
Minimal Supersymmetric Models

Extension of the Standard Model 
	 Supersymmetric partner for each SM particle     
	 2 Higgs doublets      
	 Minimal structure to guarantee cancellations of anomalies 
	 Two Higgs fields needed to give masses to ‘up’  
	 and ‘down’ type quarks in a consistent way !
New quantum number: R-parity Rp 
	 Particles: 	 Rp = +1      
	 S-Particles: 	 Rp = –1 
	 Rp-conservation circumvents proton decay;  
	 conservation of B-L !
Motivation of SUSY 
	 Avoid divergent quantum corrections to Higgs mass     
	 Allows for unification of gauge couplings      
	 Existence of lightest supersymmetric particle (LSP);       
	 candidate for dark matter      

Rp  = (-1)B+L+2S
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Supersymmetry is not an exact symmetry 
	 ... as SUSY particles are not observed at low masses     
!
Needs model(s) for (soft) symmetry breaking 
	 Most models assume “hidden” sector ...     
	 	 Hidden sector: particles neutral to SM gauge group      
	 	 Visible sector: MSSM particle spectrum  

	 SUSY breaking occurs in the hidden sector        
	 	 Transmitted to MSSM by specific mechanism:       
	 	 Gravity Mediated Supersymmetry Breaking (mSUGRA, cMSSM)  
	 	 Gauge Mediated Supersymmetry Breaking (GMSB)  
	 	 Anomaly Mediated Supersymmetry Breaking (AMSB)  

SUSY breaking leads to extra parameters 
!
	 Unconstrained models: 105 parameters (Masses, couplings, phases)      
	 Constrained models: 4 or 5 parameters, assuming SUSY breaking scheme      
	 Examples: mSugra, cMSSM ...     

Minimal Supersymmetric Models

“visible” 
sector

“hidden” 
sector

Messengers

completely neutral  
with respect to SM  
gauge group 

LSP: Neutralino

LSP: Gravitino
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Unification assumption 
	 Assume universal masses for all bosons and      
	 fermions at the GUT (Grand Unification Theory) scale 
!
Symmetry breaking assumption 
	 Model where breaking is      
	 mediated by gravity  

!
5 remaining parameters 

	 m0:	 universal boson (scalar) mass                
	 m½:    	 universal gaugino mass         
	 A0: 	 universal trilinear coupling              
	 tanβ:  	 ratio of the two Higgs VEVs (vacuum expectation values)         
	 sgn(μ): 	 sign of the higgsino mass parameter       

mSUGRA – A Constrained Model

Results in
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MSSM Higgs Sector

Consider MSSM Higgs:  
!
	 Two Higgs doublets ➛ 5 physical Higgs bosons: h, H, A, H± … !
	 Enhanced coupling to 3rd generation … 
	 Strong coupling to down-type fermions … 
	 [at large tanβ get strong enhancements to h/H/A production rates] 
!
Couplings: gMSSM = ξ・gSM

ξ t b/τ W/Z

h cos α/sin β - sin α/cos β sin (α-β)

H sin α/sin β cos α/cos β cos (α-β)

A cot β  tan β – usually vanishing 
[decoupling limit; MA ≫ MZ]

Large tan β: !
Enhancement of Higgs couplings to b,τ … 
[and decreased coupling to top …]

Mixing angels: α,β !
	 α: Mixing of CP even Higgs Hu,Hd ➛ h,H     
	 β: Mixing of charged fields φ±1,2     !
	 [also: tanβ = vu/vd]    
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Searching for the MSSM Higgs
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Fig. 5: Higgs branching ratios for the light MSSM Higgs boson for the relevant final states. The parameters are
chosen according to themmax

h scenario, see Eq. (82), with tanβ = 10(50) in the left (right) plot.
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A popular and well-studied extension … 
!
	 Mass of light CP-even Higgs mh < 135 GeV !
	 For large parts of the parameter space  
	 H ➛ bb and H ➛ ττ decays dominate 
	 [and also H± ➛ τ±ν; see later] !
	 WW/ZZ decays are suppressed 
	 for heavier CP-even Higgs H … 
	 [decoupling limit]

Use mh    Scenario …max
[Carena et al.]

	 MSSM parameters chosen 
	 to maximize mh for given mA, tan β … !
➛	 MA < 130 GeV: mh ≈ mA, mH ≈ 130 GeV 
	 MA > 130 GeV: mh ≈ mH, mh ≈ 130 GeV
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MSSM Higgs Production

Figure 4: Tree-level Feynman diagrams for the neutral MSSM Higgs boson production via (a) gluon
fusion and (b) the associated production with b-quarks.

The production cross-sections and decay branching ratios of the Higgs bosons depend on a large
number of standard model parameters. Unless otherwise specified, the following default parameter sets
are used: muds = 190 MeV, mc = 1.40 GeV, mb = 4.75 GeV, mt = 172.5 GeV, MW = 80.398 GeV,
MZ = 91.1876 GeV and GF = 1.16639× 10−5 GeV−2. Pole quark mass values are quoted here. The
strong coupling constant αs is in general taken to be the value from the PDF set used. MSTW2008
determines the αs value as part of its PDF fit: αs(MZ) = 0.13939 at LO, 0.12018 at NLO and 0.11707
at NNLO. On the other hand, the CTEQ collaboration uses the world average values (αs(MZ) = 0.130 at
LO and αs(MZ) = 0.118 at NLO) for its PDF fits.
The cross-section changes with the renormalisation scale µR and factorisation scales µF as a result

of uncalculated higher order effects. Starting from a median scale µ0, which is considered the “natural
scale” of the process and is expected to absorb the large logarithmic corrections, the current standard
convention is to vary the two scales, either collectively or independently, within µ0/ξ ≤ µR,µF ≤ ξ µ0.
Depending on the process, ξ = 2 or larger. The variation of the scales results in a uncertainty band: the
narrower the band is, the smaller the higher-order corrections are expected to be. This is by no means a
rigorous way to estimate the theoretical uncertainty.

2.3 Higgs Boson Decays
The SM Higgs boson decay branching ratios have been estimated taking into account several contri-
butions, namely those included in HDECAY [23] and PROPHECY4f [24] with the addition of the full
two-loop EW corrections evaluated in [25].
The HDECAY program calculates the decay widths and branching ratio of the Higgs boson(s) in the

SM and in the MSSM. For the SM specifically, it includes all the channels kinematically allowed (also
the loop mediated ones), all the relevant higher order QCD corrections to the decays into quark pairs
and into gluons (quark loop mediated decays) and the double off-shell decays of the Higgs boson into
massive gauge bosons which then decay into four massless fermions.
PROPHECY4f is a Monte Carlo event generator for the specific simulations of the Higgs boson de-

cay H → ZZ/WW → 4 fermions (leptonic, semi-leptonic and four-quark) final states. The calculation
of the complete electroweak O(α) and QCD O(αs) corrections to the processes H→ 4 f , includes both
the corrections toWW and ZZ decays and their interference. The QCD corrections additionally include
leading 2-loop corrections from the Higgs boson self-interaction as discussed in [26]. The intermediate
gauge bosons are treated as resonances (and their widths calculated at NLO), without any on-shell ap-
proximation and the calculation covers the full Higgs boson mass range near, and below the gauge-boson
pair thresholds. The bottom quark is treated like any other massless quark. PROPHECY4f provides
Γ(LO) and Γ(NLO) partial width to any of the possible 4 f final states. The H →WW/ZZ on-shell
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MSSM Φ(h,H,A) ➛ ττ

Two categories: b-tag, non b-tag 
[Increased sensitivity via associated b-production] 

8 7 Results
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Figure 1: Distribution of the tau-pair invariant mass, mtt, in the MSSM Higgs boson search
categories: Non b-Tag category (left), b-Tag category (right).

presence of a Higgs boson signal, and we therefore set 95% CL upper bounds on the Higgs
boson cross section times the branching fraction into a tau pair. For calculations of exclusion
limits, we use the modified frequentist construction CLs [78–80]. Theoretical uncertainties on
the Higgs boson production cross sections are taken into account as systematic uncertainties in
the limit calculations.

7.1 Limits on MSSM Higgs boson production

In the b-Tag and non b-Tag categories we set a 95% CL upper limit on tan b as a function of
the pseudoscalar Higgs boson mass mA. Signal contributions from h, H and A production
are considered. The mass values of h and H, as well as the ratio between the gluon fusion
process and the associated production with b quarks, depend on the value of tan b. To account
for this, we perform a scan of tan b for each mass hypothesis. We use here the mmax

H [81, 82]
benchmark scenario in which MSUSY = 1 TeV; Xt = 2MSUSY; µ = 200 GeV; Mg̃ = 800 GeV; M2 =
200 GeV; 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; Mg̃ 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. In determining these bounds on tan b, shown in Table 4
and in Figure 3, we have used the Higgs boson cross sections as a function of tan b reported
by the LHC Higgs Cross Section Working Group [51]. The cross sections have been obtained
from the GGH@NNLO [55, 83, 84] and HIGLU [85] programs for the gluon-fusion process.
For the bb ! f process, the four-flavor calculation [86, 87] and the five-flavor calculation
as implemented in the BBH@NNLO [88] program have been combined using the Santander
scheme [89]. Rescaling of the corresponding Yukawa couplings by the MSSM factors calculated
with FEYNHIGGS [90–92] has been applied.

Figure 3 also shows the region excluded by the LEP experiments [22]. The results reported in
this Letter considerably extend the exclusion region of the MSSM parameter space and super-
sede limits reported by CMS using a smaller data sample collected in 2010 [26].

non b-tag category b-tag category

Event Selection: 	 eμ, eτh, μτh signatures … 
	 	 	 [oppositely charged; isolation]

eμ	 :	 electron with |η| < 2.3; muon |η| < 2.1         
	 	 pT,1 > 20 GeV; pT,2 > 10 GeV             

μτh	 :	 muon with pT > 17 GeV; |η| < 2.1        
	 	 hadronic τ with pT > 20 GeV; |η| < 2.3             

eτh	 :	 electron with pT > 20 GeV; |η| < 2.1        
	 	 hadronic τ with pT > 20 GeV; |η| < 2.3             

[CMS]

[CM
S Collaboration, arXiv: 1202.4083]



Region Charge correlation Lepton isolation requirement

A (Signal Region) Opposite sign isolated

B Same sign isolated

C Opposite sign anti-isolated

D Same sign anti-isolated

Table 2. Control regions for the estimation of the multi-jet background for the h/A/H → τeτµ
and h/A/H → τlepτhad samples: events are categorised according to the charge product of the two
τ leptons and the lepton isolation requirement. In the h/A/H → τlepτhad channel isolation refers
to the isolation of the electron or muon and in the h/A/H → τeτµ channel both the electron and
muon are required to be isolated or anti-isolated, respectively.
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Figure 3. MMC mass distributions for the h/A/H → τeτµ final state. The MMC mass, mMMC
ττ ,

is shown for the b-tagged (left-hand side) and b-vetoed samples (right-hand side). The data are
compared to the background expectation and an added hypothetical MSSM signal (mA = 150GeV
and tanβ = 20). The background uncertainties include statistical and systematic uncertainties.
The contributions of the backgrounds Z/γ∗ → e+e−, Z/γ∗ → µ+µ− and W + jets are combined
and labelled “Other electroweak”; in the case of the b-tagged samples the contributions of diboson
production processes are included as well. Background contributions from top quarks are included
in “Other electroweak” for the b-vetoed sample.

the muon is required to fail the isolation. The resulting uncertainty on the normalisation

is 14% (23%) in the b-tagged (b-vetoed) sample.

Smaller backgrounds from W + jets, Z/γ∗ → e+e−, Z/γ∗ → µ+µ−, diboson, and

single-top processes are estimated from simulation.

Results: The number of observed τeτµ events in data, along with predicted event yields

from background processes, is shown in table 3. The observed event yield is compatible

with the expected event yield from Standard Model processes within the uncertainties. The

MMC mass distributions for these events are shown in figure 3.
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MSSM Φ(h,H,A) ➛ ττ
Event Selection: 	 eμ, eτh, μτh, τhτh … 
 	 	 	 [oppositely charged; isolation]

eμ	 : 	 electron with pT > 15 GeV; |η| < 2.47         
	 	 muon with pT > 10 GeV; |η| < 2.5             

τhτh	 :	 2 taus pT,1 & pT,2 > 29 & 20 GeV      

eτh	 	 electron with pT > 25 GeV; |η| < 2.47 …         
μτh	 :	 muon with pT > 20 GeV; |η| < 2.5 …        
	    +	 hadronic τ with pT > 20 GeV; |η| < 2.5        

non b-tag category b-tag category

Two categories: b-tag, non b-tag 
[Increased sensitivity via associated b-production] 

[ATLAS]
Region Charge correlation Lepton isolation requirement

A (Signal Region) Opposite sign isolated

B Same sign isolated

C Opposite sign anti-isolated

D Same sign anti-isolated

Table 2. Control regions for the estimation of the multi-jet background for the h/A/H → τeτµ
and h/A/H → τlepτhad samples: events are categorised according to the charge product of the two
τ leptons and the lepton isolation requirement. In the h/A/H → τlepτhad channel isolation refers
to the isolation of the electron or muon and in the h/A/H → τeτµ channel both the electron and
muon are required to be isolated or anti-isolated, respectively.
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Figure 3. MMC mass distributions for the h/A/H → τeτµ final state. The MMC mass, mMMC
ττ ,

is shown for the b-tagged (left-hand side) and b-vetoed samples (right-hand side). The data are
compared to the background expectation and an added hypothetical MSSM signal (mA = 150GeV
and tanβ = 20). The background uncertainties include statistical and systematic uncertainties.
The contributions of the backgrounds Z/γ∗ → e+e−, Z/γ∗ → µ+µ− and W + jets are combined
and labelled “Other electroweak”; in the case of the b-tagged samples the contributions of diboson
production processes are included as well. Background contributions from top quarks are included
in “Other electroweak” for the b-vetoed sample.

the muon is required to fail the isolation. The resulting uncertainty on the normalisation

is 14% (23%) in the b-tagged (b-vetoed) sample.

Smaller backgrounds from W + jets, Z/γ∗ → e+e−, Z/γ∗ → µ+µ−, diboson, and

single-top processes are estimated from simulation.

Results: The number of observed τeτµ events in data, along with predicted event yields

from background processes, is shown in table 3. The observed event yield is compatible

with the expected event yield from Standard Model processes within the uncertainties. The

MMC mass distributions for these events are shown in figure 3.

14

&

[ATLAS Collaboration, arXiv: 1211.6956]



 [GeV]MMC
ττm

0 50 100 150 200 250 300 350

Ev
en

ts
 / 

20
 G

eV

0

20

40

60

80

100

120

140
, b-tagged samplehadτlepτ

Data 2011
=20β=150 GeV, tan Am

ττ →Z 
µµ ee/→Z 

Other electroweak
Top
Multi-jet
Bkg. Uncertainty

ATLAS

-1L dt = 4.7 fb∫ = 7 TeV, s

 [GeV]MMC
ττm

0 50 100 150 200 250 300 350

Ev
en

ts
 / 

10
 G

eV

0

500

1000

1500

2000

2500

Data 2011
=20β=150 GeV, tan Am

ττ →Z 
µµ ee/→Z 

Other electroweak
Top
Multi-jet
Bkg. Uncertainty

, b-vetoed samplehadτlepτ

ATLAS

-1L dt = 4.7 fb∫ = 7 TeV, s

Figure 4. MMC mass distributions for the h/A/H → τlepτhad final state. The MMC mass,
mMMC

ττ , is shown for the b-tagged (left-hand side) and b-vetoed samples (right-hand side) for the
combined τeτhad and τµτhad samples. The data are compared to the background expectation and a
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processes are combined and labelled “Other electroweak”.

Estimation of the multi-jet background: For the multi-jet background estimation,

the ABCD method is used by defining four regions according to whether the charge of the

τ jet and lepton have opposite sign or same sign, and whether the selected lepton passes

or fails the isolation criteria. These requirements are summarised in table 2. In regions C

and D the contribution from processes other than the multi-jet background is negligible,

while in region B there is a significant contribution from other backgrounds, in particular

Z/γ∗ +jets and W + jets, which is subtracted from the data sample using estimates from

simulation. The systematic uncertainty on the predicted event yield is estimated by varying

the definitions of the regions used, and by testing the stability of the rC/D ratio across the

mMMC
ττ range. The resulting uncertainty is 7.5% in the τµτhad channel and 15% in the

τeτhad channel.

