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Introduction
After campaigning that we publish our likelihood functions

I will start with the recommendation document and
‣ provide some critical remarks
‣ discuss some reaction and reality
‣ outline our progress
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Abstract

We present a set of recommendations for the presentation of LHC results on
searches for new physics, which are aimed at providing a more e�cient flow of
scientific information between the experimental collaborations and the rest of the
high energy physics community, and at facilitating the interpretation of the results
in a wide class of models. Implementing these recommendations would aid the full
exploitation of the physics potential of the LHC.
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distributions depend non-trivially on the parameters. Parametrizing acceptance over
model parameters often requires interpolation or even extrapolation, which are both a
legitimate cause for concern. Clearly, it is up to the experiments to make the judgement
as to which parameters they feel the likelihood can be properly parametrized.

It would also be very useful and practical if the likelihood was provided in addition
in a digital form. There already exists a generic, unified framework, RooStats [34], used
by many LHC analyses, which allows one to model the probability density functions
and likelihoods required as an input for any statistical inference technique, and also
provides a set of major statistical techniques as c++ classes with coherent interfaces to
the statistical model. Publication of likelihoods in a systematic fashion under a standard
digital format would also make combination of results much more feasible.

Recommendation 3c: Additionally provide a digitized implementation of
the likelihood that is consistent with the mathematical description.

We also note at this point that the RECAST [35] project would allow one to obtain
the signal contribution to the likelihood for an arbitrary theoretical model, thus allowing
one to build a higher-level framework for analysis re-interpretation.

3.4 Interpretation of experimental results

So far our recommendations concern generally the presentation of experimental results,
irrespective of whether they report a signal or are used to set exclusion limits. Let us
now turn to the interpretation of these results, the presentation of confidence intervals,
parameter inference and limit setting.

Many di↵erent forms of experimental limit exist. Commonly, one-sided limits are
derived in the absence of a signal observation, as is currently the case, but this will
switch to two-sided limits (constraints) in case of a discovery. Limits may be quoted
in various di↵erent schemes (such as Feldman-Cousins, CLs, etc). It is crucial that the
limit setting procedure be explicitly defined in order to permit an informed comparison
of the quoted confidence level.

The shape (steepness) of the confidence level is essential information, e.g., for anal-
yses that combine di↵erent experimental searches. It is therefore important that con-
straints are shown at several, rather than just one, confidence levels. Moreover, for the
correct statistical interpretation, the expected constraints should be given in addition to
the observed ones. Of course a more informative option would be to here, too, implement
Recommendation 3b and publish the final likelihoods.

Regarding uncertainties, as mentioned earlier, it would be useful if confidence inter-
vals were (also) presented for fixed input PDF’s and other theoretical input, all explicitly
tabulated. Moreover, when the interpretation of the experimental results is done in a
“model-independent” way in terms of � ⇥ BR⇥ acceptance, the modeling of the accep-
tance should be precisely described. We sum this up as

Recommendation 4: In the interpretation of experimental results, prefer-
ably provide the final likelihood function (following Recommendations 3b/3c).
When this is not possible or desirable, provide a grid of confidence levels over
the parameter space. The expected constraints should be given in addition to
the observed ones, and whatever sensitivity measure is applied must be pre-
cisely defined. Modeling of the acceptance needs to be precisely described.
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An important point
In the request to experiments to publish likelihood functions, we should have been 
making a fundamental distinction between:

1. Parameters that modify cross sections and branching ratios 
● keeping fixed the kinematics, acceptances, shapes
● the parametrization here is not up for debate, it is a simple scaling
● ie. 125 GeV, spin-0, CP-even “Higgs” with generic couplings 

2. Parameters that modify kinematics, acceptances, & shapes
● changing these parameters require detector simulation and discrete 

points and an interpolation algorithm between those points
● this is and will continue to be a controversial issue

I think we have some hope to see 1.
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Figure 2: Exclusion limits in the g̃ � �̃0
1 mass plane for direct [top left] and one-step gluino decays with

the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom left and bottom right respectively].
The colour scale shows the combined limit on the cross section times branching ratio (�⇥BR) at the 95%
C.L from all five signal regions, determined using the result from the signal region providing the best
expected limit for each point. The expected and observed limits assuming the NLO cross section from
supersymmetric QCD and 100% branching fraction are shown as blue and red contours respectively.
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Figure 7: The best-fit signal strength µ = σ/σSM as a function of the Higgs boson mass hypothesis in

the full mass range of this analysis (a) and in the low mass range (b). The µ value indicates by what

factor the SM Higgs boson cross section would have to be scaled to best match the observed data. The

band shows the interval around µ̂ corresponding to a variation of −2lnλ (µ)< 1.
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“...For the same reason, we have doubts about providing the final 
likelihood function (in parameterised or digitised form) - in practice, 
we have often found it better to follow the approach of giving grids of 
efficiencies, acceptances and excluded cross-sections over a 
parameter space of benchmark models (as also advocated in 
recommendation 4).”

- 2b: We don't think it is practical to provide a 'public simulator' 
which would provide a significantly more accurate result than that 
which can be obtained from simple fiducial cuts and efficiency 
maps / parameterisations. 
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should be given precisely. Furthermore, it is very helpful if the efficiencies are presented in formats
that can be implemented easily, such as lists of numbers or mathematical functions or standard digitized
forms that are easy to interface with simulators or analysis codes. We thus arrive at

Recommendation 2a: Provide histograms or functional forms of efficiency maps wher-
ever possible in the auxiliary information, along with precise definitions of the efficiencies,
and preferably provide them in standard electronic forms that can easily be interfaced with
simulation or analysis software.

B) Public fast detector simulation: A fast detector simulation provides an approximate mapping
from the pre-detector data to the post-reconstruction data. While publicly available fast detector simula-
tions like PGS [23] or DELPHES [24] perform quite well and are generally found to reproduce ATLAS
and CMS results with reasonable precision—in particular with the above-mentioned efficiency maps
implemented—it would be helpful for the community to have access to public, fast detector simulations
endorsed and maintained by the LHC experimental collaborations.

Recommendation 2b: Provide and maintain a public simulator developed by the collabo-
ration, or provide official support of an existing one. The public simulator would provide
the mapping from the pre-detector data to the post-reconstruction data.

Within the currently available public fast detector simulators, there is typically a file called a ‘de-
tector card’ defining some physical properties of the experiment. Often the jet definition must be changed
within the detector card, and so different analyses from the same experiment would still require changes.
However, modulo these analysis-dependent definitions, it should be possible for the experimental collab-
orations to examine and validate detector cards for one of the fast detector simulations by tuning them
with data. A first approach to Recommendation 2b could thus be in the form of a detector card of an
approximate, publicly available fast detector simulation. This would provide some quality assurance,
although it would probably still be wise for users to validate their analysis against that of the experiment.

3.3 Analysis dissemination
A) Basic requirements: It is extremely important that all the crucial numbers regarding experimental
results be summarized in a clear, concise, yet complete manner, preferably in tables. Experimental
publications routinely provide these numbers, nevertheless here we encourage the maintenance of this
good practice and list the minimum required information.

Recommendation 3a: Provide all crucial numbers regarding the results of the analysis,
preferably in tabulated form in the publication itself. Further relevant information, like fit
functions or distributions, should be provided as auxiliary material.

In the case of a single-bin counting experiment these numbers include:
• D — the number of observed events in the signal region,
• �S — the systematic error on the expected number of signal events across the parameter space of

the new physics model considered,
• B — the background estimate,
• �B — the estimated background uncertainty,
• L — the integrated luminosity estimate, and
• �L — the integrated luminosity uncertainty.

- Rec 2b: "NO"

- rec 3c: "possible, needs to be discussed"

distributions depend non-trivially on the parameters. Parametrizing acceptance over
model parameters often requires interpolation or even extrapolation, which are both a
legitimate cause for concern. Clearly, it is up to the experiments to make the judgement
as to which parameters they feel the likelihood can be properly parametrized.

It would also be very useful and practical if the likelihood was provided in addition
in a digital form. There already exists a generic, unified framework, RooStats [34], used
by many LHC analyses, which allows one to model the probability density functions
and likelihoods required as an input for any statistical inference technique, and also
provides a set of major statistical techniques as c++ classes with coherent interfaces to
the statistical model. Publication of likelihoods in a systematic fashion under a standard
digital format would also make combination of results much more feasible.

Recommendation 3c: Additionally provide a digitized implementation of
the likelihood that is consistent with the mathematical description.

We also note at this point that the RECAST [35] project would allow one to obtain
the signal contribution to the likelihood for an arbitrary theoretical model, thus allowing
one to build a higher-level framework for analysis re-interpretation.

3.4 Interpretation of experimental results

So far our recommendations concern generally the presentation of experimental results,
irrespective of whether they report a signal or are used to set exclusion limits. Let us
now turn to the interpretation of these results, the presentation of confidence intervals,
parameter inference and limit setting.

Many di↵erent forms of experimental limit exist. Commonly, one-sided limits are
derived in the absence of a signal observation, as is currently the case, but this will
switch to two-sided limits (constraints) in case of a discovery. Limits may be quoted
in various di↵erent schemes (such as Feldman-Cousins, CLs, etc). It is crucial that the
limit setting procedure be explicitly defined in order to permit an informed comparison
of the quoted confidence level.

The shape (steepness) of the confidence level is essential information, e.g., for anal-
yses that combine di↵erent experimental searches. It is therefore important that con-
straints are shown at several, rather than just one, confidence levels. Moreover, for the
correct statistical interpretation, the expected constraints should be given in addition to
the observed ones. Of course a more informative option would be to here, too, implement
Recommendation 3b and publish the final likelihoods.

Regarding uncertainties, as mentioned earlier, it would be useful if confidence inter-
vals were (also) presented for fixed input PDF’s and other theoretical input, all explicitly
tabulated. Moreover, when the interpretation of the experimental results is done in a
“model-independent” way in terms of � ⇥ BR⇥ acceptance, the modeling of the accep-
tance should be precisely described. We sum this up as

Recommendation 4: In the interpretation of experimental results, prefer-
ably provide the final likelihood function (following Recommendations 3b/3c).
When this is not possible or desirable, provide a grid of confidence levels over
the parameter space. The expected constraints should be given in addition to
the observed ones, and whatever sensitivity measure is applied must be pre-
cisely defined. Modeling of the acceptance needs to be precisely described.

10
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should be given precisely. Furthermore, it is very helpful if the efficiencies are presented in formats
that can be implemented easily, such as lists of numbers or mathematical functions or standard digitized
forms that are easy to interface with simulators or analysis codes. We thus arrive at

Recommendation 2a: Provide histograms or functional forms of efficiency maps wher-
ever possible in the auxiliary information, along with precise definitions of the efficiencies,
and preferably provide them in standard electronic forms that can easily be interfaced with
simulation or analysis software.

