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1 From LEP to the LHC
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An interesting comparison can be made between the experimental approach to the Higgs boson searches at LEP

with those under preparation for the LHC. After early experimental measurements closed the door to the possibil-

ity of a Standard Model Higgs boson with a mass in the range 0−60 GeV, a new era of direct searches for on-shell

diboson(ZH) production began in 1996 when LEP increased the center-of-mass energy above ∼ 160 GeV and

continued through 2000 to the ultimate LEP energy reach of
√

s = 209 GeV. During this time, the event signa-

tures were categorized according to the decay modes of the predicted Higgs boson and the well-studied decay

widths of the Z boson, as shown in Figure 1.
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The statistical estimator used in the LEP combinations is the logarithm of
ratio of likelihood functions for the signal-plus-background hypothesis and the
background-only hypothesis. Numerically, this consists of a weighted sum over
all bins of the distribution, given by

− 2 ln Q = 2 · stot− 2 ·
∑

i

ni ln

(
1+ si

bi

)
. 2.

Herei is the index of the bin;ni ,si , andbi are, respectively, the number of observed,
expected signal, and expected background events in the bin; andstot =

∑
i si is the

total signal expected. The value ofQ constructed in this way is precisely the local
likelihood ratio of the signal-plus-background hypothesis to the background-only
hypothesis. A negative value of−2 ln Q indicates a preference for the signal-
plus-background hypothesis. Because the separation power in the final variable
depends logarithmically on the local signal-to-background ratio, the distribution
of the final variable rebinned in log10(s/b) shows directly the most important
background regions of the search.

A further discussion of the statistical methods used in the LEP2 Higgs analyses
is included in the Appendix.

3.4. Search Channels and Topologies

Of the channels listed in Table 3, only four are used in the standard-model Higgs
search: four-jet, missing energy,`+`− pairs (e+ µ), andτ+τ− (see Figure 10).
The highests/b ratio achieved in a search channel depends on the level of analysis
optimization and the detector performance. The highest signal-to-background
(s/b) ratio achieved in a search channel depends on the level of analysis optimiza-
tion and the detector performance. A comparison of the averages/b ratio versus
the number of expected signal events shows that the four-jet analyses of ALEPH
and DELPHI are the most powerful in the high-mH search (close to 115 GeV/c2).
In particular, these analyses achieve an averages/b ratio greater than unity for a
combined expectation of one signal event atmH = 115 GeV/c2.

Figure 10 Topologies involved in the search for the standard-model Higgs
boson at LEP2, missing energy, lepton pairs,τ+τ−, fan-jets.Figure 1: Topologies involved in the search for the standard-model Higgs boson at LEP2, missing energy, lepton

pairs, τ+τ−, four-jets.

Coverage was essentially complete (∼ 90%) achieving a maximum detection efficiency with varying degrees

of sensitivity to the observation of a Higgs boson above Standard Model background processes with similar

experimental signatures. The closest “Higgs-like” backgrounds came from ZZ production with at least one Z

boson decaying to bb̄, noting the finite and non-Gaussian detector resolution on the measurement of the dijet

bb̄-mass. An example four-jet event is shown in Figure 2.

Many analysis techniques were used to quantify the agreement of the overall contributions of Standard Model

processes to the Higgs search background predictions, and in all cases the level of agreement was exceptional with

comparably small theoretical and experimental uncertainties. Therefore, background systematic uncertainties

have little contribution to the overall search sensitivity. An important aspect of the LEP searches was the use of

full-event discrimination that was sensitive to event counting as well as properties such as reconstructed mass.

The final LEP measure of the Higgs search data quantified both mass and rate information, as shown in Figure 4,

where the presence of a Higgs boson signal formed a minimum in the likelihood ratio.
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Figure 2: ALEPH four-jet event.

Figure 3: Cross section measurements by the L3 Ex-
periment at LEP2.

Figure 4: LEP-combined SM Higgs Search Data.

LEP was thoroughly limited by statistics at the highest achievable energies as the ZH cross section turns on

rapidly above threshold, as shown in Figure 3. With four LEP experiments, sensitivity to a 60 fb cross section

at the kinematic limit of mH =
√

s − mZ was achieved with ∼ 200 pb−1 delivered per experiment. In the

missing energy channel of the Higgs search, some contribution to the sensitivity came from WW fusion, a process

whereby both the incoming positron and electron covert to neutrinos radiating W bosons which fuse to form

the Higgs boson, as shown in Figure 5. This exceptional process becomes a larger fraction of the total Higgs
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production rate with increasing beam energy. An example missing energy event is shown in Figure 6.

e−

e+

Z∗

Z

H

e−

e+ ν̄e

H

νe

W

W

Figure 5: Diagrams of the Higgs-strahlung and weak boson fusion processes of Higgs boson production at LEP2.

Figure 6: L3 missing energy event.

At the LHC, the approach of creating a full matrix of predicted Higgs production and associated decay processes is

still a necessary starting point for the construction of the analyses, while judicious choices of processes are needed

to accommodate the triggering capabilities of the experiment. There is less reliance on singular search channels

in particular for channels involving jets and transverse missing energy. Search channels with multijet QCD

backgrounds tend to be more inclusive in order to simultaneously fit the dominant Standard Model background

fractions. Some backgrounds are necessarily estimated using data-based samples as opposed to Monte Carlo

simulation. The possibility of concurrent signals such as from multiple Higgs bosons and the presence of SUSY

particle production also warrant wider event sample scrutiny, not to mention the large experimental challenges of

commissioning the detector in all necessary aspects of the measurement.

The justification for the many experimental “warning flags” for LHC analyses is discussed in the following
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sections. The many possible manifestations of the Higgs boson discovery and crucial first measurements are also

discussed.

1.1 Probing Deep within the Proton

The first step towards understanding phenomenology at the Large Hadron Collider is to quantify the influence of

the proton parton distribution functions(PDF).

PDFs describe the fraction of the proton momentum x carried by the quarks, anti-quarks (by flavor) and gluons

at a scale Q2 in momentum transfer corresponding to the hard collision.

1.1.1 Parton Model for Proton-Proton Collisions

The initial kinematics are described by the incoming proton momentum, P= 7 TeV, and partons i with longitudinal

momentum fractions, xi (0 ≤ xi ≤ 1). The 4-momenta and center-of-mass energy are approximated by:

p1,2 = x1,2P ŝ = x1x2s = τs (1)

and the rapidity y is given by

y =
1
2

ln
(

E + pz

E − pz

)
=

1
2

ln
x1

x2
(2)

with x1,2 =
√

τe±y .

Exercise: Show rapidity differences ∆y are invariant under longitudinal boosts.

Answer:
E → E′ = γE + γβpz and p′

z = γβE + γpz

Therefore,

y′ =
1

2
ln

�
γE + γβpz + γβE + γpz

γE + γβpz − γβE − γpz

�
= y +

1

2
ln

�
1 + β

1− β

�

Therefore, ∆R =
p

∆φ2 + ∆y2 is an invariant angular measure. Note, in the limit of massless particles

E ± pz = p(1± pz/p) = p(1± cos θ)

y → η =
1

2
ln

�
1 + cos θ

1− cos θ

�
= − ln tan

θ

2

where η is the pseudo-rapidity.

For computing transverse components of momenta, note the relationship sin θ = 1/ cosh η.

PDF distributions are fits to experimental data and theoretical extrapolations. An online source for these databases

is:

http://durpdg.dur.ac.uk/hepdata/pdf3.html
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Figure 1: Left: Cross sections of various SM processes in (anti)proton-proton collision in the Tevatron and LHC
energy ranges. Right: LHC area of interest in the ������� -plane of the scattering partons compared to the regions
accessible at HERA and fixed target experiments.
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Fig. 3: Cross sections for hard scattering versus
√
s. The cross section values at

√
s = 14 TeV are: σtot = 99.4 mb, σb =

0.633 mb, σt = 0.888 nb, σW = 187 nb, σZ = 55.5 nb, σH(MH = 150 GeV) = 23.8 pb, σH(MH = 500 GeV) = 3.82 pb,

σjet(E
jet
T > 100 GeV) = 1.57 µb, σjet(E

jet
T >

√
s/20) = 0.133 nb, σjet(E

jet
T >

√
s/4) = 0.10 fb. All except the first of

these are calculated using the latest MRST pdf’s [10].

equation [14–17]

Q2
d fa/h(x,Q2)

dQ2
=
∑

b

∫ 1

x

dz

z
Pab(αS(Q2), z) fa/h(x/z,Q2) . (8)

Having determined fa/h(x,Q2
0) at a given input scale Q = Q0, the evolution equation can be used to

compute the pdf’s at different perturbative scales Q and larger values of x.