Results: The number of observed τlepτhad events in data, along with predicted event

yields from background processes, are shown in table 4. The observed event yields are

compatible with the expected yields from Standard Model processes within the uncertain-

ties. The MMC mass distributions for these events, with τµτhad and τeτhad statistically

combined, are shown in figure 4.

6.4 The h/A/H → τhadτhad decay channel

Signal topology and event selection: Events in this channel are selected by a di-τhad
trigger with transverse momentum thresholds of 29GeV and 20GeV for the two τhad can-

didates. Events containing identified electrons or muons with transverse momenta above

15GeV or 10GeV, respectively, are vetoed. These vetoes suppress background events and
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MSSM Φ(h,H,A) ➛ ττ
Event Selection: 	 eμ, eτh, μτh, τhτh … 
 	 	 	 [oppositely charged; isolation]

eμ	 : 	 electron with pT > 15 GeV; |η| < 2.47         
	 	 muon with pT > 10 GeV; |η| < 2.5             

τhτh	 :	 2 taus pT,1 & pT,2 > 29 & 20 GeV      

eτh	 	 electron with pT > 25 GeV; |η| < 2.47 …         
μτh	 :	 muon with pT > 20 GeV; |η| < 2.5 …        
	     +	hadronic τ with pT > 20 GeV; |η| < 2.5       

non b-tag category b-tag category

Two categories: b-tag, non b-tag 
[Increased sensitivity via associated b-production] 

[ATLAS]
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b-tagged sample b-vetoed sample

Multi-jet 19 ±5 870 ±50

Z/γ∗ → τ+τ− 4.0 ±3.0 300 +80
−70

W + jets 0.5 +0.5
−0.4 50 ±20

Top 1.7 ±0.6 11.2 ±2.2

Diboson 0.01 ±0.04 4.9 ±1.0

Total 25 ±5 1200 +80
−70

Signal mA = 150GeV, tan β = 20

bb̄(h/A/H→ ττ) 7.7 ±3.4 73 ±21

gg →h/A/H→ ττ 0.5 ±0.2 47 ±11

Data 27 1223

Table 6. The observed number of events in data and the expected number of signal and background
events for the h/A/H → τhadτhad channel. Simulated event yields are normalised to the total
integrated luminosity, 4.7 fb−1. The data are compared to the background expectation and an
added hypothetical MSSM signal (mA = 150GeV and tanβ = 20). Because of the subtraction of
the Z/γ∗ → τ+τ− background in the control regions used in the multi-jet background estimation
the uncertainties of the Z/γ∗ → τ+τ− and the multi-jet backgrounds are anti-correlated.
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Figure 5. MMC mass distributions for the h/A/H → τhadτhad final state. The MMC
mass , mMMC

ττ , is shown for the b-tagged (left-hand side) and b-vetoed samples (right-hand side).
The data are compared to the background expectation and an added hypothetical MSSM signal
(mA = 150GeV and tanβ = 20). The background uncertainties include statistical and systematic
uncertainties.

the µ+µ− channels and less than 15% for the τ+τ− channels, and is usually small compared

to the systematic uncertainties from the simulated samples.
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the µ+µ− channels and less than 15% for the τ+τ− channels, and is usually small compared

to the systematic uncertainties from the simulated samples.
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Invariant ττ-Mass Reconstruction

Method A:

Possible techniques: 
[see NIM A654 (2011) 48]

A. Transverse mass method … 
B. Collinear approximation technique … 
C. Missing mass calculator technique …

τ

e,μ,h
ν
ν

Tau Decay

is needed in order to significantly enhance the sensitivity of
H-tt searches at the Tevatron and LHC experiments.

In this paper, we propose a new method, which substantially
improves the accuracy of the tt invariant mass reconstruction.
We expect that it will lead to a major improvement in the
sensitivity of the Higgs boson searches in the H-tt channel at
the Tevatron and the LHC. In the next section, we briefly review
currently used methods. Section 3 describes the new technique
and illustrates its performance using a Monte Carlo simulation
with a realistic detector resolution. In Section 4, we report the
results of tests on a clean sample of data Z=gn-tt events collected
by the CDF experiment at the Tevatron. Finally, we conclude in
Section 5.

2. Review of the commonly used techniques for tt mass
reconstruction

The two methods frequently used at hadron colliders either
rely on reconstructing a partial invariant mass or use the collinear
approximation. In this section, we review these techniques and
discuss their advantages and shortcomings.

2.1. The transverse mass method

Neutrinos from the t decays escape detection and make it
impossible to determine the 4-momenta of t leptons and thus
Mtt. Therefore, one of the simplest and frequently used methods
relies on a partial (or reduced) invariant mass reconstruction.
Examples include either the invariant mass of visible decay
products of the two t leptons, the visible mass, or the invariant
mass of the visible decay products and in the event, the
transverse mass. The latter is defined as follows:

M2ðtvis1
,tvis2

, Þ ¼ PmPm

Pm ¼ Pmðtvis1
ÞþPmðtvis2

ÞþPmð Þ ð1Þ

where Pmð Þ ¼ ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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q
,

x
,

y
,0Þ is a 4-momentum corre-

sponding to missing transverse energy and Pmðtvis1
Þ and Pmðtvis2

Þ
are the 4-momenta of the visible t decay products. The advantage
of these techniques is that the partial mass can be defined for all
signal events, thus preserving the statistical power of the avail-
able data. However, ignoring or not fully accounting for the
neutrino momenta biases and broadens the reconstructed Mtt
distributions, and therefore leads to a significantly reduced

sensitivity in searches and measurements. This problem is parti-
cularly prominent in the low-mass H-tt search, where the
signal cannot be separated from the much larger and very broad
Z-tt background. To illustrate this, we use inclusive Z=gn-tt
and gg-H-tt (with MH¼115 and 130 GeV/c2) events produced

in pp collisions at
ffiffi
s
p
¼ 1:96 TeV. Events are simulated with Pythia

[5] Monte Carlo generator supplemented with the TAUOLA

package [6] for t decays. We select events with 410 GeV

and where both t leptons have visible pT 410 GeV=c and pseudo-
rapidity1 jZjo1. We assume 10% resolution for hadronic t-jets

and 5 GeV resolution for x- and y-components of ~ (the realistic

detector resolution is further discussed in Section 3.3). The left plot

in Fig. 1 shows the transverse mass Mðtvis1
,tvis2

, Þ distribution for

the simulated events.

2.2. Collinear approximation technique

The collinear approximation is another frequently used tech-
nique [1,2]. This method was first proposed in Ref. [4] to
reconstruct the invariant mass in tt decays of a Higgs boson
produced in association with an energetic jet. It is based on two
important assumptions: that the t lepton and all its decay
products are collinear (i.e., fn ¼fvis and yn ¼ yvis); and that the

in the event is due only to neutrinos. In this case, the total
invisible momentum carried away by neutrinos in each t decay
can be estimated by solving two equations:

x
¼ pmis1

sin yvis1
cos fvis1

þpmis2
sin yvis2

cos fvis2

y
¼ pmis1

sin yvis1
sin fvis1

þpmis2
sin yvis2

sin fvis2
ð2Þ

where
x

and
y

are the x- and y-components of the ~ vector,
pmis1

and pmis2
are the combined invisible momenta (there can be

two n’s in a t decay) of each t decay, and yvis1,2
and fvis1,2

are the
polar and azimuthal angles of the visible products of each t decay.
Then, the invariant mass of the tt-system can be calculated as
Mtt ¼mvis=

ffiffiffiffiffiffiffiffiffiffi
x1x2
p

, where mvis is the invariant mass of visible
t decay products, and x1,2 ¼ pvis1,2

=ðpvis1,2
þpmis1,2

Þ are momentum
fractions carried away by visible t decay products. Despite offering
the great advantage of a fully reconstructed tt mass (Mtt) instead of
a partial visible mass, the collinear approximation still has signifi-
cant shortcomings. The technique works well for events where the

) GeV/c2
TEhτhτM (

20 40 60 80 100 120 140 160

Ar
bi

tra
ry

 u
ni

ts

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 :ννττ→H→gg
=115 GeV/cM
=130 GeV/cM

=1.96 TeVs

ννττ→γZ/

Transverse Mass (realistic resolution)

) GeV/c2ττM (
40 60 80 100 120 140 160 180 200

Ar
bi

tra
ry

 u
ni

ts

0

0.02

0.04

0.06

0.08

0.1 :ννττ→H→gg
=115 GeV/cM
=130 GeV/cM

=1.96 TeVs

ννττ→γZ/

Collinear Approximation (realistic resolution)

Fig. 1. Example of the transverse mass (left plot) defined as an invariant mass of and visible t decay products, and the fully reconstructed mass (right plot) using the
collinear approximation for three event samples: inclusive Z=gn-tt and gg-H-tt with MH¼115 and 130 GeV/c2. Results are obtained for the fully hadronic tt decay
mode. Events are simulated with a realistic detector resolution (discussed in Section 3.3). All distributions are normalized to unit area.

1 The pseudo-rapidity is defined as Z¼%ln tan y=2, where y is a polar angle
respect to the beam line.
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is needed in order to significantly enhance the sensitivity of
H-tt searches at the Tevatron and LHC experiments.

In this paper, we propose a new method, which substantially
improves the accuracy of the tt invariant mass reconstruction.
We expect that it will lead to a major improvement in the
sensitivity of the Higgs boson searches in the H-tt channel at
the Tevatron and the LHC. In the next section, we briefly review
currently used methods. Section 3 describes the new technique
and illustrates its performance using a Monte Carlo simulation
with a realistic detector resolution. In Section 4, we report the
results of tests on a clean sample of data Z=gn-tt events collected
by the CDF experiment at the Tevatron. Finally, we conclude in
Section 5.
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reconstruction

The two methods frequently used at hadron colliders either
rely on reconstructing a partial invariant mass or use the collinear
approximation. In this section, we review these techniques and
discuss their advantages and shortcomings.
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Neutrinos from the t decays escape detection and make it
impossible to determine the 4-momenta of t leptons and thus
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sensitivity in searches and measurements. This problem is parti-
cularly prominent in the low-mass H-tt search, where the
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t decay products, and x1,2 ¼ pvis1,2

=ðpvis1,2
þpmis1,2

Þ are momentum
fractions carried away by visible t decay products. Despite offering
the great advantage of a fully reconstructed tt mass (Mtt) instead of
a partial visible mass, the collinear approximation still has signifi-
cant shortcomings. The technique works well for events where the

) GeV/c2
TEhτhτM (

20 40 60 80 100 120 140 160

Ar
bi

tra
ry

 u
ni

ts

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 :ννττ→H→gg
=115 GeV/cM
=130 GeV/cM

=1.96 TeVs

ννττ→γZ/

Transverse Mass (realistic resolution)

) GeV/c2ττM (
40 60 80 100 120 140 160 180 200

Ar
bi

tra
ry

 u
ni

ts

0

0.02

0.04

0.06

0.08

0.1 :ννττ→H→gg
=115 GeV/cM
=130 GeV/cM

=1.96 TeVs

ννττ→γZ/

Collinear Approximation (realistic resolution)

Fig. 1. Example of the transverse mass (left plot) defined as an invariant mass of and visible t decay products, and the fully reconstructed mass (right plot) using the
collinear approximation for three event samples: inclusive Z=gn-tt and gg-H-tt with MH¼115 and 130 GeV/c2. Results are obtained for the fully hadronic tt decay
mode. Events are simulated with a realistic detector resolution (discussed in Section 3.3). All distributions are normalized to unit area.

1 The pseudo-rapidity is defined as Z¼%ln tan y=2, where y is a polar angle
respect to the beam line.

A. Elagin et al. / Nuclear Instruments and Methods in Physics Research A 654 (2011) 481–489482

A.

B.

Method B:

is needed in order to significantly enhance the sensitivity of
H-tt searches at the Tevatron and LHC experiments.

In this paper, we propose a new method, which substantially
improves the accuracy of the tt invariant mass reconstruction.
We expect that it will lead to a major improvement in the
sensitivity of the Higgs boson searches in the H-tt channel at
the Tevatron and the LHC. In the next section, we briefly review
currently used methods. Section 3 describes the new technique
and illustrates its performance using a Monte Carlo simulation
with a realistic detector resolution. In Section 4, we report the
results of tests on a clean sample of data Z=gn-tt events collected
by the CDF experiment at the Tevatron. Finally, we conclude in
Section 5.

2. Review of the commonly used techniques for tt mass
reconstruction

The two methods frequently used at hadron colliders either
rely on reconstructing a partial invariant mass or use the collinear
approximation. In this section, we review these techniques and
discuss their advantages and shortcomings.

2.1. The transverse mass method

Neutrinos from the t decays escape detection and make it
impossible to determine the 4-momenta of t leptons and thus
Mtt. Therefore, one of the simplest and frequently used methods
relies on a partial (or reduced) invariant mass reconstruction.
Examples include either the invariant mass of visible decay
products of the two t leptons, the visible mass, or the invariant
mass of the visible decay products and in the event, the
transverse mass. The latter is defined as follows:
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are the 4-momenta of the visible t decay products. The advantage
of these techniques is that the partial mass can be defined for all
signal events, thus preserving the statistical power of the avail-
able data. However, ignoring or not fully accounting for the
neutrino momenta biases and broadens the reconstructed Mtt
distributions, and therefore leads to a significantly reduced

sensitivity in searches and measurements. This problem is parti-
cularly prominent in the low-mass H-tt search, where the
signal cannot be separated from the much larger and very broad
Z-tt background. To illustrate this, we use inclusive Z=gn-tt
and gg-H-tt (with MH¼115 and 130 GeV/c2) events produced
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the simulated events.
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invisible momentum carried away by neutrinos in each t decay
can be estimated by solving two equations:

x
¼ pmis1

sin yvis1
cos fvis1

þpmis2
sin yvis2

cos fvis2

y
¼ pmis1

sin yvis1
sin fvis1

þpmis2
sin yvis2

sin fvis2
ð2Þ

where
x

and
y
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are the combined invisible momenta (there can be

two n’s in a t decay) of each t decay, and yvis1,2
and fvis1,2

are the
polar and azimuthal angles of the visible products of each t decay.
Then, the invariant mass of the tt-system can be calculated as
Mtt ¼mvis=

ffiffiffiffiffiffiffiffiffiffi
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, where mvis is the invariant mass of visible
t decay products, and x1,2 ¼ pvis1,2
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Þ are momentum
fractions carried away by visible t decay products. Despite offering
the great advantage of a fully reconstructed tt mass (Mtt) instead of
a partial visible mass, the collinear approximation still has signifi-
cant shortcomings. The technique works well for events where the
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is needed in order to significantly enhance the sensitivity of
H-tt searches at the Tevatron and LHC experiments.

In this paper, we propose a new method, which substantially
improves the accuracy of the tt invariant mass reconstruction.
We expect that it will lead to a major improvement in the
sensitivity of the Higgs boson searches in the H-tt channel at
the Tevatron and the LHC. In the next section, we briefly review
currently used methods. Section 3 describes the new technique
and illustrates its performance using a Monte Carlo simulation
with a realistic detector resolution. In Section 4, we report the
results of tests on a clean sample of data Z=gn-tt events collected
by the CDF experiment at the Tevatron. Finally, we conclude in
Section 5.

2. Review of the commonly used techniques for tt mass
reconstruction

The two methods frequently used at hadron colliders either
rely on reconstructing a partial invariant mass or use the collinear
approximation. In this section, we review these techniques and
discuss their advantages and shortcomings.