B) Public fast detector simulation: A fast detector simulation provides an approximate mapping
from the pre-detector data to the post-reconstruction data. While publicly available fast detector simula-
tions like PGS [23] or DELPHES [24] perform quite well and are generally found to reproduce ATLAS
and CMS results with reasonable precision—in particular with the above-mentioned efficiency maps
implemented—it would be helpful for the community to have access to public, fast detector simulations
endorsed and maintained by the LHC experimental collaborations.

Recommendation 2b: Provide and maintain a public simulator developed by the collabo-
ration, or provide official support of an existing one. The public simulator would provide
the mapping from the pre-detector data to the post-reconstruction data.

Within the currently available public fast detector simulators, there is typically a file called a ‘de-
tector card’ defining some physical properties of the experiment. Often the jet definition must be changed
within the detector card, and so different analyses from the same experiment would still require changes.
However, modulo these analysis-dependent definitions, it should be possible for the experimental collab-
orations to examine and validate detector cards for one of the fast detector simulations by tuning them
with data. A first approach to Recommendation 2b could thus be in the form of a detector card of an
approximate, publicly available fast detector simulation. This would provide some quality assurance,
although it would probably still be wise for users to validate their analysis against that of the experiment.

3.3 Analysis dissemination
A) Basic requirements: It is extremely important that all the crucial numbers regarding experimental
results be summarized in a clear, concise, yet complete manner, preferably in tables. Experimental
publications routinely provide these numbers, nevertheless here we encourage the maintenance of this
good practice and list the minimum required information.

Recommendation 3a: Provide all crucial numbers regarding the results of the analysis,
preferably in tabulated form in the publication itself. Further relevant information, like fit
functions or distributions, should be provided as auxiliary material.

In the case of a single-bin counting experiment these numbers include:
• D — the number of observed events in the signal region,
• �S — the systematic error on the expected number of signal events across the parameter space of

the new physics model considered,
• B — the background estimate,
• �B — the estimated background uncertainty,
• L — the integrated luminosity estimate, and
• �L — the integrated luminosity uncertainty.

If the background estimate is the result of extrapolating from a control region (e.g, from a side-band) to
the signal region, the following should also be provided (perhaps in the auxiliary information):

• Q — the observed number of events in the control region
• Q0 — the expected number of events in the control region from simulations and its uncertainty
• k — the ratio of expected background in the control region to the expected background in the

signal region. If the uncertainty �k on k is not negligible, it should also be included.
In the case of a multi-bin analysis, the above numbers should be given for each bin.

An important complication to address is how to account for systematic uncertainties. For the
single-bin analysis, numbers should be reported with and without the inclusion of systematic uncertain-
ties. The same holds for theoretical uncertainties of various types: it would be useful if the experiments
also provided results obtained without the inclusion of the theoretical uncertainties for well-specified
theoretical inputs (such as parton distribution functions (PDFs), top mass, etc.). In particular, since theo-
retical uncertainties are not static, this has the advantage of facilitating their re-assessment at a later stage
in a straight-forward manner. Systematic uncertainties on the signal, �S, should be given separately for
detector specific sources, and for SM theory uncertainties, such as PDFs. The systematic uncertainty
stemming purely from the calculation of the signal model prediction should be left out.

Whilst this method suffices for a single-bin analysis, it is not adequate for multiple-bin analyses,
because it does not account for statistical dependencies between bins. One way to account for the lowest-
order statistical dependencies, i.e., linear correlations, is to provide the correlation matrix. However, this
approach breaks down if the uncertainties are large or if errors are highly asymmetric.

Since it is common practice to include systematic uncertainties by integrating over systematic
parameters, we include the following recommendation, which provides a straightforward way to perform
this integration (or to profile).

Addendum to 3a: For multi-bin results, provide an ensemble of sets of the numbers B, �B,
L, �L, Q, k, etc in the auxiliary information. These would be created by sampling from the
various experiment-specific systematic effects, such as the jet energy scale, jet energy reso-
lution, etc. Systematic uncertainties external to the experiment, such as PDF uncertainties,
need not be included because they induce correlations across measurements.

B) The full likelihood: The statistical model of an analysis provides the complete mathematical de-
scription of that analysis. The statistical model, through the probability density p(o|x), relates the ob-
served quantities o to the parameters x, describing the prediction in a model-independent way. By defi-
nition, the likelihood for a given set of theoretical model parameters x is the probability density over the
observables o evaluated at their observed values O. (For clarity, we denote observed quantities, e.g. O,
by upper case symbols and parameters, e.g. o, x, by lower case symbols.)

The likelihood is the appropriate starting point for any detailed interpretation of experimental
results. However, many published analyses use likelihoods implicitly rather than explicitly. One problem
with using likelihoods implicitly (for example, when results are expressed as O±�O) is that possible non-
Gaussian tails are ignored. If the uncertainties are small this is not an issue. However, if the uncertainties
are large the likelihood should be modelled explicitly. Given the likelihood, all the standard statistical
approaches are available for extracting information from it. We therefore suggest the following.

Recommendation 3b: Provide a mathematical description of the final likelihood function
in which experimental data and parameters are clearly distinguished, either in the publica-
tion or the auxiliary information.

Often, likelihood functions are constructed in several steps involving several hierarchies of fitted func-
tions. Here, we define the final likelihood function as the last step in this process: it may be expressed in

should be given precisely. Furthermore, it is very helpful if the efficiencies are presented in formats
that can be implemented easily, such as lists of numbers or mathematical functions or standard digitized
forms that are easy to interface with simulators or analysis codes. We thus arrive at

Recommendation 2a: Provide histograms or functional forms of efficiency maps wher-
ever possible in the auxiliary information, along with precise definitions of the efficiencies,
and preferably provide them in standard electronic forms that can easily be interfaced with
simulation or analysis software.

B) Public fast detector simulation: A fast detector simulation provides an approximate mapping
from the pre-detector data to the post-reconstruction data. While publicly available fast detector simula-
tions like PGS [23] or DELPHES [24] perform quite well and are generally found to reproduce ATLAS
and CMS results with reasonable precision—in particular with the above-mentioned efficiency maps
implemented—it would be helpful for the community to have access to public, fast detector simulations
endorsed and maintained by the LHC experimental collaborations.

Recommendation 2b: Provide and maintain a public simulator developed by the collabo-
ration, or provide official support of an existing one. The public simulator would provide
the mapping from the pre-detector data to the post-reconstruction data.

Within the currently available public fast detector simulators, there is typically a file called a ‘de-
tector card’ defining some physical properties of the experiment. Often the jet definition must be changed
within the detector card, and so different analyses from the same experiment would still require changes.
However, modulo these analysis-dependent definitions, it should be possible for the experimental collab-
orations to examine and validate detector cards for one of the fast detector simulations by tuning them
with data. A first approach to Recommendation 2b could thus be in the form of a detector card of an
approximate, publicly available fast detector simulation. This would provide some quality assurance,
although it would probably still be wise for users to validate their analysis against that of the experiment.

3.3 Analysis dissemination
A) Basic requirements: It is extremely important that all the crucial numbers regarding experimental
results be summarized in a clear, concise, yet complete manner, preferably in tables. Experimental
publications routinely provide these numbers, nevertheless here we encourage the maintenance of this
good practice and list the minimum required information.

Recommendation 3a: Provide all crucial numbers regarding the results of the analysis,
preferably in tabulated form in the publication itself. Further relevant information, like fit
functions or distributions, should be provided as auxiliary material.

In the case of a single-bin counting experiment these numbers include:
• D — the number of observed events in the signal region,
• �S — the systematic error on the expected number of signal events across the parameter space of

the new physics model considered,
• B — the background estimate,
• �B — the estimated background uncertainty,
• L — the integrated luminosity estimate, and
• �L — the integrated luminosity uncertainty.

- Addendum to 3a: "This is too complicated and often will be misinterpreted"
- Rec 3b: "this is hard to do and needs to be discussed"

If the background estimate is the result of extrapolating from a control region (e.g, from a side-band) to
the signal region, the following should also be provided (perhaps in the auxiliary information):

• Q — the observed number of events in the control region
• Q0 — the expected number of events in the control region from simulations and its uncertainty
• k — the ratio of expected background in the control region to the expected background in the

signal region. If the uncertainty �k on k is not negligible, it should also be included.
In the case of a multi-bin analysis, the above numbers should be given for each bin.

An important complication to address is how to account for systematic uncertainties. For the
single-bin analysis, numbers should be reported with and without the inclusion of systematic uncertain-
ties. The same holds for theoretical uncertainties of various types: it would be useful if the experiments
also provided results obtained without the inclusion of the theoretical uncertainties for well-specified
theoretical inputs (such as parton distribution functions (PDFs), top mass, etc.). In particular, since theo-
retical uncertainties are not static, this has the advantage of facilitating their re-assessment at a later stage
in a straight-forward manner. Systematic uncertainties on the signal, �S, should be given separately for
detector specific sources, and for SM theory uncertainties, such as PDFs. The systematic uncertainty
stemming purely from the calculation of the signal model prediction should be left out.

Whilst this method suffices for a single-bin analysis, it is not adequate for multiple-bin analyses,
because it does not account for statistical dependencies between bins. One way to account for the lowest-
order statistical dependencies, i.e., linear correlations, is to provide the correlation matrix. However, this
approach breaks down if the uncertainties are large or if errors are highly asymmetric.

Since it is common practice to include systematic uncertainties by integrating over systematic
parameters, we include the following recommendation, which provides a straightforward way to perform
this integration (or to profile).

Addendum to 3a: For multi-bin results, provide an ensemble of sets of the numbers B, �B,
L, �L, Q, k, etc in the auxiliary information. These would be created by sampling from the
various experiment-specific systematic effects, such as the jet energy scale, jet energy reso-
lution, etc. Systematic uncertainties external to the experiment, such as PDF uncertainties,
need not be included because they induce correlations across measurements.

B) The full likelihood: The statistical model of an analysis provides the complete mathematical de-
scription of that analysis. The statistical model, through the probability density p(o|x), relates the ob-
served quantities o to the parameters x, describing the prediction in a model-independent way. By defi-
nition, the likelihood for a given set of theoretical model parameters x is the probability density over the
observables o evaluated at their observed values O. (For clarity, we denote observed quantities, e.g. O,
by upper case symbols and parameters, e.g. o, x, by lower case symbols.)

The likelihood is the appropriate starting point for any detailed interpretation of experimental
results. However, many published analyses use likelihoods implicitly rather than explicitly. One problem
with using likelihoods implicitly (for example, when results are expressed as O±�O) is that possible non-
Gaussian tails are ignored. If the uncertainties are small this is not an issue. However, if the uncertainties
are large the likelihood should be modelled explicitly. Given the likelihood, all the standard statistical
approaches are available for extracting information from it. We therefore suggest the following.

Recommendation 3b: Provide a mathematical description of the final likelihood function
in which experimental data and parameters are clearly distinguished, either in the publica-
tion or the auxiliary information.

