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Foreword / History / Acknowledgments
Thank you to the Galileo Galilei Institute  for the invitation

‣ apologies for arriving late, the program looks very 
interesting and I wish I could have been here for all of it

I joined ALEPH in ‘99, during its last year of data taking, and 
was active in the LEP Higgs searches

‣ In ‘05, I worked together with Marcello Maggi and Bruce 
Knuteson in the context of an ALEPH data archival 
project and to try Bruce’s Quaero algorithm at LEP

‣ now possible to publish under ALEPH archival policy
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I’d like to thank Neal Weiner, Spencer Chang, Tilman Plehn, and Bob McElrath in 
particular for pointing out this great opportunity.  
‣ after a few failed attempts in the last few years to investigate these exotic 

scenarios, 3 things came together
1. the LHC “incident”
2. James Beacham, a graduate student at NYU was looking for a research project
3. Itay Yavin came to NYU and offered help (including learning to use ROOT)

In addition Paolo Spagnolo @ INFN in Pisa was working on this independently.
we are merging our analyses into what will likely be the last ALEPH paper
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ALEPH

OPAL

DELPHI

L3

Proton Synchrotron (PS)
0.6 km, E=3.5 GeV

Electron-Positron Accumulator (EPA)
0.12 km, E=600 MeV

Super Proton Synchrotron (SPS)
7 km, E=22 GeV

LEP Linear Injector system (LIL)
E1=200 MeV, E2=600 MeV

Large Electron-Positron storage ring (LEP)
27 km, 45 GeV < E < 100 GeV

Figure 2.1: The LEP accelerator complex. The LEP Linear Injector system
(LIL), Electron Positron Accumulator (EPA), Proton Synchrotron (PS), and
Super Proton Synchrotron (SPS) are the injector system for the main LEP
storage ring. Electron-positron collisions occur at four experimental areas
ALEPH, DELPHI, L3, and OPAL.

Figure 3.1 An illustration of the LEP tunnel.

Figure 3.2 An illustration of the ALEPH detector.

LEP
LEP operated from 1989-2000
‣ LEP1 running at the Z resonance (<1996)
‣ LEP2 running from 
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ECM (GeV) 183 189 192 196 200 202 205 207
∫
L dt (pb−1) 56.82 174.21 28.93 79.83 86.30 41.90 81.41 133.21

Table 4.1 Integrated luminosity of the data available in QUAERO@ALEPH for each nominal
LEP 2 center of mass energy.

alternative hypotheses are compared. In Section 4.4, an inclusive comparison of the data and the

Standard Model prediction across many final states is presented.

4.1 Data

The approach taken in this chapter and the next is to look at the LEP2 data as inclusively

as possible. This approach is complementary to the very exclusive event selection used in most

searches for new physics, in which only a small subset of the data is considered.

It is a challenging task to provide a particle identification procedure that works well for all

events (see Section 4.2). It is even more challenging to provide a Monte Carlo description that

describes every triggered event, including events with cosmic origin, beam halo, and beam-gas

interactions. Many of these unusual events are removed by requiring either that events are classified

as single photon candidates or requiring the event to have one or more tracks with four or more

TPC hits, d0 < 5 cm, and z0 < 20 cm.1 The integrated luminosity corresponding to the ALEPH

data satisfying these criteria is listed in Table 4.1. Events are fixed to the nearest of these eight

nominal center of mass energies.

In addition, the following criterion exclude events not anticipated in the Standard Model back-

ground description. Events containing no object with energy E > 25 GeV and |cos θ| < 0.7 are

discarded. Events containing one or more objects with energy E > 10 GeV and |cos θ| > 0.9 are

discarded. Events containing one or more photons, missing energy, and no other objects have a

large cosmic ray contribution, and are discarded. Events containing leptons separated by greater

than 3.13 radians in azimuth are contaminated by cosmic rays and misidentified as e+e− events;

they are also discarded.
1These events are selected with the ALPHA card CLAS 21,5,6

√
s = 183− 207 GeV

I got to see the excavation 
of the ATLAS cavern 
directly above the LEP 
tunnel in the last days of 
running
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Some results from LEP Higgs searches
Searches for the Standard Model Higgs put a limit at MH>114.4 GeV
‣ searches dominated by 
‣ decay independent limit (from Z recoil) at 82 GeV
‣ searches in the (CP conserving) MSSM also quite stringent

● mh, mA < 93 for                           in “mh-max” scenario
‣ excesses seen at 97 and 115 GeV, but not consistent with SM or MSSM

Electroweak fits prefer a Higgs significantly lighter than this bound
‣ introduces fine tuning problems for Standard Model and MSSM
‣ LEP paradox: 

● no indication of new physics => scale of new physics >1TeV
● hard maintain naturalness if mH >114 and scale of new is physics 

is >1TeV
This has motivated theories with extended Higgs sectors or next-to-
minimal supersymmetric extensions to the Standard Model

4

H → bb, ττ

0.5 < tanβ < 2.5



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

GGI: Search for new states & forces, Oct. 30, 2009

How could we have missed the Higgs?
If the Higgs exists and is light, how could we have missed it at LEP?
‣ if the production cross-section were smaller than expected

● this has direct implications on how the Higgs couples to the Z 
and it’s role in EWSB

‣ or maybe it decayed into something exotic that the standard         
analysis missed
● Is that difficult to achieve?  No, the Hbb coupling is quite 

small.  It doesn’t take much for a new decay mode to dominate 
the bb mode.

‣ would the existing analyses have seen it?
● that depends, in some cases the existing searches may still be 

quite efficient.

5



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

GGI: Search for new states & forces, Oct. 30, 2009

LEP Higgs limits in H1, H2 plane

Here we see that Higgs bosons produced via Higgsstrahlung decaying to 
4b are highly constrained

‣      are less constrained with a notable hole for mh>85 & 
6
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Figure 3: Contours of the 95% CL upper bound, S95 (see text), for various topological cross-
sections motivated by the Higgsstrahlung cascade process e+e−→ (H2→ H1H1)Z, projected
onto the (mH2

, mH1
) plane. The scales for the shadings are given on the right-hand side of each

plot. In plot (a) the H1 boson is assumed to decay exclusively to bb̄ and in plot (b) exclusively
to τ+τ−; in plot (c) it is assumed to decay with equal probabilities to bb̄ and to τ+τ−.
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CERN-PH-EP/2006-001

17 January 2006

Search for Neutral MSSM Higgs Bosons at LEP

ALEPH, DELPHI, L3 and OPAL Collaborations
The LEP Working Group for Higgs Boson Searches1

Abstract

The four LEP collaborations, ALEPH, DELPHI, L3 and OPAL, have searched for the neutral
Higgs bosons which are predicted by the Minimal Supersymmetric Standard Model (MSSM).
The data of the four collaborations are statistically combined and examined for their consistency
with the background hypothesis and with a possible Higgs boson signal. The combined LEP
data show no significant excess of events which would indicate the production of Higgs bosons.
The search results are used to set upper bounds on the cross-sections of various Higgs-like event
topologies. The results are interpreted within the MSSM in a number of “benchmark” models,
including CP-conserving and CP-violating scenarios. These interpretations lead in all cases to
large exclusions in the MSSM parameter space. Absolute limits are set on the parameter tanβ
and, in some scenarios, on the masses of neutral Higgs bosons.

To be submitted to Eur. Phys. Journal C

1See Appendix C for the list of authors

(factor x SM cross section that corresponds to 95% exclusion)

2mτ < ma < 10 GeV4τ
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Figure 3: Contours of the 95% CL upper bound, S95 (see text), for various topological cross-
sections motivated by the Higgsstrahlung cascade process e+e−→ (H2→ H1H1)Z, projected
onto the (mH2

, mH1
) plane. The scales for the shadings are given on the right-hand side of each

plot. In plot (a) the H1 boson is assumed to decay exclusively to bb̄ and in plot (b) exclusively
to τ+τ−; in plot (c) it is assumed to decay with equal probabilities to bb̄ and to τ+τ−.

62



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

GGI: Search for new states & forces, Oct. 30, 2009

LEP Higgs limits in H1, H2 plane

Here we see that Higgs bosons produced via Higgsstrahlung decaying to 
4b are highly constrained

‣      are less constrained with a notable hole for mh>85 & 
6

0 20 40 60 80 100 120

0

0.2

0.4

0.6

0.8

1

1.2

0

10

20

30

40

50

60

m
H2

 (GeV/c
2
)

m
H

1
 (

G
eV

/c
2
)

LEP

observed S
95

 limits on

H
2
Z ! H

1
H

1
Z

! bb bb Z

(a)

0 20 40 60 80 100 120

0

0.2

0.4

0.6

0.8

1

1.2

0

10

20

30

40

50

60

m
H2

 (GeV/c
2
)

m
H

1
 (

G
eV

/c
2
)

LEP

observed S
95

 limits on

H
2
Z ! H

1
H

1
Z

! "" "" Z

(b)

0 20 40 60 80 100 120

0

0.2

0.4

0.6

0.8

1

1.2

0

10

20

30

40

50

60

m
H2

 (GeV/c
2
)

m
H

1
 (

G
eV

/c
2
)

LEP

observed S
95

 limits on

H
2
Z ! H

1
H

1
Z

! (bb,"")("",bb)Z

(c)
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plot. In plot (a) the H1 boson is assumed to decay exclusively to bb̄ and in plot (b) exclusively
to τ+τ−; in plot (c) it is assumed to decay with equal probabilities to bb̄ and to τ+τ−.

62

ar
X

iv
:h

ep
-e

x
/0

6
0

2
0

4
2

v
1

  
2

3
 F

eb
 2

0
0

6

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-PH-EP/2006-001

17 January 2006

Search for Neutral MSSM Higgs Bosons at LEP

ALEPH, DELPHI, L3 and OPAL Collaborations
The LEP Working Group for Higgs Boson Searches1

Abstract

The four LEP collaborations, ALEPH, DELPHI, L3 and OPAL, have searched for the neutral
Higgs bosons which are predicted by the Minimal Supersymmetric Standard Model (MSSM).
The data of the four collaborations are statistically combined and examined for their consistency
with the background hypothesis and with a possible Higgs boson signal. The combined LEP
data show no significant excess of events which would indicate the production of Higgs bosons.
The search results are used to set upper bounds on the cross-sections of various Higgs-like event
topologies. The results are interpreted within the MSSM in a number of “benchmark” models,
including CP-conserving and CP-violating scenarios. These interpretations lead in all cases to
large exclusions in the MSSM parameter space. Absolute limits are set on the parameter tanβ
and, in some scenarios, on the masses of neutral Higgs bosons.