2.1. The transverse mass method

Neutrinos from the t decays escape detection and make it
impossible to determine the 4-momenta of t leptons and thus
Mtt. Therefore, one of the simplest and frequently used methods
relies on a partial (or reduced) invariant mass reconstruction.
Examples include either the invariant mass of visible decay
products of the two t leptons, the visible mass, or the invariant
mass of the visible decay products and in the event, the
transverse mass. The latter is defined as follows:

M2ðtvis1
,tvis2

, Þ ¼ PmPm

Pm ¼ Pmðtvis1
ÞþPmðtvis2
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are the 4-momenta of the visible t decay products. The advantage
of these techniques is that the partial mass can be defined for all
signal events, thus preserving the statistical power of the avail-
able data. However, ignoring or not fully accounting for the
neutrino momenta biases and broadens the reconstructed Mtt
distributions, and therefore leads to a significantly reduced

sensitivity in searches and measurements. This problem is parti-
cularly prominent in the low-mass H-tt search, where the
signal cannot be separated from the much larger and very broad
Z-tt background. To illustrate this, we use inclusive Z=gn-tt
and gg-H-tt (with MH¼115 and 130 GeV/c2) events produced

in pp collisions at
ffiffi
s
p
¼ 1:96 TeV. Events are simulated with Pythia

[5] Monte Carlo generator supplemented with the TAUOLA

package [6] for t decays. We select events with 410 GeV

and where both t leptons have visible pT 410 GeV=c and pseudo-
rapidity1 jZjo1. We assume 10% resolution for hadronic t-jets

and 5 GeV resolution for x- and y-components of ~ (the realistic

detector resolution is further discussed in Section 3.3). The left plot

in Fig. 1 shows the transverse mass Mðtvis1
,tvis2

, Þ distribution for

the simulated events.

2.2. Collinear approximation technique

The collinear approximation is another frequently used tech-
nique [1,2]. This method was first proposed in Ref. [4] to
reconstruct the invariant mass in tt decays of a Higgs boson
produced in association with an energetic jet. It is based on two
important assumptions: that the t lepton and all its decay
products are collinear (i.e., fn ¼fvis and yn ¼ yvis); and that the

in the event is due only to neutrinos. In this case, the total
invisible momentum carried away by neutrinos in each t decay
can be estimated by solving two equations:
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are the combined invisible momenta (there can be

two n’s in a t decay) of each t decay, and yvis1,2
and fvis1,2

are the
polar and azimuthal angles of the visible products of each t decay.
Then, the invariant mass of the tt-system can be calculated as
Mtt ¼mvis=

ffiffiffiffiffiffiffiffiffiffi
x1x2
p

, where mvis is the invariant mass of visible
t decay products, and x1,2 ¼ pvis1,2

=ðpvis1,2
þpmis1,2

Þ are momentum
fractions carried away by visible t decay products. Despite offering
the great advantage of a fully reconstructed tt mass (Mtt) instead of
a partial visible mass, the collinear approximation still has signifi-
cant shortcomings. The technique works well for events where the
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is needed in order to significantly enhance the sensitivity of
H-tt searches at the Tevatron and LHC experiments.

In this paper, we propose a new method, which substantially
improves the accuracy of the tt invariant mass reconstruction.
We expect that it will lead to a major improvement in the
sensitivity of the Higgs boson searches in the H-tt channel at
the Tevatron and the LHC. In the next section, we briefly review
currently used methods. Section 3 describes the new technique
and illustrates its performance using a Monte Carlo simulation
with a realistic detector resolution. In Section 4, we report the
results of tests on a clean sample of data Z=gn-tt events collected
by the CDF experiment at the Tevatron. Finally, we conclude in
Section 5.

2. Review of the commonly used techniques for tt mass
reconstruction

The two methods frequently used at hadron colliders either
rely on reconstructing a partial invariant mass or use the collinear
approximation. In this section, we review these techniques and
discuss their advantages and shortcomings.

2.1. The transverse mass method

Neutrinos from the t decays escape detection and make it
impossible to determine the 4-momenta of t leptons and thus
Mtt. Therefore, one of the simplest and frequently used methods
relies on a partial (or reduced) invariant mass reconstruction.
Examples include either the invariant mass of visible decay
products of the two t leptons, the visible mass, or the invariant
mass of the visible decay products and in the event, the
transverse mass. The latter is defined as follows:

M2ðtvis1
,tvis2

, Þ ¼ PmPm
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are the 4-momenta of the visible t decay products. The advantage
of these techniques is that the partial mass can be defined for all
signal events, thus preserving the statistical power of the avail-
able data. However, ignoring or not fully accounting for the
neutrino momenta biases and broadens the reconstructed Mtt
distributions, and therefore leads to a significantly reduced

sensitivity in searches and measurements. This problem is parti-
cularly prominent in the low-mass H-tt search, where the
signal cannot be separated from the much larger and very broad
Z-tt background. To illustrate this, we use inclusive Z=gn-tt
and gg-H-tt (with MH¼115 and 130 GeV/c2) events produced

in pp collisions at
ffiffi
s
p
¼ 1:96 TeV. Events are simulated with Pythia

[5] Monte Carlo generator supplemented with the TAUOLA

package [6] for t decays. We select events with 410 GeV

and where both t leptons have visible pT 410 GeV=c and pseudo-
rapidity1 jZjo1. We assume 10% resolution for hadronic t-jets

and 5 GeV resolution for x- and y-components of ~ (the realistic

detector resolution is further discussed in Section 3.3). The left plot

in Fig. 1 shows the transverse mass Mðtvis1
,tvis2

, Þ distribution for

the simulated events.

2.2. Collinear approximation technique

The collinear approximation is another frequently used tech-
nique [1,2]. This method was first proposed in Ref. [4] to
reconstruct the invariant mass in tt decays of a Higgs boson
produced in association with an energetic jet. It is based on two
important assumptions: that the t lepton and all its decay
products are collinear (i.e., fn ¼fvis and yn ¼ yvis); and that the

in the event is due only to neutrinos. In this case, the total
invisible momentum carried away by neutrinos in each t decay
can be estimated by solving two equations:
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where
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and
y

are the x- and y-components of the ~ vector,
pmis1

and pmis2
are the combined invisible momenta (there can be

two n’s in a t decay) of each t decay, and yvis1,2
and fvis1,2

are the
polar and azimuthal angles of the visible products of each t decay.
Then, the invariant mass of the tt-system can be calculated as
Mtt ¼mvis=

ffiffiffiffiffiffiffiffiffiffi
x1x2
p

, where mvis is the invariant mass of visible
t decay products, and x1,2 ¼ pvis1,2

=ðpvis1,2
þpmis1,2

Þ are momentum
fractions carried away by visible t decay products. Despite offering
the great advantage of a fully reconstructed tt mass (Mtt) instead of
a partial visible mass, the collinear approximation still has signifi-
cant shortcomings. The technique works well for events where the
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is needed in order to significantly enhance the sensitivity of
H-tt searches at the Tevatron and LHC experiments.

In this paper, we propose a new method, which substantially
improves the accuracy of the tt invariant mass reconstruction.
We expect that it will lead to a major improvement in the
sensitivity of the Higgs boson searches in the H-tt channel at
the Tevatron and the LHC. In the next section, we briefly review
currently used methods. Section 3 describes the new technique
and illustrates its performance using a Monte Carlo simulation
with a realistic detector resolution. In Section 4, we report the
results of tests on a clean sample of data Z=gn-tt events collected
by the CDF experiment at the Tevatron. Finally, we conclude in
Section 5.

2. Review of the commonly used techniques for tt mass
reconstruction

The two methods frequently used at hadron colliders either
rely on reconstructing a partial invariant mass or use the collinear
approximation. In this section, we review these techniques and
discuss their advantages and shortcomings.

2.1. The transverse mass method

Neutrinos from the t decays escape detection and make it
impossible to determine the 4-momenta of t leptons and thus
Mtt. Therefore, one of the simplest and frequently used methods
relies on a partial (or reduced) invariant mass reconstruction.
Examples include either the invariant mass of visible decay
products of the two t leptons, the visible mass, or the invariant
mass of the visible decay products and in the event, the
transverse mass. The latter is defined as follows:

M2ðtvis1
,tvis2

, Þ ¼ PmPm

Pm ¼ Pmðtvis1
ÞþPmðtvis2

ÞþPmð Þ ð1Þ
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sponding to missing transverse energy and Pmðtvis1
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are the 4-momenta of the visible t decay products. The advantage
of these techniques is that the partial mass can be defined for all
signal events, thus preserving the statistical power of the avail-
able data. However, ignoring or not fully accounting for the
neutrino momenta biases and broadens the reconstructed Mtt
distributions, and therefore leads to a significantly reduced

sensitivity in searches and measurements. This problem is parti-
cularly prominent in the low-mass H-tt search, where the
signal cannot be separated from the much larger and very broad
Z-tt background. To illustrate this, we use inclusive Z=gn-tt
and gg-H-tt (with MH¼115 and 130 GeV/c2) events produced

in pp collisions at
ffiffi
s
p
¼ 1:96 TeV. Events are simulated with Pythia

[5] Monte Carlo generator supplemented with the TAUOLA

package [6] for t decays. We select events with 410 GeV

and where both t leptons have visible pT 410 GeV=c and pseudo-
rapidity1 jZjo1. We assume 10% resolution for hadronic t-jets

and 5 GeV resolution for x- and y-components of ~ (the realistic

detector resolution is further discussed in Section 3.3). The left plot

in Fig. 1 shows the transverse mass Mðtvis1
,tvis2

, Þ distribution for

the simulated events.

2.2. Collinear approximation technique

The collinear approximation is another frequently used tech-
nique [1,2]. This method was first proposed in Ref. [4] to
reconstruct the invariant mass in tt decays of a Higgs boson
produced in association with an energetic jet. It is based on two
important assumptions: that the t lepton and all its decay
products are collinear (i.e., fn ¼fvis and yn ¼ yvis); and that the

in the event is due only to neutrinos. In this case, the total
invisible momentum carried away by neutrinos in each t decay
can be estimated by solving two equations:

x
¼ pmis1

sin yvis1
cos fvis1

þpmis2
sin yvis2
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y
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where
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and
y

are the x- and y-components of the ~ vector,
pmis1

and pmis2
are the combined invisible momenta (there can be

two n’s in a t decay) of each t decay, and yvis1,2
and fvis1,2

are the
polar and azimuthal angles of the visible products of each t decay.
Then, the invariant mass of the tt-system can be calculated as
Mtt ¼mvis=

ffiffiffiffiffiffiffiffiffiffi
x1x2
p

, where mvis is the invariant mass of visible
t decay products, and x1,2 ¼ pvis1,2

=ðpvis1,2
þpmis1,2

Þ are momentum
fractions carried away by visible t decay products. Despite offering
the great advantage of a fully reconstructed tt mass (Mtt) instead of
a partial visible mass, the collinear approximation still has signifi-
cant shortcomings. The technique works well for events where the
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is needed in order to significantly enhance the sensitivity of
H-tt searches at the Tevatron and LHC experiments.

In this paper, we propose a new method, which substantially
improves the accuracy of the tt invariant mass reconstruction.
We expect that it will lead to a major improvement in the
sensitivity of the Higgs boson searches in the H-tt channel at
the Tevatron and the LHC. In the next section, we briefly review
currently used methods. Section 3 describes the new technique
and illustrates its performance using a Monte Carlo simulation
with a realistic detector resolution. In Section 4, we report the
results of tests on a clean sample of data Z=gn-tt events collected
by the CDF experiment at the Tevatron. Finally, we conclude in
Section 5.

2. Review of the commonly used techniques for tt mass
reconstruction

The two methods frequently used at hadron colliders either
rely on reconstructing a partial invariant mass or use the collinear
approximation. In this section, we review these techniques and
discuss their advantages and shortcomings.

2.1. The transverse mass method

Neutrinos from the t decays escape detection and make it
impossible to determine the 4-momenta of t leptons and thus
Mtt. Therefore, one of the simplest and frequently used methods
relies on a partial (or reduced) invariant mass reconstruction.
Examples include either the invariant mass of visible decay
products of the two t leptons, the visible mass, or the invariant
mass of the visible decay products and in the event, the
transverse mass. The latter is defined as follows:

M2ðtvis1
,tvis2

, Þ ¼ PmPm

Pm ¼ Pmðtvis1
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are the 4-momenta of the visible t decay products. The advantage
of these techniques is that the partial mass can be defined for all
signal events, thus preserving the statistical power of the avail-
able data. However, ignoring or not fully accounting for the
neutrino momenta biases and broadens the reconstructed Mtt
distributions, and therefore leads to a significantly reduced

sensitivity in searches and measurements. This problem is parti-
cularly prominent in the low-mass H-tt search, where the
signal cannot be separated from the much larger and very broad
Z-tt background. To illustrate this, we use inclusive Z=gn-tt
and gg-H-tt (with MH¼115 and 130 GeV/c2) events produced

in pp collisions at
ffiffi
s
p
¼ 1:96 TeV. Events are simulated with Pythia

[5] Monte Carlo generator supplemented with the TAUOLA

package [6] for t decays. We select events with 410 GeV

and where both t leptons have visible pT 410 GeV=c and pseudo-
rapidity1 jZjo1. We assume 10% resolution for hadronic t-jets

and 5 GeV resolution for x- and y-components of ~ (the realistic

detector resolution is further discussed in Section 3.3). The left plot

in Fig. 1 shows the transverse mass Mðtvis1
,tvis2

, Þ distribution for

the simulated events.

2.2. Collinear approximation technique

The collinear approximation is another frequently used tech-
nique [1,2]. This method was first proposed in Ref. [4] to
reconstruct the invariant mass in tt decays of a Higgs boson
produced in association with an energetic jet. It is based on two
important assumptions: that the t lepton and all its decay
products are collinear (i.e., fn ¼fvis and yn ¼ yvis); and that the

in the event is due only to neutrinos. In this case, the total
invisible momentum carried away by neutrinos in each t decay
can be estimated by solving two equations:
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where
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and
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are the x- and y-components of the ~ vector,
pmis1

and pmis2
are the combined invisible momenta (there can be

two n’s in a t decay) of each t decay, and yvis1,2
and fvis1,2

are the
polar and azimuthal angles of the visible products of each t decay.
Then, the invariant mass of the tt-system can be calculated as
Mtt ¼mvis=

ffiffiffiffiffiffiffiffiffiffi
x1x2
p

, where mvis is the invariant mass of visible
t decay products, and x1,2 ¼ pvis1,2

=ðpvis1,2
þpmis1,2

Þ are momentum
fractions carried away by visible t decay products. Despite offering
the great advantage of a fully reconstructed tt mass (Mtt) instead of
a partial visible mass, the collinear approximation still has signifi-
cant shortcomings. The technique works well for events where the
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similar to A, but assume neutrinos collinear  
to visible τ-decay products [works well if ττ system is boost]

with

is needed in order to significantly enhance the sensitivity of
H-tt searches at the Tevatron and LHC experiments.

In this paper, we propose a new method, which substantially
improves the accuracy of the tt invariant mass reconstruction.
We expect that it will lead to a major improvement in the
sensitivity of the Higgs boson searches in the H-tt channel at
the Tevatron and the LHC. In the next section, we briefly review
currently used methods. Section 3 describes the new technique
and illustrates its performance using a Monte Carlo simulation
with a realistic detector resolution. In Section 4, we report the
results of tests on a clean sample of data Z=gn-tt events collected
by the CDF experiment at the Tevatron. Finally, we conclude in
Section 5.

2. Review of the commonly used techniques for tt mass
reconstruction

The two methods frequently used at hadron colliders either
rely on reconstructing a partial invariant mass or use the collinear
approximation. In this section, we review these techniques and
discuss their advantages and shortcomings.

2.1. The transverse mass method

Neutrinos from the t decays escape detection and make it
impossible to determine the 4-momenta of t leptons and thus
Mtt. Therefore, one of the simplest and frequently used methods
relies on a partial (or reduced) invariant mass reconstruction.
Examples include either the invariant mass of visible decay
products of the two t leptons, the visible mass, or the invariant
mass of the visible decay products and in the event, the
transverse mass. The latter is defined as follows:
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of these techniques is that the partial mass can be defined for all
signal events, thus preserving the statistical power of the avail-
able data. However, ignoring or not fully accounting for the
neutrino momenta biases and broadens the reconstructed Mtt
distributions, and therefore leads to a significantly reduced

sensitivity in searches and measurements. This problem is parti-
cularly prominent in the low-mass H-tt search, where the
signal cannot be separated from the much larger and very broad
Z-tt background. To illustrate this, we use inclusive Z=gn-tt
and gg-H-tt (with MH¼115 and 130 GeV/c2) events produced

in pp collisions at
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¼ 1:96 TeV. Events are simulated with Pythia

[5] Monte Carlo generator supplemented with the TAUOLA
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and where both t leptons have visible pT 410 GeV=c and pseudo-
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and 5 GeV resolution for x- and y-components of ~ (the realistic

detector resolution is further discussed in Section 3.3). The left plot

in Fig. 1 shows the transverse mass Mðtvis1
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the simulated events.