Often, likelihood functions are constructed in several steps involving several hierarchies of fitted func-
tions. Here, we define the final likelihood function as the last step in this process: it may be expressed in

‣ “The experiments have problems giving out information that in 
principle can’t be used properly” -Yuri Gershtein (approximate)
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Marked Poisson Process
Channel: a subset of the data defined by some selection 
requirements.  
‣ eg. all events with 4 electrons with energy > 10 GeV
‣ n: number of events observed in the channel
‣ ν: number of events expected in the channel

Discriminating variable: a property of those events that can be 
measured and which helps discriminate the signal from background
‣ eg. the invariant mass of two particles 
‣ f(x): the p.d.f. of the discriminating variable x

Marked Poisson Process:

6

f(D|⌫) = Pois(n|⌫)
nY

e=1

f(xe)

D = {x1, . . . , xn}
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Mixture model
Sample: a sample of simulated events corresponding to particular 
type interaction that populates the channel.
‣ ie. components of a mixture model
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10 ATLAS collaboration: Search for the Standard Model Higgs Boson

Table 5. Numbers of events estimated as background, observed in data and expected from signal in the H → ZZ → !!qq search
for low mass (mH < 360 GeV) and high mass (mH ≥ 360 GeV) selections. The signal, quoted at two mass points, includes small
contributions from !!!! and !!νν decays. Electron and muon channels are combined. The uncertainties shown are the statistical
and systematic uncertainties, respectively.

Source low mass selection high mass selection
Z+jets 214± 4± 27 9.1± 0.9± 1.4
W+jets 0.33 ± 0.16 ± 0.17 −

tt̄ 0.94 ± 0.09 ± 0.25 0.08 ± 0.02± 0.03
Multi-jet 3.81 ± 0.65 ± 1.91 0.11 ± 0.11± 0.06

ZZ 3.80 ± 0.10 ± 0.73 0.30 ± 0.03± 0.06
WZ 2.83 ± 0.05 ± 0.88 0.29 ± 0.02± 0.10

Total background 226± 4± 28 9.9± 0.9± 1.5
H → ZZ → !!qq 0.60 ± 0.01 ± 0.12 (mH = 200 GeV) 0.24± (< 0.001) ± 0.05 (mH = 400 GeV)

Observed 216 11

data. The multi-jet background in the electron channel is
derived from a sample where the electron identification
requirements are relaxed. In the muon channel, the multi-
jet background is estimated from a simulated sample of
semi-leptonically decaying b- and c-quarks and found to be
negligible after the application of the m!! selection. This
was verified in data using leptons with identical charges.

6.3.2 Results for the H → ZZ → !!νν search

The H → ZZ → !!νν analysis is performed for Higgs
boson masses between 200 GeV and 600 GeV in steps of
20 GeV. Table 6 summarises the numbers of events ob-
served in the data, the estimated numbers of background
events and the expected numbers of signal events for two
selectedmH values. For the low mass selections, five events
are observed in data compared to an expected number of
events from background sources only of 5.8±0.5±1.3. The
corresponding results for the high mass selections are five
events observed in data compared to an expected yield of
3.5±0.4±0.8 events from background sources only. In ad-
dition to the H → ZZ → !!νν decays, several other Higgs
boson channels give a non-negligible contribution to the
total expected signal yield. In particular, H → WW (∗) →
!ν!ν decays can lead to final states that are very similar
to H → ZZ → !!νν decays. They are found to contribute
significantly to the signal yield at low mH values. The
expected number of events from H → WW (∗) → !ν!ν de-
cays relative to that from H → ZZ → !!νν decays is 76%
for mH = 200 GeV and 9% for mH = 300 GeV. The kine-
matic selections prevent individual candidates from being
accepted by both searches. The Emiss

T distribution before
vetoing events with low Emiss

T is shown in Fig. 7.

7 Combination method

The limit-setting procedure uses the power-constrained
profile likelihood method known as the Power Constrained
Limit, PCL [13, 14, 64]. This method is preferred to the
more familiar CLs [15] technique because the constraint
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Fig. 7. Distribution of missing transverse energy in the H →
ZZ → !!νν search in the electron channel before vetoing events
with low Emiss

T . The expected yield for a Higgs boson with
mH = 400 GeV is also shown.

is more transparently defined and it has reduced overcov-
erage resulting in a more precise meaning of the quoted
confidence level. The resulting PCL median limits have
been found to be around 20% tighter than those obtained
with the CLs method in several Higgs searches. The ap-
plication of the PCL method to each of the individual
Higgs boson search channels is described in Refs. [7–11].
A similar procedure is used here. The individual analyses
are combined by maximising the product of the likelihood
functions for each channel and computing a likelihood ra-
tio. A single signal normalisation parameter µ is used for
all analyses, where µ is the ratio of the hypothesised cross
section to the expected Standard Model cross section.

Each channel has sources of systematic uncertainty,
some of which are common with other channels. Table 7
lists the common sources of systematic uncertainties, which
are taken to be 100% correlated with other channels. Let
the search channels be labelled by l (l = H → γγ, H →
WW , . . . ), the background contribution, j, to channel l
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Parametrizing the model
Parameters of interest: parameters of the theory that modify the 
rates and shapes of the distributions 
‣ eg. the unknown mass of the Higgs boson mH

‣ eg. “signal strength” μ=0 no signal, μ=1 predicted signal rate

Nuisance parameters: parameters associated to uncertainty in:
‣ systematic uncertainty in the response of the detector 
‣ phenomenological model of interaction in non-perturbative regime

Lead to a parametrized model: 
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samp 1 samp 2 samp 3 ...

syst 1

syst 2

...

Tabulate effect of individual variations of sources of systematic uncertainty
‣ typically one at a time evaluated at nominal and “± 1 σ”
‣ use some form of interpolation to parametrize ith variation in terms of 

nuisance parameter αi 

Incorporating Systematic Effects

10 ATLAS collaboration: Search for the Standard Model Higgs Boson

Table 5. Numbers of events estimated as background, observed in data and expected from signal in the H → ZZ → !!qq search
for low mass (mH < 360 GeV) and high mass (mH ≥ 360 GeV) selections. The signal, quoted at two mass points, includes small
contributions from !!!! and !!νν decays. Electron and muon channels are combined. The uncertainties shown are the statistical
and systematic uncertainties, respectively.

Source low mass selection high mass selection
Z+jets 214± 4± 27 9.1± 0.9± 1.4
W+jets 0.33 ± 0.16 ± 0.17 −

tt̄ 0.94 ± 0.09 ± 0.25 0.08 ± 0.02± 0.03
Multi-jet 3.81 ± 0.65 ± 1.91 0.11 ± 0.11± 0.06

ZZ 3.80 ± 0.10 ± 0.73 0.30 ± 0.03± 0.06
WZ 2.83 ± 0.05 ± 0.88 0.29 ± 0.02± 0.10

Total background 226± 4± 28 9.9± 0.9± 1.5
H → ZZ → !!qq 0.60 ± 0.01 ± 0.12 (mH = 200 GeV) 0.24± (< 0.001) ± 0.05 (mH = 400 GeV)

Observed 216 11

data. The multi-jet background in the electron channel is
derived from a sample where the electron identification
requirements are relaxed. In the muon channel, the multi-
jet background is estimated from a simulated sample of
semi-leptonically decaying b- and c-quarks and found to be
negligible after the application of the m!! selection. This
was verified in data using leptons with identical charges.

6.3.2 Results for the H → ZZ → !!νν search

The H → ZZ → !!νν analysis is performed for Higgs
boson masses between 200 GeV and 600 GeV in steps of
20 GeV. Table 6 summarises the numbers of events ob-
served in the data, the estimated numbers of background
events and the expected numbers of signal events for two
selectedmH values. For the low mass selections, five events
are observed in data compared to an expected number of
events from background sources only of 5.8±0.5±1.3. The
corresponding results for the high mass selections are five
events observed in data compared to an expected yield of
3.5±0.4±0.8 events from background sources only. In ad-
dition to the H → ZZ → !!νν decays, several other Higgs
boson channels give a non-negligible contribution to the
total expected signal yield. In particular, H → WW (∗) →
!ν!ν decays can lead to final states that are very similar
to H → ZZ → !!νν decays. They are found to contribute
significantly to the signal yield at low mH values. The
expected number of events from H → WW (∗) → !ν!ν de-
cays relative to that from H → ZZ → !!νν decays is 76%
for mH = 200 GeV and 9% for mH = 300 GeV. The kine-
matic selections prevent individual candidates from being
accepted by both searches. The Emiss

T distribution before
vetoing events with low Emiss

T is shown in Fig. 7.

7 Combination method

The limit-setting procedure uses the power-constrained
profile likelihood method known as the Power Constrained
Limit, PCL [13, 14, 64]. This method is preferred to the
more familiar CLs [15] technique because the constraint
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Fig. 7. Distribution of missing transverse energy in the H →
ZZ → !!νν search in the electron channel before vetoing events
with low Emiss

T . The expected yield for a Higgs boson with
mH = 400 GeV is also shown.

is more transparently defined and it has reduced overcov-
erage resulting in a more precise meaning of the quoted
confidence level. The resulting PCL median limits have
been found to be around 20% tighter than those obtained
with the CLs method in several Higgs searches. The ap-
plication of the PCL method to each of the individual
Higgs boson search channels is described in Refs. [7–11].
A similar procedure is used here. The individual analyses
are combined by maximising the product of the likelihood
functions for each channel and computing a likelihood ra-
tio. A single signal normalisation parameter µ is used for
all analyses, where µ is the ratio of the hypothesised cross
section to the expected Standard Model cross section.

Each channel has sources of systematic uncertainty,
some of which are common with other channels. Table 7
lists the common sources of systematic uncertainties, which
are taken to be 100% correlated with other channels. Let
the search channels be labelled by l (l = H → γγ, H →
WW , . . . ), the background contribution, j, to channel l
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Tabulate effect of individual variations of sources of systematic uncertainty
‣ typically one at a time evaluated at nominal and “± 1 σ”
‣ use some form of interpolation to parametrize ith variation in terms of 
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Incorporating Systematic Effects

10 ATLAS collaboration: Search for the Standard Model Higgs Boson

Table 5. Numbers of events estimated as background, observed in data and expected from signal in the H → ZZ → !!qq search
for low mass (mH < 360 GeV) and high mass (mH ≥ 360 GeV) selections. The signal, quoted at two mass points, includes small
contributions from !!!! and !!νν decays. Electron and muon channels are combined. The uncertainties shown are the statistical
and systematic uncertainties, respectively.

Source low mass selection high mass selection
Z+jets 214± 4± 27 9.1± 0.9± 1.4
W+jets 0.33 ± 0.16 ± 0.17 −

tt̄ 0.94 ± 0.09 ± 0.25 0.08 ± 0.02± 0.03
Multi-jet 3.81 ± 0.65 ± 1.91 0.11 ± 0.11± 0.06

ZZ 3.80 ± 0.10 ± 0.73 0.30 ± 0.03± 0.06
WZ 2.83 ± 0.05 ± 0.88 0.29 ± 0.02± 0.10

Total background 226± 4± 28 9.9± 0.9± 1.5
H → ZZ → !!qq 0.60 ± 0.01 ± 0.12 (mH = 200 GeV) 0.24± (< 0.001) ± 0.05 (mH = 400 GeV)

Observed 216 11

data. The multi-jet background in the electron channel is
derived from a sample where the electron identification
requirements are relaxed. In the muon channel, the multi-
jet background is estimated from a simulated sample of
semi-leptonically decaying b- and c-quarks and found to be
negligible after the application of the m!! selection. This
was verified in data using leptons with identical charges.