The kernels Pab(αS, z) in Eq. (8) are the Altarelli–Parisi (AP) splitting functions. They depend
on the parton flavours a, b but do not depend on the colliding hadron h and thus they are process-
independent. The AP splitting functions can be computed as a power series expansion in αS:

Pab(αS, z) = αSP
(LO)
ab (z) + α2

SP
(NLO)
ab (z) + α3

SP
(NNLO)
ab (z) +O(α4

S) . (9)

The LO and NLO terms P (LO)
ab (z) and P (NLO)

ab (z) in the expansion are known [18–24]. These first two
terms (their explicit expressions are collected in Ref. [4]) are used in most of the QCD studies. Partial
calculations [25, 26] of the next-to-next-to-leading order (NNLO) term P

(NNLO)
ab (z) are also available

(see Sects. 2.5, 2.6 and 4.2).
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Fig. 2: Values of x and Q2 probed in the production of an object of mass M and rapidity y at the LHC,
√
s = 14 TeV.

most popular choice [13] is to use the MS-scheme to define renormalization and then to use the following
approximate solution of the two loop evolution equation to define ΛQCD:

αS(Q) =
1

b0 ln(Q2/Λ2

MS
)

[

1 −
b1 ln [ ln(Q2/Λ2

MS
)]

b0 ln(Q2/Λ2

MS
)

+ O
(

ln2 [ ln(Q2/Λ2

MS
)]

ln2(Q2/Λ2

MS
)

)]

. (7)

Here the definition of ΛQCD (ΛQCD = ΛMS) is contained in the fact that there is no term proportional

to 1/ ln2(Q2/Λ2
QCD). In this expression there are Nf light quarks. Depending on the value of Q, one

may want to use different values for the number of quarks that are considered light. Then one must match
between different renormalization schemes, and correspondingly change the value of ΛMS as discussed
in Ref. [13]. The constant ΛMS is the one fundamental constant of QCD that must be determined from
experiments. Equivalently, experiments can be used to determine the value of αS at a fixed reference
scale Q = µ0. It has become standard to choose µ0 = MZ . The most recent determinations of αS

lead [13] to the world average αS(MZ) = 0.119 ± 0.002. In present applications to hadron collisions,
the value of αS is often varied in the wider range αS(MZ) = 0.113 − 0.123 to conservatively estimate
theoretical uncertainties.

The parton distribution functions fa/h(x,Q2) at any fixed scale Q are not computable in pertur-
bation theory. However, their scale dependence is perturbatively controlled by the DGLAP evolution

1 Introduction
The Large Hadron Collider (LHC) under construction at CERN in Geneva combines the two most important virtues
for high energy physics experiments. From the year 2007 it will provide proton-proton collisions at the highest
centre-of-mass energy of �	��
��� and large luminosities in the range from ���������	��� �	� ��� in the initial phase up to
��������� ��� �	� ��� at a later stage.

Cross sections of various Standard Model (SM) processes in !#"! and !$! collisions as a function of the energy
are compared in the left part of Fig. 1 [1]. For instance because of the higher energy at the LHC the production
cross sections for the heavy gauge bosons W and Z and % "% quark pairs are significantly larger than at the Tevatron.
Already during the low luminosity phase of the LHC this results in large production rates as can be seen from the
right scale of this plot. Approximately 200 W, 50 Z bosons and one % "% pair will be produced every second. Even
when taking into account reasonable values for selection efficiencies and the branching ratios into clean leptonic
final states (e and & ) it is evident from these numbers that large data samples will be acquired very shortly after
the start-up of the collider. Besides providing excellent means to calibrate and understand the detectors these data
samples will allow many precision measurements.

2 Parton distribution functions
Most of the interesting reactions at the LHC are hard scattering processes of the partons inside the protons. There-
fore the accurate knowledge of the parton distribution functions (PDF) of quarks, anti-quarks and gluons is manda-
tory for the interpretation of the data. The region of the fractional parton momentum � and the momentum transfer�'� interesting for LHC physics is shown in the right part of Fig. 1. This is compared to the area investigated by
fixed target experiments and at the electron-proton collider HERA. As the overlap of both regions are small theo-
retical models like the DGLAP evolution [2] are required to extrapolate from the experimentally tested regions of
low �(� to the higher momentum transfers important for the LHC physics. It is therefore desirable to determine the
PDFs for all parton species directly from LHC data, to test the extrapolation models and to improve the precision.

SM processes provide various means to measure and constrain the PDF through differential distributions like the
distributions of transverse momentum )+* and pseudo-rapidity , . An example for a particular sensitive observable
is the cross section ratio of -/. to -0� bosons which is sensitive to the ratio of u- and d- quarks in the proton.
The expected ratio of positively to negatively charged electrons and muons as a function of rapidity from selected
-/1 -decays is shown on the left hand side of Fig. 2. The two curves are obtained from sets of PDFs with small

2

Figure 7: The PDF distributions for Q2 = 4m2
t ,

showing that the Tevatron had to be a pp̄ collider for
the top quark to be discovered in 1995.

Figure 8: Regions of Q2 and x to be probed at the
LHC.
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The relationships (1) and (2) can be tested against the rapidity distributions of W and Z boson production at the

Tevatron. Using max. x = 1, the Z boson can be produced for rapidities satisfying

1 ≥ mZ

1.96 TeV
ey (3)

which gives y < 3, as shown in Figure 10.

W Asymmetry ℘ ℘ 2  Julie Torborg   ℘℘ Notre DameMarch 1, 2005

Production Charge Asymmetry

◊ The u quark typically carries 
more momentum

◊ W+  is boosted in the proton 
direction 

◊ Rapidity distribution of 
W+ → eν is asymmetric

A yW =
dW A/ d y−dW / d y

dW A/ d ydW / d y
 A y l=

d lA/ d y−d l / d y

d lA/ d yd l / d y

◊ In hadron colliders at Tevatron energies u+d → W
Result

Ming Yan University of Maryland  14

Error bar: systematic+statistical 

Our σ×Br(Ζ/γ∗ → ee):

All:           269.3±1.8(stat)
CCCC:     269.5±2.8(stat)
CCEC:     264.2±2.6(stat)
ECEC:     311.8±6.0(stat)

D0 RunII σ×Br(Ζ → ee):

264.9±3.9(stat)±8.5(sys)±5.1(pdf)±17.2(lum) 

(using different data, CCCC only)

CDF RunII σ×Br(Ζ /γ∗→ ee):
254.9±3.3(stat)±4.6(syst)±15.2(lum)

Cross check:

Figure 9: Charge asymmetry of W bosons at the
Tevatron.

Figure 10: Rapidity of Z bosons produced at the
Tevatron.

The W boson rapidity has a charge asymmetry due to the larger x-values of the u-(anti)quarks in the (anti)proton

compared to d-(anti)quarks, as shown in Figure 9. At the LHC, the Z bosons will be peaked backward and

forward, corresponding to which proton supplied the (low x) antiquark for the qq̄ annihilation.
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1.2 More Orders of Magnitude than EWK to GUT

Figure 1: Left: Cross sections of various SM processes in (anti)proton-proton collision in the Tevatron and LHC
energy ranges. Right: LHC area of interest in the ������� -plane of the scattering partons compared to the regions
accessible at HERA and fixed target experiments.
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Fig. 3: Cross sections for hard scattering versus
√
s. The cross section values at

√
s = 14 TeV are: σtot = 99.4 mb, σb =

0.633 mb, σt = 0.888 nb, σW = 187 nb, σZ = 55.5 nb, σH(MH = 150 GeV) = 23.8 pb, σH(MH = 500 GeV) = 3.82 pb,

σjet(E
jet
T > 100 GeV) = 1.57 µb, σjet(E

jet
T >

√
s/20) = 0.133 nb, σjet(E

jet
T >

√
s/4) = 0.10 fb. All except the first of

these are calculated using the latest MRST pdf’s [10].

equation [14–17]

Q2
d fa/h(x,Q2)

dQ2
=
∑

b

∫ 1

x

dz

z
Pab(αS(Q2), z) fa/h(x/z,Q2) . (8)

Having determined fa/h(x,Q2
0) at a given input scale Q = Q0, the evolution equation can be used to

compute the pdf’s at different perturbative scales Q and larger values of x.