2.2. Collinear approximation technique

The collinear approximation is another frequently used tech-
nique [1,2]. This method was first proposed in Ref. [4] to
reconstruct the invariant mass in tt decays of a Higgs boson
produced in association with an energetic jet. It is based on two
important assumptions: that the t lepton and all its decay
products are collinear (i.e., fn ¼fvis and yn ¼ yvis); and that the

in the event is due only to neutrinos. In this case, the total
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fractions carried away by visible t decay products. Despite offering
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Fig. 1. Example of the transverse mass (left plot) defined as an invariant mass of and visible t decay products, and the fully reconstructed mass (right plot) using the
collinear approximation for three event samples: inclusive Z=gn-tt and gg-H-tt with MH¼115 and 130 GeV/c2. Results are obtained for the fully hadronic tt decay
mode. Events are simulated with a realistic detector resolution (discussed in Section 3.3). All distributions are normalized to unit area.

1 The pseudo-rapidity is defined as Z¼%ln tan y=2, where y is a polar angle
respect to the beam line.
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is needed in order to significantly enhance the sensitivity of
H-tt searches at the Tevatron and LHC experiments.

In this paper, we propose a new method, which substantially
improves the accuracy of the tt invariant mass reconstruction.
We expect that it will lead to a major improvement in the
sensitivity of the Higgs boson searches in the H-tt channel at
the Tevatron and the LHC. In the next section, we briefly review
currently used methods. Section 3 describes the new technique
and illustrates its performance using a Monte Carlo simulation
with a realistic detector resolution. In Section 4, we report the
results of tests on a clean sample of data Z=gn-tt events collected
by the CDF experiment at the Tevatron. Finally, we conclude in
Section 5.
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Mtt. Therefore, one of the simplest and frequently used methods
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of these techniques is that the partial mass can be defined for all
signal events, thus preserving the statistical power of the avail-
able data. However, ignoring or not fully accounting for the
neutrino momenta biases and broadens the reconstructed Mtt
distributions, and therefore leads to a significantly reduced

sensitivity in searches and measurements. This problem is parti-
cularly prominent in the low-mass H-tt search, where the
signal cannot be separated from the much larger and very broad
Z-tt background. To illustrate this, we use inclusive Z=gn-tt
and gg-H-tt (with MH¼115 and 130 GeV/c2) events produced

in pp collisions at
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The collinear approximation is another frequently used tech-
nique [1,2]. This method was first proposed in Ref. [4] to
reconstruct the invariant mass in tt decays of a Higgs boson
produced in association with an energetic jet. It is based on two
important assumptions: that the t lepton and all its decay
products are collinear (i.e., fn ¼fvis and yn ¼ yvis); and that the
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invisible momentum carried away by neutrinos in each t decay
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are the combined invisible momenta (there can be

two n’s in a t decay) of each t decay, and yvis1,2
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are the
polar and azimuthal angles of the visible products of each t decay.
Then, the invariant mass of the tt-system can be calculated as
Mtt ¼mvis=
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x1x2
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, where mvis is the invariant mass of visible
t decay products, and x1,2 ¼ pvis1,2

=ðpvis1,2
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Þ are momentum
fractions carried away by visible t decay products. Despite offering
the great advantage of a fully reconstructed tt mass (Mtt) instead of
a partial visible mass, the collinear approximation still has signifi-
cant shortcomings. The technique works well for events where the
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Fig. 1. Example of the transverse mass (left plot) defined as an invariant mass of and visible t decay products, and the fully reconstructed mass (right plot) using the
collinear approximation for three event samples: inclusive Z=gn-tt and gg-H-tt with MH¼115 and 130 GeV/c2. Results are obtained for the fully hadronic tt decay
mode. Events are simulated with a realistic detector resolution (discussed in Section 3.3). All distributions are normalized to unit area.
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is needed in order to significantly enhance the sensitivity of
H-tt searches at the Tevatron and LHC experiments.

In this paper, we propose a new method, which substantially
improves the accuracy of the tt invariant mass reconstruction.
We expect that it will lead to a major improvement in the
sensitivity of the Higgs boson searches in the H-tt channel at
the Tevatron and the LHC. In the next section, we briefly review
currently used methods. Section 3 describes the new technique
and illustrates its performance using a Monte Carlo simulation
with a realistic detector resolution. In Section 4, we report the
results of tests on a clean sample of data Z=gn-tt events collected
by the CDF experiment at the Tevatron. Finally, we conclude in
Section 5.

2. Review of the commonly used techniques for tt mass
reconstruction

The two methods frequently used at hadron colliders either
rely on reconstructing a partial invariant mass or use the collinear
approximation. In this section, we review these techniques and
discuss their advantages and shortcomings.

2.1. The transverse mass method

Neutrinos from the t decays escape detection and make it
impossible to determine the 4-momenta of t leptons and thus
Mtt. Therefore, one of the simplest and frequently used methods
relies on a partial (or reduced) invariant mass reconstruction.
Examples include either the invariant mass of visible decay
products of the two t leptons, the visible mass, or the invariant
mass of the visible decay products and in the event, the
transverse mass. The latter is defined as follows:
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are the 4-momenta of the visible t decay products. The advantage
of these techniques is that the partial mass can be defined for all
signal events, thus preserving the statistical power of the avail-
able data. However, ignoring or not fully accounting for the
neutrino momenta biases and broadens the reconstructed Mtt
distributions, and therefore leads to a significantly reduced

sensitivity in searches and measurements. This problem is parti-
cularly prominent in the low-mass H-tt search, where the
signal cannot be separated from the much larger and very broad
Z-tt background. To illustrate this, we use inclusive Z=gn-tt
and gg-H-tt (with MH¼115 and 130 GeV/c2) events produced

in pp collisions at
ffiffi
s
p
¼ 1:96 TeV. Events are simulated with Pythia

[5] Monte Carlo generator supplemented with the TAUOLA

package [6] for t decays. We select events with 410 GeV

and where both t leptons have visible pT 410 GeV=c and pseudo-
rapidity1 jZjo1. We assume 10% resolution for hadronic t-jets

and 5 GeV resolution for x- and y-components of ~ (the realistic

detector resolution is further discussed in Section 3.3). The left plot

in Fig. 1 shows the transverse mass Mðtvis1
,tvis2

, Þ distribution for

the simulated events.

2.2. Collinear approximation technique

The collinear approximation is another frequently used tech-
nique [1,2]. This method was first proposed in Ref. [4] to
reconstruct the invariant mass in tt decays of a Higgs boson
produced in association with an energetic jet. It is based on two
important assumptions: that the t lepton and all its decay
products are collinear (i.e., fn ¼fvis and yn ¼ yvis); and that the

in the event is due only to neutrinos. In this case, the total
invisible momentum carried away by neutrinos in each t decay
can be estimated by solving two equations:

x
¼ pmis1

sin yvis1
cos fvis1

þpmis2
sin yvis2

cos fvis2

y
¼ pmis1

sin yvis1
sin fvis1

þpmis2
sin yvis2

sin fvis2
ð2Þ

where
x

and
y

are the x- and y-components of the ~ vector,
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are the combined invisible momenta (there can be

two n’s in a t decay) of each t decay, and yvis1,2
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are the
polar and azimuthal angles of the visible products of each t decay.
Then, the invariant mass of the tt-system can be calculated as
Mtt ¼mvis=
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x1x2
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, where mvis is the invariant mass of visible
t decay products, and x1,2 ¼ pvis1,2

=ðpvis1,2
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Þ are momentum
fractions carried away by visible t decay products. Despite offering
the great advantage of a fully reconstructed tt mass (Mtt) instead of
a partial visible mass, the collinear approximation still has signifi-
cant shortcomings. The technique works well for events where the
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Fig. 1. Example of the transverse mass (left plot) defined as an invariant mass of and visible t decay products, and the fully reconstructed mass (right plot) using the
collinear approximation for three event samples: inclusive Z=gn-tt and gg-H-tt with MH¼115 and 130 GeV/c2. Results are obtained for the fully hadronic tt decay
mode. Events are simulated with a realistic detector resolution (discussed in Section 3.3). All distributions are normalized to unit area.

1 The pseudo-rapidity is defined as Z¼%ln tan y=2, where y is a polar angle
respect to the beam line.
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Method B: …

events are considered: both t leptons decay hadronically (left plot in
Fig. 6), and one leptonic and one hadronic t decay (right plot in
Fig. 6). The difference in normalizations of the MMC and collinear
approximation results reflects a higher efficiency (by a factor of
! 1:7) of the MMC method. This is because the substantial fraction
of events have a moderate or approximately back-to-back

topology and are non-reconstructible by the collinear approximation
technique (i.e., when x1x2o0). This happens when small mismea-
surements in lead to configurations for which Eqs. (2) have no
solution. In contrast, the MMC method resolves this problem and
has an average efficiency of 97–99%. In addition to a better
resolution in the core of the Mtt distribution, an important feature
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is needed in order to significantly enhance the sensitivity of
H-tt searches at the Tevatron and LHC experiments.

In this paper, we propose a new method, which substantially
improves the accuracy of the tt invariant mass reconstruction.
We expect that it will lead to a major improvement in the
sensitivity of the Higgs boson searches in the H-tt channel at
the Tevatron and the LHC. In the next section, we briefly review
currently used methods. Section 3 describes the new technique
and illustrates its performance using a Monte Carlo simulation
with a realistic detector resolution. In Section 4, we report the
results of tests on a clean sample of data Z=gn-tt events collected
by the CDF experiment at the Tevatron. Finally, we conclude in
Section 5.

2. Review of the commonly used techniques for tt mass
reconstruction

The two methods frequently used at hadron colliders either
rely on reconstructing a partial invariant mass or use the collinear
approximation. In this section, we review these techniques and
discuss their advantages and shortcomings.

2.1. The transverse mass method

Neutrinos from the t decays escape detection and make it
impossible to determine the 4-momenta of t leptons and thus
Mtt. Therefore, one of the simplest and frequently used methods
relies on a partial (or reduced) invariant mass reconstruction.
Examples include either the invariant mass of visible decay
products of the two t leptons, the visible mass, or the invariant
mass of the visible decay products and in the event, the
transverse mass. The latter is defined as follows:
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are the 4-momenta of the visible t decay products. The advantage
of these techniques is that the partial mass can be defined for all
signal events, thus preserving the statistical power of the avail-
able data. However, ignoring or not fully accounting for the
neutrino momenta biases and broadens the reconstructed Mtt
distributions, and therefore leads to a significantly reduced

sensitivity in searches and measurements. This problem is parti-
cularly prominent in the low-mass H-tt search, where the
signal cannot be separated from the much larger and very broad
Z-tt background. To illustrate this, we use inclusive Z=gn-tt
and gg-H-tt (with MH¼115 and 130 GeV/c2) events produced

in pp collisions at
ffiffi
s
p
¼ 1:96 TeV. Events are simulated with Pythia

[5] Monte Carlo generator supplemented with the TAUOLA

package [6] for t decays. We select events with 410 GeV

and where both t leptons have visible pT 410 GeV=c and pseudo-
rapidity1 jZjo1. We assume 10% resolution for hadronic t-jets

and 5 GeV resolution for x- and y-components of ~ (the realistic

detector resolution is further discussed in Section 3.3). The left plot

in Fig. 1 shows the transverse mass Mðtvis1
,tvis2

, Þ distribution for

the simulated events.

2.2. Collinear approximation technique

The collinear approximation is another frequently used tech-
nique [1,2]. This method was first proposed in Ref. [4] to
reconstruct the invariant mass in tt decays of a Higgs boson
produced in association with an energetic jet. It is based on two
important assumptions: that the t lepton and all its decay
products are collinear (i.e., fn ¼fvis and yn ¼ yvis); and that the

in the event is due only to neutrinos. In this case, the total
invisible momentum carried away by neutrinos in each t decay
can be estimated by solving two equations:
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are the
polar and azimuthal angles of the visible products of each t decay.
Then, the invariant mass of the tt-system can be calculated as
Mtt ¼mvis=

ffiffiffiffiffiffiffiffiffiffi
x1x2
p

, where mvis is the invariant mass of visible
t decay products, and x1,2 ¼ pvis1,2

=ðpvis1,2
þpmis1,2

Þ are momentum
fractions carried away by visible t decay products. Despite offering
the great advantage of a fully reconstructed tt mass (Mtt) instead of
a partial visible mass, the collinear approximation still has signifi-
cant shortcomings. The technique works well for events where the

) GeV/c2
TEhτhτM (

20 40 60 80 100 120 140 160

Ar
bi

tra
ry

 u
ni

ts

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 :ννττ→H→gg
=115 GeV/cM
=130 GeV/cM

=1.96 TeVs

ννττ→γZ/

Transverse Mass (realistic resolution)

) GeV/c2ττM (
40 60 80 100 120 140 160 180 200

Ar
bi

tra
ry

 u
ni

ts

0

0.02

0.04

0.06

0.08

0.1 :ννττ→H→gg
=115 GeV/cM
=130 GeV/cM

=1.96 TeVs

ννττ→γZ/

Collinear Approximation (realistic resolution)

Fig. 1. Example of the transverse mass (left plot) defined as an invariant mass of and visible t decay products, and the fully reconstructed mass (right plot) using the
collinear approximation for three event samples: inclusive Z=gn-tt and gg-H-tt with MH¼115 and 130 GeV/c2. Results are obtained for the fully hadronic tt decay
mode. Events are simulated with a realistic detector resolution (discussed in Section 3.3). All distributions are normalized to unit area.

1 The pseudo-rapidity is defined as Z¼%ln tan y=2, where y is a polar angle
respect to the beam line.
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3.3. Effects of detector resolution

To evaluate the importance of detector effects on MMC perfor-
mance, we use the same inclusive Z=gn-tt and gg-H-tt events
and smear the and momenta of the visible t decay products
according to typical detector resolutions5 at the LHC and Tevatron
experiments [1,2,13,7]. We assume 3% and 10% resolutions for
momenta of light leptons and hadronic t-jets, respectively. The
resolution for each of the two (x- and y-) components is taken to be
sx ¼ sy ¼ s¼ 5 GeV [8]. Note that in a real experimental environ-
ment, the mismeasurements in lepton or hadronic t-jet momenta
also lead to an additional mismeasurement in . This effect is
properly accounted for in our studies. Angular resolutions for visible
t decay products of typical detectors are usually accurate enough to
have no noticeable effect on our calculations.

We find that mismeasurements of the momentum of t lepton
decay products alone have little effect on the performance of the
algorithm. The Mtt peak position and resolution are nearly
unaffected and the efficiency is decreased by " 327% as a result
of mismeasurements in the momenta of visible t decay products,
which are also propagated into . The stability of the peak
position is related to a built-in self-correcting mechanism in the
algorithm, which compensates slight under(over)-estimations in
the measured momenta of visible decay products by over(under)-
estimating the missing momentum, thus leading to the correctly
reconstructed momentum of the original t lepton.

One could expect the effects of finite resolution to degrade
the algorithm performance. We find that, if not taken into account, a
5 GeV resolution in results in a 30–40% drop in reconstruction
efficiency, long tails in the reconstructed Mtt distribution, and a
significant degradation in the Mtt resolution (e.g., from " 8% to
" 18% in fully hadronic tt decay mode). In particular, a large
reduction in the reconstruction efficiency occurs because mismea-
surements in break the key assumption that the neutrinos from
the t decays are the sole source of in the event (see Section 3.1
and Eqs. (3)). To mitigate these effects, the implementation of the
MMC technique in a realistic experimental environment has to be
adjusted to allow for possible mismeasurements in . It is achieved
by increasing the dimensionality of the parameter space in which
the scanning is performed to include the two components of the
resolution (for

x
and

y
). In this case, the event probability,

Pevent , has to be augmented with the corresponding resolution

functions:

Pevent ¼PðDR1,pt1Þ % PðDR2,pt2Þ % PðD x
Þ % PðD

y
Þ ð5Þ

where the probability functions PðD
x
Þ and PðD

y
Þ are defined

as:

Pð
x,y
Þ ¼ exp &

ðD
x,y
Þ2

2s2

 !