To be submitted to Eur. Phys. Journal C

1See Appendix C for the list of authors
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Figure 3: Contours of the 95% CL upper bound, S95 (see text), for various topological cross-
sections motivated by the Higgsstrahlung cascade process e+e−→ (H2→ H1H1)Z, projected
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associated clusters [16].

3 Monte Carlo simulation

Monte Carlo samples for signal and background were generated at four different centre-of-
mass energies, namely 189, 196, 200 and 206 GeV, chosen to be close to the mean centre-of-
mass energy in each data subsample described in Section 2.

We study only h0Z0 production since, in the parameter space region of interest for our
analysis, its cross-section is about ten times larger than that for h0A0 production in the
MSSM. The h0 is forced to decay into two A0 bosons, h0 → A0A0, and each A0 can decay into
any of the following channels: cc̄, τ+τ− and gg. Resonances are not included in the simulation
of A0 decays. For example, in the MSSM no-mixing scenario, for 3.3 GeV/c2 < mA < 9.5
GeV/c2, the A0 branching fractions into cc̄ and τ+τ− are 0.5-0.9 and 0.4-0.05, depending on
the value of tanβ. Below the τ+τ− threshold, the A0 decays nearly exclusively into a gluon
pair. Two different Z0 decay modes are investigated: Z0 → νν̄ and Z0 → $+$− with $ =e or
µ. For each of the Z0 decay modes, the six final states obtained by all possible combinations
of the A0 decays to gg, cc̄ and τ+τ− have been analysed. In the no-mixing MSSM scenario
below the production threshold for bb̄, these final states account for between 75% and 100%
of the total decays of the A0 boson [17]. The corresponding Feynman diagram is given in
Figure 1.

e+

e−

Z0, γ

Z0

h0

A0

A0

c̄, g, τ−

c, g, τ+

c̄, g, τ−

c, g, τ+

ν̄, e+, µ+

ν, e−, µ−

Figure 1: The Feynman diagram for the processes considered in this analysis.

Monte Carlo samples were generated with mA=2, 4, 6, 9 and 11 GeV/c2 and for mh =
45, 60, 70, 80, 86 GeV/c2 at each of the four centre-of-mass energies considered. For each
[mA, mh] combination and each Z0 decay channel studied, we produced 3000 events for each
of the six possible final states using the HZHA2 [18] generator and the full OPAL detector
simulation [19].

The branching fraction BR(h0 → A0A0) is relatively constant for mA in the range of 1 to
11 GeV/c2 for a given value of mh. The e+e− → h0Z0 production cross-section does not
depend strongly on mh in the range 45 ≤ mh ≤ 86 GeV/c2 but increases with increasing
tan β values.

Monte Carlo simulations are also used to study the various Standard Model background
processes. The 2-fermion events, e+e− → qq̄, are simulated with the KK2f generator using

6

OPAL low A-mass search (a parable)
OPAL also carried out a searches in the region  

7

ar
X

iv
:h

ep
-e

x
/0

2
0

9
0

6
8

v
1

  
2

5
 S

ep
 2

0
0

2
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-EP/2002-058
19 July 2002

Search for a low mass CP-odd Higgs
boson in e+e− collisions with the

OPAL detector at LEP2

The Opal Collaboration

Abstract

We have analysed the data collected by OPAL at centre-of-mass energies between 189 and
209 GeV searching for Higgs boson candidates from the process e+e− → h0Z0 followed by the
decay of h0 → A0A0 where A0 is the CP-odd Higgs boson. The search is done in the region
where the A0 mass, mA, is below the production threshold for bb̄, and the CP-even Higgs
boson mass mh is within the range 45–86 GeV/c2. In this kinematic range, the decay of
h0 → A0A0 may be dominant and previous Higgs boson searches have very small sensitivities.
This search can be interpreted within any model that predicts the existence of at least one
scalar and one pseudoscalar Higgs boson. No excess of events is observed above the expected
Standard Model backgrounds. Model-independent limits on the cross-section for the process
e+e− → h0Z0 are derived assuming 100% decays of the h0 into A0A0 and 100% decays of
the A0A0 into each of the following final states: cc̄cc̄, gggg, τ+τ−τ+τ−, cc̄gg, ggτ+τ−and
cc̄τ+τ−. The results are also interpreted in the CP-conserving no-mixing MSSM scenario,
where the region 45 ≤ mh ≤ 85 GeV/c2 and 2 ≤ mA ≤ 9.5 GeV/c2 is excluded.

To be submitted to European Physics Journal C

2mτ < ma < 10 GeV
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Figure 7: Upper limits at 95% CL for s2 in the mA versus mh plane, assuming
100% decays of h0 into A0A0 and 100% decays of A0A0 into (a) cc̄cc̄ (b) gggg (c)
τ+τ−τ+τ− (d) τ+τ−gg (e) cc̄τ+τ− and (f) cc̄gg. The iso-contour lines are for values
of s2 ≤ 1, 0.8, 0.6, 0.5 , 0.4 and 0.2. These limits are derived using the combined
results from Z0 → νν̄, Z0 → µ+µ− and Z0 → e+e− channels and for centre-of-mass
energies between 189 and 209 GeV.
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A0 would decay to resonances. The search is still sensitive to the A0 decays to resonances
since the resonant states decay preferentially into gg, τ+τ− and cc̄ [38].

6.1 Model-independent limits

We calculate limits on the cross-section for the process e+e− → h0Z0. The limits can be
extracted in terms of a scale factor s2 that relates the cross-section for the production of
h0Z0, in any specific theoretical interpretation of our experimental search, to the Standard
Model cross-sections:

σh0Z0 = s2σH0
SM

Z0 . (2)

The h0 → A0A0 branching ratio is assumed to be 100%. The limits are extracted for 100%
branching ratio of A0A0 into cc̄cc̄, gggg, τ+τ−τ+τ−, cc̄gg, ggτ+τ− and cc̄τ+τ−. For each
of the six final states studied, Figure 7 shows the iso-contours of 95% CL exclusion for
s2 in the mA and mh mass plane with 2 ≤ mA ≤ 11 GeV/c2 and 45 GeV/c2≤ mh ≤
86 GeV/c2. The scan is performed in 1 GeV/c2 steps in mh and in 0.5 GeV/c2 steps in mA.
The τ+τ−τ+τ− channel has the largest exclusion power despite the fact that the selection
efficiency is slightly lower than in the other decay channels since the signal is better separated
from the background.

6.2 MSSM no-mixing scenario interpretation

We scan the region with 2 ≤ mA ≤ 11 GeV/c2 and 45 GeV/c2≤ mh ≤ 85 GeV/c2 in
the mA versus mh plane for the MSSM benchmark parameter scenario. The maximum
theoretically allowed value for mh in this scenario is 85 GeV/c2 [6]. The scan procedure
is the same as that of the OPAL MSSM parameter scan [39]. The expected number of
events for the signal is adjusted so as to correspond to specific production cross-section and
branching ratios for a particular point of the parameter space. The 95% CL expected and
observed exclusion regions are shown in Figure 8. The region for 45 ≤ mh ≤ 82 GeV/c2 is
excluded for 2 ≤ mA ≤ 9.85 GeV/c2, i.e., up to the bb̄ threshold where A0 → bb̄ decays
become dominant. For 82 ≤ mh ≤ 85 GeV/c2, the region is excluded for 2 ≤ mA ≤ 9.5
GeV/c2. The whole region below the bb̄ threshold was expected to be excluded but is not
due to the presence of candidates in the missing energy channel (see the third bin from the
right in Figure 5 (a)).

7 Conclusions

We have searched for the process e+e− → h0Z0 with Z0 decaying into νν̄, e+e−, µ+µ− and
h0 decaying into A0A0 with mA below the bb̄ threshold. Six different decay modes for the
A0A0 system have been investigated: cc̄cc̄, gggg, τ+τ−τ+τ−, cc̄gg, ggτ+τ−and cc̄τ+τ−. No
evidence for the presence of a signal has been found and exclusion limits have been derived
both in a model-independent way and within the MSSM no-mixing benchmark scenario.
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Other motivations for a light a
The searches above were done with a 2 higgs doublet model in mind

‣ the same search is also sensitive to a wide range of theories with 
extended Higgs sectors
● probably the most useful prototype is the next-to-minimal SSM, in 

which the MSSM is extended with an additional singlet superfield 
• the scalar part naturally acquires a vev. and can provide a dynamical 

explanation for the size of the    term.
• this gives rise to a (mostly singlet) CP-odd scalar boson a
• approximate accidental symmetries (à la Peccei-Quinn or when 

trilinear couplings vanish) can give a mechanism to make the a light
● in addition, Hooper and Tait have considered similar scenarios in the 

context of the PAMELA excess
Here we are taking a very model independent attitude, and just look for all the 
uncovered                       scenarios that are not already ruled out and which 
are kinematically feasible

‣ in particular, we are also interested in looking for mixed decays that may 
not be expected if the a is a pseudo-scalar.

8

Ŝ

µ

h→ aa→ X
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Planned searches
We’re mainly interested in looking for 
standard production and exotic 
decays, thus expect to present result 
as 90/95% confidence limit on:

particularly for:
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Figure 2.3 Left: the cross section for e+e− → HZ as a function of
√

s for several Higgs masses
as obtained with the HZHA generator. Right: the cross section for pp → H + X as a function of

MH from M. Spira Fortsch. Phys. 46 (1998).
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Figure 2.4 Feynman diagrams for the Higgs production at the LHC.
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Z Z

H

W,Z H

Figure 2.2 Tree level Feynman diagrams for the Higgsstrahlung (left) and Vector Boson Fusion
(right) Higgs production mechanisms from e+e− interactions.

The s-channel production of Higgs bosons at e+e− colliders is very rare due to the low electron

mass. However, the so-called Higgsstrahlung (Figure 2.2 left) and vector boson fusion (Figure 2.2

right) provide sufficient rate for a potential discovery. The Higgsstrahlung process dominates the

production cross section, which is shown in Figure 2.3 as a function of
√

s andmH .