The kernels Pab(αS, z) in Eq. (8) are the Altarelli–Parisi (AP) splitting functions. They depend
on the parton flavours a, b but do not depend on the colliding hadron h and thus they are process-
independent. The AP splitting functions can be computed as a power series expansion in αS:

Pab(αS, z) = αSP
(LO)
ab (z) + α2

SP
(NLO)
ab (z) + α3

SP
(NNLO)
ab (z) +O(α4

S) . (9)

The LO and NLO terms P (LO)
ab (z) and P (NLO)

ab (z) in the expansion are known [18–24]. These first two
terms (their explicit expressions are collected in Ref. [4]) are used in most of the QCD studies. Partial
calculations [25, 26] of the next-to-next-to-leading order (NNLO) term P

(NNLO)
ab (z) are also available

(see Sects. 2.5, 2.6 and 4.2).
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most popular choice [13] is to use the MS-scheme to define renormalization and then to use the following
approximate solution of the two loop evolution equation to define ΛQCD:

αS(Q) =
1

b0 ln(Q2/Λ2

MS
)

[

1 −
b1 ln [ ln(Q2/Λ2

MS
)]

b0 ln(Q2/Λ2

MS
)

+ O
(

ln2 [ ln(Q2/Λ2

MS
)]

ln2(Q2/Λ2

MS
)

)]

. (7)

Here the definition of ΛQCD (ΛQCD = ΛMS) is contained in the fact that there is no term proportional

to 1/ ln2(Q2/Λ2
QCD). In this expression there are Nf light quarks. Depending on the value of Q, one

may want to use different values for the number of quarks that are considered light. Then one must match
between different renormalization schemes, and correspondingly change the value of ΛMS as discussed
in Ref. [13]. The constant ΛMS is the one fundamental constant of QCD that must be determined from
experiments. Equivalently, experiments can be used to determine the value of αS at a fixed reference
scale Q = µ0. It has become standard to choose µ0 = MZ . The most recent determinations of αS

lead [13] to the world average αS(MZ) = 0.119 ± 0.002. In present applications to hadron collisions,
the value of αS is often varied in the wider range αS(MZ) = 0.113 − 0.123 to conservatively estimate
theoretical uncertainties.

The parton distribution functions fa/h(x,Q2) at any fixed scale Q are not computable in pertur-
bation theory. However, their scale dependence is perturbatively controlled by the DGLAP evolution

1 Introduction
The Large Hadron Collider (LHC) under construction at CERN in Geneva combines the two most important virtues
for high energy physics experiments. From the year 2007 it will provide proton-proton collisions at the highest
centre-of-mass energy of �	��
��� and large luminosities in the range from ���������	��� �	� ��� in the initial phase up to
��������� ��� �	� ��� at a later stage.

Cross sections of various Standard Model (SM) processes in !#"! and !$! collisions as a function of the energy
are compared in the left part of Fig. 1 [1]. For instance because of the higher energy at the LHC the production
cross sections for the heavy gauge bosons W and Z and % "% quark pairs are significantly larger than at the Tevatron.
Already during the low luminosity phase of the LHC this results in large production rates as can be seen from the
right scale of this plot. Approximately 200 W, 50 Z bosons and one % "% pair will be produced every second. Even
when taking into account reasonable values for selection efficiencies and the branching ratios into clean leptonic
final states (e and & ) it is evident from these numbers that large data samples will be acquired very shortly after
the start-up of the collider. Besides providing excellent means to calibrate and understand the detectors these data
samples will allow many precision measurements.

2 Parton distribution functions
Most of the interesting reactions at the LHC are hard scattering processes of the partons inside the protons. There-
fore the accurate knowledge of the parton distribution functions (PDF) of quarks, anti-quarks and gluons is manda-
tory for the interpretation of the data. The region of the fractional parton momentum � and the momentum transfer�'� interesting for LHC physics is shown in the right part of Fig. 1. This is compared to the area investigated by
fixed target experiments and at the electron-proton collider HERA. As the overlap of both regions are small theo-
retical models like the DGLAP evolution [2] are required to extrapolate from the experimentally tested regions of
low �(� to the higher momentum transfers important for the LHC physics. It is therefore desirable to determine the
PDFs for all parton species directly from LHC data, to test the extrapolation models and to improve the precision.

SM processes provide various means to measure and constrain the PDF through differential distributions like the
distributions of transverse momentum )+* and pseudo-rapidity , . An example for a particular sensitive observable
is the cross section ratio of -/. to -0� bosons which is sensitive to the ratio of u- and d- quarks in the proton.
The expected ratio of positively to negatively charged electrons and muons as a function of rapidity from selected
-/1 -decays is shown on the left hand side of Fig. 2. The two curves are obtained from sets of PDFs with small

2

The LHC will begin taking data in 2007 with an initial target luminosity of L = 2 × 1033cm−2s−1. Approxi-

mately 400 W , 100 Z bosons and 2 tt̄ pairs will be produced per second.

Experiments handle the large spectrum of rates with trigger systems. For instance, low pT dijet production is the

dominant process at hadron colliders. While at the same time, high pT dijets probe the smallest length scales.

Measuring the cross section over a range of 10 orders of magnitude is important as it yields a running value of

αs(Q2).
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Figure 3: ATLAS studies of jet physics and QCD [5]. Left: Differential cross section of the transverse jet energy.
Right: Running of �  obtained from this spectrum.

4 Electroweak Physics
The LHC will abundantly produce W and Z bosons which through their leptonic decays provide relatively clear
signatures and are readily identifiable. The experiments will hence be able to study the properties of W and Z
bosons and to complement and extend the tests of the electroweak theory performed so far at ��. ��� - and !"! -
colliders.

An important parameter for precision tests of electroweak theory is the mass of the W boson [6]. Techniques
to measure this parameter at hadron colliders have been developed and already today the Tevatron experiments
provide results competitive to the precision reached at LEP. At the LHC the overwhelming statistics on Z-bosons
can be used to experimentally constrain theoretical uncertainties on the production and to determine accurately the
detector response in the leptonic decay channels. This will minimise the dependence on Monte Carlo simulations
and the corresponding uncertainties. A study from the ATLAS experiment [7] shows that a total error

� #����
���	� ��� per channel and experiment is obtainable. Therefore it is believed that the LHC will further improve the
error on #
� beyond the anticipated uncertainty of about ����� ��� from final LEP and Tevatron Run II data.

A first example is the Drell-Yan process � "� 
 � . ���� & . & � which constiutes in some sense the equivalent of the
reaction � . ��� 
���� ������� � which was extensively studied at LEP and SLC. This process is not only an important
tool to constrain the PDFs but also the discovery channels for heavy new particles decaying into leptons, e.g. a ���
boson. Fig. 4 shows the expected number of events per di-lepton channel and experiment as a function of the mass
for a total luminosity of ����� ��� � � in comparison to the expectation at the Tevatron Run II ( � � ��� � � ) [1, 8]. The
higher luminosity and energy at the LHC will extend the sensitivity well beyond the reach of the Tevatron into the

#��� range.

In addition to the cross section also the forward-backward asymmetry ����� in Drell-Yan lepton-pair production
can be measured. The ambiguity of the direction of the incoming quark and anti-quark in pp-collisons is resolved
assuming that the anti-quark is usually the parton with the lower � value. The right half of Fig. 4 shows the result
of an ATLAS study for � "� 
 ��. ��� at the Z-pole [9]. As it was done in � . ��� -experiments this � ��� measurement
can be turned into a measurement of the effective weak mixing angle �! � �#"%$ . Provided that electrons in the
forward region can be identified reliably, a statistical error of

� �� � �&"'$)( � � �+* ��� � � is expected for � � � ��� ��� .
Further studies are needed to estimate if systematic errors from the limited knowledge of the PDFs, of the lepton
acceptance and of radiative corrections can be controlled to the required level such that this measurement will
become significant.

