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MSSM Higgs bosons

2

• The MSSM features two Higgs doublets.
• Symmetry spontaneously broken twice
• Higgs sector: Five Higgs particles

• Three neutral: φ = h, H, A 
• Two charged: H±

• Observed 126 GeV state often identified as 
the lightest Higgs (h)

• At tree level, two independent 
parameters:
• mA or mH± (mass of the CP-odd or of the 

charged boson)
• tan β (ratio of v.e.v. of the two Higgs doublets)

• The mass of the CP-odd Higgs boson A 
is usually ~degenerate with one of the 
CP-even bosons
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MSSM Higgs searches in CMS
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ModeMode Production Channels
LuminosityLuminosity

DocumentsProduction Channels
7 TeV 8 TeV

Documents

φ → ττφ → ττ

φ → bb

φ → µµφ → µµ

H± → τ±ν 

gg→φ 4
4.9 fb-1 12.1 fb-1 CMS PAS HIG-12-050

bbφ 4
4.9 fb-1 12.1 fb-1 CMS PAS HIG-12-050

bbφ 2 4.8 fb-1 – Phys. Lett. B 722 (2013) 207

gg→φ 1
4.9 fb-1 – CMS PAS HIG-12-011

bbφ 2
4.9 fb-1 – CMS PAS HIG-12-011

t → H+b 4 4.9 fb-1 – JHEP 07 (2012) 143
CMS PAS HIG-12-052

http://cds.cern.ch/record/1493521
http://cds.cern.ch/record/1493521
http://cds.cern.ch/record/1453716
http://cds.cern.ch/record/1453716
http://cds.cern.ch/record/1502246
http://cds.cern.ch/record/1502246
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MSSM ϕ → ττ search
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• Good compromise between
relatively large BR also at high
masses and manageable
backgrounds.

φ → ττ  Search
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)ĺ WW Search

22-25 Jan 2013 R. Mankel, MSSM Higgs Searches at CMS 7

only in SM 

search

z Good compromise between relatively 
large BR and manageable backgrounds

z Recent CMS analysis covers four of six 
possible WW decay patterns

Production mechanisms & event categories
B-Tag t1 b-tagged jet with

pT > 20 GeV

d 1 jet with 
pT > 30 GeV

No B-Tag no b-tagged jet with 
pT > 20 GeV

associated production

gluon-gluon fusion

• τh + τh• µ + τh• e + τh• e + µ• µ + µ• e + e

→
channels

included in CMS
MSSM analysis

associated with b quarks
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Production mechanisms & event categoriesProduction mechanisms & event categoriesProduction mechanisms & event categories

b-tag category ≥ 1 b-tagged jet with pT > 20 GeV
≤ 1 jet with pT < 30 GeV

no b-tag category NO b-tagged jet with pT > 20 GeV
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ϕ → ττ  :  Trigger and selection

• Triggers

• τ+μ, τ+e: cross triggers τ + lepton;

• e+μ: cross trigger e + µ;

• µ+µ: single- or di-muon triggers

•  Lepton selection

• muons: isolated; pT > 17 – 20 GeV; | η | < 2.1 
• electrons: isolated; pT > 20 – 24 GeV; | η | < 2.1, or 2.3 in eµ channel
• taus: isolated ; pT > 20 GeV, | η | < 2.3

6
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ϕ → ττ  :  Reconstruction of τ-pair mass
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• Invariant mass of ττ determined using a maximum 
likelihood fit.

• Estimated on event-by-event basis using four-
momenta of visible decay products, Exmiss, Eymiss, 
expected ETmiss resolution

Reconstruction of ɒ�pair 
• The invariant mass of the two ʏ�is determined with maximum likelihood method 

• Inputs: four-vector information of visible leptons, x- and y- component of MET 

on event by event basis 

• Free parameters: 

•  ʔ of the ʏ�in the lab frame 

•  x, fraction of the ʏ�energy in the lab frame 

carried by the visible products 

•  mʆʆ  in the case of leptonic decay 

• Scan of mʏʏ up to 2TeV 

• 15-20% resolution of the reconstructed mʏʏ mass. 
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visible mass estimated mass
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ϕ→ττ  :  Background estimation
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Z→ττ: Embedding, 
replace µ in Z→µµ 
events by simulated 
τ decays; normalised 
by Z→µµ events.