6.3.2 Results for the H → ZZ → !!νν search

The H → ZZ → !!νν analysis is performed for Higgs
boson masses between 200 GeV and 600 GeV in steps of
20 GeV. Table 6 summarises the numbers of events ob-
served in the data, the estimated numbers of background
events and the expected numbers of signal events for two
selectedmH values. For the low mass selections, five events
are observed in data compared to an expected number of
events from background sources only of 5.8±0.5±1.3. The
corresponding results for the high mass selections are five
events observed in data compared to an expected yield of
3.5±0.4±0.8 events from background sources only. In ad-
dition to the H → ZZ → !!νν decays, several other Higgs
boson channels give a non-negligible contribution to the
total expected signal yield. In particular, H → WW (∗) →
!ν!ν decays can lead to final states that are very similar
to H → ZZ → !!νν decays. They are found to contribute
significantly to the signal yield at low mH values. The
expected number of events from H → WW (∗) → !ν!ν de-
cays relative to that from H → ZZ → !!νν decays is 76%
for mH = 200 GeV and 9% for mH = 300 GeV. The kine-
matic selections prevent individual candidates from being
accepted by both searches. The Emiss

T distribution before
vetoing events with low Emiss

T is shown in Fig. 7.

7 Combination method

The limit-setting procedure uses the power-constrained
profile likelihood method known as the Power Constrained
Limit, PCL [13, 14, 64]. This method is preferred to the
more familiar CLs [15] technique because the constraint
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Fig. 7. Distribution of missing transverse energy in the H →
ZZ → !!νν search in the electron channel before vetoing events
with low Emiss

T . The expected yield for a Higgs boson with
mH = 400 GeV is also shown.

is more transparently defined and it has reduced overcov-
erage resulting in a more precise meaning of the quoted
confidence level. The resulting PCL median limits have
been found to be around 20% tighter than those obtained
with the CLs method in several Higgs searches. The ap-
plication of the PCL method to each of the individual
Higgs boson search channels is described in Refs. [7–11].
A similar procedure is used here. The individual analyses
are combined by maximising the product of the likelihood
functions for each channel and computing a likelihood ra-
tio. A single signal normalisation parameter µ is used for
all analyses, where µ is the ratio of the hypothesised cross
section to the expected Standard Model cross section.

Each channel has sources of systematic uncertainty,
some of which are common with other channels. Table 7
lists the common sources of systematic uncertainties, which
are taken to be 100% correlated with other channels. Let
the search channels be labelled by l (l = H → γγ, H →
WW , . . . ), the background contribution, j, to channel l
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Table 5. Numbers of events estimated as background, observed in data and expected from signal in the H → ZZ → !!qq search
for low mass (mH < 360 GeV) and high mass (mH ≥ 360 GeV) selections. The signal, quoted at two mass points, includes small
contributions from !!!! and !!νν decays. Electron and muon channels are combined. The uncertainties shown are the statistical
and systematic uncertainties, respectively.

Source low mass selection high mass selection
Z+jets 214± 4± 27 9.1± 0.9± 1.4
W+jets 0.33 ± 0.16 ± 0.17 −

tt̄ 0.94 ± 0.09 ± 0.25 0.08 ± 0.02± 0.03
Multi-jet 3.81 ± 0.65 ± 1.91 0.11 ± 0.11± 0.06

ZZ 3.80 ± 0.10 ± 0.73 0.30 ± 0.03± 0.06
WZ 2.83 ± 0.05 ± 0.88 0.29 ± 0.02± 0.10

Total background 226± 4± 28 9.9± 0.9± 1.5
H → ZZ → !!qq 0.60 ± 0.01 ± 0.12 (mH = 200 GeV) 0.24± (< 0.001) ± 0.05 (mH = 400 GeV)

Observed 216 11

data. The multi-jet background in the electron channel is
derived from a sample where the electron identification
requirements are relaxed. In the muon channel, the multi-
jet background is estimated from a simulated sample of
semi-leptonically decaying b- and c-quarks and found to be
negligible after the application of the m!! selection. This
was verified in data using leptons with identical charges.

6.3.2 Results for the H → ZZ → !!νν search

The H → ZZ → !!νν analysis is performed for Higgs
boson masses between 200 GeV and 600 GeV in steps of
20 GeV. Table 6 summarises the numbers of events ob-
served in the data, the estimated numbers of background
events and the expected numbers of signal events for two
selectedmH values. For the low mass selections, five events
are observed in data compared to an expected number of
events from background sources only of 5.8±0.5±1.3. The
corresponding results for the high mass selections are five
events observed in data compared to an expected yield of
3.5±0.4±0.8 events from background sources only. In ad-
dition to the H → ZZ → !!νν decays, several other Higgs
boson channels give a non-negligible contribution to the
total expected signal yield. In particular, H → WW (∗) →
!ν!ν decays can lead to final states that are very similar
to H → ZZ → !!νν decays. They are found to contribute
significantly to the signal yield at low mH values. The
expected number of events from H → WW (∗) → !ν!ν de-
cays relative to that from H → ZZ → !!νν decays is 76%
for mH = 200 GeV and 9% for mH = 300 GeV. The kine-
matic selections prevent individual candidates from being
accepted by both searches. The Emiss

T distribution before
vetoing events with low Emiss

T is shown in Fig. 7.

7 Combination method

The limit-setting procedure uses the power-constrained
profile likelihood method known as the Power Constrained
Limit, PCL [13, 14, 64]. This method is preferred to the
more familiar CLs [15] technique because the constraint
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is more transparently defined and it has reduced overcov-
erage resulting in a more precise meaning of the quoted
confidence level. The resulting PCL median limits have
been found to be around 20% tighter than those obtained
with the CLs method in several Higgs searches. The ap-
plication of the PCL method to each of the individual
Higgs boson search channels is described in Refs. [7–11].
A similar procedure is used here. The individual analyses
are combined by maximising the product of the likelihood
functions for each channel and computing a likelihood ra-
tio. A single signal normalisation parameter µ is used for
all analyses, where µ is the ratio of the hypothesised cross
section to the expected Standard Model cross section.

Each channel has sources of systematic uncertainty,
some of which are common with other channels. Table 7
lists the common sources of systematic uncertainties, which
are taken to be 100% correlated with other channels. Let
the search channels be labelled by l (l = H → γγ, H →
WW , . . . ), the background contribution, j, to channel l

f(D|↵) = Pois(n|↵)

nY

e=1

f(xe|↵)
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Simultaneous multi-channel model
Control Regions: Some channels are not populated by signal 
processes, but are used to constrain the nuisance parameters
Constraint Terms: Often auxiliary measurements for certain 
nuisance parameters summarized / idealized as 

Simultaneous Multi-Channel Model: Several disjoint regions of 
the data are modeled simultaneously.  Identification of common 
parameters across many channels requires coordination between 
groups such that meaning of the parameters are really the same.

where
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fp(ap|↵p) for p 2 S

for p 2 SDsim = {D1, . . . ,Dc
max

} G = {ap},

f
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Visualizing the combined model
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State of the art: Our most recent combined Higgs search includes 70 
disjoint channels and >100 nuisance parameters
‣ Models for individual channels come from about 12 sub-groups 

performing dedicated searches for specific Higgs decay modes
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HistFactory XML
For binned analyses, the HistFactory tool 
that ships with ROOT solves this problem
‣ XML files organize the histograms
‣ conventions define model exactly
‣ command line tool creates likelihood

12

5.2 Multiple signal channels

5.3 ABCD

<!DOCTYPE Combination SYSTEM ’HistFactorySchema.dtd ’>

<Combination OutputFilePrefix="./ results/ABCD" >

<Input>./ config/A.xml</Input >
<Input>./ config/B.xml</Input >
<Input>./ config/C.xml</Input >
<Input>./ config/D.xml</Input >

<Measurement Name="ABCD" Lumi="1." LumiRelErr="0.1" ExportOnly="True">
<POI>mu</POI>
<ParamSetting Const="True">Lumi b_acceptance c_acceptance d_acceptance mu_K_A mu_K_B mu_K_C mu_K_D </ -

ParamSetting >
</Measurement >

</Combination >

<!DOCTYPE Channel SYSTEM ’HistFactorySchema.dtd ’>

<Channel Name="A" InputFile="./data/ABCD.root" >
<Data HistoName="A_data" HistoPath="" />

<!-- This is the signal (eg. mu)-->
<Sample Name="A_signal" HistoPath="" HistoName="unit_histogram">

<!-- now mu is number of events -->
<NormFactor Name="mu" Val="1" Low="0" High="200" />
<OverallSys Name="syst1" High="1.01" Low="0.99" />

</Sample >

<!-- This bkg is estimated from MC (eg. mu_A^K) -->
<Sample Name="A_backgroundMC" HistoPath="" NormalizeByTheory="True" HistoName="unit_histogram" >

<NormFactor Name="mu_K_A" Val="100" Low="0" High="200" />
</Sample >

<!-- Background 2 is completely Data -Driven -->
<Sample Name="A_backgroundDD" HistoPath="" NormalizeByTheory="False" HistoName="unit_histogram" >

<NormFactor Name="mu_D_U" Val="100" Low="24500" High="26000" />
<NormFactor Name="etaB" Val="1" Low="0." High="0.02" Const="False" />
<NormFactor Name="etaC" Val="1" Low="0." High="0.3" Const="False" />
<!-- NormFactor and ShapeFactor same for a 1-bin histogram. But we can name NormFactor -->

</Sample >

</Channel >

<!DOCTYPE Channel SYSTEM ’HistFactorySchema.dtd ’>

<Channel Name="B" InputFile="./data/ABCD.root" >
<Data HistoName="B_data" HistoPath="" />

<!-- This is the signal contamination in B (eg. b*mu)-->
<Sample Name="B_signal" HistoPath="" HistoName="unit_histogram">

<NormFactor Name="mu" Val="1" Low=".2" High="1.5" />
<NormFactor Name="b_acceptance" Val="0.1" Low="0." High="1.5" Const="True"/>

</Sample >

<!-- This bkg is estimated from MC (eg. mu_B^K) -->
<Sample Name="B_backgroundMC" HistoPath="" NormalizeByTheory="True" HistoName="unit_histogram" >

<NormFactor Name="mu_K_B" Val="100" Low="0" High="200" />
</Sample >

<!-- Background 2 is completely Data -Driven -->
<Sample Name="B_backgroundDD" HistoPath="" NormalizeByTheory="False" HistoName="unit_histogram" >

<!-- Note , need some reasonable guess for the range of tauB -->
<NormFactor Name="etaB" Val="10" Low="5" High="15" Const="False" />
<NormFactor Name="mu_D_U" Val="100" Low="0" High="200" />