The high energy makes the LHC also an ideal place to study di-boson production from which information on the
triple gauge boson vertices can be deduced. In the SM two such vertices, - -  and - -,� exist whereas all
others, in particular those involving only the neutral bosons  and � , do not.

The - -  vertex is tested in -  final states and a sensitive variable is the transverse momentum of the photon
of which an example is shown in Fig. 5. Deviations from the SM are described by the parameters - and

�/.

4

This type of spectrum is recorded with separate triggers, each of which having a different jet pT threshold and

prescales (only every N events recorded).
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Figure 11: Dijet trigger prescales. Figure 12: Dijet events from triggers.
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Figure 13: Trigger turn-on curves. Figure 14: Dijet cross section.

The actual cross section measurement is a piece-wise assembly of several separate triggers. Only fully efficient

regions of the trigger are kept and the lowest trigger is dropped from the analysis. The turn-on curve for a trigger

is a function of the jet resolution and detector uniformity. In these examples, the dijet mass spectrum is covered
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down to 500 GeV with prescales, and only 2 TeV dijet resonances are in unprescaled trigger regions.

All datasets are heavily affected by the trigger or triggers used to select them. The trigger path defines a narrow

sieve through which a tremendous downpour of multijet QCD events could pass, most of which as instrumental

backgrounds to be defined loosely as anomalous measurements due to finite detector resolution or coverage.

Tables 15 and 16 show initial estimates for the hardware and software online trigger thresholds, respectively, for

the CMS experiment.
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little to be gained given the low inclusive muon threshold. The corresponding trigger table for high lumi-
nosity is listed in Table 15-2. In both cases, a 1 kHz bandwidth is allocated to minimum-bias events
which will be used for calibration and monitoring purposes.

Table 15-1  Level-1 Trigger table at low luminosity. Thresholds correspond to values with 95% efficiency.

Trigger
Threshold

(GeV or GeV/c)
Rate 
(kHz)

Cumulative Rate 
(kHz)

Inclusive isolated electron/photon 29 3.3 3.3

Di-electrons/di-photons 17 1.3 4.3

Inclusive isolated muon 14 2.7 7.0

Di-muons 3 0.9 7.9

Single tau-jet trigger 86 2.2 10.1

Two tau-jets 59 1.0 10.9

1-jet, 3-jets, 4-jets 177, 86, 70 3.0 12.5

Jet * ET
miss 88 * 46 2.3 14.3

Electron * Jet 21 * 45 0.8 15.1

Minimum-bias (calibration) 0.9 16.0

TOTAL 16.0

Table 15-2  Level-1 Trigger table at high luminosity. Thresholds listed correspond to values with 95% efficiency.

Trigger
Threshold 

(GeV or GeV/c)
Rate 
(kHz)

Cumulative Rate 
(kHz)

Inclusive isolated electron/photon 34 6.5 6.5

Di-electrons/di-photons 19 3.3 9.4

Inclusive isolated muon 20 6.2 15.6

Di-muons 5 1.7 17.3

Single tau-jet trigger 101 5.3 22.6

Two tau-jets 67 3.6 25.0

1-jet, 3-jets, 4-jets 250, 110, 95 3.0 26.7

Jet * ET
miss 113 * 70 4.5 30.4

Electron * Jet 25 * 52 1.3 31.7

Muon * Jet 15 * 40 0.8 32.5

Minimum-bias (calibration) 1.0 33.5

TOTAL 33.5
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15.8 HLT Performance

This section summarizes the physics object selection, the total estimate for the CPU requirements and the
physics performance of the HLT trigger table for the start-up luminosity of 2×1033 cm-2s-1.

15.8.1 Summary of HLT Selection

The current set of thresholds and rates to storage for each physics object, described in the preceding sec-
tions, is listed in Table 15-24.

The values of the thresholds indicated in Table 15-24 are indicative of the type of event mixture that an
output event rate of O(102) Hz would yield. The thresholds are optimized to guarantee high efficiency for
given the maximum Level-1 Trigger rate and the are both observed. The latter is the subject of a follow-
ing section.

15.8.2 CPU Requirement

A key issue for the High-Level Trigger selection is the CPU power required for the execution of the algo-
rithms described thus far. The algorithms were timed, as described in the preceding sections, on a Pen-
tium-III 1 GHz processor, and the current requirements vary from a very fast ~50 ms for jet
reconstruction to the longer ~700 ms for muon reconstruction.

Table 15-24  High-Level Trigger requirements at low luminosity. The thresholds correspond to the values in ET
or PT with 95% efficiency (90% efficiency for muons). There is no actual threshold in the HLT selection for τ-jets,
so the threshold shown is that of the corresponding Level-1 Trigger requirement. 

Trigger
Threshold 

(GeV or GeV/c)
Rate 
(Hz)

Cumulative Rate 
(Hz)

Inclusive electron 29 33 33

Di-electrons 17 1 34

Inclusive photons 80 4 38

Di-photons 40, 25 5 43

Inclusive muon 19 25 68

Di-muons 7 4 72

Inclusive τ-jets 86 3 75

Di-τ-jets 59 1 76

1-jet * ET
miss 180 * 123 5 81

1-jet OR 3-jets OR 4-jets 657, 247, 113 9 89

Electron * Jet 19 * 45 2 90

Inclusive b-jets 237 5 95

Calibration and other events (10%) 10 105

TOTAL 105

Figure 15: Level-1 Trigger Table. Figure 16: High-Level Trigger Table.

The total acceptance rate to tape for an LHC experiment is ∼ 150 Hz (event sizes are ∼ 1 MByte). The rate of

leptonic W decays alone exceeds the bandwidth. The rate of Z boson dileptons is ∼ 10 Hz. If we had purely

electroweak processes, then the triggers could manage this task easily. However, the rate of dijet bb̄ production

where at least one B-hadron semileptonically decays is over 105 Hz exceeding the hardware trigger limitations.

Dijet bb̄ production is a lepton factory. Therefore, the only way to control the single and dilepton triggers is

to require the leptons to be isolated from jets, as most “soft-lepton”-tagged b-jets will contain the lepton within

∆R < 0.5 separation. Jet directions are difficult to reconstruct at hardware-level, so most online isolation criteria

are based on “hollow cones” centered on the lepton candidate, either in the calorimeter at level-1 or including the

tracks at the higher-level software trigger. Lepton isolation criteria will have to fight against inefficiencies from

underlying event, pile-up and magnetic field spreading of low pT pions.

The trigger rates at the LHC startup will be a major test of the preparatory work in progress at the CMS and
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ATLAS experiments. If the initial trigger rates exceed expectation, methods to tighten isolation criteria to control

the rate will be invaluable. Directly raising the thresholds on jets and leptons will cut into vital Higgs boson

signal efficiencies.

1.3 Multijet QCD Backgrounds

With such a high rate of multijet events, a single electron trigger, for example, will select some number of jets as

electrons. This can be due to fragmentation or detector response fluctuations or other, that are difficult to model

with finite Monte Carlo simulation statistics. Data-driven estimates are required for singly-important selection

criteria, for example, a high pT isolated electron.

Figure 17: To verify the MC prediction for the signal efficiency εsig , the data-to-MC efficiencies are compared
using a “tag and probe” method on Z → ee data.

One technique to determine the normalization of the multijet background is to apply a “matrix method” from

simultaneous equations sensitive to the differences in behavior when tightening electron identification. One

defines two samples, tight and loose. The efficiency for a true isolated electron to pass the tight cuts is given by

εsig and for multijet background to pass a fake electron, the efficiency is εQCD. The set of linear equations are

therefore:
Nloose = Nsig + NQCD

Ntight = εsigN
sig + εQCDNQCD

(4)

The efficiency εsig may be taken from Monte Carlo simulation after data-to-MC scale factors are applied, see

“tag and probe” in Figure 17. Note, the normalization depends on the jet multiplicity in the event.

The efficiency for fake electrons to pass the tight cuts is measured directly from data. For example, for signals
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with transverse missing energy, the low 6ET region will be dominated by background, and εQCD is the ratio of

tight to loose events in this background-enhanced sample, as shown in Figure 18.