QCD: Normalisation 
and shape from
SS/OS

ttbar: shape from 
simulation; 
normalisation from 
sideband

Z→ee/µµ: from 
simulation, corrected 
for jet→τ, e/µ→τ 
fake rate

Di-boson/W+jets: 
shape from 
simulation; 
normalisation from 
sideband

Z→µµ for the µµ 
channel:
shape from MC; 
normalisation from 
template fits to DCA 
significance

Background estimation 
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�їĞĞ(ʅʅͿ: Estimated from 
simulation, corrected for 
ĞĨĨŝĐŝĞŶĐǇ�ĂŶĚ�Ğїʏh ĂŶĚ�ũїʏh 
fake rate 

Diboson/ 
W+Jets: Shape from 
simulation ; normalisation 
from side band 

ttbar: Shape from 
simulation ; 
normalisation from 
side band 

QCD: Normalisation and 
shape taken from SS/OS 

�їʅʅ for the ʅʅ�
channel: Shape from MC, 
normalisation from 
template fits to DCA 
significance 

Meanwhile in the ʅʅ�ĐŚĂŶŶĞů͙  
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ϕ → ττ  :  mττ distributions
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• No excess observed.

• All distributions well 
described by 
background-only 
hypothesis.

• Same conclusions 
for b-tag category.

no b-tag category

µτh eτh

eµ µµ
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ϕ → ττ : channels and categories sensitivity

• Sensitivity driven by semileptonic channels : e+τ , µ+τ 
• At low probed masses (< 200 GeV) sensitivity of no-btag category is higher.
• At higher masses sensitivity of the two categories are comparable.

10
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ϕ → ττ  :  MSSM limits

• Interpretation in the mhmax scenario

• 95% CL exclusion limit in mA–tanβ 
parameter space
• tanβ < 5 for mA ≤ 250 GeV
• Touching LEP constraint at

low mA.

11
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MSSM ϕ → bb search
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MSSM φ → bb searches

• MSSM neutral Higgs boson decaying to b quakrs
and produced in association with b quark(s)
• Enhancement wrt SM for tan β > 1
• Large BR(φ→bb) even at large masses

• Only b-jets (and radiation) in the final state:
• Challenging triggers at the LHC

• Two complementary approaches:
• “All-hadronic” trigger: requiring up to 3 jets; ≥ 2 b-tags (3 offline b-tags)
• “Semileptonic” trigger: requiring 2 jets; ≥ 1 or 2 b-tags (3 offline b-tags);

≥ 1 muon from B-hadron decay
• Almost independent samples (2–3% overlap)

• Data: 2.7 fb-1 – 4.8 fb-1 at 7 TeV (2011)

• Background: heavy flavour multi-jet, derived from the data.

• Signal would appear as a peak in the di-jet mass distribution in triple-btag sample.
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MSSM φ → bb  :  Signal templates

• Pythia in the 4-flavour scheme.
• Invariant mass M12 of the two leading jets. 
• Variable X123 computed from the secondary vertex mass of the three leading jets, 

reflects the b-tag content of the event → further signal / background separation.

14

(all-hadronic)

X123
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MSSM φ → bb  :  Background model
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• Data-driven background modelling 
from double b-tag sample.

• Untagged jet is weighted according to 
the b-tag probability and the 
corresponding SV mass index 
probability of assumed flavour.

• Almost identical templates merged 
• bbX = bbC + bbQ
• (Fb)b = Fbb+bFb, where F=B,C,Q

• X123 gives further distinction between 
different flavour compositions.

• Five 2D templates: M12 vs. X123 

• Normalisation from fit to data 
spectrum.
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• Fit with background only templates with shapes obtained with double b-tag sample.
• About 73% contribution of real triple b jets.
• Excellent agreement with triple b-tag data

MSSM Φ → bb  :  Fit to data

16
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MSSM Φ → bb  :  Fit to data

• Signal + background templates fits

• Mass range 90 – 350 GeV

• No significant excess observed 
at any mass

17

(all-hadronic)
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• Background normalisation and shape 
obtained from data in control regions.
• Two independent methods using single

and double b-tag data samples.
• Mass range 90 – 350 GeV.
• No significant excess observed at any mass.