At the LHC, several production modes are available (see Figure 2.4. The most dominant pro-

duction mode is called gluon fusion (top left), which proceeds through a heavy quark loop. The

second dominant process is called vector boson fusion (VBF), in which the Higgs is produced

in association with two hard, forward jets (top right)2. The search for VBF Higgs is outlined in

Chapters 10 and 11. The next most prominent production modes include associated production

with a weak boson (bottom left) or two heavy quarks (bottom right). The associated production

modes are important because the provide a high-pT lepton for triggering purposes, thus allowing

for H → bb̄ to be observed at the LHC. The production cross sections as a function of MH are

shown in Figure 2.3.

2.4 Results from LEP Higgs Searches

Searches for the Higgs boson were a major priority for all LEP experiments near the end of

LEP2. The LEP Higgs Working Group (LHWG) was formed to combine those results in a consis-

tent statistical framework in order to provide the most powerful indication of discovery or exclusion

limits.
2VBF Higgs is often denoted as qqH

(need to check on limits for electron modes)

focus today

some progress

ξ2 =
σ BR(h→ aa) BR(a→ XX) BR(a→ Y Y ) (2− δXY )

σSM

e+e− → Zh→ Z + 4τ

e+e− → Zh→ Z + 2µ2τ

e+e− → Zh→ Z + 4µ

e+e− → Zh→ Z + (µµ/ττ)qq̄
e+e− → Zh→ Z + (µµ/ττ)gg

e+e− → ah→ 6µ

e+e− → ah→ 6τ
suggested here at GGI
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at the Tevatron
Andy Haas and company collaborated 
with Wacker and Lisanti to look for 
these signatures at the Tevatron

These searches are probing ~1% of 
the expected production cross-
section.

‣ there are not enough signal 
events at LEP to compete

However, the      signature is 
significantly more difficult at hadron 
colliders than at 

10
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TABLE II: Selection efficiencies and limits for the 2µ2τ channel, for Mh=100 GeV and various Ma. The numbers of events
at “pre-selected,” “isolated” stages and after (“refining”) “E/T ,” “Muon,” and “EM” selections, assuming σ(pp→h+X)=1.9 pb
and BR(h→aa)=1. Next are the window size, and numbers of events in the window for signal (and overall efficiency times
BR), expected from background (with statistical uncertainty), and observed in data. The expected and observed limits on
σ(pp→h+X)×BR(h→aa) and σ(pp→h+X)×BR(h→aa) × 2 × BR(a→µµ)×BR(a→ττ ) follow.

Sample N pre. N iso. (ref.) “E/T ” “Mu” “EM” Window Nsig (Eff.) Nbckg Nobs [exp] obs σ × 2×BR

Data 95793 2795 (1085) 15 4 4

Ma=3.6 GeV 53.1 28.0 (14.5) 3.5 1.9 0.8 ±0.30 GeV 5.2 (0.066%) 1.9±0.4 1 [1.8] 1.5 pb [23.8] 19.1 fb

Ma=4 GeV 33.6 15.3 (8.1) 2.5 1.2 0.4 ±0.32 GeV 3.3 (0.042%) 1.1±0.2 4 [2.6] 4.9 pb [23.9] 45.9 fb

Ma=7 GeV 20.6 8.7 (4.5) 1.7 0.8 0.3 ±0.54 GeV 2.1 (0.027%) 1.1±0.2 1 [4.0] 3.9 pb [25.0] 24.6 fb

Ma=10 GeV 19.3 7.5 (4.2) 1.1 0.6 0.3 ±0.95 GeV 1.5 (0.020%) 1.6±0.3 2 [5.9] 6.5 pb [24.7] 27.3 fb

Ma=19 GeV 14.6 5.4 (2.9) 0.8 0.4 0.2 ±1.37 GeV 1.2 (0.015%) 0.6±0.1 1 [6.3] 7.1 pb [30.0] 33.7 fb
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FIG. 2: The dimuon invariant mass for events passing all
selections in data, background, and 2µ2τ signals for Ma =
3.6, 4, 7, 10, and 19 GeV. σ(pp→h+X)=1.9 pb is assumed,
BR(h→aa)=1, and Mh=100 GeV.

 (GeV)aM
4 6 8 10 12 14 16 18

a
a
) 

(p
b
)

!
 B

R
(h

"
h
) 

!
p

(p
#

0

1

2

3

4

5

6

7

8

9

10
Observed limit

Expected limit

Theory

-1, 4.2 fbOD

(a)

 (GeV)hM
80 100 120 140 160 180 200

a
a
) 

(p
b
)

!
 B

R
(h

"
h
) 

!
p

(p
#

0

1

2

3

4

5

6

7

8

9

10

Observed limit
Expected limit
Theory

-1, 4.2 fbOD (b)

FIG. 3: The expected and observed limits and ±1 s.d. and
±2 s.d. expected limit bands for σ(pp→h+X)×BR(h→aa),
for (a) Mh=100 GeV and (b) Ma=4 GeV. The signal
for BR(h→aa)=1 is shown by the solid line. The region
Mh<86 GeV is excluded by LEP.

dominated by the statistical uncertainty of the data sam-
ple used. Alternate fits of the background shape from low
E/T data modify the background estimates by up to 10%.

Figure 2 shows the dimuon invariant mass for data,
background, and signals, after all selections. Each signal
dimuon mass peak is fit to a Gaussian distribution, and
the numbers of events with dimuon mass within a ±2
s.d. window around the mean from the fit are counted
(Tab. II). Data in each window are consistent with the

predicted background. The expected and observed limits
on the σ×BR of the h→aa process for each Ma studied
are shown, assuming the a boson BRs given by pythia,
with no charm decays. Since the a boson BRs are model-
dependent, we also derive a result which factors out the
BRs taken from pythia. Limits are derived for interme-
diate Ma by interpolating the signal efficiencies and win-
dow sizes, see Fig. 3(a). Above 9.5 GeV, we expect a→bb
decays to dominate and greatly decrease BR(aa→2µ2τ),
but limits are calculated under the assumption that the b
quark decays are absent. We also study the limits vs. Mh

for Ma = 4 GeV, see Fig. 3(b).

We have presented results of the first search for
Higgs boson production in the NMSSM decaying into
a bosons at a high energy hadron collider, in the
4µ and 2µ2τ channels. The predicted BR(a→µµ) is
driven at low Ma by competition between decays to
µµ and to gluons and has large theoretical uncertain-
ties [19]. Therefore, for Ma<2mτ , we set limits only
on σ(pp→h+X)×BR(h→aa)×BR2(a→µ+µ−), exclud-
ing about 10 fb. Assuming σ(pp→h+X)=1.9 pb [20],
corresponding to Mh≈100 GeV, BR(a→µµ) must there-
fore be less than 7% to avoid detection, assuming a
large BR(h→aa). However, BR(a→µµ) is expected to
be larger than 10% for Ma<2mc [5], and depending on
BR(a→cc̄), which is model-dependent and typically sup-
pressed in the NMSSM, could remain above 10% until
Ma=2mτ . Thus these results severely constrain the re-
gion 2mµ<Ma<2mτ . For Ma>2mτ , the limits set by
the current analysis are a factor of ≈1-4 larger than the
expected production cross section.
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TABLE II: Selection efficiencies and limits for the 2µ2τ channel, for Mh=100 GeV and various Ma. The numbers of events
at “pre-selected,” “isolated” stages and after (“refining”) “E/T ,” “Muon,” and “EM” selections, assuming σ(pp→h+X)=1.9 pb
and BR(h→aa)=1. Next are the window size, and numbers of events in the window for signal (and overall efficiency times
BR), expected from background (with statistical uncertainty), and observed in data. The expected and observed limits on
σ(pp→h+X)×BR(h→aa) and σ(pp→h+X)×BR(h→aa) × 2 × BR(a→µµ)×BR(a→ττ ) follow.

Sample N pre. N iso. (ref.) “E/T ” “Mu” “EM” Window Nsig (Eff.) Nbckg Nobs [exp] obs σ × 2×BR

Data 95793 2795 (1085) 15 4 4

Ma=3.6 GeV 53.1 28.0 (14.5) 3.5 1.9 0.8 ±0.30 GeV 5.2 (0.066%) 1.9±0.4 1 [1.8] 1.5 pb [23.8] 19.1 fb

Ma=4 GeV 33.6 15.3 (8.1) 2.5 1.2 0.4 ±0.32 GeV 3.3 (0.042%) 1.1±0.2 4 [2.6] 4.9 pb [23.9] 45.9 fb

Ma=7 GeV 20.6 8.7 (4.5) 1.7 0.8 0.3 ±0.54 GeV 2.1 (0.027%) 1.1±0.2 1 [4.0] 3.9 pb [25.0] 24.6 fb

Ma=10 GeV 19.3 7.5 (4.2) 1.1 0.6 0.3 ±0.95 GeV 1.5 (0.020%) 1.6±0.3 2 [5.9] 6.5 pb [24.7] 27.3 fb

Ma=19 GeV 14.6 5.4 (2.9) 0.8 0.4 0.2 ±1.37 GeV 1.2 (0.015%) 0.6±0.1 1 [6.3] 7.1 pb [30.0] 33.7 fb
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FIG. 2: The dimuon invariant mass for events passing all
selections in data, background, and 2µ2τ signals for Ma =
3.6, 4, 7, 10, and 19 GeV. σ(pp→h+X)=1.9 pb is assumed,
BR(h→aa)=1, and Mh=100 GeV.
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FIG. 3: The expected and observed limits and ±1 s.d. and
±2 s.d. expected limit bands for σ(pp→h+X)×BR(h→aa),
for (a) Mh=100 GeV and (b) Ma=4 GeV. The signal
for BR(h→aa)=1 is shown by the solid line. The region
Mh<86 GeV is excluded by LEP.

dominated by the statistical uncertainty of the data sam-
ple used. Alternate fits of the background shape from low
E/T data modify the background estimates by up to 10%.

Figure 2 shows the dimuon invariant mass for data,
background, and signals, after all selections. Each signal
dimuon mass peak is fit to a Gaussian distribution, and
the numbers of events with dimuon mass within a ±2
s.d. window around the mean from the fit are counted
(Tab. II). Data in each window are consistent with the

predicted background. The expected and observed limits
on the σ×BR of the h→aa process for each Ma studied
are shown, assuming the a boson BRs given by pythia,
with no charm decays. Since the a boson BRs are model-
dependent, we also derive a result which factors out the
BRs taken from pythia. Limits are derived for interme-
diate Ma by interpolating the signal efficiencies and win-
dow sizes, see Fig. 3(a). Above 9.5 GeV, we expect a→bb
decays to dominate and greatly decrease BR(aa→2µ2τ),
but limits are calculated under the assumption that the b
quark decays are absent. We also study the limits vs. Mh

for Ma = 4 GeV, see Fig. 3(b).

