in the heavy quark limit and increase103

the cross sections by up to about 100% for smaller tan β and up to about 50% for large tan β,104

where the bottom loop contributions become dominant due to the strongly enhanced bottom105

Yukawa couplings. These corrections are implemented in the program HIGLU and are used106

in this study. The NNLO corrections to the top loop in the heavy quark limit have been taken107

from the program ggH@NNLO. Electroweak corrections have been neglected. The omission of108



Projections
Used state of the art cross‐sections

signal NNLO for gg,  NLO for VBF,VH 
background processes at NLO 

Full GEANT based detector simulation
Simple cut‐based analysis, mostly counting events:

no SHAPE analysis used (can improve sensitivity by ~(20‐100)%)

Validation from 2010 data:
excellent agreement between data and detector simulation
detector performance close to design in most cases
measured production rates of background processes in good agreement with 
expectations (5‐30 % uncertainties)

In general, analyses with data more sensitive than the simulation based 
studies used in the projections...and will continue to improve!

Projections are indicative not predictive !