MSSM Φ → bb  :  Semileptonic analysis
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MSSM Φ → bb  :  Limits
• All-hadronic and semileptonic analysis are almost orthogonal, 2-3% overlap (removed from 

all-hadronic dataset)
• Upper limits for σ×BR and tanβ vs mA (NNLO 5-flavour scheme cross sections - Higgs XS WG)
• CMS convention: SUSY parameter µ = + 200 GeV

• For comparison with Tevatron, we also give results for µ = –200 GeV (next slide)
19
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MSSM φ → bb  :  Comparison with Tevatron

• CDF–D0 +2σ excess at low mass not confirmed.
• First time done at the LHC!
• World’s best sensitivity in the bb channel, with 2011 data alone.
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MSSM ϕ → µµ search

21
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• Excellent mass resolution and manageable backgrounds, but low BR.
• Signature: two oppositely charged, isolated muons with pT1(2) > 30 (20) GeV, 

| η | < 2.1; missing ET < 30 GeV.
• Background estimated from data, dominated by Drell-Yan.

ϕ → µµ  Search

22
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Production mechanisms & event categoriesProduction mechanisms & event categoriesProduction mechanisms & event categories

Category 1 ≥ 1 b-tagged jet with pT > 20 GeV,
|η| < 2.4, ΔR(μ,j) > 0.5

Category 2 veto on b-tagged jets ; a 3rd μ with
pT > 3 GeV, |η| < 2.4, ΔR(μ,μ) > 0.5

Category 3 all other events not in Categories 1,2
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          ϕ → µµ  : Strategy

• Background:
• Largest contribution Drell-Yan.
• Linear combination of:

• Breit-Wigner around the Z peak
• Photon propagator contribution

• Multiplied by the exponential part 
of the PDF

• Signal: 
• Linear combination of three Breit-

Wigner; detector resolution taken 
into account

• Unbinned likelihood fit of S + B 
hypothesis to data 

23
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          ϕ → µµ  : Results

• Combined result from 3 categories.
• No excess observed.

24

95% CL upper limits on
cross-section x BRμ+μ- invariant mass distribution
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          ϕ → µµ  : Results (II)

• Combined result from the
three categories.

• 95% CL limits on tan β in
the range 20 – 60.

25
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Light MSSM H± search
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Light H± search in top decays

27

• Basic process: top pair production
• Assuming MH± < Mtop – mbottom:

t → bH± is allowed
• Dominant decay mode (tan β > 5)

H+ → τ+ ντ  
• Assume BR(H+ → τ+ ντ) = 100%

• Channels:
• e + τ ; e + μ ; τ + jets (2.0 - 2.3 fb-1)
• µ + τ (4.9 fb-1) 

fully leptonic

semi-leptonic

fully hadronic
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Light H± search : Results

• Signal extraction:
•  τ + jets: fit transverse mass 

distribution of τ and ETmiss

• µ + τ: fit of R = plead.track/Eτ 
• Other channels: event counting

28
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tainty.
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• No excess observed

µ + τ channel
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Light H± search : Limits

• Combined all channels
• 95% CL limits on BR(t → bH±) on the 2.3 – 4.9 fb-1 data sample
• 95% CL limits on tan β on the 2.3 fb-1 data sample.
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Summary

30
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• Direct searches of MSSM Higgs in 
4 major production/decay modes:
• ϕ → ττ: most stringent 

exclusion limits
• ϕ → bb: novel at the LHC, do 

not confirm Tevatron excess
• ϕ → µµ: best mass resolution; 

high sensitivity even with low BR
• t → H±: very stringent limits on 

branching fraction.
• No excess observed in MSSM 

Higgs searches.
• Further improvements in the 

analyses are possible.
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back up

31
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How CMS detects particles

32
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H→ττ  :  Embedding

• Z→ττ is the main irreducible background.
• Estimated from embedded sample: µ in Z→µµ events replaced by simulated τ.
• Normalised from Z→µµ events.