</Sample >

</Channel >

<!DOCTYPE Channel SYSTEM ’HistFactorySchema.dtd ’>

<Channel Name="C" InputFile="./data/ABCD.root" >
<Data HistoName="C_data" HistoPath="" />

<!-- This is the signal contamination in C (eg. c*mu)-->
<Sample Name="C_signal" HistoPath="" HistoName="unit_histogram">

<NormFactor Name="mu" Val="1" Low=".2" High="1.5" />
<NormFactor Name="c_acceptance" Val="0.1" Low="0." High="1.5" Const="True"/>

</Sample >

<!-- This bkg is estimated from MC (eg. mu_C^K) -->
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3 Using HistFactory

3.1 The HistFactory XML

Measurement
Name
Lumi

LumiRelErr
ExportOnly

InputFunction
Name

Expression
Dependents

POI ParamSetting
Val

Const

ConstraintTerm
Type

RelativeUncertainty

Combination
OutputFilePrefix

Channel
Name

InputFile
HistoPath

HistoName

Data
InputFile
HistoPath

HistoName

StatErrorConfig
RelErrorThreshold

ConstraintType

Sample
Name

InputFile
HistoName
HistoPath

NormalizeByTheory

StatError
Activate

HistoName
InputFile
HistoPath

HistoSys
Name

INputFile
HistoFileHigh
HistoPathHigh

HistoNameHigh
HistoFileLow
HistoPathLow

HistoNameLow

OverallSys
Name
High
Low

ShapeSys
Name

HistoName
HistoPath
InputFile

ConstraintType

NormFactor
Name

Val
High
Low

Const

ShapeFactor
Name

Top-level XML file

Channel XML file

Figure 1: The graphical representation of the XML schema. Boxes are elements with name
of element in bold and attributes listed below. Elements without any attributes take their
input as “PCDATA”, for example <Input>someFile.xml</Input>

Note, when using the HistFactory the production modes l and backgrounds j correspond
to a single XML Sample element. The HistoName attribute inside each sample element
specifies the histogram with the �

0

ijm. The index j =0
J ’ is set by the Name attribute of the

Sample element (eg. <Sample Name="J">). Between the open <Sample> and close </Sample>
one can add

• An OverallSys element where the Name="I" attribute identifies which ↵I is the source
of the systematic and implies that the Gaussian constraint N(ai|↵I , 1) is present. The
High attribute corresponds to ⌘

+

IJ , eg when the source of the systematic is at +1�
and ↵I = 1. Similarly, the Low attribute corresponds to ⌘

�
IJ , eg when the source of

the systematic is at -1� and ↵I = �1. The nominal value is ⌘

0

IJ = 1 for the ovreall
systematics. The distinction between the sign of the source ↵ and the e↵ect ⌘ allows one
to have anti-correlated systematics. The HistFactory is able to deal with asymmetric
uncertainties as well, by using a piece-wise linear interpolation for the ↵I > 0 and
↵I < 0 regions.
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Figure 1: The observed meff distributions in the signal regions for the ≥ 2 jet channel (top left), the ≥ 3 jet channel (top right) and the two ≥ 4 jet channels (bottom
left), and for the high mass channel using the inclusive definition of meff (bottom right), after all the selection criteria but the meff cut. These plots also show the
expected SM contributions obtained from MC simulated samples prior to normalisation using the data-driven likelihood method described in the text. The red
arrows indicate the lower bounds on meff used in the final signal region selections. The expectation for a MSUGRA/CMSSM reference point with m0 = 660 GeV,
m1/2 = 240 GeV, A0 = 0, tan β = 10 and µ > 0 is also shown. This reference point is also indicated by the star on Figure 2. Below each plot the ratio of the
data to the SM expectation is provided. Black vertical bars show the statistical uncertainty from the data, while the yellow band shows the size of the systematic
uncertainties from the MC simulation.
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Figure 1: Exclusion limits in the q̃ � �̃0
1 mass plane for direct [top left] and one-step squark decays with

the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom left and bottom right respectively].
The colour scale shows the combined limit on the cross section times branching ratio (�⇥BR) at the 95%
C.L from all five signal regions, determined using the result from the signal region providing the best
expected limit for each point. The expected and observed limits assuming the NLO cross section from
supersymmetric QCD and 100% branching fraction are shown as blue and red contours respectively.
In the case of direct decays, the cross section for q̃L,R production is assumed, however, q̃R production
is neglected for the one-step cascade grids, e↵ectively halving the production cross section. This only
applies to the limit contours. For the one-step cascade grids, the nominal cross sections are too low for
any model points to be excluded at 95% C.L., hence no limit contours are drawn.

6

Additional model interpretations require a 
new signal histogram, which is obtained 
internally through full analysis chain.
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Interpolating efficiencies in theory parameters
● [http://indico.cern.ch/getFile.py/access?contribId=14&resId=0&materialId=slides&confId=118137]
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Interpolation examples 

  Linear, non-linear, smoothed  
interpolation? 
•  Non-trivial with >1 interpolation 

parameters 

•  This will make a difference! 

  Interpolation in what variable?  
•  Signal expectation? Only works if 

background is constant over the 
grid. 

 Selections may change over grid 
to favor certain decay topologies  

•  Likelihood? 

 RooFit / RooStats allows for  
3-dimensional interpolation 
•  Can be extended for N-dim. 

•  But: probably don’t want simplified 
models with more than 3 pars.  

Signal expectation 

Signal uncertainty 

Grid for signal is 
available?

Interpolation of signal 
needed

Need continuous 
parametrization?

yes

yes

http://indico.cern.ch/getFile.py/access?contribId=14&resId=0&materialId=slides&confId=118137%5D
http://indico.cern.ch/getFile.py/access?contribId=14&resId=0&materialId=slides&confId=118137%5D
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RECAST is a framework for recasting that aims to collect, standardize, and facilitate the 
processing of recast requests from the community. 

‣ cuts don’t change: re-use background estimates and observation from original analysis
‣ what is needed is to archive the analysis cuts & provide a pipeline for new signal
‣ data is kept private, still goes through necessary approval process as determined by 

collaboration, original paper receives citation & recognition (doi’s tracked by INSPIRE) 

RECAST front-end is a website that collects and organizes the Requests and Responses
‣ standardizes request & response format, API allows for process to be automated, 
‣ back-end implementation is up to collaboration

17

Request:
LHE file with 
new signal

Back-End
controlled by collaboration’s policy

[potentially automated]

Front-End
website

A
P

I

A
P

I

K.C., Itay Yavin [hep-ex/1010.2506], JHEP.

Response
Selection efficiency, 
signal histogram,
cross-section limit
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http://recast.perimeterinstitute.ca/?q=analyses-catalog
http://recast.perimeterinstitute.ca/?q=analyses-catalog
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Interpolation examples 

  Linear, non-linear, smoothed  
interpolation? 
•  Non-trivial with >1 interpolation 

parameters 

•  This will make a difference! 

  Interpolation in what variable?  
•  Signal expectation? Only works if 

background is constant over the 
grid. 

 Selections may change over grid 
to favor certain decay topologies  

•  Likelihood? 

 RooFit / RooStats allows for  
3-dimensional interpolation 
•  Can be extended for N-dim. 

•  But: probably don’t want simplified 
models with more than 3 pars.  

Signal expectation 

Signal uncertainty 

Grid for signal is 
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Interpolation of signal 
needed

Need continuous 
parametrization?
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Figure 1: Exclusion limits in the q̃ � �̃0
1 mass plane for direct [top left] and one-step squark decays with

the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom left and bottom right respectively].
The colour scale shows the combined limit on the cross section times branching ratio (�⇥BR) at the 95%
C.L from all five signal regions, determined using the result from the signal region providing the best
expected limit for each point. The expected and observed limits assuming the NLO cross section from
supersymmetric QCD and 100% branching fraction are shown as blue and red contours respectively.
In the case of direct decays, the cross section for q̃L,R production is assumed, however, q̃R production
is neglected for the one-step cascade grids, e↵ectively halving the production cross section. This only
applies to the limit contours. For the one-step cascade grids, the nominal cross sections are too low for
any model points to be excluded at 95% C.L., hence no limit contours are drawn.
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HistFactory XML
Once one has the histogram for the new 
signal, a straight forward editing of the XML 
file will produce a new likelihood with the 
same background model
‣ multiple different components for 

different production modes 
‣ useful for simplified models
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5.2 Multiple signal channels

5.3 ABCD

<!DOCTYPE Combination SYSTEM ’HistFactorySchema.dtd ’>

<Combination OutputFilePrefix="./ results/ABCD" >

<Input>./ config/A.xml</Input >
<Input>./ config/B.xml</Input >
<Input>./ config/C.xml</Input >
<Input>./ config/D.xml</Input >

<Measurement Name="ABCD" Lumi="1." LumiRelErr="0.1" ExportOnly="True">
<POI>mu</POI>
<ParamSetting Const="True">Lumi b_acceptance c_acceptance d_acceptance mu_K_A mu_K_B mu_K_C mu_K_D </ -

ParamSetting >
</Measurement >

</Combination >

<!DOCTYPE Channel SYSTEM ’HistFactorySchema.dtd ’>

<Channel Name="A" InputFile="./data/ABCD.root" >
<Data HistoName="A_data" HistoPath="" />

<!-- This is the signal (eg. mu)-->
<Sample Name="A_signal" HistoPath="" HistoName="unit_histogram">

<!-- now mu is number of events -->
<NormFactor Name="mu" Val="1" Low="0" High="200" />
<OverallSys Name="syst1" High="1.01" Low="0.99" />

</Sample >

<!-- This bkg is estimated from MC (eg. mu_A^K) -->
<Sample Name="A_backgroundMC" HistoPath="" NormalizeByTheory="True" HistoName="unit_histogram" >

<NormFactor Name="mu_K_A" Val="100" Low="0" High="200" />
</Sample >

<!-- Background 2 is completely Data -Driven -->
<Sample Name="A_backgroundDD" HistoPath="" NormalizeByTheory="False" HistoName="unit_histogram" >

<NormFactor Name="mu_D_U" Val="100" Low="24500" High="26000" />
<NormFactor Name="etaB" Val="1" Low="0." High="0.02" Const="False" />
<NormFactor Name="etaC" Val="1" Low="0." High="0.3" Const="False" />
<!-- NormFactor and ShapeFactor same for a 1-bin histogram. But we can name NormFactor -->

</Sample >

</Channel >

<!DOCTYPE Channel SYSTEM ’HistFactorySchema.dtd ’>

<Channel Name="B" InputFile="./data/ABCD.root" >
<Data HistoName="B_data" HistoPath="" />

<!-- This is the signal contamination in B (eg. b*mu)-->
<Sample Name="B_signal" HistoPath="" HistoName="unit_histogram">

<NormFactor Name="mu" Val="1" Low=".2" High="1.5" />
<NormFactor Name="b_acceptance" Val="0.1" Low="0." High="1.5" Const="True"/>

</Sample >

<!-- This bkg is estimated from MC (eg. mu_B^K) -->
<Sample Name="B_backgroundMC" HistoPath="" NormalizeByTheory="True" HistoName="unit_histogram" >

<NormFactor Name="mu_K_B" Val="100" Low="0" High="200" />
</Sample >

<!-- Background 2 is completely Data -Driven -->
<Sample Name="B_backgroundDD" HistoPath="" NormalizeByTheory="False" HistoName="unit_histogram" >

<!-- Note , need some reasonable guess for the range of tauB -->
<NormFactor Name="etaB" Val="10" Low="5" High="15" Const="False" />
<NormFactor Name="mu_D_U" Val="100" Low="0" High="200" />

</Sample >

</Channel >

<!DOCTYPE Channel SYSTEM ’HistFactorySchema.dtd ’>

<Channel Name="C" InputFile="./data/ABCD.root" >
<Data HistoName="C_data" HistoPath="" />

<!-- This is the signal contamination in C (eg. c*mu)-->
<Sample Name="C_signal" HistoPath="" HistoName="unit_histogram">

<NormFactor Name="mu" Val="1" Low=".2" High="1.5" />
<NormFactor Name="c_acceptance" Val="0.1" Low="0." High="1.5" Const="True"/>

</Sample >

<!-- This bkg is estimated from MC (eg. mu_C^K) -->

21

Grid for signal is 
available?