33

NJets εsig εQCD v8-v11 εQCD v12 εQCD v13
= 1 jet 0.844 ± 0.006 0.104 ± 0.002 0.164 ± 0.003 0.160 ± 0.005
= 2 jets 0.843 ± 0.004 0.118 ± 0.006 0.188 ± 0.007 0.156 ± 0.013
≥ 2 jets - 0.115 ± 0.005 0.186 ± 0.006 0.168 ± 0.013
= 3 jets 0.836 ± 0.013 0.093 ± 0.014 0.163 ± 0.018 0.201 ± 0.040
≥ 3 jets - 0.088 ± 0.013 0.172 ± 0.017 0.224 ± 0.040
≥ 4 jets 0.812 ± 0.006 0.094 ± 0.064 0.227 ± 0.056 0.240 ± 0.106

TABLE 19: εQCD and εsig for different exclusive jet multiplicities in the e+jets analysis, with their
respective statistical errors. We observe no dependence of εQCD with jet multiplicity, and therefore use
the value obtained for the inclusive 2 jet multiplicity bin for the analysis.

As no variation is observed in εQCD as a function of jet multiplicity, and in order to increase our statistics, we use
the second inclusive jet multiplicity (i.e. events with 2 or more jets) to calculate the value of εQCD to be used in the
Matrix Method for all jet multiplicities.

Figure 15 shows the ratio of tight to loose events as a function of 6ET for events in the second inclusive jet multiplicity
bin, obtained separately for events that were selected with trigger versions 8-11, 12 and 13. A fit to these distributions
in the region of 6ET < 10 GeV results in the central value of εQCD used in this analysis. We use the result of the fit
in the second inclusive jet bin illsutrated by fig 15.
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FIG. 15: Ratio of tight to loose events as a function of 6ET for events in the second inclusive jet multiplicity bin, for trigger
versions 8-11(left), 12 (middle) and 13 (right). The constant fit to the region of 6ET < 10 GeV is used to determine the value
of εQCD used in the analysis.

Figure 16 shows the W boson transverse mass distribution in the tight sample, together with the predicted number
of events originating from QCD multijet processes, and W -plus-jets or tt production. The overall agreement for all
jet multiplicities is very good.

The composition of the preselected sample determined with the Matrix Method is given in Table V A 1.

2. Template Fit Method

The Matrix Method assumes that εQCD determined in the low 6ET region is valid in the signal (high 6ET ) region.
To cross check this assumption, a second independent method has been developed to estimate the background in the
loose and tight samples.

The principle is to use the discriminating power provided by the eν transverse mass distribution that has a different
shape for QCD-multijets events, than for W -plus-jets or tt events. For W -plus-jets and tt events, the eν transverse
mass shows a Jacobian edge at about 80 GeV, due to the presence of a W boson in the event. For QCD-multijets
events on the other hand, this distribution is a falling exponential due to the uncorrelation between the 6ET and the
electron. Note that the low transverse mass tail of the eν transverse mass distribution is truncated by the ∆φ cut
applied in the preselection.

Figure 18: Ratio of tight to loose as a function of 6ET where extrapolation to the low 6ET region gives a stable
value for εQCD.

The value of εQCD can depend strongly on shape and threshold parameters in the trigger selection. The back-

ground shape is taken directly from the background-enhanced sample and added to the prediction with the matrix

method normalization, as shown in Figure 19.
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Figure 19: Example of the leptonic W transverse mass from the Tevatron in events with at least one b-tagged jet.
Background shape from QCD multijets is in grey with a normalization determined from the “matrix method”.
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2 Standard Model Higgs Search

Folding the Higgs production cross sections and branching fractions (Figs. 20 and 21) against the trigger and

selection efficiencies, a preliminary list of relevant search channels for a low mass Higgs search can be formed.

This is given in Table 1. Of the channels in the left-most column, only the diboson decays of the Higgs are

Table 1: The most important SM Higgs channels for mH below the WW-threshold.

sufficiently clean to be detected inclusively within corresponding specific trigger paths. The columns to the right

are a set of exclusive decay channels where identification of associated production particles give at least an order

of magnitude improvement in signal to background separation, relative to the inclusive searches. The exclusive

channels have unique sensitivities to 3rd generation Higgs couplings, tree-level electroweak couplings and more

precise mass and partial decay width measurements.

In the 20 GeV mass range between the WW and ZZ-thresholds, the inclusive WW channel is the dominant decay

mode with substantial statistics to form a transverse mass measurement of the Higgs. Above the ZZ-threshold,

the four-lepton decay is the golden channel for Higgs discovery with low backgrounds and high resolution mass

reconstruction in a mixture of pairs of dielectron and dimuon decays.

At the highest masses, the dropping production cross sections are compensated by the addition of hadronic W

and Z decay modes. The high pT boson signature has lower backgrounds and the dijets begin to merge, providing

a clear massive monojet signature. Similarly, the neutrino decays of high pT Z bosons provide a substantial

transverse missing energy. These highly boosted diboson decays provide Higgs boson search coverage up through

1 TeV where the width of the Higgs becomes comparable to its mass and the electroweak scattering of massive

weak bosons will begin to form resonances in a semi-strong coupling regime.
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Figure 20: SM Higgs Production Cross Sec-
tions.

Figure 21: SM Higgs Decay Branching
Fractions.

2.1 High Mass Resolution Search Channels

The sub-threshold decay of the Higgs boson to ZZ∗ is kinematically similar to the semileptonic b-quark decay in

that dominantly one Z boson is nearly on-shell and the second Z boson has a mass corresponding to the remaining

Q2 of the decay. Therefore, a 130 GeV Higgs boson will decay into a ∼ 90 GeV and a less than 40 GeV pair of

Z bosons. The soft Z boson decay into leptons is problematic in terms of lepton backgrounds and reconstruction

efficiency. Ultimately, low pT lepton detection and diminishing ZZ∗ branching fraction limit this channel to

above 130 GeV.

Figure 22: Dilepton mass distributions for H → ZZ∗ → 2e2µ, mH = 130 GeV, on the left for dielectrons
and on the right for dimuons. The low mass dimuons are enhanced because of the high muon reconstruction
efficiency at low pT .

Background to H → 4` comes from tt̄ dilepton decays with both b-jets producing leptons from semi-leptonic
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decays. Similarly, the process Zbb̄ is also a background with a Z decaying to leptons and each b-jet producing a

lepton (for background studies replace “b” everywhere with lepton). Note, leptons from B-hadron semileptonic

decay can be partially removed using impact parameter techniques (4` vertex probability) as well as lepton

isolation.

The above-threshold H → ZZ decay has background from on-shell ZZ production, as shown in Figure 23. The

Figure 23: The H → ZZ∗ → 2e2µ mass distributions before (top) and after (bottom) final selections for
mH = 130 GeV (left) and mH = 200 GeV (right).

number of selected signal and background varies strongly with mass as shown in Figure 24 with a corresponding

signal significance shown in Figure 25. With a mass resolution of 1.0 − 1.2%, the direct measurement of the

width ΓH becomes possible above ∼ 200 GeV as shown in Figure 26.
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Figure 24: Cross section after acceptance H →
2e2µ.

Figure 25: Signal significance for H → 2e2µ.

Figure 26: Direct measurement of the Higgs width becomes possible above ∼ 200 GeV in the H → 2e2µ
channel.
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In addition to being a dominant discovery mode, the H → ZZ → 4` decay mode is a powerful probe of the spin,

parity and CP . The most general production vertex is given by

igMZ

cos θW

(
agµνεµ

1 εν
2 +

b

M2
Z

p1µp2νεµ
1 εν

2 +
c

M2
Z

εµνρσpρ
1p

σ
2

)
(5)

where the first term corresponds to the SM scalar, the second to a non-SM scalar and the third to a non-SM pseu-

doscalar. CP -violation would be present for admixtures of non-zero a, b and c in equation (5). The experimental

observables are the azimuthal and polar angular distributions. The azimuthal angle φ is measured between the

two planes defined by the leptonic decays of the two Z bosons in the Higgs rest frame, as shown in Figure 27.