33

Background estimation 
• �їʏʏ: most important irreducible background estimated from an embedded 

sample.  
• dŚŝƐ�ƐĂŵƉůĞ�ŝƐ�ĚĞƌŝǀĞĚ�ĨƌŽŵ��їʅʅ�events in data where each muon has been replaced by 

a simulated ʏ�lepton decay. 
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Background estimation 
• �їʏʏ: most important irreducible background estimated from an embedded 

sample.  
• dŚŝƐ�ƐĂŵƉůĞ�ŝƐ�ĚĞƌŝǀĞĚ�ĨƌŽŵ��їʅʅ�events in data where each muon has been replaced by 

a simulated ʏ�lepton decay. 
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Event selection All-hadronic Semi-leptonic

Triggers ≥ 2 or 3 Jets
≥ 2 b-tagged Jets

≥ 1 Muon
≥ 1 or 2 Jets
≥ 1 or 2 b-tagged Jets

Jets

≥ 3 Jets 
pT1st > 46 (60) GeV
pT2nd > 38 (53) GeV
pT3rd > 20 GeV
3 leading Jets b-tagged

≥ 3 Jets
pT1st,2nd > 30 GeV
pT3rd > 20 GeV
3 leading Jets b-tagged

Muon – ≥ 1 Muon, pT > 15 GeV

MSSM Φ → bb
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MSSM Φ → bb (semileptonic)

• Background estimation – semi-leptonic

• BTagMatrix
• B-tag probability matrices (bbj sample).
• B-tag eff from MC, flavour fractions from 

data
•  

• Hyperball (nearest neighbour)
• Sample bjj (excl bbj sample)
• Compute the fraction f of similar events 

passing full selection.
•  

• The two methods are combined
• Use bin-per-bin weighted average

of B-tag Matrix and Hyperball prediction
to get background shape.

35

Introduction All-hadronic Semi-leptonic Combination Combined Results Conclusion Backup

Background: B-tag Matrix

Build B-tagging probability matrices P3rd jet
b�tag (. . .) in control region for

third jet, as a function of 3rd jet and event parameters;

P3rd jet
b�tag (. . .) = ✏b · fb + ✏c · fc + ✏l · 1� fb � fc

I b-tagging e�ciencies ✏0s from MC ✏ = ✏(ET , |⌘|,Ntrk )

I flavour fractions fb,c,l from Data
F Fit Mass@Vertex and JetBProbability for third jet with templates built

from MC;

Estimate any bbb distribution F (x ; bbb) for variable x in signal
region starting from same distribution for bbj ;

F (x ; bbb) = F (x ; bbj)⌦ P3rd jet
b�tag (. . .)

S. Lacaprara (INFN Padova) Hbb CERN 31/08/2012 17 / 60

Introduction All-hadronic Semi-leptonic Combination Combined Results Conclusion Backup

Hyper Ball
Second approach, independent background estimation.

Start from bjj sample, control region;

For each event in (bjj)CR select a set of similar events O(100) from
a large training sample O(500 000)

Compute the fraction f of these events passing full selection (bbb)
(weighted with distance);

similarity is defined by distance between events in hyperspace
D2 =

PnV
i=1 w

2
i (x

test
i � x trainingi )2

I with xi jets or event variables (pT , ⌘, ��ij , . . . ): total of 14 variables
used;

I wi weight to account for di↵erent variable values and for variability of
f vs a given variable;

F (x ; bbb) = F (x ; bjj)⌦ f

S. Lacaprara (INFN Padova) Hbb CERN 31/08/2012 18 / 60
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MSSM φ → bb Systematics

• Systematic uncertainties on the signal yield

36

9

Table 1: Systematic uncertainties on the signal yield from the various sources listed in the first
column. The following two columns list the resulting uncertainties in the all-hadronic and
semileptonic analyses. The upper group is for the signal, the lower for the model-dependent
limits. A range indicates the variation across the probed Higgs boson mass values. The source
with † also affects the background, while those with ? only affect the model-dependent results
in the space of the MSSM parameters MA and tan b. The sources labeled with “rate” affect only
the total signal yield, those with “shape” also the shape of the signal.

Source All-hadronic Semileptonic Type
Trigger efficiency 10% 3 � 5% rate
Online b-tagging efficiency 32% – rate
Offline b-tagging efficiency 10–13%† 12% shape/rate
b-tagging efficiency dependence on topology 6% – rate
Jet energy scale 1.4–6.8% 3.1% shape/rate
Jet energy resolution 0.6–1.3% 1.9% shape/rate
Muon momentum scale and resolution – 1% rate
Signal Monte Carlo statistics 1.1–2.6% rate
Integrated luminosity 2.2% rate
PDF and as uncertainties 3–6%? 2.7–4.7%? rate
Factorization and renormalization QCD scale 6–28%? rate
Underlying event and parton showering 4%? rate

their results. This is done by performing a weighted average of their bin-by-bin predictions, us-
ing the statistical uncertainties si as weights (w = 1/s2

i ). In case the c2 of the average is greater
than 1, (

p
c2 � 1) · si is used, bin-by-bin, as an additional systematic uncertainty, following the

Particle Data Group prescription [32].