Interpolation of signal 
needed

Replace original 
signal with new signal  

in following

Need continuous 
parametrization?

RECAST and/or 
fast simulation to 
create grid points

yes no

yes

no



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

Tools, Stockholm, June 18, 2012

Roadmap

22

Parameters modify 
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Rivet: Some analyses are being incorporated into Rivet.
‣ generally background subtracted and unfolded to particle-level
‣ primarily used for MC tunings

In that sense RECAST is complementary
‣ the detector simulation performs folding 

● as is done by current “additional model interpretations” documents
‣ primarily aimed at searches

One could imagine some interaction between the projects

HiggsBounds: HiggsBounds does aim to reinterpret existing constraints in the 
context of different Higgs sectors.   Doing the best with what’s available
‣ but not “arbitrary” Higgs sectors! It can only constrain model that has 

topologies that have explicitly searched for by experiments
‣ it is based on the topology with the strongest expected limit. 

● once there are several decay modes, this approach quickly looses power
● to combine different searches need likelihoods. 
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Center for 
Cosmology and 
Particle PhysicsInteraction with INSPIRE & HEPData

INSPIRE: Advanced discussions regarding the interaction of RECAST and 
INSPIRE.  
‣ New responses get DOI number from CERN, are aggregated with 

original collaboration publication.  New responses are citable objects, 
and increment citation of original paper

‣ New requests (from theorists) get their own DOI number, so theorist 
can put out paper pointing to their request independently of a 
collaboration response

HEPData: Signal histograms from the new model could go into HEPData.
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Now a word on the Higgs
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µ plot
This is a global scaling of σ BR for all production and decay modes.
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Figure 7: The best-fit signal strength µ = σ/σSM as a function of the Higgs boson mass hypothesis in

the full mass range of this analysis (a) and in the low mass range (b). The µ value indicates by what

factor the SM Higgs boson cross section would have to be scaled to best match the observed data. The

band shows the interval around µ̂ corresponding to a variation of −2lnλ (µ)< 1.
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Individual µ plots
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Figure 8: The best-fit signal strength µ = σ/σSM as a function of the Higgs boson mass hypothesis for

the H → γγ (a), the H → ττ (b), the H → ZZ(∗) → !+!−!+!− channel in the low mass region (c), the

H → ZZ(∗) across the full search range (d), the H → bb (e), and H →WW (∗) (f) individual channels. The

µ value indicates by what factor the SM Higgs boson cross section would have to be scaled to best match

the observed data. The band shows the interval around µ̂ corresponding to a variation of −2lnλ (µ)< 1.
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This is not what we need for 
the coupling measurements b/c 
the production modes are 
assumed to take their SM 
ratios

3.5 Higgs Searches
Given the special role of Higgs searches, we make a specific and separate recommendation for them.
Higgs bosons are searched for in many different possible topologies, each of which are predicted to be
present at some level, dictated by Higgs branching ratios in the Standard Model or other new physics
models. Many Higgs searches may be interpreted within the Standard Model itself, but both the branch-
ing ratios and the production cross-sections and distributions (and indeed the number of Higgs particles)
may differ in new physics models. For this reason, it is important to include the channel-by-channel in-
formation in the primary Higgs search papers. Of course this does not preclude an additional combination
of channels assuming some model, e.g., the Standard Model.

Recommendation 5: For Higgs searches, provide all relevant information on a channel-by-
channel basis.

Many publications on Higgs searches are already consistent with this recommendation in that
constraints for individual production/decay modes are presented. The procedure of doing so as a function
of the Higgs mass is crucial, especially in the context of multiple Higgs boson models. Indeed different
Higgs models weight various possible production mechanism and decay distributions differently.

Note also that in order to make the channel-by-channel data available for an analysis of the Higgs
sector of (nearly any) arbitrary model, it is important that in addition to the observed data also the ex-
pected sensitivity be reported for each channel. This permits the selection of the potentially strongest
search channel, as well as to retain the correct statistical interpretation of, e.g., 95% C.L. exclusion
bounds [27]. Finally, in setting limits or analyzing positive signals it is crucial to give details of accep-
tance systematics related thereto. These aspects are covered by Recommendation 4. Needless to say, all
the other Recommendations also apply.

3.6 Exclusive Analysis Design
It is a common approach to confront a new physics model with multiple analyses. In such cases, a like-
lihood is assigned to each analysis separately, and then all likelihoods are combined. This combination
is typically easy only if the statistical data from each analysis are independent: then, one may combine
the analyses by simply taking the product of all likelihoods. The correlations that may arise in the sys-
tematic errors can be dealt with by following the addendum to Recommendation 3a. We realize that
it is not possible to build an experimental search program that consists fully of disjoint analyses, and
understand that avoiding overlaps between various inclusive analyses, e.g., those based on complicated
kinematic variables, is far from trivial. Our recommendation applies to simpler cases, e.g. when building
analyses based on simple variables like object multiplicity, or when defining different search regions in
a single analysis. It intends to emphasize that more information is typically available in the combination
of multiple disjoint analyses than via a single analysis.

Recommendation 6: When relevant, design analyses and signal regions that are based on
disjoint sets of events.
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Reinterpreting the results
Clearly, if we don’t release the necessary information, people will 
do the best they can with what we provide.
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Figure 1: Left: The Higgs boson rate favoured at 1� (dark blue) and 2� (light blue) in a global

SM fit as function of the Higgs boson mass. Right: assuming mh = 125GeV, we show the

measured Higgs boson rates at ATLAS, CMS, CDF, D0 and their average (horizontal gray band

at ±1�). Here 0 (red line) corresponds to no Higgs boson, 1 (green line) to the SM Higgs boson.

line is the background-only rate expected in the absence of a Higgs. The grey band shows the
±1� range for the weighted average of all data. It lies along the SM prediction. Furthermore,
the global �2 of the SM fit is 16 for 15 dof.

However, it is interesting to split data into three categories according to the final states and
compute the average for each one of them:

observed rate

SM rate
=

8
<

:

2.0± 0.5 photons
0.5± 0.3 vectors: W and Z

1.3± 0.5 fermions: b and ⌧

. (10)

This shows the main anomalous features in current measurements. First, the �� channels
exhibit some excess, mainly driven by the vector boson fusion data presented at the Moriond
2012 conference. Second, there is a deficit in the vector channels. Finally, the average rate of
fermionic channels lies along the SM prediction; here the new Tevatron combination for h ! bb̄

plays an important rôle.

3 Reconstructing the Higgs boson properties

3.1 Reconstructing the Higgs boson branching fractions

The Higgs boson observables that can be most easily a↵ected by new physics contributions are
those that occur at loop level: the h ! �� and h $ gg rates. They are particularly relevant
for the LHC Higgs searches because �� is the cleanest final state, and because gg ! h is the
dominant Higgs boson production mechanism. The left panel of Fig. 2 shows, as yellow contours

5

P. P. Giardino, K. Kannike, M., A. Strumia.  arXiv:1203.4254

406 CMS Collaboration / Physics Letters B 710 (2012) 403–425

A further class of events includes any event passing a dijet
tag defined to select Higgs bosons produced by the VBF process.
Events in which a Higgs boson is produced by VBF have two for-
ward jets, originating from the two scattered quarks. Higgs bosons
produced by this mechanism have a harder transverse momentum
spectrum than those produced by the gluon–gluon fusion process
or the photon pairs produced by the background processes [43].
By using a dijet tag it is possible to define a small class of events
which have an expected signal-to-background ratio more than an
order of magnitude greater than events in the four classes de-
fined by photon properties. The additional classification of events
into a dijet-tagged class improves the sensitivity of the analysis by
about 10%.

Candidate diphoton events for the dijet-tagged class have the
same selection requirements imposed on the photons as for the
other classes with the exception of the pT thresholds, which are
modified so as to be more appropriate for the boosted VBF Higgs
bosons and so increasing the signal acceptance. The threshold re-
quirements for this class are pγ

T (1) > 55 × mγ γ /120, and pγ
T (2) >

25 GeV.
The selection variables for the jets use the two highest trans-

verse energy (ET) jets in the event with pseudorapidity |η| < 4.7.
The pseudorapidity restriction with respect to the full calorimeter
acceptance (|η| <5), avoids the use of jets for which the energy
corrections are less reliable and is found to have only a small ef-
fect (<2% change) on the signal efficiency. The following selection
requirements have been optimized using simulated events, of VBF
signal and diphoton background, to improve the expected limit at
95% CL on the VBF signal cross section, using this class of events
alone. The ET thresholds for the two jets are 30 and 20 GeV,
and the pseudorapidity separation between them is required to
be greater than 3.5. Their invariant mass is required to be greater
than 350 GeV. Two additional selection criteria, relating the dijet
to the diphoton system, have been applied: the difference between
the average pseudorapidity of the two jets and the pseudorapid-
ity of the diphoton system is required to be less than 2.5 [44],
and the difference in azimuthal angle between the diphoton sys-
tem and the dijet system is required to be greater than 2.6 radians
(≈150◦).

For a Higgs boson having a mass, mH, of 120 GeV the overall
acceptance times selection efficiency of the dijet tag for Higgs bo-
son events is 15% (0.5%) for those produced by VBF (gluon–gluon
fusion). This corresponds to about 2.01 (0.76) expected events.
Events passing this tag are excluded from the four classes de-
fined by R9 and pseudorapidity, but enter the fifth class. About
3% of Higgs boson signal events are expected to be removed from
the four classes defined by diphoton properties. In the mass range
100 < mγ γ < 180 GeV the fractions of diphoton events in the se-
lected data, which pass the dijet VBF tag and enter the fifth class,
and which would otherwise have entered one of the four classes
defined in Table 2, are 0.8%, 0.5%, 0.3% and 0.4%, respectively.