This yields a distribution

F (φ) = 1 + α cos φ + β cos 2φ . (6)

The polar angle distribution has the form

G(θ) = T (1 + cos2 θ) + L sin2 θ . (7)

One defines the asymmetry R = L−T
L+T to better distinguish the models. The helicity amplitude of the |ZZ〉 state

Figure 27: Definition of decay angles in Higgs reset frame.

to be in the |00〉 state is predicted to be

T00 =
M2

H − 2M2
Z

2M2
Z

for MH > 2MZ . (8)

The value of R for a SCP = 0+ state is R = T 2
00−1

T 2
00+1

and for a SCP = 0− state, R = −1. The predicted values of

R for SM Higgs production are given in Figure 28.
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Figure 28: Standard Model prediction for R.
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The H → γγ decay is naturally expected to rise and then drop off on approaching the WW-threshold. This can

be seen from the loop-diagrams of Figure 29 which have Q2 ≈ 4M2
W . The negative interference between the top

W

W t

t

H H H t

γ

γ γ

γ

γ

γ

W

W

W

Figure 29: Loop diagrams for H → γγ decay.

(fermion) and W boson loops decreases the partial decay width by ∼ 10%.

The contributions to the total Higgs production cross section at mH = 120 GeV are given in Table 2. The

Table 2: Cross section and branching fraction for H → γγ.

irreducible backgrounds, i.e. those with two real photons in the final state, come from:

• gg → 2γ (Box diagram)

• qq̄ → 2γ (Born diagram)

• pp → 2γ + jets with two prompt photons

while the reducible backgrounds come from neutral jets (or hard π0’s) that fake one or two photons in the pro-

cesses pp → γ + jet and pp → jets, respectively. The process of two neutral jets faking a pair of high energy

photons cannot be reliably simulated with Monte Carlo techniques. Data-driven techniques will be needed to

estimate these backgrounds through the process of tightening photon isolation variables using sideband regions

of the reconstructed Higgs mass, as in Figure 30.
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Figure 30: Reconstruction mass distribution for H → γγ scale up by ×20 on top of simulated background
predictions. The statistics on the background predictions are low.
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The overall selection efficiency for Higgs decays to photons at mH = 120 GeV is ∼ 32% with contributions

listed in Table 3. The corresponding backgrounds for this selection are given in Table 4 with large uncertainties

in the pp → jets contribution. For 1 fb−1 of integrated luminosity and a 2.5 GeV mass window, the expected

number of H → γγ events is 22 for a background of 535 events, giving an S/B ∼ 4%.

Table 3: Higgs selection efficiency for H → γγ, mH = 120 GeV.

Table 4: Estimated background expectations per unit of mass window (fb/GeV) for the H → γγ inclusive search.
A typical mass window is 2.5 GeV.

The predicted H → γγ search sensitivity depends strongly on the calorimeter resolution, as shown in Figures 31

and 32. Part of the resolution contribution is from primary vertex assignment which correctly assigns the signal

vertex in ∼ 83% of the events. The current technique consists of assigning the vertex with the highest pT track

in the event as the H → γγ signal vertex.

Figure 31: Comparison of signal and background dis-
tributions in H → 2γ for a calorimeter mass resolu-
tion of σmH

= 700 MeV at mH = 120 GeV.

Figure 32: Comparison of signal and background dis-
tributions in H → 2γ for a calorimeter mass resolu-
tion of σmH

= 900 MeV at mH = 120 GeV.



PiTP, Princeton, Tully, Summer 2005 23 2.1 High Mass Resolution Search Channels

The gluon-gluon fusion loop-diagram for Higgs production is necessarily a high Q2 process due to the top quark

mass. It was proposed in Reference [S.Abdullin et al., PLB 431: 410-419, 1998] that the search for pp → H →

γγ + jet should have a higher signal-to-background ratio than the inclusive search, as shown in Figure 33. The

backgrounds are suppressed with a cut on
√

ŝ > 300 GeV, as in Figure 34. This channel also benefits from a

more efficient primary vertex-jet assignment, using the tracks of the high pT jet to assign the signal vertex.

t
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q(valence)
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g
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t

g

Figure 33: Two leading diagrams for H → 2γ + jet production. The diagram on the right is qqH weak boson
fusion production of the Higgs boson.



PiTP, Princeton, Tully, Summer 2005 24 2.1 High Mass Resolution Search Channels

( )S. Abdullin et al.rPhysics Letters B 431 1998 410–419 415

' Ž . Ž . Ž .Fig. 4. Distributions in the parton c.m. energy s for the signal S without EW contribution and background B processes. Hereˆ
M s120 GeV and the basic set of kinematical cuts C2 is imposed. The gg invariant mass for the background is integrated over the 1 GeVH

bin.

2 when M s120 GeV. For the C2 set of basic cutsH

the corresponding numbers are 20-35% decrease for
the signal rate and suppression factor of 1.7-2.8 for
the background. It means, for example, that with the
C2 set of cuts the SrB ratio is improved by a factor
of ;2 for M s100y140 GeV. One can get SrBH

even better by applying much stronger s cut. Forˆ
'example s )300 GeV in the case of C2 set sup-ˆ

presses the background by a factor of 8.7 while the
Ž .QCD signal only by a factor of 2.6 see Table 1 .

The reducible QCD background should be also
'suppressed by the s cut, even stronger than theˆ

Table 1

' ' 'M s120 GeV no s cut s )210 GeV s )300 GeVˆ ˆ ˆH

QC Ds fb 10.6 7.0 4.0S
EWs fb 1.1 0.81 0.58S

s fbrGeV 25.3 9.1 2.9B

irreducible one. Indeed, the subprocesses of re-
ducible background have a similar diagram topology.

Ž .So our arguments see next section should work in
'this case also. However, a shift to smaller s for theˆ

reducible background processes will be larger than
for irreducible ones, because the energy of parton
misidentified as a photon will be reconstructed with
a much higher loss of energy in comparison with the
photon radiated from the hard subprocess directly.

8. Angular distributions in the partonic c.m.s.

Useful information is provided by the spin struc-
ture of in and out-states. For the dominant subpro-
cess gg™Hqg a set of possible in spin states does
not include spin 1, while the spin of the out- state is
determined by the gluon. It means, in particular, that
the S-wave does not contribute here. At the same

Figure 34: Distribution of the differential cross section in
√

ŝ for the H → 2γ + jet signal(S) and background(B)
processes.
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The reduced background-level in H → 2γ + jet and in the weak boson fusion Higgs production will provide a

flatter background shape on which to measure the mass of a light Higgs boson, as shown in Figures 35 and 36.

Table 5 lists the predicted inclusive H → 2γ and exclusive H → 2γ + jet cross sections and background levels

after event selection from an ATLAS analysis.

Figure 35: Comparison of signal and background dis-
tributions in the inclusive H → 2γ search, mH =
130 GeV.

Figure 36: Comparison of signal and background dis-
tributions in H → 2γ + jet, mH = 130 GeV.

Table 5: Inclusive H → 2γ and exclusive H → 2γ + jet cross sections and background levels after event
selection.
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2.2 JetMET-Oriented Low-Mass Channels

There are three exclusive channels in the low mass Higgs search which compete with the H → γγ sensitivity

at mH = 120 GeV. These are tt̄H (H → bb̄), qqH (H → ττ ) and qqH (H → WW ∗ → 2`2ν), as shown in

Figure 37. All of these channels involve jets and transverse missing energy in the final state, and are therefore

“JetMET”-related analyses. The resolution of jet pT measurements are roughly an order of magnitude lower

(worse) than corresponding electron, muon or photon measurements, as shown in Figure 40. The lower measure-

ment resolution reduces the reconstruction efficiency of low pT jets and introduces fake jets formed from low

energy background sources.

Figure 37: ATLAS Higgs search sensitivity in the low mass channels.
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The cross section for tt̄ production at the LHC is ∼ 833 pb (or a factor ×100 larger than at the Tevatron) and

therefore an abundant source of events. Figure 38 shows a mock commissioning plot from 150 pb−1 of simulated

initial data. The cross section for associated Higgs production tt̄H is ∼ 0.7 pb, three orders of magnitude

smaller. The tt̄H search channel suffers from several sources of efficiency loss from branching fractions for

tt̄ → ` + jets and H → bb̄ (total branching fraction ∼ 20%), single-lepton trigger inefficiency, event selection

when requiring exactly six jets, jet reconstruction, combinatorics of b-jet assignment, dijet bb̄ mass resolution

and b-tagging efficiency to the fourth power, ε4b ≈ 11%. Figure 39 shows the reconstruction turn-on efficiency

for jet reconstruction at an instantaneous luminosity of L = 2 × 1033 cm−2s−1 in the CMS calorimeter. At

parton-level, the efficiency for the tt̄H channel decreases from 89%, 60%, 30% to 11% for corresponding pT

cuts on all partons of 10, 20, 30 and 40 GeV. Therefore, the use of tracking and other techniques to sharpen the

jet reconstruction efficiencies are essential to maintain low thresholds.