6 Systematic uncertainties

Various systematic uncertainties on the expected signal and background estimates affect the
cross section estimation and, consequently, its interpretation within the MSSM. In both analy-
ses the main source of systematic uncertainty on the estimated signal yield comes from uncer-
tainties related to jet reconstruction and b tagging. The second source is the turn-on behavior of
the trigger efficiency, given the rather low thresholds used in the event selection. Other sources
include uncertainties on the integrated luminosity and lepton identification. The theoretical
cross sections used for the MSSM interpretation are subject to factorization and renormaliza-
tion scale uncertainties, uncertainties due to the choice of parton distribution functions and as,
and uncertainties from the underlying event and parton shower modelling [33]. These uncer-
tainties affect only the computation of the upper limits for the MSSM parameter tan b from the
cross section results. The systematic effects directly affecting the signal efficiency, hence the
cross section and MSSM interpretation, are summarized in Table 1.

There are systematic uncertainties that affect only the all-hadronic or semileptonic analyses. In
the all-hadronic analysis, Table 1 includes systematic uncertainties related to the efficiency of
the online b-tag selection relative to that applied offline, and to a slight dependence of the b-
tagging efficiency on the jet topology. Various uncertainties also affect the shapes of the signal
and background templates used in the fit. Shape-altering effects from uncertainties on the jet
energy scale, jet energy resolution, b-tagging efficiency and mistag rates are accounted for in the
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Semileptonic All-hadronic
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φ → bb Tevatron
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)Æ bb Search:
Comparison with Tevatron

Î Not confirming ~2V-plus excesses seen by CDF + DZero
Î First time this is done at the LHC
Î Already with 2011 data, CMS has much higher sensitivity
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Limits individual channels
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Assuming that any excess or deficit of events in data, when compared with the expected back-
ground contribution, is due to the t ! H+b, H+! t+nt decays, the value of x = B(t ! H+b)
for each individual analysis can be related to the difference DN between the observed number
of events and the predicted background contribution through the following equation:

DN = NMSSM
tt � NSM

tt = 2x(1 � x)NWH + x2NHH + [(1 � x)2 � 1]NSM
tt . (2)

In this equation NWH is estimated from simulation forcing the first top quark to decay to H±b
and the second to W⌥b, and NHH forcing both top quarks to decay to H±b. In the eth, µth, and
eµ analyses, NSM

tt is evaluated from simulation, as given by the tt background in Table 2 and 3.
In the th+jets analysis, most of the tt ! WbWb yield is derived directly from data, so it does
not contribute to DN whatever the value of x. In other words if an H+ SUSY signal is present in
the data, affecting the tt ! WbWb rate, it also affects the data driven background estimate for
this rate and therefore this contribution disappears in the difference data� background. In this
case NSM

tt contains only the small tt contribution included in the “EWK+tt no-t” background
in Table 1, which is derived from simulation: NSM

tt = 2.1 ± 0.6 (stat.) ± 0.5 (syst.).

The CLs method [44, 45] is used to obtain an upper limit, at 95% confidence level (CL), on
x = B(t ! H+b) using Eq. 2 for each final-state analysis and for their combination. The
background and signal uncertainties described in Section 6 are modeled with a log-normal
probability distribution function and their correlations are taken into account. In the t+jets
analysis the mT distribution shown in Fig. 3 is used in a binned maximum-likelihood fit in
order to extract a possible signal. For the eth, µth, and eµ final states only event counting is
used to obtain the upper limits.

The upper limit on B(t ! H+b) as a function of mH+ is shown in Fig. 7 for the fully hadronic
and eth final states and in Fig. 8 for the µth and eµ final states. The combined upper limit
has been obtained using the procedure described in [46]. Figure 9 (left) shows the upper limit
obtained from the combination of all final states.
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Figure 7: Upper limit on B(t ! H+b) as a function of mH+ for the fully hadronic (left) and the
eth (right) final states. The ±1s and ±2s bands around the expected limit are also shown.