The number of events in each of the five classes is shown in Ta-
ble 2, for signal events from all Higgs boson production processes

(as predicted by MC simulation), and for data. A Higgs boson with
mH = 120 GeV is chosen for the signal, and the data are counted
in a bin (±10 GeV) centered at 120 GeV. The table also shows the
mass resolution, parameterized both as σeff, half-the-width of the
narrowest window containing 68.3% of the distribution, and as the
full width at half maximum (FWHM) of the invariant mass distri-
bution divided by 2.35. The resolution in the endcaps is noticeably
worse than in the barrel due to several factors, which include the
amount of material in front of the calorimeter and less precise sin-
gle channel calibration.

Significant systematic uncertainties on the efficiency of dijet
tagging of signal events arise from the uncertainty on the MC
modeling of jet-energy corrections and jet-energy resolution, and
from uncertainties in predicting the presence of the jets and their
kinematics. These uncertainties arise from the effect of different
underlying event tunes, and from the uncertainty on parton dis-
tribution functions and QCD scale factor. Overall, an uncertainty of
10% is assigned to the efficiency for VBF signal events to enter the
dijet tag class, and an uncertainty of 70%, which is dominated by
the uncertainty on the underlying event tune is assigned to the ef-
ficiency for signal events produced by gluon–gluon fusion to enter
the dijet-tag class. The uncertainty on the underlying event tunes
was investigated by comparing the dt6 [45], p0 [46], propt0 and
proq20 [47] tunes to the z2 tune [48] in pythia [49].

7. Background and signal modeling

The MC simulation of the background processes is not used in
the analysis. However, the diphoton mass spectrum that is ob-
served after the full event selection is found to agree with the
distribution predicted by MC simulation, within the uncertainties
on the cross sections of the contributing processes which is esti-
mated to be about 15%. The background components have been
scaled by K -factors obtained from CMS measurements [50–52].
The contribution to the background in the diphoton mass range
110 < mγ γ < 150 GeV from processes giving non-prompt photons
is about 30%.

The background model is obtained by fitting the observed
diphoton mass distributions in each of the five event classes over
the range 100 < mγ γ < 180 GeV. The choice of function used to fit
the background, and the choice of the range, was made based on
a study of the possible bias introduced by the choice on both the
limit, in the case of no signal, and the measured signal strength, in
the case of a signal.

The bias studies were performed using background-only and
signal-plus-background MC simulation samples and showed that
for the first four classes, the bias in either excluding or finding a
Higgs boson signal in the mass range 110 < mγ γ < 150 GeV can
be ignored, if a 5th order polynomial fit to the range 100 < mγ γ <
180 GeV is used. In both cases the maximum bias was found to be
at least five times smaller than the statistical uncertainties of the
fit. For the dijet-tagged event class, which contains much fewer

Table 2
Number of selected events in different event classes, for a SM Higgs boson signal (mH = 120 GeV), and for data at 120 GeV. The value given for data, expressed as events/GeV,
is obtained by dividing the number of events in a bin of ±10 GeV, centered at 120 GeV, by 20 GeV. The mass resolution for a SM Higgs boson signal in each event class is
also given.

Both photons in barrel One or both in endcap Dijet tag

Rmin
9 > 0.94 Rmin

9 < 0.94 Rmin
9 > 0.94 Rmin

9 < 0.94

SM signal expected 25.2 (33.5%) 26.6 (35.3%) 9.5 (12.6%) 11.4 (14.9%) 2.8 (3.7%)
Data (events/GeV) 97.5 (22.8%) 143.4 (33.6%) 76.7 (17.9%) 107.4 (25.1%) 2.3 (0.5%)

σeff (GeV) 1.39 1.84 2.76 3.19 1.71
FWHM/2.35 (GeV) 1.19 1.53 2.81 3.18 1.37

CMS PLB 710 (2012)

http://inspirehep.net/author/Giardino%2C%20Pier%20Paolo?recid=1094352&ln=en
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http://inspirehep.net/author/Kannike%2C%20Kristjan?recid=1094352&ln=en
http://inspirehep.net/author/Kannike%2C%20Kristjan?recid=1094352&ln=en
http://inspirehep.net/author/Raidal%2C%20Martti?recid=1094352&ln=en
http://inspirehep.net/author/Raidal%2C%20Martti?recid=1094352&ln=en
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Difficulties interpreting our results
Searches often optimized for a given production and decay, but several 
production and decay modes populate those regions of phase space
‣ confused by the fact the selections are often labeled “VBF” etc.
‣ Note: older coupling studies were based on analyses with much more 

severe “VBF” cuts and gluon fusion contributions were smaller
Most results do not document the relative contributions from various 
production and decay processes to the total signal rate
‣ ie. ATLAS H→γγ does not give breakdown of ggF and VBF in the 9 sub-

channels.  Why not?
Even if we did, the distributions are different, so we would really need to give 
detailed description of the shapes
‣ “The experiments have problems giving out information that in principle 

can’t be used properly” -Yuri Gershtein (approximate)
‣ Note: many older studies based idealized analyses, shapes were not an issue

Likely that the coupling measurements will initially be done by collaborations
‣ thus important that we have open discussion with theorists about how this is 

done
29
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Moving beyond a single µ
In practical terms, we need a parameter for each branching ratio and a parameter 
for each production cross-section (“experimental parametrization”).
‣ We need signal contributions for different production mode separately 
‣ Call them µi and µj where i is production index and j is decay index
‣ take into account cross-contamination (ie. H→WW→lvlv in H→ZZ →llvv)
‣ subtleties around theoretical uncertainties in these more general models

Only consider SM-like interactions at first 
‣ much more work needed if kinematic distributions change

However, the production and decay really are not independent
‣ prepare to re-parametrize in terms of couplings
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Figure 8: The best-fit signal strength µ = σ/σSM as a function of the Higgs boson mass hypothesis for

the H → γγ (a), the H → ττ (b), the H → ZZ(∗) → !+!−!+!− channel in the low mass region (c), the

H → ZZ(∗) across the full search range (d), the H → bb (e), and H →WW (∗) (f) individual channels. The

µ value indicates by what factor the SM Higgs boson cross section would have to be scaled to best match

the observed data. The band shows the interval around µ̂ corresponding to a variation of −2lnλ (µ)< 1.
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Narrow width approximation
The basic starting point for the various parametrizations :

No useful direct constraint on total width at LHC
‣ allow for invisible?  allow for unseen / buried / etc.?

Various strategies:
‣ not a higher SU(2) representation:

● together with 

‣ SFitter: 

‣ “Invisible Higgs Hypothesis”
‣ ....

Or give up on total width and measure ratios
32

2 Summary of Higgs boson channels

In order to determine the properties of a physical state such as a Higgs boson, one needs at
least as many separate measurements as properties to be measured, although two or more
measurements can be made from the same channel if different information is used, e.g., total
rate and an angular distribution. Fortunately, the LHC will provide us with many different
Higgs observation channels. In the SM there are four relevant production modes: gluon fusion
(GF; loop-mediated, dominated by the top quark), which dominates inclusive production;
weak boson fusion (WBF), which has an additional pair of hard and far-forward/backward
jets in the final state; top-quark associated production (tt̄H); and weak boson associated
production (WH, ZH), where the weak boson is identified by its leptonic decay. 1

Although a Higgs is expected to couple to all SM particles, not all these decays would be
observable. Very rare decays (e.g., to electrons) would have no observable rate, and other
modes are unidentifiable QCD final states in a hadron collider environment (gluons or quarks
lighter than bottom). In general, however, the LHC will be able to observe Higgs decays
to photons, weak bosons, tau leptons and b quarks, in the range of Higgs masses where the
branching ratio (BR) in question is not too small.

For a Higgs in the intermediate mass range, the total width, Γ, is expected to be small
enough to use the narrow-width approximation in extracting couplings. The rate of any
channel (with the H decaying to final state particles xx) is, to good approximation, given
by

σ(H) × BR(H → xx) =
σ(H)SM

ΓSM
p

·
ΓpΓx

Γ
, (1)

where Γp is the Higgs partial width involving the production couplings and where the Higgs
branching ratio for the decay is written as BR(H → xx) = Γx/Γ. Even with cuts, the
observed rate directly determines the product ΓpΓx/Γ (normalized to the calculable SM value
of this product). The LHC will have access to (or provide upper limits on) combinations of
Γg, ΓW , ΓZ , Γγ , Γτ , Γb and the square of the top Yukawa coupling, Yt. 2

Since experimental analyses are driven by the final state observed, we classify Higgs
channels by decay rather than production mode, and then discuss the different production
characteristics as variants of the final state. However, some initial comments on production
modes are in order. First, experimental studies mostly do not yet include the very large
(N)NLO enhancements known for gg → H [9–11]. Even if background corrections are
as large as for the signal, which they typically are not, the statistical significance of the
GF channels will be greater than estimated by the current studies (which we have used
for this paper). Furthermore, the NNLO calculations may reduce also the theory systematic
uncertainty for the signal. Second, experimental studies do not consider WBF channels above
30 fb−1 integrated luminosity, because the efficiency to tag forward jets at high-luminosity
LHC running is not yet fully understood. This is a very conservative assumption. We also
discuss a scenario where a higher luminosity is available in the WBF channels.

The literature on Higgs channels at LHC is extensive. We refer here only those analyses
which we use in our fits. Mostly, these are recent experimental analyses which contain

1We do not consider diffractive Higgs production since its rate is in general small and also quite uncertain,
which limits the usefulness of this channel for Higgs coupling determinations.

2We do not write this as a partial width, Γt, because, for a light Higgs, the decay H → tt̄ is kinematically
forbidden.

2

bottom quarks. Here we follow a different approach. We perform general fits to the Higgs
couplings with the mildest possible theoretical assumptions, starting with the constraint

ΓV ≤ ΓSM
V (2)

(V = W, Z) which is justified in any model with an arbitrary number of Higgs doublets (with
or without additional Higgs singlets). I.e., it is true for the MSSM in particular.

Even without this constraint, the mere observation of Higgs production puts a lower
bound on the production couplings and, thereby, on the total Higgs width. The constraint
ΓV ≤ ΓSM

V , combined with a measurement of Γ2
V /Γ from observation of H → V V in WBF,

then puts an upper bound on the Higgs total width, Γ. It is this interplay which provides
powerful constraints on the remaining Higgs couplings, allowing for their absolute determi-
nation, rather than simply ratios of their magnitudes.

3.1 Fitting procedure

Our analysis of expected LHC accuracies closely follows the work of Dührssen [7]. First, a
parameter space (x) is formed of Higgs couplings together with additional partial widths to
allow for undetected Higgs decays and additional contributions to the loop-induced Higgs
couplings to photon pairs or gluon pairs due to non-SM particles running in the loops. We
assume that the measured values correspond to the SM expectations for the purpose of
determining statistical uncertainties, then form a log likelihood function, L(x), which, for a
given integrated luminosity, is based on the expected Poisson errors of the channels listed in
Sec. 2 and on estimated systematic errors [7], which are tabulated in the Appendix.