Figure 38: The three-jet hadronic top mass expected from calorimeter commissioning with 150 pb−1 of data.
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Figure 39: Turn-on curve of jet reconstruction effi-
ciency for calorimeter jets in CMS.

Figure 40: Calorimeter jet resolutions.
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An example distribution of the reconstructed Higgs mass in the H → bb̄ decay mode in tt̄H events is shown

in Figure 41. The background shoulder is partially due to the tt̄Z background with Z → bb̄. The bb̄ dijet

mass resolution is expect to be ∼ 12 − 15% and therefore separating mZ and mH will be limited by detector

resolutions and calibrations. There is a broad contribution to the mass distribution from tt̄bb̄ production from

QCD interactions, having more theoretical uncertainties in the shape and cross section than the tt̄Z process.

Figure 41: Higgs mass reconstruction in the tt̄H search.

Another JetMET-related channel is the weak boson fusion production qqH of the Higgs boson with the H → ττ

decay. In the decay of the Higgs to τ -leptons, a mass reconstruction technique involving the transverse missing

energy aides in the separation of the large background from Z → ττ + jets. Only ∼ 80% of the tau energy is

visible in the calorimeter, the remainder is lost to neutrinos. Figure 42 shows how the transverse missing energy

can be projected onto the τ -lepton momentum directions to recover part of the undetected tau energy. An example

H → ττ mass resolution for mH = 120 GeV is shown in Figure 43.

Figure 42: Mass reconstruction technique for H → ττ .

The effectiveness of using the measured 6ET depends on the 6ET resolution and resolution tails. Generally, the
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Figure 43: Reconstructed ττ -mass using the 6ET projection technique in the H → ττ channel.

technique in Figure 42 requires a large Higgs pT in order to avoid false solutions. An example of 6ET resolution

tails is given in Figure 44 for QCD dijet events, and a similar plot for the resolution as a function of the scalar∑
ET in Figure 45. The cumulative QCD 6ET tails set the lowest thresholds that can be used in the trigger,

which is ≈ 1 Hz for a 100 GeV threshold. For events with no intrinsic 6ET, the direction of the measured 6ET

is correlated to the jet and lepton directions, as the mismeasurement of energetic objects is a leading source

of pT imbalance. The construction of an 6ET significance, or a simple requirement on the minimum angular

separation of the missing energy direction and the nearest jet or lepton, can substantially reduce backgrounds

from intrinsically low 6ET processes.
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Figure 44: Transverse missing energy resolution tails
in dijet events.

Figure 45: Transverse missing energy resolution in
dijet events as a function of the scalar

∑
ET .
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The selection efficiency for a pair of τ -leptons, such as from H → ττ decay, has a substantial contribution from

hadronic τ decays, as shown in Table 6. The identification of hadronic tau decays relies on the narrowness and

35

Final States BR
τeτh 22%
τµτh 22%
τhτh 41%
τeτµ 3%
τeτe 6%
τµτµ 6%

Table 4.2: Tau pair final states.

new particle’s mass scale.

There are at least two missing neutrinos in the golden final states, and therefore six

unknown momentum components. With only two constraints from the two components

of /ET and two constraints from two tau masses, there is at least a 2-fold ambiguity. It

is not possible to reconstruct the tau pair invariant mass in general.

The mass of the sum of the two tau’s visible momentum and the missing transverse

energy /ET with its z-component set to zero is called the visible mass,

mvis = m(τ1
vis + τ2

vis + /ET) (4.5)

The invariant mass of the irreducible Z → ττ background peaks at m(Z) ≈ 91

GeV/c2. The visible mass distribution will be broadened and peak at somewhere less

than 91 GeV/c2. We will study the sample with mvis > 120 GeV/c2 for Z → ττ cross

check. After all of the cuts, we want the control sample to be dominated by Z →
ττ background, with jet background under control and other backgrounds negligible.

A successful cross check between data and MC in the low-mass region will give us

confidence to go further to the high-mass region.

Blind Analysis

If a new particle with high mass exists and the statistics are sufficient, it will show

up in the high-mass signal region. The strategy we choose is a blind analysis. The

data sample with mvis > 120 GeV/c2 will be put aside until all selection criteria are

fixed and all backgrounds are determined. The principle of a blind analysis is to avoid

human bias. If the selection cuts are decided by the distributions of high mass region

Table 6: Tau pair final states.

isolation of the tau jet. Figures 46 and 47 show the definition and performance, respectively, of a “shrinking cone”

method for separating tau jets from QCD jets. Due to the finite mass of the tau, a higher pT boost will result in

a narrower jet of particles from its decay. The dominant 1-prong and 3-prong decays of the tau and the expected

visible mass distribution can be seen selected tau candidates, as shown in Figures 48 and 49 with Tevatron data.
40

signal
isolationseed track

not associated
with tau candidate

sigθ

isoθ

Figure 5.2: Illustration of tau isolation cone definitions.

the predictions of the model by looking at the distributions of the kinematic variables

and the derived variables, and the correlations among the variables. By confronting the

predictions with real data, it is possible to tell if a model describes Nature correctly.

For this analysis, we use PYTHIA 6.215 program [21] with CTEQ5L parton density

functions (PDF’s) [22] to generate the large samples of the processes of pp̄ collision,

such as pp̄ → γ∗/Z → ττ , pp̄ → Z ′ → ττ , pp̄ → A → ττ , and use TAUOLA 2.6 [23]

to simulate tau decays. We use GEANT 3 [24] to simulate the response to the final

particles in the CDF II detector.

5.2 Tau Identification

Tau leptons decay predominantly into charged and neutral pions and suffer from large

backgrounds from jet production. Hadronic tau decays appear in the detector as narrow

isolated jets. The most powerful cut to suppress the jet background is in fact isolation,

requiring no other tracks or π0s near the tau cone. To do this we define a signal cone

and an isolation cone around the seed track direction, and then require that there is no

track or π0 between the signal cone and the isolation cone. This is shown in Fig. 5.2.

Figure 46: Tau Cone Definitions. Figure 47: Jet/Tau Separation.
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Figure 48: Track multiplicity in selected τ -lepton
candidates before requiring an oppositely charged
pair of τ -leptons in the event.

Figure 49: Reconstructed visible mass of selected τ -
lepton candidates. The spike at the pion mass corre-
sponds to 1-prong pion decays.
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The triggering of qqH with H → ττ relies on good hardware tau isolation techniques. Nominally, the signal

signature is a four-jet final state with low 6ET and therefore has a potentially overwhelming multijet QCD back-

ground. However, the kinematics of the forward-jets and the narrowness of the tau jets suppresses the multijet

background. The pseudo-rapidity distributions of the jets and taus are plotted in Figure 50.

An important background for the qqH search in the decay H → ττ are tt̄ events in the dilepton decay mode.

The jets coming from this process are more central than forward-tagging jets from weak boson fusion and can be

b-tagged if they are within the tracker acceptance, or |η| < 2.4 for CMS. Forward-tagging jets are light quark jets

as they originate from valence quark scattering, see Figure 33. Therefore, the use of a central jet veto can be very

powerful in reducing tt̄ backgrounds. However, with ∼ 5 multiple interactions at an instantaneous luminosity of

L = 2 × 1033cm−2s−1 (including single and doubly diffractive events), there are a number of minbias jets in

every event with a pT spectrum extending above 30 GeV. To maintain an effective central jet veto, the jets must

be assigned to a vertex using the tracking information. The tracks of the central τ -jets define the primary vertex,

and therefore the jets from the non-signal vertices are ignored in the central jet veto. Jet-vertex assignment will

be important for all LHC measurements to reduce the effects of pile-up.