Table 7 gives the values of the median, ±1s, and ±2s expected and the observed 95% CL
upper limit for B(t ! H+b) as a function of mH+ for the combination of the fully hadronic,

14 7 Evaluation of limits on B(t ! H+b)
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Figure 8: Upper limit on B(t ! H+b) as a function of mH+ for the µth (left) and eµ (right) final
states. The ±1s and ±2s bands around the expected limit are also shown.

eth, µth, and eµ final states. The systematic uncertainties for the eth, µth, and eµ analyses
are larger than the statistical uncertainties. Figure 9 (right) shows the exclusion region in the

Table 7: The expected range and observed 95% CL upper limit for B(t ! H+b) as a function of
mH+ for the combination of the fully hadronic, eth, µth, and eµ final states.

95% CL upper limit on B(t ! H+b)
mH+ Expected limit Observed

(GeV) �2s �1s median +1s +2s limit
80 0.018 0.022 0.029 0.040 0.054 0.041
100 0.014 0.018 0.024 0.032 0.043 0.035
120 0.013 0.015 0.020 0.027 0.040 0.028
140 0.009 0.011 0.014 0.021 0.030 0.022
150 0.008 0.010 0.013 0.019 0.027 0.023
160 0.008 0.009 0.011 0.016 0.023 0.019

MSSM mH+-tan b parameter space obtained from the combined analysis for the MSSM mmax
h

scenario [47]: MSUSY = 1 TeV, µ = +200 GeV, M2 = 200 GeV, meg = 0.8MSUSY, Xt = 2MSUSY,
and Ab = At. Here, MSUSY denotes the common soft-SUSY-breaking squark mass of the third
generation; Xt = (At � µ/ tan b) is the stop mixing parameter; At and Ab are the stop and
sbottom trilinear couplings, respectively; µ the Higgsino mass parameter; Mg the gluino mass;
and M2 is the SU(2)-gaugino mass parameter. The value of M1 is fixed via the unification
relation M1 = (5/3)M2 sin qW/ cos qW.

The t ! H+b branching fraction is calculated with the FeynHiggs program [48]. The exclusion
contours corresponding to the ±1s theoretical error on B(t ! H+b) due to missing one-loop
EW corrections (5%), missing two-loop QCD corrections (2%) and Db induced uncertainties
(the Db term accumulates the SUSY-QCD corrections) [36] are also shown in Fig. 9 (right).

The upper limit on the the branching fraction B(t ! H+b) and the exclusion region in the
MSSM mH+-tan b parameter space obtained from the combined analysis are comparable with
the results from the ATLAS experiment [17].

8 5 Evaluation of limits on B(t ! H+b)
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MSSM & the H(126) state

• Is the observed H(126) state consistent with the MSSM?
• Exemplary study: P. Bechtle et al; Eur. Phys. J. C 73:2354 (2013)

• Phenomenological MSSM with seven free parameters (pMSSM-7).
• Fit various rates of cross section times BR measured at LHC and Tevatron, as well as 

low energy measurements under hypotheses: “light”, h = H(126); “heavy”, H = H(126)

• MSSM and SM fit well the data. MSSM “light” hypothesis fits better the data than the 
“heavy” hypothesis.

• Important to search at large Higgs masses at large tan β.
40

Figure 8: Higgs sector tree-level parameters (MA, tan β) in the light Higgs case (left) and in the heavy
Higgs case (right).

published by the experiments [18], since their results are shown only for one particular benchmark
scenario (the so-called mmax

h scenario [20]). In an inclusive scan of the pMSSM–7 parameter space,
points are found where higher order corrections to the bottom Yukawa coupling lead to suppressed
production rates for the heavy MSSM Higgs bosons, and a larger fraction of the parameter space in
the (MA, tan β) plane therefore opens up (see the analyses in [21, 55]). Sizable branching ratios of
H/A to SUSY particles also reduce the sensitivity of the searches in the τ+τ− final state. We see
that the regions of very high tan β ! 40, and also low tan β " 8, are disfavoured by the fit. At high
tan β this results from a poor fit to (g − 2)µ and flavour observables, whereas for low tan β the fit to
the LHC Higgs observables becomes worse. For low tan β it also becomes increasingly difficult to fit
the relatively high Higgs mass value (125.7 GeV), although viable solutions down to tan β ∼ 4 can
be found [10]. Low values of MA are disfavoured by the fit results in the light Higgs case, with the
preferred region starting at MA ! 170 GeV (and the most favoured region at MA ! 230 GeV). Taking
the rate information into account therefore suggests somewhat higher mass scales for the MSSM Higgs
sector than what is required by the M̂H ∼ 125.7 GeV Higgs mass measurement alone [10]. For the
light Higgs case the lower limits on MA in the favoured regions of the fit exclude the possibility of
MH± < mt, where the charged Higgs can be produced in the decay of the top quark. On the other
hand, the region favoured by the fit does not show any upper limit for MA, which demonstrates that
the decoupling limit (corresponding to MA # MZ , where the MSSM Higgs sector reproduces the
predictions for a SM Higgs) remains a possible scenario. This is to be expected, given the high quality
of the SM fit to the LHC data.