ð6Þ

where s is the resolution (which we take to be 5 GeV) and D
x,y

are the differences between measured values of x- or y-components
of and the values in the parameter space while scanning over

x
and

y
. In a real experimental setup, the uncertainty can

be larger in a particular direction, for example, if there is an
energetic jet. In such cases, the uncertainty in the jet energy
measurement will increase the uncertainty in in the direction
of the jet. These effects can be accounted by suitably defining the
x- and y-directions on an event-by-event basis and by choosing the
appropriate sx and sy, which will not be equal to each other in
general.

We evaluate the performance of the modified algorithm (with
the resolution scan) using Z-tt and H-tt events smeared
with a realistic detector resolution as described above. Fig. 5
shows the distribution of the reconstructed Mtt in the fully
hadronic decay mode for three samples: inclusive Z=gn-tt and
gg-H-tt with MH¼115 and 130 GeV/c2. Right plot in the same
Fig. 5 demonstrates a comparison of the reconstructed mass in
H-tt events with MH¼115 GeV/c2 in the case when both t
leptons decay hadronically (solid line) and in the case when one t
decays leptonically and the other one hadronically (dashed line).
We find that the modified MMC algorithm recovers almost all lost
efficiency (to the level of 97–99%) and significantly improves the
relative Mtt resolution (to the level of " 13% and " 15% in ththnn
and tlthnnn decay modes, respectively). The reconstructed mass
peak position for each of the resonances is consistent with the
corresponding true mass. We also observe that the mass resolu-
tion somewhat improves (at the level of 1–2%) for events with
higher and/or higher pT of visible decay products.

3.4. Comparisons with existing methods

Fig. 6 shows the reconstructed Mtt distributions in H-tt
events with Mh¼115 GeV/c2 obtained by using the MMC algo-
rithm (black histogram) and the collinear approximation (red
line). For this comparison, we use exactly the same samples of
events as described in the previous section. Two categories of tt
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Fig. 4. Left plot demonstrates the reconstructed Mtt in H-tt events with MH¼115 GeV/c2 for each of the three decay categories: both t leptons decay hadronically (solid
line); one t decays leptonically and the other one hadronically (dashed line); and both t leptons decay leptonically (dashed-dotted line). Right plot shows the
reconstructed mass in Z=gn-tt and H-tt events with MH¼115 and 130 GeV/c2 in the fully hadronic decay mode. Results are obtained in the assumption of the ideal
detector resolution. Each distribution is normalized to unit area.

5 For simplicity, we assume Gaussian detector resolutions in this study.
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electrons, muons, hadronic τ decays and jets is propagated to the Emiss
T vector. Additional

uncertainties due to different pile-up conditions in data and simulation are also considered.

The uncertainty on the acceptance due to the energy scale and resolution variations

reaches up to 37% for signal in the τhadτhad b-tagged channel, but is usually less than 10%

for channels with fewer τhad.

Luminosity: The simulated sample event yield is normalised to the integrated luminosity

of the data, which is measured [67, 68] to be 4.7 fb−1 and 4.8 fb−1 for the τ+τ− and µ+µ−

channels, respectively, and has an uncertainty of 3.9%. This is applicable to all signal and

background processes which are not normalised using data-driven methods.

8 Statistical analysis

The statistical analysis of the data employs a binned likelihood function. Each one of the

µµ, τeτµ, τeτhad, τµτhad and τhadτhad final states is split into a b-tagged and a b-vetoed

sample. The likelihood in each category is a product over bins in the distributions of the

MMC mass in the signal and control regions.

The expected number of events for signal (sj) and background (bj), as well as the ob-

served number of events (Nj) in each bin of the mass distributions, enter in the definition

of the likelihood function L(µ,θ). A “signal strength” parameter (µ) scales the expected

signal in each bin. The value µ = 0 corresponds to the background-only hypothesis, while

µ = 1 corresponds to the signal-plus-background hypothesis with all Higgs bosons having

the masses and cross-sections specified by the point considered in the mA–tan β plane for

the MSSM exclusion limit. Signal and background predictions depend on systematic un-

certainties that are parameterised by nuisance parameters, θ, which in turn are constrained

using Gaussian functions, FG, so that

L (µ,θ) =
∏

j = bin and
category

FP (Nj |µ · sj + bj)
∏

θi

FG (θi | 0, 1) , (8.1)

where FP (Nj |µ · sj + bj) denotes the Poisson distribution with mean µ · sj + bj for vari-

able Nj . The correlations of the systematic uncertainties across categories are taken into

account. The expected signal and background event counts in each bin are functions of

θ. The parameterisation is chosen such that the rates in each channel are log-normally

distributed for a normally distributed θ.

To calculate the upper limit on µ for a given signal hypothesis, the compatibility of

the observed or expected dataset with the signal-plus-background prediction is checked

following the modified frequentist method known as CLs [69]. The test statistic q̃µ, used

in the upper limit derivation, is defined as

q̃µ =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

−2 ln
(

L(µ,θ̂µ)

L(0,θ̂0)

)

if µ̂ < 0,

−2 ln
(

L(µ,θ̂µ)

L(µ̂,θ̂)

)

if 0 ≤ µ̂ ≤ µ,

0 if µ̂ > µ,

(8.2)

23

Region Charge correlation Lepton isolation requirement

A (Signal Region) Opposite sign isolated

B Same sign isolated

C Opposite sign anti-isolated

D Same sign anti-isolated

Table 2. Control regions for the estimation of the multi-jet background for the h/A/H → τeτµ
and h/A/H → τlepτhad samples: events are categorised according to the charge product of the two
τ leptons and the lepton isolation requirement. In the h/A/H → τlepτhad channel isolation refers
to the isolation of the electron or muon and in the h/A/H → τeτµ channel both the electron and
muon are required to be isolated or anti-isolated, respectively.
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Figure 3. MMC mass distributions for the h/A/H → τeτµ final state. The MMC mass, mMMC
ττ ,

is shown for the b-tagged (left-hand side) and b-vetoed samples (right-hand side). The data are
compared to the background expectation and an added hypothetical MSSM signal (mA = 150GeV
and tanβ = 20). The background uncertainties include statistical and systematic uncertainties.
The contributions of the backgrounds Z/γ∗ → e+e−, Z/γ∗ → µ+µ− and W + jets are combined
and labelled “Other electroweak”; in the case of the b-tagged samples the contributions of diboson
production processes are included as well. Background contributions from top quarks are included
in “Other electroweak” for the b-vetoed sample.

the muon is required to fail the isolation. The resulting uncertainty on the normalisation

is 14% (23%) in the b-tagged (b-vetoed) sample.

Smaller backgrounds from W + jets, Z/γ∗ → e+e−, Z/γ∗ → µ+µ−, diboson, and

single-top processes are estimated from simulation.

Results: The number of observed τeτµ events in data, along with predicted event yields

from background processes, is shown in table 3. The observed event yield is compatible

with the expected event yield from Standard Model processes within the uncertainties. The

MMC mass distributions for these events are shown in figure 3.
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compared to the background expectation and an added hypothetical MSSM signal (mA = 150GeV
and tanβ = 20). The background uncertainties include statistical and systematic uncertainties.
The contributions of the backgrounds Z/γ∗ → e+e−, Z/γ∗ → µ+µ− and W + jets are combined
and labelled “Other electroweak”; in the case of the b-tagged samples the contributions of diboson
production processes are included as well. Background contributions from top quarks are included
in “Other electroweak” for the b-vetoed sample.

the muon is required to fail the isolation. The resulting uncertainty on the normalisation

is 14% (23%) in the b-tagged (b-vetoed) sample.

Smaller backgrounds from W + jets, Z/γ∗ → e+e−, Z/γ∗ → µ+µ−, diboson, and

single-top processes are estimated from simulation.

Results: The number of observed τeτµ events in data, along with predicted event yields

from background processes, is shown in table 3. The observed event yield is compatible

with the expected event yield from Standard Model processes within the uncertainties. The

MMC mass distributions for these events are shown in figure 3.
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Figure 4. MMC mass distributions for the h/A/H → τlepτhad final state. The MMC mass,
mMMC

ττ , is shown for the b-tagged (left-hand side) and b-vetoed samples (right-hand side) for the
combined τeτhad and τµτhad samples. The data are compared to the background expectation and a
hypothetical MSSM signal (mA = 150GeV and tanβ = 20). The background uncertainties include
statistical and systematic uncertainties. The contributions of the diboson and W +jets background
processes are combined and labelled “Other electroweak”.

Estimation of the multi-jet background: For the multi-jet background estimation,

the ABCD method is used by defining four regions according to whether the charge of the

τ jet and lepton have opposite sign or same sign, and whether the selected lepton passes

or fails the isolation criteria. These requirements are summarised in table 2. In regions C

and D the contribution from processes other than the multi-jet background is negligible,

while in region B there is a significant contribution from other backgrounds, in particular

Z/γ∗ +jets and W + jets, which is subtracted from the data sample using estimates from

simulation. The systematic uncertainty on the predicted event yield is estimated by varying

the definitions of the regions used, and by testing the stability of the rC/D ratio across the

mMMC
ττ range. The resulting uncertainty is 7.5% in the τµτhad channel and 15% in the

τeτhad channel.

Results: The number of observed τlepτhad events in data, along with predicted event

yields from background processes, are shown in table 4. The observed event yields are

compatible with the expected yields from Standard Model processes within the uncertain-

ties. The MMC mass distributions for these events, with τµτhad and τeτhad statistically

combined, are shown in figure 4.

6.4 The h/A/H → τhadτhad decay channel

Signal topology and event selection: Events in this channel are selected by a di-τhad
trigger with transverse momentum thresholds of 29GeV and 20GeV for the two τhad can-

didates. Events containing identified electrons or muons with transverse momenta above

15GeV or 10GeV, respectively, are vetoed. These vetoes suppress background events and
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Figure 4. MMC mass distributions for the h/A/H → τlepτhad final state. The MMC mass,
mMMC

ττ , is shown for the b-tagged (left-hand side) and b-vetoed samples (right-hand side) for the
combined τeτhad and τµτhad samples. The data are compared to the background expectation and a
hypothetical MSSM signal (mA = 150GeV and tanβ = 20). The background uncertainties include
statistical and systematic uncertainties. The contributions of the diboson and W +jets background
processes are combined and labelled “Other electroweak”.

Estimation of the multi-jet background: For the multi-jet background estimation,

the ABCD method is used by defining four regions according to whether the charge of the

τ jet and lepton have opposite sign or same sign, and whether the selected lepton passes

or fails the isolation criteria. These requirements are summarised in table 2. In regions C

and D the contribution from processes other than the multi-jet background is negligible,

while in region B there is a significant contribution from other backgrounds, in particular

Z/γ∗ +jets and W + jets, which is subtracted from the data sample using estimates from

simulation. The systematic uncertainty on the predicted event yield is estimated by varying

the definitions of the regions used, and by testing the stability of the rC/D ratio across the

mMMC
ττ range. The resulting uncertainty is 7.5% in the τµτhad channel and 15% in the

τeτhad channel.

Results: The number of observed τlepτhad events in data, along with predicted event

yields from background processes, are shown in table 4. The observed event yields are

compatible with the expected yields from Standard Model processes within the uncertain-

ties. The MMC mass distributions for these events, with τµτhad and τeτhad statistically

combined, are shown in figure 4.

6.4 The h/A/H → τhadτhad decay channel

Signal topology and event selection: Events in this channel are selected by a di-τhad
trigger with transverse momentum thresholds of 29GeV and 20GeV for the two τhad can-

didates. Events containing identified electrons or muons with transverse momenta above

15GeV or 10GeV, respectively, are vetoed. These vetoes suppress background events and
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b-tagged sample b-vetoed sample

Multi-jet 19 ±5 870 ±50

Z/γ∗ → τ+τ− 4.0 ±3.0 300 +80
−70

W + jets 0.5 +0.5
−0.4 50 ±20

Top 1.7 ±0.6 11.2 ±2.2

Diboson 0.01 ±0.04 4.9 ±1.0

Total 25 ±5 1200 +80
−70

Signal mA = 150GeV, tan β = 20

bb̄(h/A/H→ ττ) 7.7 ±3.4 73 ±21

gg →h/A/H→ ττ 0.5 ±0.2 47 ±11

Data 27 1223

Table 6. The observed number of events in data and the expected number of signal and background
events for the h/A/H → τhadτhad channel. Simulated event yields are normalised to the total
integrated luminosity, 4.7 fb−1. The data are compared to the background expectation and an
added hypothetical MSSM signal (mA = 150GeV and tanβ = 20). Because of the subtraction of
the Z/γ∗ → τ+τ− background in the control regions used in the multi-jet background estimation
the uncertainties of the Z/γ∗ → τ+τ− and the multi-jet backgrounds are anti-correlated.
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Figure 5. MMC mass distributions for the h/A/H → τhadτhad final state. The MMC
mass , mMMC

ττ , is shown for the b-tagged (left-hand side) and b-vetoed samples (right-hand side).
The data are compared to the background expectation and an added hypothetical MSSM signal
(mA = 150GeV and tanβ = 20). The background uncertainties include statistical and systematic
uncertainties.

the µ+µ− channels and less than 15% for the τ+τ− channels, and is usually small compared

to the systematic uncertainties from the simulated samples.
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Figure 5. MMC mass distributions for the h/A/H → τhadτhad final state. The MMC
mass , mMMC

ττ , is shown for the b-tagged (left-hand side) and b-vetoed samples (right-hand side).
The data are compared to the background expectation and an added hypothetical MSSM signal
(mA = 150GeV and tanβ = 20). The background uncertainties include statistical and systematic
uncertainties.

the µ+µ− channels and less than 15% for the τ+τ− channels, and is usually small compared

to the systematic uncertainties from the simulated samples.

21

 [GeV]µµm
100 150 200 250 300 350 400 450 500

Ev
en

ts
 / 

5 
G

eV

-110

1
10

210

310

410

510

610

710

810

Data 2011
=40β=150 GeV, tan Am

µµ →Z 

Multi-jet

Top

Bkg. uncertainty

, b-tagged sample-µ+µ ATLAS

 = 7 TeVs

-1dt = 4.8 fb L
  ∫

 [GeV]µµm
100 150 200 250 300 350 400 450 500

Ev
en

ts
 / 

5 
G

eV

-110

1
10

210

310

410

510

610

710

810

Data 2011
=40β=150 GeV, tan Am

µµ →Z 
ττ →Z 

WW
Other electroweak
Multi-jet
Top
Bkg. uncertainty

, b-vetoed sample-µ+µ ATLAS

 = 7 TeVs

-1dt = 4.8 fb L
  ∫

Figure 1. The invariant mass distribution of the two muons of the h/A/H → µ+µ− search for
the b-tagged (left-hand side) and the b-vetoed samples (right-hand side). The data are compared
to the background expectation and a hypothetical MSSM signal (mA = 150GeV, tanβ = 40).
Simulated backgrounds are shown for illustration purposes. The background uncertainties shown
here are statistical in nature due to the finite number of simulated events. The contributions of
the backgrounds Z/γ∗ → e+e−, W + jets and those of all diboson production processes but WW
production are combined and labelled “Other electroweak”.

additional muon of opposite charge and with pT > 15GeV is required. A muon pair is

formed using the two highest-pT muons of opposite charge. This muon pair is required

to have an invariant mass greater than 70GeV. In addition, events are required to have

Emiss
T < 40GeV. All muons considered here must be isolated, as defined in section 4.

The large background due to Z/γ∗ production can be reduced by requiring that the

event contains at least one identified b-jet. Events satisfying this requirement are included

in the b-tagged sample, whereas events failing it are included in the b-vetoed sample. The

µ+µ− invariant mass distribution, mµµ, is shown separately for the b-tagged and the b-

vetoed samples in figure 1. For illustration purposes only, the distributions of simulated

backgrounds and an assumed MSSM neutral Higgs boson signal with mA = 150GeV and

tan β = 40 are shown in the same figure. A hypothetical signal would be present as

narrow peaks on top of the high-mass tail of the Z boson superimposed on a continuous

contribution from non-resonant backgrounds such as tt̄. The Z/γ∗ process contributes

to the total background with a relative fraction of about 99% (51%) for the b-vetoed (b-

tagged) sample for events in the mµµ range of 110GeV to 300GeV, which is most relevant

to the Higgs boson searches in this channel. In the b-vetoed sample the remaining non-

resonant background is composed of tt̄, W+W− and bb̄ events while tt̄ events dominate the

non-resonant background in the b-tagged sample.