We have presented results of the first search for
Higgs boson production in the NMSSM decaying into
a bosons at a high energy hadron collider, in the
4µ and 2µ2τ channels. The predicted BR(a→µµ) is
driven at low Ma by competition between decays to
µµ and to gluons and has large theoretical uncertain-
ties [19]. Therefore, for Ma<2mτ , we set limits only
on σ(pp→h+X)×BR(h→aa)×BR2(a→µ+µ−), exclud-
ing about 10 fb. Assuming σ(pp→h+X)=1.9 pb [20],
corresponding to Mh≈100 GeV, BR(a→µµ) must there-
fore be less than 7% to avoid detection, assuming a
large BR(h→aa). However, BR(a→µµ) is expected to
be larger than 10% for Ma<2mc [5], and depending on
BR(a→cc̄), which is model-dependent and typically sup-
pressed in the NMSSM, could remain above 10% until
Ma=2mτ . Thus these results severely constrain the re-
gion 2mµ<Ma<2mτ . For Ma>2mτ , the limits set by
the current analysis are a factor of ≈1-4 larger than the
expected production cross section.

We thank the staffs at Fermilab and collaborating
institutions, and acknowledge support from the DOE
and NSF (USA); CEA and CNRS/IN2P3 (France);
FASI, Rosatom and RFBR (Russia); CNPq, FAPERJ,
FAPESP and FUNDUNESP (Brazil); DAE and DST (In-
dia); Colciencias (Colombia); CONACyT (Mexico); KRF
and KOSEF (Korea); CONICET and UBACyT (Ar-
gentina); FOM (The Netherlands); STFC and the Royal
Society (United Kingdom); MSMT and GACR (Czech
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TABLE II: Selection efficiencies and limits for the 2µ2τ channel, for Mh=100 GeV and various Ma. The numbers of events
at “pre-selected,” “isolated” stages and after (“refining”) “E/T ,” “Muon,” and “EM” selections, assuming σ(pp→h+X)=1.9 pb
and BR(h→aa)=1. Next are the window size, and numbers of events in the window for signal (and overall efficiency times
BR), expected from background (with statistical uncertainty), and observed in data. The expected and observed limits on
σ(pp→h+X)×BR(h→aa) and σ(pp→h+X)×BR(h→aa) × 2 × BR(a→µµ)×BR(a→ττ ) follow.

Sample N pre. N iso. (ref.) “E/T ” “Mu” “EM” Window Nsig (Eff.) Nbckg Nobs [exp] obs σ × 2×BR

Data 95793 2795 (1085) 15 4 4

Ma=3.6 GeV 53.1 28.0 (14.5) 3.5 1.9 0.8 ±0.30 GeV 5.2 (0.066%) 1.9±0.4 1 [1.8] 1.5 pb [23.8] 19.1 fb

Ma=4 GeV 33.6 15.3 (8.1) 2.5 1.2 0.4 ±0.32 GeV 3.3 (0.042%) 1.1±0.2 4 [2.6] 4.9 pb [23.9] 45.9 fb

Ma=7 GeV 20.6 8.7 (4.5) 1.7 0.8 0.3 ±0.54 GeV 2.1 (0.027%) 1.1±0.2 1 [4.0] 3.9 pb [25.0] 24.6 fb

Ma=10 GeV 19.3 7.5 (4.2) 1.1 0.6 0.3 ±0.95 GeV 1.5 (0.020%) 1.6±0.3 2 [5.9] 6.5 pb [24.7] 27.3 fb

Ma=19 GeV 14.6 5.4 (2.9) 0.8 0.4 0.2 ±1.37 GeV 1.2 (0.015%) 0.6±0.1 1 [6.3] 7.1 pb [30.0] 33.7 fb
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dominated by the statistical uncertainty of the data sam-
ple used. Alternate fits of the background shape from low
E/T data modify the background estimates by up to 10%.

Figure 2 shows the dimuon invariant mass for data,
background, and signals, after all selections. Each signal
dimuon mass peak is fit to a Gaussian distribution, and
the numbers of events with dimuon mass within a ±2
s.d. window around the mean from the fit are counted
(Tab. II). Data in each window are consistent with the

predicted background. The expected and observed limits
on the σ×BR of the h→aa process for each Ma studied
are shown, assuming the a boson BRs given by pythia,
with no charm decays. Since the a boson BRs are model-
dependent, we also derive a result which factors out the
BRs taken from pythia. Limits are derived for interme-
diate Ma by interpolating the signal efficiencies and win-
dow sizes, see Fig. 3(a). Above 9.5 GeV, we expect a→bb
decays to dominate and greatly decrease BR(aa→2µ2τ),
but limits are calculated under the assumption that the b
quark decays are absent. We also study the limits vs. Mh

for Ma = 4 GeV, see Fig. 3(b).

We have presented results of the first search for
Higgs boson production in the NMSSM decaying into
a bosons at a high energy hadron collider, in the
4µ and 2µ2τ channels. The predicted BR(a→µµ) is
driven at low Ma by competition between decays to
µµ and to gluons and has large theoretical uncertain-
ties [19]. Therefore, for Ma<2mτ , we set limits only
on σ(pp→h+X)×BR(h→aa)×BR2(a→µ+µ−), exclud-
ing about 10 fb. Assuming σ(pp→h+X)=1.9 pb [20],
corresponding to Mh≈100 GeV, BR(a→µµ) must there-
fore be less than 7% to avoid detection, assuming a
large BR(h→aa). However, BR(a→µµ) is expected to
be larger than 10% for Ma<2mc [5], and depending on
BR(a→cc̄), which is model-dependent and typically sup-
pressed in the NMSSM, could remain above 10% until
Ma=2mτ . Thus these results severely constrain the re-
gion 2mµ<Ma<2mτ . For Ma>2mτ , the limits set by
the current analysis are a factor of ≈1-4 larger than the
expected production cross section.
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TABLE I: The efficiency for MC signal events within the
2 s.d. window around each Ma, numbers of events ex-
pected from background (with statistical uncertainty) and
observed in data, and the expected and observed limits on
the σ(pp→h+X)×BR(h→aa→4µ), for Mh=100 GeV. Limits
for other Ma, up to 2mτ , are interpolated from these simu-
lated MC samples. No events are observed in a window for
any interpolated Ma.

Ma Window Eff. Nbckg Nobs σ×BR

(GeV) (MeV) [exp] obs (fb)

0.2143 ±15 17% 0.001±0.001 0 [10.0] 10.0

0.3 ±50 16% 0.006±0.002 0 [9.5] 9.5

0.5 ±70 12% 0.012±0.004 0 [7.3] 7.3

1 ±100 13% 0.022±0.005 0 [6.1] 6.1

3 ±230 14% 0.005±0.002 0 [5.6] 5.6

the total background of 2.2±0.5 events. Neither has a
third muon identified, compared to about 50% of the sig-
nal MC events. We fit a Gaussian distribution to the
m1(µ, track) distribution, and the number of events with
both m1(µ, track) and m2(µ, track) within a ±2 s.d. win-
dow around the mean from the fit are determined for
data, signal, and background (Tab. I). No events are ob-
served within any window, in agreement with the back-
ground prediction. Upper limits on the h→aa→4µ signal
rate are computed at 95% C.L. using a Bayesian tech-
nique [16] and vary slightly with Mh, decreasing by ≈10%
when Mh increases from 80 to 150 GeV.

For the 2µ2τ channel, the muon pair is selected in each
event with the largest scalar sum of muon pT (ΣpT

µ ), with
muon pT >10 GeV, ∆R(µ, µ)<1, and M(µµ)<20 GeV.
This is the “pre-selection” (Tab. II). Next, ΣpT

µ >35 GeV
is required, to reduce background, and the same muon
pair calorimeter and track isolation cuts are applied as
for the 4µ channel. This is the “isolated” selection.

Standard D0 τ identification [17] is severely degraded
and complicated by the topology of the two overlapping
τ leptons. Instead, we require significant E/T from the
collinear τ decays to neutrinos. The E/T is computed from
calorimeter cell energies and corrected for the pT of the
muons. To ensure that this correction is as accurate as
possible, the following additional muon selection criteria
are applied. The muons’ tracks in the inner tracker are
required to have fits to their hits with χ2/dof<4, trans-
verse impact parameter from the PV less than 0.01 cm,
and at least three hits in the silicon detector. The match
between the track reconstructed from muon system hits
and the track in the inner tracker must have χ2<40, and
the muon system track must have pT >8 GeV. Hits are
required for both muons in all three layers of the muon
system. Also, less than 10 GeV of calorimeter energy
is allowed within ∆R<0.1 of either muon, to exclude
muons with showers in the calorimeter. Finally, the lead-
ing muon pT must be less than 80 GeV, to remove muons

with mismeasured pT . To improve the E/T measurement
in the calorimeter, the number of jets reconstructed [18]
with cone radius 0.5, pT >15 GeV (corrected for jet en-
ergy scale), and |η|<2.5 must be less than five. Events
with E/T >80 GeV are also rejected to remove rare events
where the E/T is grossly mismeasured, since signal is not
expected to have such large E/T . These are the “refining”
cuts. Then an event must pass one of three mutually
exclusive subselections. The first subselection, for when
no jet is reconstructed from the tau pair, requires zero
jets with pT >15 GeV, ∆φ(µµ,E/T )>2.5, the highest-pT

track with ∆z(track, PV)<3 cm and not matching either
of the two selected muon tracks in the dimuon candidate
to have pT >4 GeV and ∆φ(track, E/T )<0.7. The second
subselection, for when at least one of the tau decays is 1-
prong, requires at least one jet, where the leading-pT jet
(jet1) has no more than four (non-muon) tracks associ-
ated with it with pT >0.5 GeV, ∆z(track,jet1)<3 cm, and
∆R(track,jet1)<0.5, ∆φ(jet1,E/T )<0.7, and E/T >20 GeV.
The third subselection, for when both tau decays are
3-prong (or more) and thus most jet-like, requires at
least one jet, where jet1 has either more than four (non-
muon) tracks associated with it or ∆φ(jet1,E/T )>0.7 and
E/T >35 GeV. Events passing one of these three subselec-
tions are called the “E/T ” selection.