As an alternative, in particular for the specific MSSM scenarios discussed in Sec. 4, we
use a Gaussian approximation to the log likelihood function, i.e., a χ2 function constructed
from the same error assumptions that enter the log likelihood function. We take each of the
channels considered in Ref. [7] as a bin in the χ2. To mimic the effect of Poisson statistics on
channels with low numbers of events, we discard any channel with ≤ 5 total events (signal
plus background) in both approaches. This is relevant only in the case of low luminosity
data. We have checked that the resulting accuracy estimates for coupling measurements are
consistent for the two approaches.

Relative to SM expectations, we compute the variation of either 2L(x) or χ2(x) on this
parameter space and trace out the surface of variations by one unit. The 1σ uncertainties on
each parameter are determined by finding the maximum deviation of that parameter from
its SM value that lies on the ∆χ2 = 1 (∆L = 1/2) surface. We repeat the procedure for
each Higgs mass value in the range 110 ≤ mH ≤ 190 GeV in steps of 10 GeV.

We perform the fits under three luminosity assumptions for the LHC:

1. 30 fb−1 at each of two experiments, denoted 2×30 fb−1;

2. 300 fb−1 at each of two experiments, of which only 100 fb−1 is usable for WBF channels
at each experiment, denoted 2×300 + 2×100 fb−1;

3. 300 fb−1 at each of two experiments, with the full luminosity usable for WBF channels,
denoted 2×300 fb−1.

The second case allows for possible significant degradation of the WBF channels in a high
luminosity environment, while the third case shows the benefits of additional improvements
in WBF studies at high luminosity.

6

2 Setup of the Calculation

As the underlying model of our study we assume the Standard Model with a generalised Higgs sector, where
the Higgs couplings can take arbitrary values. These are parametrised in the following way: Couplings to
particles i, which are present at tree-level in the SM, are modified according to

giiH → gSMiiH(1 +∆iiH) . (1)

As a global sign flip of all couplings is not observable, we always take gWWH to be positive, i.e. ∆WWH > −1.
Additionally, there are two important loop-induced couplings present, namely those to gluons and photons.
They are altered in the following way:

giiH → gSMiiH(1 +∆SM
iiH +∆iiH) . (2)

These can receive two types of contributions. First, there are contributions from changing the tree-level
couplings, ∆SM

iiH . Second, there can be additional dimension-five contributions ∆iiH . They originate from
new particles running in the loop, e.g. the supersymmetric partners in SUSY models. The numerical values
of the couplings are obtained from a modified version of HDecay [23]. Also the masses of the Higgs boson
and the top and bottom quark are added as free parameters and corresponding measurements constrain
them to their experimentally measured value. Additionally, we define ∆H as a single free parameter that
changes all (tree-level) couplings simultaneously.

The total width of the Higgs boson is too small to be measured directly at the LHC. Therefore we have
to make one single model assumption about how to treat the total width, which we take as

Γtot =
∑

obs

Γi(giiH) + generation universality .

This means that there are no further contributions from Higgs decays into invisible particles. The assumption
about generation universality is important as the Higgs has a significant branching ratio of several percent
into unobservable particles (e.g. charm quarks) for which at the LHC there is no possibility to measure
them, and neglecting them would introduce a bias. Further details of the setup have been described in
Refs. [11, 12]. We will not consider any couplings that can only be measured with very high luminosity or
not at all. This includes the only second-generation Yukawa coupling that might be measurable at the LHC,
namely those to muons [24, 25], as well as the Higgs self-couplings [26, 27, 28, 29].

3 Results

3.1 Expectations for the LHC at 14 TeV

The measurements that enter our analysis are derived from an ATLAS Monte Carlo study performed for an
integrated luminosity of 30 fb−1 and assuming a centre-of-mass energy of 14 TeV [11, 30]. We perform a
simulation with typically 5000 toy Monte Carlos, where we smear the signal and background expectations
according to their corresponding errors, and fit the resulting Higgs couplings.

In Fig. 1 we show the results of our analysis. The different curves denote the 68% CL errors on the
∆iiH parameter for the respective coupling. As input value for the signal strength we assume a SM Higgs
boson of the given mass value and note that for reduced couplings the change in the absolute value of the
errors is small. On the left-hand side of the figure we present results where additional contributions from
dimension-five operators have been neglected. Also shown is the result for the single-parameter modifier
∆H . On the right-hand side the dimension-five operators are taken into account as well. In both cases the
coupling of the Higgs to W bosons can be measured best, between 10 and 20% over the whole mass range.
The dimension-five operators thereby reduce the sensitivity to this coupling somewhat. Yukawa couplings
to bottom quarks and τ leptons can only be determined with good accuracy for Higgs masses below 140
to 150 GeV, as for larger masses the corresponding branching ratios become too small. The top quark
is strongly affected by the dimension-five operators Without these operators the gluon-fusion production
processes contribute to the precision of this coupling. Including them, the top-quark coupling needs to be
determined by the badly measurable top-quark-associated production modes, and gluon-fusion production
then pins down the size of the additional operators relative to the top quark coupling.

2

�2
V /� = meas ) �vis  �  �2

V,SM/meas

� = �vis + �inv
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Recasting for H→ invisible
Bai, Draper, Shelton [arXiv:1112.4496] reinterpreted searches for 
monojets and H→ZZ→llνν to constrain H→ invisible
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Figure 3: Left: Comparison of limits on Higgs production times invisible branching ratio coming from
di↵erent sets of cuts employed in [38, 39], interpreted as limits on pp ! Zh ! `+`�+ invisibles.
Right: The most stringent of the current limits and future projections. The solid line is the current
95% C.L. limit from the CMS search at 4.6 fb�1. The dotted line is the projected limit at 20 fb�1

by assuming that the relative systematic error cannot be improved. The dashed line is the projected
limit at 20 fb�1 assuming that the relative systematic error can be improved and reduced alongside
the statistical error by 1/

pL.

the missing energy, ��(j, /ET ) < 0.5. If the event contains no jets harder than 30 GeV, the

azimuthal cut ��(j, /ET ) < 0.5 is applied to jets with pT > 15 GeV.

We consider leptons within |⌘| < 2.5.

We generate the signal events at tree-level using MadGraph5 and multiply the production cross

section by a K-factor 1.3 from NNLO results [46]. After applying the CMS cuts on our signal events,

we present the current constraint on Binv in the solid line of Fig. 3. As one can see from Fig. 3, the

invisible Higgs limit coming from this search is weaker than the limit coming from the monojet search.

These searches [38, 39] are not targeted to the invisible Higgs, and a dedicated analysis can improve

the sensitivity; see Ref. [27, 32, 50] for studies at 14 TeV. However, we expect assisted production will

not be as sensitive to an invisible Higgs as weak vector boson fusion, which we turn to next.

4 LHC Reach in Weak Boson Fusion at 7 TeV

The weak vector boson fusion (WBF) channel was previously shown to be the most sensitive channel

to an invisible Higgs at the 14 TeV LHC [26, 32, 33]. As the signal production proceeds mainly

through the valence quark PDFs while the largest backgrounds are also sensitive to q̄ and g PDFs, it

is unsurprising that the WBF channel remains the most sensitive at 7 TeV. Here we perform a study of

8
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Figure 2: Left panel: the solid line is the current 95% C.L. limit on the Higgs production times the
invisible branching ratio from monojet searches at 1 fb�1 with HighPt cuts. The dotted line is the
projected limit at 20 fb�1 assuming that the relative systematic error cannot be improved. The dashed
line is the projected limit at 20 fb�1 assuming that the relative systematic error can be improved and
reduced alongside the statistical error by 1/

pL. Right panel: A comparison of limits from three
di↵erent cuts used in Ref. [37] with 1 fb�1 luminosity.

statistical and systematic errors in quadrature to set limits. To estimate the potential improvement

with luminosity, we show with the dotted line the projected limits at 20 fb�1 keeping the current

relative systematic error intact. The dashed line shows the projected limits assuming that the relative

systematic error can be reduced and scales as 1/
pL as does the statistical uncertainty. In the right

panel of Fig. 2, we compare the sensitivities of the three di↵erent sets of cuts. As one can see from this

panel, the HighPt cuts provide the best exclusion limit 1. This can be understood as follows: for the

LowPt cuts the quoted systematic errors from multi-jets and non-collision backgrounds are enormous

and limiting; on the other hand, for a su�ciently high pT cut, the major background Z(! ⌫⌫̄)+jets

has similar leading jet pT and /ET distributions as the signal, so increasing the cuts decreases the

exclusion sensitivity.

Note that there is a large gap between the dotted line and the dashed line in Fig. 2, indicating the

dominance of systematic errors in setting limits in this channel. The dashed line takes an optimistic

view that all relative systematic errors can be scaled with luminosity as would be appropriate for

uncertainties coming from data-driven methods. This is not an unreasonable approximation as the

dominant uncertainties in Ref. [37] are currently limited by control region statistics, but of course not

all systematic errors will decrease with luminosity.

1Ref. [47] has recently used the LowPt cuts to set a limit. We emphasize that the HighPt analysis is more sensitive
and provides a better starting point for an experimental search for invisible Higgs decays.

6

Monojet to constrain pp→ HH→ZZ→llνν to constrain pp→ ZH
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Conclusions
We have the technical ability to publish likelihood functions digitally (RooFit/RooStats)

‣ We should make fundamental distinction between parameters that scale only 
rates and those that change acceptance, efficiencies, etc.

HEPData might store signal & background histograms
‣ need meta-information to organize this info (including systmatics)

● HistFactory XML is a concrete solution for binned histograms
In order to extend analyses to different signal with different efficiencies and 
acceptances, need to run simulation.

‣ Fast simulation and/or parametrization for fine scans
‣ RECAST for validated reinterpretation via the experiments

Moving beyond SM Higgs searches towards Higgs coupling measurements is very 
important and also delicate

‣ critical to take into account different production modes in each of the search 
channels.  Current results usually don’t provide this information

‣ if the experiments are going to do final coupling fits, then we need good 
interaction with theorists

We are making progress, the Higgs is likely to change the discussion
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Eierlegende Wollmilchsau
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As we move around the model’s parameter space the distributions change, 
thus changing the signal efficiency and acceptance.

‣ This is harder to parametrize than branching ratios for different topologies
Remember that even at this fixed point in the model’s parameter space, the 
efficiency and acceptance can change as you vary the nuisance parameters 
associated with systematic effects.
‣ at first, maybe we can neglect this effect and it’s an adequate approximation
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Most statistical techniques require ability to evaluate 
likelihood at arbitrary points in the parameter space ⇒ 

‣ Either need to have evaluated model at sufficiently 
many discrete parameter points

‣ Or have a way of interpolating expected signal 
distribution (including efficiency & acceptance)
● Often by interpolating between template histograms
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Initially the experiments may scan some initial set of 
model points.
‣ These define a domain of validity for the model

How does one go to model points outside this set?
‣ if the experiments had a service to provide signal 

templates for new model points, then one can 
interpolate between these new anchor points.
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First interface with SuperBayes
Repeated same analysis as Bridges, KC, Trotta et al (1011.4306) with 
RooStats likelihood
‣ see consistent results! 
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