Background modelling: The background in the µ+µ− channel is estimated from data.

By scanning over the µ+µ− invariant mass distribution, local sideband fits provide the ex-
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here are statistical in nature due to the finite number of simulated events. The contributions of
the backgrounds Z/γ∗ → e+e−, W + jets and those of all diboson production processes but WW
production are combined and labelled “Other electroweak”.

additional muon of opposite charge and with pT > 15GeV is required. A muon pair is

formed using the two highest-pT muons of opposite charge. This muon pair is required

to have an invariant mass greater than 70GeV. In addition, events are required to have

Emiss
T < 40GeV. All muons considered here must be isolated, as defined in section 4.

The large background due to Z/γ∗ production can be reduced by requiring that the

event contains at least one identified b-jet. Events satisfying this requirement are included

in the b-tagged sample, whereas events failing it are included in the b-vetoed sample. The

µ+µ− invariant mass distribution, mµµ, is shown separately for the b-tagged and the b-

vetoed samples in figure 1. For illustration purposes only, the distributions of simulated

backgrounds and an assumed MSSM neutral Higgs boson signal with mA = 150GeV and

tan β = 40 are shown in the same figure. A hypothetical signal would be present as

narrow peaks on top of the high-mass tail of the Z boson superimposed on a continuous

contribution from non-resonant backgrounds such as tt̄. The Z/γ∗ process contributes

to the total background with a relative fraction of about 99% (51%) for the b-vetoed (b-

tagged) sample for events in the mµµ range of 110GeV to 300GeV, which is most relevant

to the Higgs boson searches in this channel. In the b-vetoed sample the remaining non-
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Figure 6. Expected (dashed line) and observed (solid line) 95% CL limits on tanβ as a function
of mA for the statistical combination of all channels along with the ±1 σ and ±2 σ bands for the
expected limit are shown on the left plot. Values of tanβ greater than the shown lines are excluded.
The 95% CL limits for the expected limit (dashed lines) and the observed limit (continuous lines) for
each of the µµ, τeτµ, τlepτhad and τhadτhad channels and their statistical combination are shown on
the right plot. The 95% CL exclusion region from neutral MSSM Higgs boson searches performed
at LEP[13] is shown in a hatched style.
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and the b-associated production modes is due to the different sensitivity from the b-tagged samples.
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10 5 Results

Figure 3 shows the 95% CL exclusion in the tanb-MA parameter space for the MSSM mmax
h

scenario. The exclusion limit set by the LEP experiments [20] is also shown. Numerical values
for the expected and observed exclusion limits are given in Tab. 6. The expected limit has been
computed for the case that no Higgs signal, neither of SM nor of MSSM type, is present in the
data. The limit expected in case a SM Higgs boson is present in the data is computed separately
and differs by 1-2 units in tanb at low MA. At high MA there is also some effect as the limit is
mainly driven by the light scalar Higgs h, which has the largest expected cross section.
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Figure 3: Left: Exclusion at 95% CL in the tanb-MA parameter space for the MSSM mmax
h sce-

nario. The exclusion limits from the LEP experiments are also shown. Expected limits are
computed for two cases: for the assumption that there is no Higgs ! tt signal (neither MSSM
nor SM) present in the data (dark grey line) and assuming that there is no MSSM, but a SM
Higgs of mass 125–126 GeV present (red line). Right: 95% CL exclusion limit in the low MA
region.
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LHC BSM Higgs Searches 

BSM Scenarios: 
[see e.g. PDG: Status of Higgs Boson Physics]

Supersymmetric Extensions … !
One neutral Higgs with close to SM properties (h); two extra neutral Higgs bosons (H,A), one SM-like;  
two charged Higgs bosons (H±); potential departures from SM Higgs decay rates (e.g. h ➛ bb) …

Two Higgs-Doublet Models (2-HDMs)… !
Simple extension with 7 free parameters; different types, distinguished based on coupling to fermions …  
Type-I: only one doublet couples to fermions; Type-II (SUSY): φ1/φ2 couples to up/down-type fermions …

Composite Higgs Scenarios … !
Idea: Higgs is composite bound state; e.g. Little Higgs Models; partial compositeness … 
Extra particles at the TeV scale (Zʹ, Wʹ, …); extra Higgs bosons; charged and doubly charged Higgs bosons …

Higgs Triplet Models … !
Add electroweak triplet scalar to SM; motivation: neutrinos acquire Majorana mass … 
Extra Higgs bosons, in particular doubly charged Higgs (H±±); fermiophobic Higgs (also for 2HDM) …

[Repetition]



Fermiophobic Higgs

BSM Model with two Higgs doublets  
and no coupling to fermions … !
	 Theory predictions: 
	 Use numbers from NNLO VBF, WH/ZH … 
	 EW radiative corrections are unknown assign ±5%. 

	 Gluon fusion and ttH production forbidden …  
	 No change in VBF and VH processes … !
	 Big enhancement (10x) to γγ branching        !
	 Yields for FP Higgs at 125 GeV         
	 comparable to SM: γγ, ZZ, WW …       

gg Fusion ✗   

VV Fusion (VBF) ✓   

Higgs Strahlung (VH) ✓   

tt Fusion ✗   

Analysis strategy: !
	 Re-analysis/re-interpretation of H ➛ WW, γγ, ZZ …        
	 and exploit different event topology        !!
	 WW, γγ: re-analysis; H ➛ γγ/WW + dijets/leptons…        
	 VBF and VH ➛ utilize that Higgs is  boosted …        !
	 For ZZ: re-interpretation of existing analysis …       

➛

[CMS]



Fermiophobic Higgs
Fermiophobic Higgs Model 


   Assume Yukawa coupling off and SM like HVV coupling. 


   For Higgs production cross sections, NNLO VBF, WH/ZH numbers can be used. 


   EW radiative corrections are unknown in fermiophobic scenario, assign ±5%. 

Aug. 29, 2011� LHC Higgs Cross Section Working Group� ���
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BSM Model with two Higgs doublets and no coupling to fermions … !
	 Theory predictions: 
	 Use numbers from NNLO VBF, WH/ZH … 
	 EW radiative corrections are unknown assign ±5%. 

[Theory]
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strengths of the five channels and the SM expectation of one is about 8%. The compatibility between
the combined best-fit signal strength µ̂ and the best-fit signal strengths of the five channels is 13%. The
dependence of the combined value of µ̂ on the assumed mH has been investigated and is relatively weak:
changing the mass hypothesis between 124.5 and 126.5 GeV changes the value of µ̂ by about 4%.

Table 2: Summary of the best-fit values and uncertainties for the signal strength µ for the individual
channels and their combination at a Higgs boson mass of 125.5 GeV.

Higgs Boson Decay µ
(mH=125.5 GeV)

VH → Vbb −0.4 ± 1.0
H → ττ 0.8 ± 0.7

H → WW (∗) 1.0 ± 0.3
H → γγ 1.6 ± 0.3

H → ZZ(∗) 1.5 ± 0.4
Combined 1.30 ± 0.20
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Figure 1: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-
nels and their combination.

In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from different production modes. Furthermore, fixing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in different decay modes, the signal strengths of different Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed

5

ATLAS: μ = 1.30 ± 0.20 CMS: μ = 0.80 ± 0.14

[Couplings]
[Experimental Status]
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BSM Model with two Higgs doublets  
and no coupling to fermions … !
	 Theory predictions: 
	 Use numbers from NNLO VBF, WH/ZH … 
	 EW radiative corrections are unknown assign ±5%. 

	 Gluon fusion and ttH production forbidden …  
	 No change in VBF and VH processes … !
	 Big enhancement (10x) to γγ branching        !
	 Yields for FP Higgs at 125 GeV         
	 comparable to SM: γγ, ZZ, WW …       

gg Fusion ✗   

VV Fusion (VBF) ✓   

Higgs Strahlung (VH) ✓   

tt Fusion ✗   
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	 Re-analysis/re-interpretation of H ➛ WW, γγ, ZZ …        
	 and exploit different event topology        !!
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Channel
mH range Sub- Luminosity

Reference
(GeV) channels (fb�1)

H! �� 110–150 4 5.1 [17]

H! �� + dijet 110–150 1 5.1 [17]

H! �� + lepton 110–150 2 5.1

H!WW! 2`2⌫ 110–300 4 4.9 [18]

H!WW! 2`2⌫ + dijet 110–300 1 4.9 [18]

H!WW! 2`2⌫ + lepton 110–300 1 4.9

H!ZZ! 4` 110–300 3 5.0 [19]

H!ZZ! 2`2⌫ 250–300 2 5.0 [20]

H!ZZ! 2`2q 130–165, 200–300 6 5.0 [21]

H!ZZ! 2`2⌧ 180–300 8 5.0 [22]

Table 1. Summary of analysis channels and sub-channels included in the combination.

originating in jets — mainly due to single and multiple ⇡0s [17]. The isolation requirements

are applied as a constant fraction of the candidate photon pT, e↵ectively cutting harder

on low pT photons. The R9 variable, defined as the energy sum of 3x3 crystals centred on

the crystal with maximum energy deposit divided by the total clustered energy, is used to

distinguish photons of well measured energy.

3.1.1 Dijet tag event class

Candidate diphoton events for the dijet-tagged channel have the same selection require-

ments as in the SM search [17]. In the events from the VBF production, the pT of the

Higgs boson is boosted giving enhanced asymmetries in the photon pair energies and hence

favoring a lower threshold on one of the two photons. The threshold requirements for this

class are p�T(1) > 55⇥m��/120, and p�T(2) > 25GeV.

For each event, hadronic jets are clustered from the reconstructed particles with the

infrared and collinear safe anti-kt algorithm [33], operated with a size parameter R of

0.5. The selection variables for the jets use the two highest pT jets in the event with

pseudorapidity |⌘| < 4.7. The selection requirements are optimised to obtain the best

expected limit at 95% CL on the VBF signal cross section with fully simulated VBF signal

events and the diphoton background estimation from data [17]. The pT thresholds for the

two jets are 30 and 20GeV, and the pseudorapidity separation between them is required to

be greater than 3.5. The dijet mass is required to be greater than 350GeV. Two selection

criteria, relating the dijet to the diphoton system, are applied: the di↵erence between the

average pseudorapidity of the two jets and the pseudorapidity of the diphoton system is

required to be less than 2.5 [34], and the di↵erence in azimuthal angle between the diphoton

system and the dijet system is required to be greater than 2.6 radians.

3.1.2 Lepton tag event classes

Candidate diphoton events for the lepton-tagged channel have the same selection require-

ments imposed on the photons as in the SM search [17] except for the pT thresholds. As it

– 4 –
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3.2.2 Zero and one-jet event classes

The results obtained by the inclusive analysis [18] in the zero and one-jet classes are also

included in the limit extraction. The electron and muon selection is the same as for the

dijet-tagged class. A pT threshold of 30GeV is placed on the jets, the number of which

defines the classes. Events are split into same-flavour and di↵erent-flavour dilepton sub-

channels, since the background from Drell-Yan production is much larger for the same-

flavour dilepton events. The dominant background for these classes is from WW, together

with Z+ jets and top-quark production in the one-jet class, as well as contaminations from

W+ jets and QCD.

3.2.3 Lepton tag event class

The WH ! WWW ! 3`3⌫ analysis selects events with three charged leptons, either

electrons or muons, large Emiss
T , and low hadronic activity. The third lepton has to be

isolated and have pT > 10GeV, and it is required that there be no jet with pT > 40GeV in

the event. The dominant background comes from WZ ! 3`⌫ production, which is largely

eliminated by requiring that the invariant mass of all same-flavour oppositely charged

lepton pairs is not within ±25GeV of the nominal Z boson mass. In addition, the smallest

dilepton mass m`` constructed from oppositely charged leptons is required to lie between

12 and 100GeV, and the smallest distance, �R, between them is required to be less than

2. The background processes with jets misidentified as leptons, e.g. Z+jets and top, as well

as the WZ ! 3`⌫ background are estimated from data. The small contribution from the

ZZ ! 4` process with one unreconstructed lepton is estimated using simulated samples.

After all cuts, 7 data events remain in the signal region while 8.4± 0.9 events are expected

from simulation.

– 11 –

Invariant di-jet mass, mjj and rapidity difference Δηjj 
after the H ➛ WW selection
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into consideration the look-elsewhere e↵ect [41] in the search range 110�150GeV, the global

significance of this deviation is 1.2 �.

Figure 6 shows the 95% CL upper limit on the signal strength, �/�FP , of an FP Higgs

boson, as a function of the Higgs boson mass, for the WW channel. The contributions from

the individual sub-channels are indicated. The limit from the dijet-tagged sub-channel com-

plements the �� search channels, excluding the FP hypothesis from 146GeV to 196GeV.

The 32 sub-channels of the three decay modes, ��, WW, and ZZ, described in section

3, are combined using the combination techniques described in ref. [39] to account for all

statistical and systematic uncertainties and their correlations. The uncertainties consist

of: theoretical uncertainties on the expected cross sections and acceptances for signal and

background processes, experimental uncertainties in the modeling of the detector response

(event reconstruction and selection e�ciencies, energy scale and resolution), and statisti-

cal uncertainties associated with either ancillary measurements of backgrounds in control

regions or selection e�ciencies obtained using simulated events.

The limit on the signal strength, �/�FP , of an FP Higgs boson, as a function of the

Higgs boson mass, calculated using the asymptotic approximation, is shown in figure 7,

together with the expected and observed 95% CL limits for individual fermiophobic Higgs

boson decay modes as well as for their combination. Checks at a few test points around

125GeV have shown the calculation to be consistent with values obtained by the full

modified frequentist approach [42]. The fermiophobic Higgs boson is excluded at 95% CL

in the mass range 110–194GeV. At 99% CL, we exclude the fermiophobic Higgs boson in

the range 110–188GeV, with the exception of two gaps: 124.5–127GeV and 147.5–155GeV.

The sensitivity of the search lies predominantly in the �� channel below 140GeV, and in

the WW channel for the high mass search range.

The local p-value as a function of the Higgs boson mass is obtained using the asymp-

totic approximation for individual decay modes and for their combination, and is shown

– 14 –
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boson mass in the range 110–150 GeV.

still has some sensitivity. The expected sensitivity to a SM Higgs boson with a mass of 125 GeV
is 1.3 s we observe 3.2 s. For reference, in the dedicated SM Higgs boson diphoton analysis,
using the same dataset as the FP combination here, the observed significance of the excess near
125 GeV is 4.1 s, with an expected sensitivity of 2.8 s [13]. In both the SM and FP diphoton
analyses the observed significances for the SM Higgs boson are greater than the expected, but
statistically compatible at the O(10%) level.

7 Summary

Searches are reported for Higgs bosons in the context of either the standard model extended to
include a fourth generation of fermions with masses of up to 600 GeV or fermiophobic models.
For the former, results from three decay modes (tt, WW, and ZZ) are combined, whilst for the
latter the diphoton decay is exploited. The analysed proton-proton collision data correspond
to integrated luminosities of up to 5.1 fb�1 at 7 TeV and up to 5.3 fb�1 at 8 TeV. The observed
results exclude the SM4 Higgs boson in the mass range 110–600 GeV at 99% CL, and in the
mass range 110–560 GeV at 99.9% CL. A fermiophobic Higgs boson is excluded in the mass
range 110–147 GeV at 95% CL, and in the range 110–133 GeV at 99% CL. The recently observed
boson with a mass near 125 GeV is not consistent with either an SM4 or a fermiophobic Higgs
boson.
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to the low pTt category results in the high pTt contribu-
tion dominating in the final result. The combined p0 has
a minimum at 125.5 GeV corresponding to 3.0 standard
deviations. The figure also shows the p0 value expected
for a fermiophobic Higgs boson signal, as a function of
Higgs boson mass.