To gain acceptance, we also select events not passing
the “E/T ” selection, but with either an additional muon
(not necessarily isolated) or loosely-isolated electron. For
the “Muon” selection, a (third) muon is required, with
pT >4 GeV and ∆φ(µ,E/T )<0.7. The “EM” selection re-
jects events in the “Muon” selection and then requires
an electron with pT >4 GeV, ∆φ(e,E/T )<0.7, fewer than
three jets, E/T >10 GeV, and pe

T +E/T >35 GeV.
The dimuon invariant mass shape of the multijet and

γ! background to the “E/T ” selection is estimated from
the low E/T data which passes the “refining” cuts but fails
the “E/T ” selection cuts. For the “Muon” and “EM” se-
lections, it is taken from the “isolated” data sample. The
requirements of the “Muon” and “EM” selections have
no significant effect on the dimuon invariant mass shape
for a data sample with loosened isolation requirements.
These background shapes are summed and normalized to
the data passing all selections, but excluding data events
within a 2 s.d. dimuon mass window for each Ma (see
below). Background from diboson, tt, and W+jets pro-
duction, containing true E/T from neutrinos, is estimated
using MC and found to contribute <10% of the back-
ground from multijet and γ!.

Signal acceptance uncertainty for the 2µ2τ channel is
dominated by the ability of the simulation to model the
efficiency of the “refining” muon cuts and final selections.
It is found to be 20% per-event based on studies of the
muon and event quantities used, comparing data and MC
events in the Z boson mass region. Comparing the J/ψ
and Z boson yields gives a 10% trigger efficiency uncer-
tainty. The background uncertainty is less than 20% and
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third muon identified, compared to about 50% of the sig-
nal MC events. We fit a Gaussian distribution to the
m1(µ, track) distribution, and the number of events with
both m1(µ, track) and m2(µ, track) within a ±2 s.d. win-
dow around the mean from the fit are determined for
data, signal, and background (Tab. I). No events are ob-
served within any window, in agreement with the back-
ground prediction. Upper limits on the h→aa→4µ signal
rate are computed at 95% C.L. using a Bayesian tech-
nique [16] and vary slightly with Mh, decreasing by ≈10%
when Mh increases from 80 to 150 GeV.

For the 2µ2τ channel, the muon pair is selected in each
event with the largest scalar sum of muon pT (ΣpT

µ ), with
muon pT >10 GeV, ∆R(µ, µ)<1, and M(µµ)<20 GeV.
This is the “pre-selection” (Tab. II). Next, ΣpT

µ >35 GeV
is required, to reduce background, and the same muon
pair calorimeter and track isolation cuts are applied as
for the 4µ channel. This is the “isolated” selection.

Standard D0 τ identification [17] is severely degraded
and complicated by the topology of the two overlapping
τ leptons. Instead, we require significant E/T from the
collinear τ decays to neutrinos. The E/T is computed from
calorimeter cell energies and corrected for the pT of the
muons. To ensure that this correction is as accurate as
possible, the following additional muon selection criteria
are applied. The muons’ tracks in the inner tracker are
required to have fits to their hits with χ2/dof<4, trans-
verse impact parameter from the PV less than 0.01 cm,
and at least three hits in the silicon detector. The match
between the track reconstructed from muon system hits
and the track in the inner tracker must have χ2<40, and
the muon system track must have pT >8 GeV. Hits are
required for both muons in all three layers of the muon
system. Also, less than 10 GeV of calorimeter energy
is allowed within ∆R<0.1 of either muon, to exclude
muons with showers in the calorimeter. Finally, the lead-
ing muon pT must be less than 80 GeV, to remove muons

with mismeasured pT . To improve the E/T measurement
in the calorimeter, the number of jets reconstructed [18]
with cone radius 0.5, pT >15 GeV (corrected for jet en-
ergy scale), and |η|<2.5 must be less than five. Events
with E/T >80 GeV are also rejected to remove rare events
where the E/T is grossly mismeasured, since signal is not
expected to have such large E/T . These are the “refining”
cuts. Then an event must pass one of three mutually
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3-prong (or more) and thus most jet-like, requires at
least one jet, where jet1 has either more than four (non-
muon) tracks associated with it or ∆φ(jet1,E/T )>0.7 and
E/T >35 GeV. Events passing one of these three subselec-
tions are called the “E/T ” selection.

To gain acceptance, we also select events not passing
the “E/T ” selection, but with either an additional muon
(not necessarily isolated) or loosely-isolated electron. For
the “Muon” selection, a (third) muon is required, with
pT >4 GeV and ∆φ(µ,E/T )<0.7. The “EM” selection re-
jects events in the “Muon” selection and then requires
an electron with pT >4 GeV, ∆φ(e,E/T )<0.7, fewer than
three jets, E/T >10 GeV, and pe
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the low E/T data which passes the “refining” cuts but fails
the “E/T ” selection cuts. For the “Muon” and “EM” se-
lections, it is taken from the “isolated” data sample. The
requirements of the “Muon” and “EM” selections have
no significant effect on the dimuon invariant mass shape
for a data sample with loosened isolation requirements.
These background shapes are summed and normalized to
the data passing all selections, but excluding data events
within a 2 s.d. dimuon mass window for each Ma (see
below). Background from diboson, tt, and W+jets pro-
duction, containing true E/T from neutrinos, is estimated
using MC and found to contribute <10% of the back-
ground from multijet and γ!.

Signal acceptance uncertainty for the 2µ2τ channel is
dominated by the ability of the simulation to model the
efficiency of the “refining” muon cuts and final selections.
It is found to be 20% per-event based on studies of the
muon and event quantities used, comparing data and MC
events in the Z boson mass region. Comparing the J/ψ
and Z boson yields gives a 10% trigger efficiency uncer-
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Many models of electroweak symmetry breaking have an additional light pseudoscalar. If the

Higgs boson can decay to a new pseudoscalar, LEP searches for the Higgs can be significantly

altered and the Higgs can be as light as 86 GeV. Discovering the Higgs boson in these models is

challenging when the pseudoscalar is lighter than 10 GeV because it decays dominantly into tau

leptons. In this paper, we discuss discovering the Higgs in a subdominant decay mode where one

of the pseudoscalars decays to a pair of muons. This search allows for potential discovery of a

cascade-decaying Higgs boson with the complete Tevatron data set or early data at the LHC.

I. INTRODUCTION

The last unexplored frontier of the Standard Model
is electroweak symmetry breaking, the process by which
the Higgs field obtains a vacuum expectation value and
gives mass to the W

± and Z
0 gauge bosons. One of the

major goals of current colliders is to discover the Higgs
boson and understand the dynamics that give rise to
electroweak symmetry breaking. There have been direct
and indirect searches for the Standard Model (SM) Higgs
at LEP and the Tevatron. The current lower bound on
the Higgs mass,

mh0 > 114.4 GeV (95% confidence),

comes from searches at LEP for e
+
e
− → Z

0
h

0, with the
SM Higgs decaying to a pair of taus or bottom quarks
[1]. Recently, combined Higgs searches from the CDF
and DO� experiments at the Tevatron excluded a SM-
like Higgs of 169 GeV ≤ mh0 ≤ 171 GeV [2].

While direct searches for the Higgs point towards
a heavy mass, indirect bounds from electroweak con-
straints place a limit on how heavy the mass can be.
In particular, the best fit for a SM Higgs mass is 77
GeV with a 95% upper bound of 167 GeV [3]. This
limit comes from measurements of electroweak param-
eters that depend logarithmically on the Higgs mass
through radiative corrections. There is tension between
the direct and indirect measurements; only a narrow win-
dow of masses for the SM Higgs satisfies both results.

On the theoretical side, a light Higgs is preferred
within the Minimal Supersymmetric Standard Model
(MSSM). Requiring a natural theory and minimizing
fine tuning drives the Higgs mass below the LEP direct
bound. In the MSSM, there are two new Higgs chiral su-
perfields, Hu and Hd, that result in two CP-even scalars
H

0 and h
0, the CP-odd scalar A

0, and the charged Higgs
H
± after electroweak symmetry breaking. Typically, the

h
0 has Standard Model-like couplings. At the one-loop

level, the Higgs boson mass is

m
2
h0 � m

2
Z0 cos2 2β

+
3g

2
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4
t

8π2m2
W

�
log

mt̃1mt̃2
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2
t

12

��
,

where at is the dimensionless trilinear coupling between
the Higgs and top squarks

at =
At − µ cot β�
1
2 (m2

t̃1
+ m

2
t̃2

)
. (1)

For a moderate at
<∼ 1 and top squarks lighter than 1

TeV, the Higgs mass is less than 120 GeV [4, 5]. By
taking at to “maximal mixing,” where the contribution
from the A-terms gives the largest contribution to the
Higgs mass, the Higgs can be as heavy as 130 GeV while
keeping the top squarks under 1 TeV. Two-loop correc-
tions can raise the Higgs mass by an additional � 6 GeV
[5].

To avoid fine tuning, the top squarks should not be
significantly heavier than the Higgs. Even with masses
at 1 TeV, the Higgs potential is tuned at the few percent
level. If the top squarks are at 400 GeV, the fine tuning
of the Higgs potential drops substantially; however, the
upper limit on the Higgs mass falls to 120 GeV even with
maximal top squark mixing [6]. This has motivated stud-
ies giving the Higgs quartic coupling additional contri-
butions inside the supersymmetric Standard Model [7],
which usually leads to a less minimal Higgs sector such as
in the next-to-minimal supersymmetric Standard Model
(NMSSM).

Alternate models of electroweak symmetry break-
ing that can have naturally light Higgs bosons are moti-
vated by the indirect bounds coming from electroweak
constraints and the desire to minimize fine tuning in
the Higgs sector. These models, which often have more
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The ALEPH detector
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ALEPH

OPAL

DELPHI

L3

Proton Synchrotron (PS)
0.6 km, E=3.5 GeV

Electron-Positron Accumulator (EPA)
0.12 km, E=600 MeV

Super Proton Synchrotron (SPS)
7 km, E=22 GeV

LEP Linear Injector system (LIL)
E1=200 MeV, E2=600 MeV

Large Electron-Positron storage ring (LEP)
27 km, 45 GeV < E < 100 GeV

Figure 2.1: The LEP accelerator complex. The LEP Linear Injector system
(LIL), Electron Positron Accumulator (EPA), Proton Synchrotron (PS), and
Super Proton Synchrotron (SPS) are the injector system for the main LEP
storage ring. Electron-positron collisions occur at four experimental areas
ALEPH, DELPHI, L3, and OPAL.