For the heavy Higgs case, as shown in the right plot of Fig. 8, the situation is very different. Low
values for MA are preferred, and the favoured region in (MA, tan β) is much smaller than for the light
Higgs case: 110 GeV " MA " 140 GeV and 7 " tan β " 13. Even though the H can be very SM-like
in this scenario, this situation is very different from the decoupling limit in the light Higgs case since it
implies that all five MSSM Higgs bosons are light. In contrast to the light Higgs case, in this scenario
values of the charged Higgs boson mass only below the top mass (MH± < mt) are found, which may
offer good prospects for the searches for charged Higgs bosons in top quark decays. We therefore show
in Fig. 9 the results for BR(t → bH+) as a function of MH± . The current upper limit on this decay
mode is O(1%) [56], which is close to the maximal value favoured by the fit. With more integrated
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h = H(126) H = H(126)

http://arxiv.org/find/hep-ph/1/au:+Bechtle_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Bechtle_P/0/1/0/all/0/1
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MSSM Benchmark Scenarios after the
Discovery of a Higgs-like Particle

• M. Carena et al, arXiv:1302.7033
• mhmax scenario: 

• compatibility with the new H(126) 
observed state achieved only in a 
relatively small region of the 
parameter space.

• nevertheless still useful
• conservative lower bounds for 

tree level parameters of Higgs 
sector

• widely used in the past
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Figure 1: The MA–tanβ (left) and MH±–tan β (right) planes in the (updated) mmax
h sce-

nario, with excluded regions from direct Higgs searches at LEP (blue), and the LHC (solid
red); the dotted (lighter) red region is excluded by LHC searches for a SM-like Higgs boson.
The two green shades correspond to the parameters for which Mh = 125.5± 2 (3) GeV, see
text.

The two green colors in Fig. 1 indicate where Mh = 125.5 ± 2 (3) GeV. As discussed
above, the ±3 GeV region should represent a reasonable combination of the current experi-
mental and theoretical uncertainties. The fact that the LHC exclusion region from the SM
Higgs searches does not exactly “touch” the green band is a consequence of taking into ac-
count the theoretical uncertainties in the prediction for the Higgs boson mass in determining
the excluded regions. The incorporation of the theoretical uncertainties is also responsible
for the fact that in Fig. 1 there is no excluded region from the SM Higgs searches at the LHC
for tanβ values above the green region. It may be useful to regard the green region as that
favored by the LHC observation, even though other parameter regions exist that are not
formally excluded (according to the prescription adopted in HiggsBounds [51]). The effects
of the theory uncertainty of ±3 GeV used in the evaluation of the experimental bounds are
displayed in Fig. 2, where we neglect this theory uncertainty. It can be observed that large
parts of the MA–tan β plane (left) and of the MH±–tan β plane (right) would then be ex-
cluded in the mmax

h scenario from the LHC searches for a SM-like Higgs boson. The resulting
excluded region is shown in light red. In particular, for tanβ values above the green band
the predicted Mh value turns out to be too high.