To obtain the final result, the impact of the un-
certainties on the photon energy scale is considered for
Higgs boson masses in the region of the minimum p0, as
shown in Fig. 3. The corresponding effect on the mea-
sured p0 value is estimated using pseudo-experiments,
since asymptotic formulae were found not to yield ac-
curate estimates of the probability in this case. The
position of the minimum p0 is almost unchanged and
the significance is lowered to 2.9 standard deviations.
Taking the look-elsewhere effect [34] into account in
the range 110 – 150 GeV, the significance reduces to
about 1.6 standard deviations, with p0 ≈ 0.051. This
may be compared to the result of a search for the SM
Higgs boson performed with the same dataset and can-
didate selection [8], yielding a minimum p0 at a mass
of 126.5 GeV with a global significance of 1.5 standard
deviations. No statistically significant preference for ei-
ther the SM or fermiophobic Higgs boson is observed.

Given the lack of evidence for a signal, mass-dependent
exclusion limits on the fermiophobic benchmark model
are calculated at the 95% confidence level (CL) with a
profile likelihood ratio test statistic in the CLs modified
frequentist approach [33,35,36] and are shown in Fig. 4.
Fermiophobic Higgs boson masses from 110.0 GeV to
118.0 GeV and from 119.5 GeV to 121.0 GeV are ex-
cluded, while the expected exclusion mass range is 110.0
– 123.5 GeV. These results give more stringent lower
mass limits than the previous results from LEP
(108.2 GeV) [5] and the Tevatron (112.9 GeV from D0,
114 GeV from CDF) [6,37] in the diphoton decay chan-
nel.
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• Results
• σ(h)× BR(h →aa→4γ) < 0.1 pb 

@95% CL
• For 115 GeV < mh < 140 GeV

BSM Higgs Search (h→aa→4γ)
• Analysis looking into 4.9 fb-1 of 7 TeV data

• Event signature is two high ET photons
• The two photons from the a particle are almost always reconstructed as one EM 

cluster, since the a is highly boosted in the decay process

• Limits are set generically on cross section x BR
• Event selection close to, but looser than the SM Higgs to γγ analysis
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Figure 8: Invariant mass distribution of the two photon clusters passing the selection criteria. For ref-
erence, the H ! aa ! �� + �� signal yield prediction is shown on top of the data invariant mass
distribution for SM production times a branching fraction into four photons via coupling to two a parti-
cles of 0.20. The results are shown assuming a Higgs boson mass of 125 GeV, for ma = 100, 200 and
400 MeV, respectively. The signal and background models are described in Sec. 4.

5 Systematic Uncertainties

This section provides a list with a short description of the more important systematic uncertainties con-
sidered for the calculation of the expected signal yields and on the expected invariant mass resolution.
They follow very closely those evaluated for the SM H ! �� analysis [7], re-evaluating those where a
di↵erence is expected.

The uncertainties considered on the signal yield are as follows.

• Trigger E�ciency. The uncertainty on the trigger e�ciency is taken to be ±4% per event. This
was estimated by taking the di↵erence between applying and omitting the trigger selection on top
of the full selection in the simulation. For ma = 400 MeV, this di↵erence is the largest and used
as a conservative estimate of the uncertainty.

• Signal identification e�ciency. The shower shapes are shifted by the di↵erence in the mean of
the shower-shape distributions found when comparing an inclusive photon sample selected from
data to a simulated photon sample. The shifts are used to test the sensitivity of the identification
e�ciency to small variations of the shower shapes. It is found to be ±10% per photon and ±20%
at the event level, where the largest di↵erence found in all the ⌘ and ET bins is used everywhere.
Note that the selection used in this analysis largely removes the dependence of the e�ciency on
the inner structure of the shower which mitigates the uncertainty due to possible mismodelling of
the inner structure of the showers.

• Pile-up. The soft interactions that may accompany a hard scattering collision are referred to as
(in-time) pile-up. The e↵ect of pile-up is estimated by looking at the variation of the e�ciency
as a function of the average number of interactions per bunch crossing, and a ±2% uncertainty is
assigned per reconstructed photon object. No enlargement is expected in the a! �� case.
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Result: 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Figure 9: Observed and expected CLs limit on the Higgs boson production cross section times branching
fraction into four photons, mediated by CP-odd scalar coupling. The results are obtained using 4.9 fb�1

of
p

s = 7 TeV data. Figs. (a), (b), and (c) show the results under the assumption of a CP-odd scalar
mass of ma = 100, 200 and 400 MeV, respectively.

13

Another Reinterpretation: H ➛ aa ➛ 4γ
[ATLAS]

• Results
• σ(h)× BR(h →aa→4γ) < 0.1 pb 

@95% CL
• For 115 GeV < mh < 140 GeV

BSM Higgs Search (h→aa→4γ)
• Analysis looking into 4.9 fb-1 of 7 TeV data

• Event signature is two high ET photons
• The two photons from the a particle are almost always reconstructed as one EM 

cluster, since the a is highly boosted in the decay process

• Limits are set generically on cross section x BR
• Event selection close to, but looser than the SM Higgs to γγ analysis

ATLAS-CONF-2012-079

SM Higgs not seen
due to looser

selection criteria

a a

22

Event signature:
2 high ET ‘photons’ …  !
Decay photons reconstructed as  
one EM cluster due to large boost …

SUSY Models:
2HDM	 –	 CP-odd Higgs very light; fermiophobic      
NMSSM 	– 	 3 CP-even (h1,2,3) and 2 CP-odd (a1,2) Higgs  
	 	     

[coupling of light Higgs to SM particles weak …]

Event selection similar  
as for SM Higgs analysis … !
	 	 	 … but somewhat looser.

Result: 
σh × BR < 0.1 pb   [@95% CL] 
for 115 GeV < mh < 140 GeV

[100 MeV ≤ ma ≤ 400 MeV]

[ATLAS-CONF-2012-079]



 [GeV]Hm
110 115 120 125 130 135 140 145 150

) [
pb

]
γ4

→
 H

→
(p

p
σ

95
%

CL
 li

m
it 

on
  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 [GeV]Hm
110 115 120 125 130 135 140 145 150

) [
pb

]
γ4

→
 H

→
(p

p
σ

95
%

CL
 li

m
it 

on
  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 = 100 MeVam
Observed Limit
Expected Limit

σ 1 ±
σ 2 ±

ATLAS Preliminary

(a) ma = 100 MeV

 [GeV]Hm
110 115 120 125 130 135 140 145 150

) [
pb

]
γ4

→
 H

→
(p

p
σ

95
%

CL
 li

m
it 

on
  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 [GeV]Hm
110 115 120 125 130 135 140 145 150

) [
pb

]
γ4

→
 H

→
(p

p
σ

95
%

CL
 li

m
it 

on
  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 = 200 MeVam
Observed Limit
Expected Limit

σ 1 ±
σ 2 ±

ATLAS Preliminary

(b) ma = 200 MeV

 [GeV]Hm
110 115 120 125 130 135 140 145 150

) [
pb

]
γ4

→
 H

→
(p

p
σ

95
%

CL
 li

m
it 

on
  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 [GeV]Hm
110 115 120 125 130 135 140 145 150

) [
pb

]
γ4

→
 H

→
(p

p
σ

95
%

CL
 li

m
it 

on
  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 = 400 MeVam
Observed Limit
Expected Limit

σ 1 ±
σ 2 ±

ATLAS Preliminary

(c) ma = 400 MeV

Figure 9: Observed and expected CLs limit on the Higgs boson production cross section times branching
fraction into four photons, mediated by CP-odd scalar coupling. The results are obtained using 4.9 fb�1
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s = 7 TeV data. Figs. (a), (b), and (c) show the results under the assumption of a CP-odd scalar
mass of ma = 100, 200 and 400 MeV, respectively.
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(a) ma = 100 MeV
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(b) ma = 200 MeV
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(c) ma = 400 MeV

Figure 9: Observed and expected CLs limit on the Higgs boson production cross section times branching
fraction into four photons, mediated by CP-odd scalar coupling. The results are obtained using 4.9 fb�1

of
p

s = 7 TeV data. Figs. (a), (b), and (c) show the results under the assumption of a CP-odd scalar
mass of ma = 100, 200 and 400 MeV, respectively.
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Another Reinterpretation: H ➛ aa ➛ 4γ
[ATLAS]

• Results
• σ(h)× BR(h →aa→4γ) < 0.1 pb 

@95% CL
• For 115 GeV < mh < 140 GeV

BSM Higgs Search (h→aa→4γ)
• Analysis looking into 4.9 fb-1 of 7 TeV data

• Event signature is two high ET photons
• The two photons from the a particle are almost always reconstructed as one EM 

cluster, since the a is highly boosted in the decay process

• Limits are set generically on cross section x BR
• Event selection close to, but looser than the SM Higgs to γγ analysis

ATLAS-CONF-2012-079

SM Higgs not seen
due to looser

selection criteria

a a

22

Event signature:
2 high ET ‘photons’ …  !
Decay photons reconstructed as  
one EM cluster due to large boost …

SUSY Models:
2HDM	 –	 CP-odd Higgs very light; fermiophobic      
NMSSM 	– 	 3 CP-even (h1,2,3) and 2 CP-odd (a1,2) Higgs  
	 	     

[coupling of light Higgs to SM particles weak …]

Event selection similar  
as for SM Higgs analysis … !
	 	 	 … but somewhat looser.

Result: 
σh × BR < 0.1 pb   [@95% CL] 
for 115 GeV < mh < 140 GeV

[100 MeV ≤ ma ≤ 400 MeV]

[ATLAS-CONF-2012-079]



Search for CP-odd Light Higgs via a ➛ μμ
[CMS]

SUSY Models:
2HDM	 –	 CP-odd Higgs very light      
NMSSM 	– 	 3 CP-even (h1,2,3) and 2 CP-odd (a1,2) Higgs  
	 	     

[coupling of light Higgs to SM particles weak …]

Beyond the Standard Model Higgs Bosons

MSSM ϕ=h/A/H

Fermiophobic

Charged Higgs H± 

See, e.g., Mrenna and Wells
hep-ph/0001226v2

NMSSM a1 →τ+τ-, μ+μ-  
(also generic h→aa→ 4γ) 

4

[5.5 GeV ≤ ma ≤ 8.8 GeV]

a
μ

μ
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Figure 1: Dimuon invariant mass distribution for the barrel (upper) and endcaps (lower) after
the event selection. The invariant mass distributions are fitted accounting for the three U reso-
nances and QCD continuum. Hypothetical signals from pseudoscalar Higgs bosons a at 7 and
12 GeV are shown.

6

systematic uncertainties, from the distribution of the fitted parameters, is of the order of a few
percent.

No significant signal is observed, and we determine 95% confidence level (CL) upper limits on
s · B(pp ! a ! µ+µ�) as a function of the dimuon mass using the CLs approach [30–32]. A
few steps at the edges of the mass scans, where the fitting procedure has no predictive power
on the signal shape, are not used. Figure 2 shows the upper limit results for the two mass
ranges including the systematic uncertainties discussed above. These limits are significant in
the context of the NMSSM, and can be presented in terms of upper limits on | cos qA|. The larger
the value of tan b, the stronger is the constraint. Figure 3 presents upper limits, | cos qA|max as a
function of ma1 for tan b = 1, 2, 3, 10, 30, 50. Our upper limits are compared to an earlier analysis
of the BaBar U(1S) and U(3S) data [33], and are superior for ma1 � 7.5 GeV for tan b = 50,
decreasing to ma1 � 6 GeV for tan b = 2, and are superior for all masses at tan b = 1. Further,
these are the first significant limits for ma > mU(3S).
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Figure 2: Upper limits at 95% CL on s · B(pp ! a ! µ+µ�) in mass range 1 (upper panel) and
mass range 2 (lower panel) including systematic uncertainties. The dotted lines correspond to
the expected limits, and the bands correspond to 1- and 2-s level uncertainties on the expected
limits.

In conclusion, we performed a search for a narrow, low mass pseudoscalar a, which is produced
by gg ! a and decays via a ! µ+µ� in the mass ranges 5.5–8.8 GeV and 11.5–14 GeV, using
a data sample corresponding to an integrated luminosity of 1.3 fb�1 collected with the CMS

Right: !
Upper limits at 95% CL  
on σ · B(pp ➛ a ➛ μ+μ−)

Left: !
Dimuon invariant for 
barrel (↑) and end cap (↓)

[CMS, PRL 109 (2012) 121801]



Search for Higgs ➛ 2a + X ➛ 4μ + X

SUSY Models:
NMSSM 	 	 – 	 3 CP-even (h1,2,3) and 2P-odd (a1,2) Higgs  
Dark SUSY 	 – 	 light massive photons γD, lightest neutralino n1 non-stable; n1 ➛ nD + γD … 
	 	 	 [nD dark neutralino; γD dark photon, mγD < O(1 GeV);  DM mass scale at ~ 1 TeV]                          

[CMS]

1

1 Introduction

The observation of a Higgs-like boson [1, 2] with a mass near 125 GeV/c2 in searches for the
standard model (SM) Higgs boson [3–5] at the Large Hadron Collider (LHC) raises the critical
question of whether the new particle is in fact the SM Higgs boson. The precision of the com-
parisons of the new particle’s production and decay properties with the final states predicted
by the SM will improve with additional data. However, distinguishing a true SM Higgs boson
from a non-SM Higgs bosons with couplings moderately different from the SM values will re-
main a challenge. Searches for non-SM Higgs boson production and decay modes are therefore
particularly timely as they provide a complementary path, which in many cases can allow a
discovery or rule out broad ranges of new physics scenarios with existing data.

We present an analysis that explores one of the non-SM decay modes of Higgs boson (h), which
includes production of two new light bosons (a), each of which subsequently decay to boosted
pairs of oppositely charged muons isolated from the rest of the event activity:

h ! 2a + X ! 4µ + X,

where X denotes possible additional particles from cascade decays of a Higgs boson.

The Higgs boson production cross section may or may not be enhanced compared to the SM,
depending on the specific parameters of the model. The search described in this paper is de-
signed to be independent of the details of specific models, and the results can be interpreted in
the context of other models predicting the production of the same final states. We also study
two specific scenarios: next-to-minimal supersymmetric standard model (NMSSM) and super-
symmentric models with additional “hidden” or “dark” sectors (Dark SUSY).

Figure 1: Left: Feynman diagram of the NMSSM benchmark process h1,2 ! 2a1 ! 4µ. Right:
Feynman diagram of the dark-SUSY benchmark process h ! 2n1 ! 2nD + 2gD ! 2nD + 4µ.

1

21

The NMSSM [6–14] extends the minimal supersymmetric standard model (MSSM) [15–17] by
an additional gauge singlet field under new U(1)PQ symmetry in the Higgs sector of the su-
perpotential. Compared to the MSSM, the NMSSM naturally generates the mass parameter µ
in the Higgs superpotential at the electroweak scale [18] and significantly reduces the amount
of fine tuning required [19–21]. The Higgs sector of the NMSSM consists of 3 CP-even Higgs
bosons h1,2,3 and 2 CP-odd Higgs bosons a1,2. In the NMSSM, the CP-even Higgs bosons h1
and h2 can decay via h1,2 ! 2a1, where one of the h1 or h2 is a SM-like Higgs boson that could
correspond to the newly observed state at the LHC with a mass near 125 GeV/c2 [1, 2] and a1
is a new CP-odd light Higgs boson [22–26]. The Higgs boson production cross section may
differ substantially from that of the SM, depending on the parameters of a specific model. The
new light boson a1 couples weakly to SM particles, with the coupling to fermions proportional
to the fermion mass, and can have a substantial branching fraction B(a1 ! µ+µ�) if its mass

NMSSM: 
h ➛ 2a ➛ 4μ

Dark SUSY: 
h ➛ 2n1 ➛ 2nD + 2γD ➛ 2nD + 4μ 

[CMS PAS HIG-13-010]



Search for Higgs ➛ 2a + X ➛ 4μ + X

SUSY Models:
NMSSM 	 	 – 	 3 CP-even (h1,2,3) and 2P-odd (a1,2) Higgs  
Dark SUSY 	 – 	 light massive photons γD, lightest neutralino n1 non-stable; n1 ➛ nD + γD … 
	 	 	 [nD dark neutralino; γD dark photon, mγD < O(1 GeV);  DM mass scale at ~ 1 TeV]                          

[CMS]

Selection:  !
 	 4 muon; 2 isolated pairs  
	 Mass: mμμ < 5 GeV; mμμ1 ≈ mμμ2   
	 …   
!
Background:  !
	 bb via double leptonic decays   
	 J/Ψ pair production   
!
Blinded Analysis … 
[8 events outside mμμ1 ≈ mμμ2 region] 
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Figure 3: Left: Comparison of the data (solid circles) failing the mµµ1 ' mµµ2 requirement in
the control sample where no isolation requirement is applied to reconstructed dimuons with
the prediction of the background shape model (solid line) scaled to the number of entries in
the data. Right: Distribution of the invariant masses mµµ1 vs. mµµ2 for the isolated dimuon
systems for the eight events in the data (shown as empty circles) surviving all selections except
the requirement that these two masses fall into the diagonal signal region mµµ1 ' mµµ2 (out-
lined with dashed lines). The intensity (color online) of the shading indicates the background
expectation which is a sum of the bb and the direct J/y pair production contributions.
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off-diagonal sideband region of (m1, m2) plane, leading, in the diagonal signal region, to an
expected number of 1.8 ± 0.6 bb events, where the estimated uncertainty is dominated by the
statistical uncertainty. These three events in the off-diagonal sidebands of the (m1, m2) plane
are shown as empty circles in Fig. 3 (right).