Figure 3.1 An illustration of the LEP tunnel.

Figure 3.2 An illustration of the ALEPH detector.

ECAL: lead + proportional wire 
chambers, 22X0

HCAL: 23 layers of iron yolk + 
streamer tubes

muons identified via HCAL
+2 muon chambers

19

Electrons (and photons) are also identified by the characteristic longitudinal and transverse de-

velopments of the associated showers in the electromagnetic calorimeter (ECAL), a 22 radiation

length thick sandwich of lead planes and proportional wire chambers with fine read-out segmen-

tation. A relative energy resolution of 0.18/
√

E (E in GeV) is achieved for isolated electrons and

photons.

Muons are identified by their characteristic penetration pattern in the hadron calorimeter (HCAL),

a 1.2m thick yoke interleaved with 23 layers of streamer tubes, together with two surround-

ing double-layers of muon chambers. In association with the electromagnetic calorimeter, the

hadron calorimeter also provides a measurement of the hadronic energy with a relative resolution

of 0.85/
√

E (E in GeV).

Below polar angles of 12◦ and down to 34mrad from the beam axis, the acceptance is closed

at both ends of the experiment by the luminosity calorimeter (LCAL) [53] and a tungsten-silicon

calorimeter (SICAL) [54] originally designed for the LEP 1 luminosity measurement. The dead

regions between the two LCAL modules at each end are covered by pairs of scintillators. The

luminosity is measured with small-angle Bhabha events with the LCALwith an uncertainty smaller

than 0.5%. The Bhabha cross section [55] in the LCAL acceptance varies from 4.6 nb at 183GeV

to 3.6 nb at 207GeV.

The energy flow reconstruction algorithm, which combines all the above measurements, pro-

vides a list of reconstructed objects, classified as charged particles, photons and neutral hadrons,

and referred to as energy flow objects in the following [52]. The charged particle tracks used in

the present analysis are reconstructed with at least four hits in the TPC, and originate from within

a cylinder of length 20 cm and radius 2 cm coaxial with the beam and centered at the nominal

collision point.

The ALEPH detector simulation, GALEPH, is performed with Geant3 [56]. The ALEPH re-

construction is known as JULIA [57], and the ALEPH physics analysis package is known as AL-

PHA [58].

∆E

E
=

∆E

E
= 0.18/

√
E

Tracking: silicon + large time 
projection chamber (~31 hits)
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Chapter 3

The Aleph Detector at LEP

3.1 The Large Electron Positron Collider

The Large Electron Positron collider (LEP), a 27 km ring with four multipurpose detectors,

operated from 1989 to 2000. The LEP accelerator complex is a series of accelerators, shown in

Figure 3.1, that brings electrons and positrons from energies of 200 MeV in the Linear Accelerator

(LINAC) to 22 GeV in the Super Proton Syncrotron (SPS), which injects them into LEP. During the

first phase of LEP operation, which lasted until 1996, the center of mass energy corresponded to the

e+e− → Z resonance, and the physics program was concentrated on precision electroweak physics

and B-physics. During the second phase, the center-of-mass energy was increased gradually to

105 GeV per beam and the physics program was more oriented to searches for new physics.

3.2 The Aleph Detector

A detailed description of the ALEPH detector can be found in Ref. [51] and of its performance

in Ref. [52]. Charged particles are detected in the central part, which consists of a precision silicon

vertex detector (VDET), a cylindrical drift chamber (ITC) and a large time projection chamber

(TPC), measuring altogether up to 31 space points along the charged particle trajectories. A 1.5 T

axial magnetic field is provided by a superconducting solenoidal coil. Charged particle transverse

momenta are reconstructed with a 1/pT resolution of (6 · 10−4 ⊕ 5 · 10−3/pT ) (GeV/c)−1.

In addition to its rôle as a tracking device, the TPC also measures the specific energy loss by

ionization dE/dx. It allows low momentum electrons to be separated from other charged particle

species by more than three standard deviations.

∆1/pT

1/pT
=

Detector simulation based on Geant 3, analysis based on 10 year old fortran framework

1.5 T
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e
+
e
− → ZH → 6µSimulated signal event

Signal’s generated with HZHA03 (using generic 2HDM) and run through full GEANT3 
simulation, ALEPH reconstruction, and analysis chain  (it’s so clean! I love e+e-)
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e
+
e
− → ZH → 2e4τSimulated signal event

2 back-to-back electrons clearly distinguished from 2 back-to-back jets.  
not much else in the event (about 50 GeV of missing energy)
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A Tevatron event, for comparison
Clearly the hadron colliders are more challenging

‣ lots of tracks, lots of hadronic energy deposits
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Higgs Mass reconstruction in       events

Even without resorting to 
the collinear approximation 
used for             at the LHC, 
it is possible to reconstruct 
the Higgs mass
‣ because it’s e+e- have 
the full 4-vector for the 
neutrino system 

In the            channel, we do 
not have enough constraints 
to reconstruct the Higgs
‣ though several variables 
are sensitive to mh
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ν
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l
π
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Z → µµ

mH = 100GeV

mh(GeV)

H → ττ

Z → νν

2l4τ

H → aa→ 4τ
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Monte Carlo Simulation

After decades of running in a very clean environment, 
and tuning Monte Carlo to data the description of 
standard model processes in ALEPH is excellent.
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4.3 Backgrounds

Eight categories of Standard Model processes are generated to serve as the reference model to

which hypotheses presented to QUAERO will be compared. Here and below “Standard Model,”

“background,” and “reference model” will be used interchangeably.

qq̄ The process e+e− → Z/γ∗ → qq̄(γ) is modeled using KK 4.14 [67], with initial state radia-

tion from KK and final state radiation from PYTHIA.

e+e− Bhabha scattering and e+e− → Z/γ∗ → e+e−(γ) is modeled using BHWIDE 1.01 [68].

µ+µ− Pair production of muons, e+e− → Z/γ∗ → µ+µ−(γ), is calculated using KK 4.14 [67],

including initial and final state radiative corrections and their interference.

τ+τ− Pair production of taus, e+e− → Z/γ∗ → τ+τ−(γ), is calculated using KK 4.14 [67], includ-

ing initial and final state radiative corrections and their interference.

1ph Single photon production, e+e− → Z/γ∗ → νν̄(γ), is included in the background estimate.

Nph Multiphoton production, e+e− → nγ, with n ≥ 2, is included in the background estimate.

4f Four fermion events compatible withWW final states are generated using KoralW 1.51 [69],

with quarks fragmented into parton showers and hadronized using either PYTHIA 6.1 [38].

Events with final states incompatible withWW production but compatible with ZZ produc-

tion are generated with PYTHIA 6.1.

2ph Two-photon interaction processes, e+e− → e+e−X , are generated with the PHOT02 gener-

ator [70]. When X is a pair of leptons, a QED calculation is used with preselection cuts

to preferentially generate events that mimic WW production. When X is a multi-hadronic

state, a modified version of PYTHIA is used to generate events with the incident beam elec-

tron and positron scattered at θ < 12◦ and 168◦ < θ, respectively. Events in which the

beam electron or positron is scattered through an angle of more than 12◦ are generated using

HERWIG 6.2 [39].



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

GGI: Search for new states & forces, Oct. 30, 2009

Monte Carlo
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4f Four fermion events compatible withWW final states are generated using KoralW 1.51 [69],

with quarks fragmented into parton showers and hadronized using either PYTHIA 6.1 [38].

Events with final states incompatible withWW production but compatible with ZZ produc-

tion are generated with PYTHIA 6.1.

2ph Two-photon interaction processes, e+e− → e+e−X , are generated with the PHOT02 gener-

ator [70]. When X is a pair of leptons, a QED calculation is used with preselection cuts

to preferentially generate events that mimic WW production. When X is a multi-hadronic

state, a modified version of PYTHIA is used to generate events with the incident beam elec-

tron and positron scattered at θ < 12◦ and 168◦ < θ, respectively. Events in which the

beam electron or positron is scattered through an angle of more than 12◦ are generated using

HERWIG 6.2 [39].

KoralZ

Two particularly important processes for these 
searches are 4 fermion and 2 photon processes
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A side note
In 2005, I worked together with Bruce Knuteson to try 
his Quaero algorithm on ALEPH’s LEP2 data
‣ we used these same Monte Carlo samples and 

compared predictions to several hundred final states.  
‣ That analysis did NOT use full simulation of ALEPH 

detector, but still saw excellent agreement with SM.
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Figure 4.6 Distribution of data-Monte Carlo discrepancy in terms of Gaussian σ (left) and
background confidence-level, CLb (right). The solid curves show the expectated distribution.
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Blind analysis
Because the LEP data is old and it is not possible to confirm anything with 
“next year’s data”, we had to be quite careful

‣ remember, we’re shooting for a discovery!
‣ no one would believe a signal if we adjusted our cuts looking at data
●  Also, we don’t want to spoil the other analyses that we might be 

interested in: 
But we do need to verify that our Monte Carlo is describing the data well. 

‣ So we did a blind blind analysis and defined 5 control samples
1. exclude        around        , that kills our signal, but otherwise similar
2. Select events if #tracks<2 for each jet (kills                      )
3. in           exclude events with
4. in            exclude events with missing mass > 80 GeV
5. exclude events with #track>6 in both jets (to remove taus) AND if 

di-jet mass > 60 (to avoid seeing                          if it exists)

19

a→ jets, µ, ..

mll MZ

ττ, µµ, qq̄, gg

Z → ll M(j1, j2, invisible) > 60GeV
Z → νν

h→ aa→ qq̄, gg
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Choice of jet algorithms
At LEP, the dominant jet algorithms were DURHAM and JADE.  

‣ both are iterative recombination type algorithms: merge if
● ycut is an adjustable parameter and Etot was often chosen to be the 

visible energy in the event
● Often (as in the case of the OPAL analysis), events were “forced into N 

jets”, eg. the algorithm scanned ycut until the event had exactly N jets.  
• Then that value of ycut would be used as a discriminating variable 

together with the jet’s mass.
‣ DURHAM defines       in a way that is more robust to soft radiation, which 

is good if you are interested in bona fide hadronic showers.  
● But we are looking for a purely electroweak decay, so the straight 

invariant mass combination of JADE is more natural.
● Furthermore, we know that we are interested in                      which 

leads to an obvious choice for ycut if we use a fixed Etot.