Figure 50: Forward-jet and τ -lepton pseudo-rapidity distributions in the qqH process with H → ττ .
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2.3 Inclusive Dilepton Analysis

The H → WW decay mode has a branching fraction of ∼ 8% at mH = 115 GeV that grows steadily to a

maximum of 96% right below the ZZ-threshold. The leptons from Higgs→ WW tend to point in the same

direction, as shown in Figure 51. This provides a natural search variable, namely ∆φ`` the azimuthal angle

between the leptons. The high opening angle backgrounds come from Z → ττ where both τ -leptons decay

leptonically, as shown in Figure 52. The backgrounds in the reconstructed dilepton mass m``, shown in Figure 53

and 54 from the Tevatron, depend on the flavor combination of the leptons, where the eµ channel has substantially

lower backgrounds from Drell-Yan and Z → ``.

Figure 51: Leptons from H → WW decay tend to point in same direction.
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Figure 52: The azimuthal opening angle between leptons in the H → WW channel from the Tevatron.

Figure 53: Reconstructed dilepton mass in H →
WW → ee channel.

Figure 54: Reconstructed dilepton mass in H →
WW → eµ channel.
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The tt̄, WW and Z → ττ backgrounds to the H → WW search have differing dilepton kinematics, jet multiplic-

ities and missing energy distributions. As it will be particularly difficult to fully separate samples with differing

jet multiplicities and missing energy distributions, it is likely that a simultaneous “inclusive” dilepton analysis

will be applied. An example analysis from the Tevatron is shown in Figure 56. In addition, the LHC will have

new backgrounds such as flavor excitation production of gb → tW , as shown in Figure 55.

Figure 55: Flavor excitation processes contributing to the dilepton event selection.

Figure 56: The 2D distributions of jet multiplicities and transverse missing energy for tt̄, WW and Z → ττ in
addition to instrumental and other backgrounds.
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Without direct mass reconstruction, as here only the transverse mass is available, a successful search in this

channel requires an accurate normalization of standard model contributions to the dilepton event selection and

well-described signal kinematics. The transverse mass distribution for H → WW at mH = 160 GeV is shown

in Figure 57. The effect from higher-order corrections on signal kinematics, the Higgs pT distribution, is shown

in Figure 58 and is a source of uncertainty on the dilepton distributions.

Figure 57: Transverse mass distribution in the H →
WW → eµνν channel with forward-tagging jet re-
quirements.

Figure 58: Leading-order event simulations are
reweighted for higher-order corrections to the event
kinematics.
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In the sub-threshold region of the H → WW decay, the requirement of forward-jet tagging, according to the

kinematics of qqH production, results in a factor of 10 reduction in background, thereby opening up the low

mass search in this channel. Similarly, if the second lepton pT is too low, then the forward-jets must be included

in the trigger decision in order to reduce events from W + jets and multijet QCD background as these would

dominate in a single lepton trigger. Forward jets have a transverse momentum of roughly half the W mass, as

expected from massive W propagators in the fusion process. The measurement of qqZ production will be an

important benchmark for understanding forward jets at the LHC. The tagging jets occur in the pseudo-rapidities

1.5 < |η| < 4.5 as shown in Figure 50 with corresponding energies of ∼ 300 GeV or higher. Figure 59 shows an

η-φ map of a qqH event with identified forward jets. There is a slow narrowing of jets with energy, according to

the Q2 of the jet production, that goes approximately as E−1/4. Therefore tagging jets have a narrower energetic

core than backgrounds consisting of boosted low energy jets, minbias pile-up and reminants from the underlying

event.

Figure 59: An η-φ map of a qqH event with identified forward jets.
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As shown in Figure 37, the qqH channel with H → WW ∗ loses sensitivity when the effective W ∗ mass goes

below∼ MW /2. To continue the H → WW ∗ search down to lower masses, the WH production channel can be

used. In this channel, there are two nearly on-shell W bosons in the WH → WWW ∗ process. The hard dilepton

pT spectra in this channel increase trigger efficiencies and open up the possibility of a same-sign dilepton search

for half of the sample. This signature has very low physics backgrounds especially for dissimilar lepton flavors

in the e±µ± channel. The soft third lepton may be above reconstruction thresholds, especially for muons, and

therefore introduce the trilepton signature. The trilepton and same-sign dilepton searches are high purity analyses

and have mainly diboson and instrumental backgrounds. The rejection of the Z peak in the WWW ∗ signature

is effective in removing diboson backgrounds, as shown in Figure 60. The ZH production mechanism would be

another source of enhanced triple boson production. The performance of the WWW ∗ same-sign dilepton search

has been studied at the Tevatron for the low mass Higgs search and has the most stringent cross section exclusion,

as plotted in Figure 61.

Figure 60: Presence of a Z peak in dilepton combinations from ZZ and WZ backgrounds are rejected in the
trilepton WH → WWW ∗ channel. The ZZ backgrounds with Z → ττ fall into the signal region as indicated
by the boxed region.
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Figure 61: Overall summary of Standard Model Tevatron Higgs searches showing the WWW ∗ exclusion limits.
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2.4 Boosted Dibosons from Heavy Higgs Decay

As shown in Figure 26, the natural width of the Higgs boson exceeds 100 GeV for a mass of mH = 600 GeV and

above, and the total production rate drops to below 1 pb with a significant fraction of the total rate coming from

qqH production. To cover this heavy mass region, additional decay channels of H → WW and ZZ need to be

utilized. The highly boosted W and Z bosons coming from an 800 GeV Higgs boson decay will have collimated

decay products, as drawn in Figure 62 for the strong WW scattering process. The hadronic decays appear as

single jets in the detector. The mass of the single jet can be used to identify the jet as originating from a W or

Z boson, as shown in Figure 63. The qqH production mode with H → WW → `νjj and H → ZZ → ``jj

decay modes benefit from the higher branching ratios of the hadronic boson decay, and the identification of a

massive single jet is an effective part of the event signature. A similar high branching ratio decay channel is the

H → ZZ → ``νν in qqH production. This provides a large transverse missing energy signature as shown in

Figure 64.

Figure 62: Heavy Higgs production and strong WW
scattering event signature.

Figure 63: Single-jet W mass reconstruction.
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Figure 64: Transverse missing energy distribution in H → ZZ → ``νν channel without (left) and with (right)
requiring forward-tagging jets from weak boson fusion production.
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2.5 From 115 GeV to 1 TeV

An overview of the Standard Model Higgs search sensitivity with the CMS experiment is shown in Figure 65.

Figure 65: Estimates of the statistical significance of the Standard Model Higgs boson searches with 30 fb−1 of
integrated luminosity.

The LHC Higgs search has a broader variety of possible analyses than those developed at LEP. Furthermore,

the experimental challenges are starkly different in the different search topologies and mass ranges. The high

mass resolution channels depend strongly on the calibration and alignment of the tracking, calorimeters and

muon spectrometers and are subject to intense commissioning efforts. The JetMET-related search channels must

contend with the low pT jet reconstruction efficiencies and fake rates. The usage of the transverse missing

energy in these channels is also subject to commissioning and the effects of detector noise, jet mismeasurement

response tails and minbias pile-up. For weak boson fusion search topologies, the forward-tagging jets will be

nearly the highest pseudo-rapidity jets used for analysis in hadronic collisions, creating an uncertainty in the

reliability of simulations of the jet backgrounds in the forward regions. In cases where the search channel depends

on efficient τ -lepton triggering or on single lepton triggers plus jets, techniques for data-driven background

calculations must be applied to correctly account for multijet QCD backgrounds and instrumental backgrounds

enhanced by the trigger selection. Inclusive analyses, such as the dilepton analysis, will have to address a wide

variety of standard model processes, some never measured before. The same-sign dilepton and trilepton searches

will address rare backgrounds processes with unknown contributions from fake and misreconstructed leptons,
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requiring data-derived estimates. Heavy Higgs searches will require dedicated treatment of highly boosted W

and Z boson decays.

In general, the understanding of the searches starts at high pT and moves towards lower masses. It would not

be surprising in the LHC Standard Model Higgs search to see a rapid exclusion for Higgs boson masses above

mH ≈ 150 GeV and extending up to 500 GeV, and then followed by more detailed experimental efforts as

discussed here to cover the low mass region down to mH = 115 GeV and the high mass region up to 1 TeV.