Interpreting the light CP-even Higgs as the new state at ∼ 125.5 GeV, a new conservative
lower bound on tan β in the MSSM can be obtained from the lowest values on the green
bands in Fig. 1 (see Ref. [8] for details). Similarly, the lowest values of MA and MH± in the
green region (i.e., where the green region touches the excluded region from Higgs searches
at the LHC) give a conservative lower bound on these parameters [8]. In particular, from
the right plot of Fig. 1 it follows that MH± < mt is excluded for MSUSY = 1 TeV (if the
light CP-even Higgs is interpreted as the new state at ∼ 125.5 GeV). Raising MSUSY to

10

H(126) ≡ h
Mh = 125.5 ± 2 (3) GeV

LEP exclusion

LHC exclusion

http://arxiv.org/find/hep-ph/1/au:+Carena_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Carena_M/0/1/0/all/0/1
http://arxiv.org/abs/1302.7033
http://arxiv.org/abs/1302.7033
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MSSM Benchmark Scenarios after the
Discovery of a Higgs-like Particle

• M. Carena et al, arXiv:1302.7033
• mhmod scenarios: 

• proposal follow mhmax design: 
maximise the lightest CP-even 
Higgs mass at large values of MA 
for a given value of tanβ

• reduce |Xt/MSUSY| that gives rise to 
the largest positive contribution to 
Mh from the radiative corrections

• two scenarios possible: different 
signs and values for Xt/MSUSY

• (+) sign: better agreement with 
(g-2) measurements

• (–) sign: better agreement with
BR(b → sγ) measurements
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Figure 3: The MA–tanβ plane in the mmod+
h (left) and mmod−

h (right) scenarios. The
colors show exclusion regions from LEP (blue) and the LHC (red), and the favored region
Mh = 125.5± 2 (3) GeV (green), see the text for details.

Figure 3 shows the bounds on the MA–tanβ parameter space in the mmod+
h (left) and

mmod−
h (right) scenarios, using the same choice of colors as in the mmax

h scenario presented
in the previous section, but from here on we show the full LHC exclusion region as solid
red only.3 As anticipated, there is a large region of parameter space at moderate and large
values of tan β where the mass of the light CP-even Higgs boson is in good agreement with
the mass value of the particle recently discovered at the LHC. Accordingly, the green area
indicating the favored region now extends over almost the whole allowed parameter space of
this scenario, with the exception of a small region at low values of tanβ. From Fig. 3 one
can see that once the magnitude of Xt has been changed in order to bring the mass of the
light CP-even Higgs boson into agreement with the observed mass of the signal, the change
of sign of this parameter has a minor impact on the excluded regions.

As mentioned above, the exclusion limits obtained from the searches for heavy MSSM
Higgs bosons in the τ+τ− and bb̄ final states are significantly affected in parameter regions
where additional decay modes of the heavy MSSM Higgs bosons are open. In particular, the
branching ratios for the decay of H and A into charginos and neutralinos may become large
at small or moderate values of tan β, leading to a corresponding reduction of the branching
ratios into τ+τ− and bb̄. In Fig. 4 we show again the mmod+

h (left) and mmod−
h (right)

scenarios, where the excluded regions from the Higgs searches at LEP and the LHC are as
before. In the upper row of Fig. 4 the color coding for the allowed region of the parameter
space indicates the average value of the branching ratios for the decay of H and A into
charginos and neutralinos (summed over all contributing final states).4 One can see from
the plots that as a consequence of the relatively low values of µ and M2 in this benchmark
scenario decays of H and A into charginos and neutralinos are kinematically open essentially

3 The light red color in Fig. 4 has a different meaning.
4The branching ratios into charginos and neutralinos turn out to be very similar for the heavy CP-even

Higgs boson, H , and the CP-odd Higgs boson, A, in this region of parameter space.
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LEP exclusion

H(126) ≡ h
Mh = 125.5 ± 2 (3) GeV

LHC exclusion

mhmod+

http://arxiv.org/find/hep-ph/1/au:+Carena_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Carena_M/0/1/0/all/0/1
http://arxiv.org/abs/1302.7033
http://arxiv.org/abs/1302.7033
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MSSM Benchmark Scenarios after the
Discovery of a Higgs-like Particle

• M. Carena et al, arXiv:1302.7033
• light stop scenario

• gives sizeable contribution to the gg → h production rate
• light stau scenario

• can enhance the Γ ( h → γγ ) significantly at high tan β 
• τ-phobic Higgs scenario

• produces sizeable variations of Γ ( h → bb ) and Γ ( h → ττ ) wrt SM values
• low-MH scenario

• identifies the observed H(126) state with the heavy CP-even MSSM Higgs 
boson with SM-like properties;

• low value of the mass of the CP-odd Higgs boson;
• mass of the light CP-even below LEP limits;
• useful benchmark for light charged Higgs bosons.
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