By choosing this approach our s/b was significantly higher than forcing to two 
jets with DURHAM and cutting on the jet mass

● Additionally we have track multiplicity in jets as a handle 
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This channel drives the analysis because of the larger Z branching ratio

‣ it is also the most difficult, because you don’t have a clean 
‣ initially ask for exactly 2 jets with at least 2 tracks with
‣ to reject “2 photon” and beam bkg events                      , 
‣ require large missing energy, missing mass, that the jets aren’t too 

forward, and remove events with very low aplanarity (unobserved initial 
state radiation in a 2->2 process with subsequent photon conversions or brehmsstrahlung) 

‣ Finally, we have the track multiplicity distribution, which is very 
powerful at discriminating signal from background
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Figure 1: JJMm, JJm, aplanarity and jettrk for the Z → νν channel
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Figure 1: JJMm, JJm, aplanarity and jettrk for the Z → νν channel
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These channels are significantly cleaner due to the clear Z peak, but the signal 
rate is very low and signal efficiency is precious

‣ use standard ALEPH lepton ID
● worked hard to improve Z mass reconstruction by adding appropriate 

photons to Z (more severe for electron channel)
● electron channel suffers from Bhabha background, where we have 2 

good electrons which produce brehmsstrahlung photons that convert to 
give 2 track “jets”

● note, in OPAL analysis, the had a requirement on Evis.  Makes sense for 
jet channels, but it is not efficient for the tau channel, so we dropped it.

‣ again, we make no attempt to reconstruct taus, we just remove leptons 
and photons from the event, and run our JADE jet algorithm on remainder
● again we use track multiplicity to focus the analysis on taus
● we can also use the reconstructed Higgs mass to cut down on 

background
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Expectations for a 100 GeV Higgs

Background contributions for ee channel
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Figure 1: Hm, Zm, jete, and missea for the Z → e+e− channel
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Figure 1: Hm, Zm, jete, and missea for the Z → e+e− channel
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Expected yield and efficiency for ma = 4 GeV
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Our signal efficiency is pretty good, but clearly we have very 
few events in lepton channels
‣ but we also have almost no background in lepton channels
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Expected significance @ ma = 4, 10 GeV
The final results are being considered as an ALEPH publication, so 
unfortunately I can’t show them to you, but here are the expected limits 

‣ ALEPH has it’s 20th anniversary on Tuesday, results will be presented 
then,  hopefully published soon after
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“Unboxing” celebration
For what it’s worth: Our goal was not to just set a limit... 
certainly not a mediocre one.  We saw we had discovery 
sensitivity early on, so we really went for a discovery.
‣ since the analysis was blind, we really didn’t know

26

Champaign
(to be consumed regardless of result)
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Expected limits @ ma = 4,10 GeV
The final results are being considered as an ALEPH publication, so 
unfortunately I can’t show them to you, but here are the expected limits 

‣ ALEPH has it’s 20th anniversary on Tuesday, results will be presented 
then,  hopefully published soon after
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expected limit for ma = 4 GeV

ξ2 =
σ BR(h→ aa) BR(a→ ττ)2

σSM
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Conclusions

After quite a bit of struggling, we have resurrected the ALEPH 
analysis engine (including the ability to produce Monte Carlo 
signal and simulate events in the ALEPH detector)

Our first analysis of                                            is essentially 
complete, and will extend the reach of the OPAL analysis
‣ we have sensitivity for a      discovery up to ~90 GeV
‣ expected limits (          ) are 99-103 GeV depending on 

We plan to continue to look at other exotic decays, and your 
input is welcome (though we have finite time)
‣ I’d like to thank Itay and James again for helping this 
project gain critical mass

‣ Hopefully there will be a new ALEPH paper soon!
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e+e− → Zh→ (ee, µµ, νν) 4τ

5σ

ξ2 = 1 ma
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Summary of similar LEP searches
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√
s (GeV) L (pb−1) Mass ranges (GeV/c2) Ref.

e+e−→ H1Z→ (...)(...) mH1

(any)(e+e−, µ+µ−), (V0)(any) 91 2.5 < 0.21 [36]
(2 prongs)(qq̄) 91 0.5 0.21 − 2 [37]
(jet)(e+e−, µ+µ−) 91 0.5 1 − 20 [37]
(jet jet)(!+!−, νν̄ ) 91 3.6 12 − 50 [38]
(jet jet)(e+e−, µ+µ−, νν̄ ) 91 33.4 35 − 70 [39]
(bb̄)(any), (τ+τ−)(qq̄) 161,172 19.9 40 − 80 [40]
(bb̄)(any), (τ+τ−)(qq̄) 183 52.0 45 − 95 [41]
(bb̄)(any), (τ+τ−)(qq) 189 158.0 65 − 100 [42]
(bb̄)(any) 192-209 452.4 12 − 120 [43,44]
(τ+τ−)(qq) 192-209 452.4 45 − 120 [43,44]
(qq̄, gg)(qq̄, νν̄ , e+e−, µ+µ−) 189-209 610.4 4 − 116 [45]
e+e−→ H2Z→ (H1H1)Z→ (...)(...) mH2

mH1

(any)(qq̄) 91 16.2 12 − 70 < 0.21 [46]
(V0V0)(any but τ+τ−) 91 9.7 0.5 − 55 < 0.21 [46]
(γγ)(any) 91 12.5 0.5 − 60 < 0.21 [46]
(4 prongs)(any) 91 12.9 0.5 − 60 0.21 − 10 [46]
(hadrons)(νν̄) 91 15.1 1 − 60 0.21 − 30 [46]
(τ+τ−τ+τ−)(νν̄) 91 15.1 9 − 73 3.5 − 12 [46]
(any)(qq̄, νν̄) 161,172 20.0 40 − 70 20 − 35 [40]
(bb̄bb̄)(qq̄) 183 54.0 45 − 85 12 − 40 [41]
(bb̄bb̄, bb̄cc̄, cc̄cc̄)(qq̄) 192-208 452.4 30 − 105 12 − 50 [43,44]
(cc̄cc̄)(qq̄) 192-208 452.4 10 − 105 4 − 12 [47]

Table 8: List of the DELPHI searches for the Higgsstrahlung processes e+e−→ H1Z and H2Z.
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√
s (GeV) L (pb−1) Mass ranges (GeV/c2) Ref.

e+e−→ H1Z→ (...)(...) mH1

(bb̄)(any),(τ+τ−)(qq̄) 189 176.4 60 – 100 [52]
(bb̄)(any),(τ+τ−)(qq̄) 192 – 202 233.2 60 – 110 [53]
(bb̄)(any),(τ+τ−)(qq̄) 203 – 209 217.3 60 – 120 [54]
(bb̄, cc̄, gg)(any) 189 176.4 60 – 100 [55]
(bb̄, cc̄, gg)(any) 192 – 202 233.2 60 – 110 [55]
(bb̄, cc̄, gg)(any) 204 – 209 214.5 60 – 120 [55]
e+e−→ H2Z→ (H1H1)Z→ (...)(...) mH2

mH1

(H1→ bb̄,cc,gg)(qq̄) 189 – 209 626.9 30 – 85 10 – 42 [56]

Table 10: List of the L3 searches for the Higgsstrahlung processes e+e−→ H1Z and H2Z.

√
s (GeV) L (pb−1) Mass ranges (GeV/c2) Ref.

e+e−→ H2H1→ (...)(...) mH2
mH1

(bb̄)(bb̄), (bb̄)(τ+τ−), (τ+τ−)(bb̄) 189 176.4 50 – 95 50 – 95 [57]
(bb̄)(bb̄), (bb̄)(τ+τ−), (τ+τ−)(bb̄) 192 – 202 233.2 50 – 105 50 – 105 [58]
(bb̄)(bb̄), (bb̄)(τ+τ−), (τ+τ−)(bb̄) 204 – 209 216.6 50 – 110 50 – 110 [56]

Table 11: List of the L3 searches for the pair production process e+e−→ H2H1.
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√
s (GeV) L (pb−1) Mass ranges (GeV/c2) Ref.

H1Z→ (...) (...) mH1

(bb̄)(qq̄) 161–172 20.4 40 − 80 [59,60]
(bb̄)(qq̄) 183 54.1 40 − 95 [61]
(bb̄)(qq̄) 189 172.1 40 − 100 [62]
(bb̄)(qq̄) 192–209 421.2 80 − 120 [63]
(bb̄)(νν̄) 161–172 20.4 50 − 70 [59,60]
(bb̄)(νν̄) 183 53.9 50 − 95 [61]
(bb̄)(νν̄) 189 171.4 50 − 100 [62]
(bb̄)(νν̄) 192–209 419.9 30 − 120 [63]
(bb̄)(τ+τ−), (τ+τ−)(qq̄) 161–172 20.4 30 − 95 [59,60]
(bb̄)(τ+τ−), (τ+τ−)(qq̄) 183 53.7 30 − 100 [61]
(bb̄)(τ+τ−), (τ+τ−)(qq̄) 189 168.7 30 − 100 [62]
(bb̄)(τ+τ−), (τ+τ−)(qq̄) 192–209 417.4 80 − 120 [63]
(bb̄)(e+e−), (bb̄)(µ+µ−) 183 55.9 60 − 100 [61]
(bb̄)(e+e−), (bb̄)(µ+µ−) 189 170.0 70 − 100 [62]
(bb̄)(e+e−), (bb̄)(µ+µ−) 192–209 418.3 40 − 120 [63]
(qq̄, gg)(τ+τ−, νν̄), (τ+τ−)(qq̄) 91 46.3 0 − 70 [64,65]
(qq̄, gg)(e+e−, µ+µ−) 91 46.3 20 − 70 [64,65]
(any)(e+e−, µ+µ−) 161–172 20.4 35 − 80 [59,60]
(qq̄, gg)(qq̄) 189 174.1 60 − 100 [66]
(qq̄, gg)(qq̄) 192–209 424.2 60 − 120 [67]
(qq̄, gg)(νν̄) 189 171.8 30 − 100 [66]
(qq̄, gg)(νν̄) 192–209 414.5 30 − 110 [67]
(qq̄, gg)(τ+τ−), (τ+τ−)(qq̄) 189 168.7 30 − 100 [66]
(qq̄, gg)(τ+τ−), (τ+τ−)(qq̄) 192–209 418.9 60 − 115 [67]
(qq̄, gg)(e+e−, µ+µ−) 189 170.0 70 − 100 [66]
(qq̄, gg)(e+e−, µ+µ−) 192–209 422.0 60 − 120 [67]
e+e−→ H2Z→ (H1H1)Z→ (...)(...) mH2

mH1

(qq̄qq̄)(νν̄) 91 46.3 10 − 75 0 − 35 [64,65]
(bb̄bb̄)(qq̄) 183 54.1 40 − 80 10.5 − 38 [61]
(bb̄bb̄)(qq̄) 189 172.1 40 − 100 10.5 − 48 [62]
(bb̄bb̄)(qq̄) 192–209 421.2 80 − 120 12 − mH2