The direct J/y pair production contribution is estimated using the simulation made with PYTHIA 8.108
event generator [65] and scaled to data (obtained in 2011 with 7 TeV) in a few regions of the
invariant mass of the J/y pair. Then the estimate is rescaled using cross sections of double J/y
process at 7 TeV and 8 TeV as reported by PYTHIA. This yields an estimate for the number of
direct J/y pair produced events satisfying all analysis criteria of 2.0 ± 2.0 events.

The distribution of the total background expectation in the (m1, m2) plane is Bbb(m1, m2) +
B2J/y(m1, m2), i.e. a sum of the bb and the direct J/y pair production contributions. It is shown
by the intensity of the shading in Fig. 3 (right). The background expectation in the diagonal sig-
nal region is 3.8± 2.1 events, where the uncertainty accounts for both statistical and systematic
effects.

5 Systematic uncertainties

The selection efficiencies of offline muon reconstruction, trigger, and dimuon isolation criteria
are obtained with simulation and have been corrected with scale factors derived from a com-
parison of data and simulation using Z ! µµ and J/y ! µµ samples. The scale factor per
event is r = 0.93 ± 0.08 (syst). It accounts for the differences in the efficiency of the trigger, the
efficiency of the muon reconstruction and identification for each of the four muon candidates,
and the combined efficiency of the isolation requirement for the two dimuon candidates. The

CMS Preliminary 2012  
[√s = 8 TeV Lint = 20.65 fb-1]
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Figure 4: Left: Distribution of the invariant masses mµµ1 vs. mµµ2 for the isolated dimuon
systems for the one event in the data (shown as empty circles) which survived all selection
requirements. The intensity of the shading indicates the background expectation which is a
sum of the bb and the direct J/y pair production contributions. Right: Model independent 95%
CL upper limit on the product of the cross section times branching fraction times acceptance:
s(pp ! 2a + X)⇥ B2(a ! 2µ)⇥ agen.
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correlations due to the presence of two close muons have been taken into account. The main
systematic uncertainty is in the offline muon reconstruction (4%) which includes an uncertainty
(1% per muon) to cover variations of the scale factor as a function of pT and h of muons. Other
systematic uncertainties include the uncertainty in the trigger (3.8%), dimuon isolation (neg-
ligible), dimuon reconstruction effects related to overlaps of muon trajectories in the tracker
and in the muon system (3.5%), and dimuon mass shape, which affects the efficiency of the
requirement that the two dimuon masses are compatible (1.5%). Also uncertainty in the LHC
integrated luminosity of the data sample (4%) is included [66]. All the uncertainties quoted
above, which relate to the final analysis selection efficiency for signal events, sum up to 7.9%.
The uncertainties related to the parton distribution functions (PDFs) and the knowledge of the
strong coupling constant as are estimated by comparing the PDFs in CTEQ6.6 [67] with those
in NNPDF2.0 [68] and MSTW2008 [69] following the PDF4LHC recommendations [70]. Using
the analysis benchmark samples, they are found to be 3% for the signal acceptance. Varying
the QCD renormalization/factorization scales has a negligible effect. The total systematic un-
certainty in the signal acceptance and selection efficiency is 8.4%.

6 Results

When the data satisfying all analysis selections were finally unblinded, one event was observed
in the signal diagonal region. Masses of two dimuon systems in the selected event are shown
in Fig. 4 (left) on mµµ1 vs. mµµ2 plane. The expected background in the diagonal signal region is
3.8 ± 2.1 events, where the uncertainty accounts for both statistical and systematic effects. This
background includes contributions from bb production and direct J/y pair production.

For an arbitrary new physics model predicting the signature investigated in this analysis, the
results can be presented as the 95% confidence level (CL) upper limit on s(pp ! 2a + X) ⇥

Search for Higgs ➛ 2a + X ➛ 4μ + X

SUSY Models:
NMSSM 	 	 – 	 3 CP-even (h1,2,3) and 2P-odd (a1,2) Higgs  
Dark SUSY 	 – 	 light massive photons γD, lightest neutralino n1 non-stable; n1 ➛ nD + γD … 
	 	 	 [nD dark neutralino; γD dark photon, mγD < O(1 GeV);  DM mass scale at ~ 1 TeV]                          

[CMS]

Selection:  !
 	 4 muon; 2 isolated pairs  
	 Mass: mμμ < 5 GeV; mμμ1 ≈ mμμ2   
	 …   
!
Background:  !
	 bb via double leptonic decays   
	 J/Ψ pair production   
!
One signal found … 
[Background expectation: 3.8 ± 2.1]

CMS Preliminary 2012  
[√s = 8 TeV Lint = 20.65 fb-1]
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Search for Higgs ➛ 2a + X ➛ 4μ + X

SUSY Models:
NMSSM 	 	 – 	 3 CP-even (h1,2,3) and 2P-odd (a1,2) Higgs  
Dark SUSY 	 – 	 light massive photons γD, lightest neutralino n1 non-stable; n1 ➛ nD + γD … 
	 	 	 [nD dark neutralino; γD dark photon, mγD < O(1 GeV);  DM mass scale at ~ 1 TeV]                          

[CMS]

Selection:  !
 	 4 muon; 2 isolated pairs  
	 Mass: mμμ < 5 GeV; mμμ1 ≈ mμμ2   
	 …   
!
Background:  !
	 bb via double leptonic decays   
	 J/Ψ pair production   
!
One signal found … 
[Background expectation: 3.8 ± 2.1]
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Figure 5: Left: The 95% CL upper limits as functions of mh1 , for the NMSSM case, on s(pp !
h1,2 ! 2a1) ⇥ B2(a1 ! 2µ) with ma1 = 0.25 GeV/c2 (dashed curve), ma1 = 2 GeV/c2 (dash-
dotted curve) and ma1 = 3.55 GeV/c2 (dotted curve). As an illustration, the limits are compared
to the predicted rate (solid curve) obtained using a simplified scenario with s(pp ! h1) =
sSM(mh1) [71], s(pp ! h2) ⇥ B(h2 ! 2a1) = 0, B(h1 ! 2a1) = 0.8%, and B(a1 ! 2µ) =
7.7%. The chosen B(a1 ! 2µ) is taken from [28] for ma1 = 2 GeV/c2 and NMSSM parameter
tan b = 20. Right: The 95% CL upper limit as a function of mh, for the dark-SUSY case, on
s(pp ! h ! 2n1 ! 2nD + 2gD)⇥ B2(gD ! 2µ) with mn1 = 10 GeV/c2, mnD = 1 GeV/c2 and
mgD = 0.4 GeV/c2 (dashed curve). As an illustration, the limit is compared to the predicted
rate (solid curve) obtained using a simplified scenario with SM Higgs boson production cross
section s(pp ! h) = sSM(mh) [71], B(h ! 2n1) = 0.25%, B(n1 ! nD + gD) = 50%, and
B(gD ! 2µ) = 45%. The chosen B(gD ! 2µ) is taken from [31] for mgD = 0.4 GeV/c2.
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B2(a ! 2µ)⇥ agen, where agen is the generator level kinematic and geometric acceptance de-
fined in Sec. 3. The calculation uses the integrated luminosity L = 20.65 fb�1, as measured
in data, and takes the ratio efull/agen = 0.63 ± 0.05, derived in Sec. 3. The ratio includes the
scale factor correcting for experimental effects not accounted for by the simulation, systematic
uncertainties, and covers the variation in the ratio over all of the benchmark points used. The
limit is shown in Fig. 4 (right). The limit is applicable to models with two pairs of muons com-
ing from light bosons of the same type with a mass in range 0.25 < ma < 3.55 GeV/c2 where
the new light bosons are typically isolated, spatially separated to not be vetoed by the isolation
requirement and have no substantial lifetime. The efficiency of the selections in this analysis
abruptly deteriorates if the light boson’s decay vertex is more than ⇠ 4 cm from the beamline
in the transverse plane.

We interpret these results in the context of the NMSSM and the dark-SUSY benchmark models,
taking into account the dependence of the signal selection efficiencies on mh and ma (see Tab. 1
and Tab. 2), and derive 95% CL upper limits on the product of the cross section and branching
fraction, using a Bayesian prescription. We also compare the derived experimental limits with
a few simplified prediction scenarios. In the representative models, for any fixed combinations
of mh and ma both the Higgs boson production cross section and the branching fractions can
vary significantly, depending on the choice of parameters. In the absence of broadly accepted
benchmark scenarios, we normalize the production cross sections in these examples to that of
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Figure 6: Left: The 95% CL upper limits as functions of ma1 , for the NMSSM case, on s(pp !
h1,2 ! 2a1)⇥ B2(a1 ! 2µ) with mh1 = 86 GeV/c2 (dashed curve) and mh1 = 125 GeV/c2 (dash-
dotted curve). The limits are compared to the predicted rate (solid curve) obtained using a
simplified scenario with B(h1 ! 2a1) = 0.8%, s(pp ! h1) = sSM(mh1 = 125 GeV/c2) [71],
s(pp ! h2)⇥ B(h2 ! 2a1) = 0, and B(a1 ! 2µ) as a function of ma1 which is taken from [28]
for NMSSM parameter tan b = 20. Right: The 95% CL upper limits on B(h1 ! 2a1)⇥B2(a1 !
2µ) with mh1 = 90 GeV/c2 (dashed curve) and mh1 = 125 GeV/c2 (dash-dotted curve) assuming
s(pp ! h1) = sSM(mh1) [71] and s(pp ! h2) ⇥ B(h2 ! 2a1) = 0. The limits are com-
pared to the predicted branching fraction (solid line) obtained using a simplified scenario with
B(h1 ! 2a1) = 0.8% and B(a1 ! 2µ) as a function of ma1 which is taken from [28] for NMSSM
parameter tan b = 20.
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the SM Higgs boson [71].

For the NMSSM, the 95% CL upper limit is derived for s (pp ! h1,2 ! 2a1) ⇥ B2(a1 ! 2µ)
as a function of mh1 for three choices of ma1 as shown in Fig. 5 (left) and as a function of ma1

for three choices of mh1 as shown in Fig. 6 (left). As mh2 is unrestricted for any given mh1 , we
use efull(mh2) = efull(mh1) to simplify the interpretation. This is conservative since efull(mh2) >
efull(mh1) if mh2 > mh1 , for any ma1 . We also derive the 95% CL upper limit for B (h1 ! 2a1)⇥
B2(a1 ! 2µ) as a function of ma1 for three choices of mh1 as shown in Fig. 6 (right) assuming
that only h1 gives a significant contribution to the final state considered in this analysis and has
the production cross section of a SM Higgs boson, i.e. s(pp ! h1) = sSM(mh1) and s(pp !
h2)⇥ B(h2 ! 2a1) = 0. For the NMSSM simplified prediction scenario we use B(a1 ! 2µ) as
a function of ma1 , calculated in [28] for tan b = 20 with no hadronization effects included in the
ma1 < 2mt region. The branching fraction B(a1 ! 2µ) is influenced by the a1 ! ss̄ and a1 ! gg
channels. The significant structures in the predicted curves visible in Fig. 6 arise from the fact
that B(a1 ! gg) varies rapidly in that region of ma1 . The rapid variation in B(a1 ! gg) occurs
when ma1 crosses the internal quark loop thresholds. The representative value of B(a1 ! 2µ)
is equal to 7.7% for ma1 ⇡ 2 GeV/c2. Finally, we choose B(h1 ! 2a1) = 0.8%, which yields
predictions for the rates of dimuon pair events comparable to the obtained experimental limits.

In the case of the dark-SUSY model, the 95% CL upper limit is derived for s(pp ! h ! 2n1 !
2nD + 2gD)⇥ B2(gD ! 2µ) as a function of mh. This limit is shown in Fig. 5 (right) for mn1 =
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Figure 5: Left: The 95% CL upper limits as functions of mh1 , for the NMSSM case, on s(pp !
h1,2 ! 2a1) ⇥ B2(a1 ! 2µ) with ma1 = 0.25 GeV/c2 (dashed curve), ma1 = 2 GeV/c2 (dash-
dotted curve) and ma1 = 3.55 GeV/c2 (dotted curve). As an illustration, the limits are compared
to the predicted rate (solid curve) obtained using a simplified scenario with s(pp ! h1) =
sSM(mh1) [71], s(pp ! h2) ⇥ B(h2 ! 2a1) = 0, B(h1 ! 2a1) = 0.8%, and B(a1 ! 2µ) =
7.7%. The chosen B(a1 ! 2µ) is taken from [28] for ma1 = 2 GeV/c2 and NMSSM parameter
tan b = 20. Right: The 95% CL upper limit as a function of mh, for the dark-SUSY case, on
s(pp ! h ! 2n1 ! 2nD + 2gD)⇥ B2(gD ! 2µ) with mn1 = 10 GeV/c2, mnD = 1 GeV/c2 and
mgD = 0.4 GeV/c2 (dashed curve). As an illustration, the limit is compared to the predicted
rate (solid curve) obtained using a simplified scenario with SM Higgs boson production cross
section s(pp ! h) = sSM(mh) [71], B(h ! 2n1) = 0.25%, B(n1 ! nD + gD) = 50%, and
B(gD ! 2µ) = 45%. The chosen B(gD ! 2µ) is taken from [31] for mgD = 0.4 GeV/c2.

1

2

3

4

5

6

7

8

9

10

11

121

B2(a ! 2µ)⇥ agen, where agen is the generator level kinematic and geometric acceptance de-
fined in Sec. 3. The calculation uses the integrated luminosity L = 20.65 fb�1, as measured
in data, and takes the ratio efull/agen = 0.63 ± 0.05, derived in Sec. 3. The ratio includes the
scale factor correcting for experimental effects not accounted for by the simulation, systematic
uncertainties, and covers the variation in the ratio over all of the benchmark points used. The
limit is shown in Fig. 4 (right). The limit is applicable to models with two pairs of muons com-
ing from light bosons of the same type with a mass in range 0.25 < ma < 3.55 GeV/c2 where
the new light bosons are typically isolated, spatially separated to not be vetoed by the isolation
requirement and have no substantial lifetime. The efficiency of the selections in this analysis
abruptly deteriorates if the light boson’s decay vertex is more than ⇠ 4 cm from the beamline
in the transverse plane.

We interpret these results in the context of the NMSSM and the dark-SUSY benchmark models,
taking into account the dependence of the signal selection efficiencies on mh and ma (see Tab. 1
and Tab. 2), and derive 95% CL upper limits on the product of the cross section and branching
fraction, using a Bayesian prescription. We also compare the derived experimental limits with
a few simplified prediction scenarios. In the representative models, for any fixed combinations
of mh and ma both the Higgs boson production cross section and the branching fractions can
vary significantly, depending on the choice of parameters. In the absence of broadly accepted
benchmark scenarios, we normalize the production cross sections in these examples to that of
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