/2 [10]
(bb̄bb̄)(νν̄) 183 53.9 50 − 95 10.5 − mH2

/2 [61]
(qq̄qq̄)(νν̄) 189 171.4 50 − 100 10.5 − mH2

/2 [62]
(bb̄bb̄)(νν̄) 199–209 207.2 100 − 110 12 − mH2

/2 [10]
(bb̄bb̄)(τ+τ−) 183 53.7 30 − 100 10.5 − mH2

/2 [61]
(bb̄bb̄)(τ+τ−) 189 168.7 30 − 100 10.5 − mH2

/2 [62]
(bb̄bb̄, bb̄τ+τ−, τ+τ−τ+τ−)

(νν̄, e+e−, µ+µ−) 189–209 598.5 45 − 90 2 − 10.5 [68]

Table 12: List of the OPAL searches for the Higgsstrahlung processes e+e−→ H1Z and H2Z.
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[48] S. Dagoret, PhD Thesis, Université de Paris-Sud, Centre d’Orsay, LAL-preprint 91-12
(May 1991).

[49] DELPHI Collaboration, P. Abreu et al., Phys. Lett B245 (1990) 276.

[50] DELPHI Collaboration, J. Abdallah et al., Eur. Phys. J. C38 (2004) 1.

[51] DELPHI Collaboration, P. Abreu et al., Z. Phys. C67 (1995) 69.

[52] L3 Collaboration, M. Acciarri et al., Phys. Lett. B461 (1999) 376.

[53] L3 Collaboration, M. Acciarri et al., Phys. Lett. B508 (2001) 225.

[54] L3 Collaboration, P. Achard et al., Phys. Lett. B517 (2001) 319.

[55] L3 Collaboration, P. Achard et al., Phys. Lett. B583 (2004) 14.

[56] L3 Collaboration, P. Achard et al., Phys. Lett. B545 (2002) 30.

[57] L3 Collaboration, M. Acciarri et al., Phys. Lett. B471 (1999) 321.

[58] L3 Collaboration, M. Acciarri et al., Phys. Lett. B503 (2001) 21.

[59] OPAL Collaboration, K. Ackerstaff et. al., Eur. Phys. J. C1 (1998) 425.

[60] OPAL Collaboration, K. Ackerstaff et. al., Eur. Phys. J. C5 (1998) 19.

[61] OPAL Collaboration, G. Abbiendi et. al., Eur. Phys. J. C7 (1999) 407.

[62] OPAL Collaboration, G. Abbiendi et. al., Eur. Phys. J. C12 (2000) 567.

[63] OPAL Collaboration, G.Abbiendi et al., Eur. Phys. J. C26 (2003) 479.

26

[64] OPAL Collaboration, G. Alexander et. al., Z. Phys. C73 (1997) 189.

[65] OPAL Collaboration, R. Akers et. al., Z. Phys. C64 (1994) 1.

[66] OPAL Collaboration, G. Abbiendi et. al., Eur. Phys. J. C18 (2001) 425.

[67] OPAL Collaboration, G. Abbiendi et al., Eur. Phys. J. C40 (2005) 317.

[68] OPAL Collaboration, G.Abbiendi et al., Eur. Phys. J. C27 (2003) 483.

27



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

GGI: Search for new states & forces, Oct. 30, 2009 30

mH2
(GeV/c2) mH1

(GeV/c2)

10 15 20 25 30 35 40 45 50 55

20 0.020
25 0.026
30 0.037 0.046
35 0.048 0.042
40 0.053 0.056 0.051
45 0.066 0.059 0.046
50 0.087 0.058 0.048 0.049
55 0.11 0.055 0.050 0.050
60 0.29 0.103 0.094 0.094 0.053
65 0.30 0.099 0.091 0.088 0.084
70 0.25 0.098 0.097 0.095 0.083 0.059
75 0.34 0.11 0.10 0.11 0.10 0.096
80 0.39 0.13 0.14 0.14 0.13 0.12 0.13
85 0.52 0.20 0.20 0.20 0.21 0.19 0.18
90 ≥ 1 0.23 0.23 0.23 0.27 0.26 0.24 0.28
95 ≥ 1 0.29 0.27 0.29 0.31 0.29 0.28 0.30
100 ≥ 1 0.30 0.29 0.31 0.30 0.27 0.28 0.29 0.29
105 ≥ 1 0.27 0.32 0.36 0.40 0.36 0.31 0.35 0.35
110 ≥ 1 0.44 0.54 0.55 0.96 0.97 ≥ 1 ≥ 1 0.89 ≥ 1

Table 15: The 95% CL upper bound, S95, obtained for the normalised cross-section (see text)
of the Higgsstrahlung cascade process e+e−→ (H2→ H1H1)Z→ (bb̄bb̄)Z, as a function of the
Higgs boson masses mH1

and mH2
. The numbers correspond to the contours shown in Figure 3

(a).

38



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

GGI: Search for new states & forces, Oct. 30, 2009 31

5 10 15 20 25 30 35 40 45

10 0.26
15 0.033
20 0.048 0.32
25 0.070 0.076
30 0.10 0.11 0.38
35 0.18 0.19 0.51
40 0.22 0.22 0.40 0.39
45 0.30 0.31 0.49 0.49
50 0.18 0.38 0.66 0.66 0.63
55 0.18 0.37 0.68 0.69 0.68
60 0.20 0.38 0.95 0.96 0.96 0.94
65 0.20 0.38 ≥ 1 ≥ 1 ≥ 1 ≥ 1
70 0.21 0.43 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
75 0.19 0.46 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
80 0.20 0.44 0.83 0.83 0.83 0.83 0.84 0.84
85 0.25 0.56 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1

Table 16: The 95% CL upper bound, S95, obtained for the normalised cross-section (see text)
of the Higgsstrahlung cascade process e+e−→ (H2→ H1H1)Z→ (τ+τ−τ+τ−)Z, as a function
of the Higgs boson masses mH1

and mH2
. The numbers correspond to the contours shown in

Figure 3 (b).
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Benchmark parameters
(1) (2) (3) (4) (5) (6)

mh-max no-mixing large-µ gluophobic small-αeff CPX

Parameters varied in the scan
tan β 0.4–40 0.4–40 0.7–50 0.4–40 0.4–40 0.6–40
mA (GeV/c2) 0.1–1000 0.1–1000 0.1–400 0.1–1000 0.1–1000 –
mH± (GeV/c2) – – – – – 4–1000

Fixed parameters
MSUSY (GeV) 1000 1000 400 350 800 500
M2 (GeV) 200 200 400 300 500 200
µ (GeV) −200 −200 1000 300 2000 2000
mg̃ (GeV/c2) 800 800 200 500 500 1000
Xt (GeV) 2MSUSY 0 −300 −750 −1100 A − µ cot β
A (GeV) Xt+µ cot β Xt+µ cot β Xt+µ cot β Xt+µ cot β Xt+µ cot β 1000
arg(A)=arg(mg̃) - - - - - 90◦

Table 1: Parameters of the main benchmark scenarios investigated in this paper. The values
of tan β and the mass parameters mA (in the CP-conserving scenarios) or mH± (in the CP-
violating scenarios) are scanned within the indicated ranges. For the definitions of A and
Xt, the Feynman-diagrammatic on-shell renormalisation scheme is used in the CP-conserving
scenarios and the MS renormalisation scheme in the CP-violating scenarios.

inaccurate2. The scan range of mA is limited in most cases to less than 1000 GeV/c2; at higher
values the Higgs phenomenology is insensitive to the choice of mA.

For a given scan point, the observables in the Higgs sector are calculated using two theo-
retical approaches, both including one- and two-loop corrections. The FeynHiggs2.0 code [17]
is based on a Feynman-diagrammatic approach and uses the on-shell renormalization scheme.
The SUBHPOLE calculation and its CP-violating variant CPH [18] are based on a renormalization-
group improved effective potential calculation [19] and use the MS scheme3.

In the CP-conserving case, the FeynHiggs calculation is retained for the presentation of the
results since it yields slightly more conservative results (the theoretically allowed parameter
space is wider) than SUBHPOLE does. Also, FeynHiggs is preferred on theoretical grounds since
its radiative corrections are more detailed than those of SUBHPOLE.

In the CP-violating case, neither of the two calculations is preferred on theoretical grounds.
While FeynHiggs contains more advanced one-loop corrections, the CPH code has a more precise
phase dependence at the two-loop level. We opted therefore for a solution where, in each scan
point, the CPH and FeynHiggs calculations are compared and the calculation yielding the weaker

2The DELPHI Collaboration included the variation of the Higgs boson decay width with tanβ in their
simulation for tanβ between 30 and 50. With increasing tanβ, DELPHI observed an increase of the mass
resolutions and hence a loss in the signal detection efficiencies; but this was compensated by the increase of the
cross-sections, such that DELPHI found no significant drop in the overall sensitivity.

3New developments in this approach are implemented in the code CPsuperH [20].
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mh-max results
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Figure 7: Exclusions, at 95% CL (medium-grey or light-green) and the 99.7% CL (dark-
grey or dark-green), in the case of the CP-conserving mh-max benchmark scenario, for mt =
174.3 GeV/c2. The figure shows the theoretically inaccessible domains (light-grey or yellow)
and the regions excluded by this search, in four projections of the MSSM parameters: (a):
(mh, mA); (b): (mh, tan β); (c): (mA, tanβ); (d): (mH±, tanβ). The dashed lines indicate the
boundaries of the regions which are expected to be excluded, at 95% CL, on the basis of Monte
Carlo simulations with no signal. In the (mh, tan β) projection (plot (b)), the upper boundary
of the parameter space is indicated for four values of the top quark mass; from left to right: mt

= 169.3, 174.3, 179.3 and 183.0 GeV/c2.
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