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Abstract. The discovery of the Higgs boson(s) is the major goal of the LHC which will start taking data
in 2008. In this work a data driven extraction of the background and statistical signal significance in the
H — ZZ — 4¢ decay channel is presented. The background for Higgs masses as low as 130 GeV can be ex-
tracted with an error of 20%, using a sideband measurement from a single 30 fb~! experiment. The predicted
background distribution is best described by a double asymmetric Gaussian. An analytic formula is intro-
duced which provides an accurate p-value that a Higgs discovery claim is consistent with a background
fluctuation. The formula can be used in a single real measurement at LHC using as input the measured back-
ground and the profile likelihood asymmetric errors of this measurement. The method presented here can be
applied to the general case of extrapolating from a signal-free data region to a candidate signal region. This

is the case of supersymmetry searches at the LHC.

PACS. 14.80.Bn; 06.20.Dk

1 Introduction

The discovery of the standard model (SM) Higgs boson is
the major goal of the Large Hadron Collider (LHC). The
first proton—proton LHC data at 14 TeV center of mass en-
ergy are expected in 2008. The Higgs boson mass is a free
parameter in the SM, however there is strong expecta-
tion motivated by precision electroweak data [1] and direct
searches [2] that a low mass Higgs (114.4-199 GeV, 95%
confidence level) should be discovered at the LHC.

The experimentally cleanest signature for the discovery
of the Higgs is its “golden” decay to four leptons (elec-
trons and muons): H — ZZ — 40. The excellent energy
resolution and linearity of the reconstructed electrons and
muons leads to a narrow 4-lepton invariant mass peak
on top of a smooth background. The expected signal to
background ratio after all experimental cuts depends on
the Higgs mass itself. The major component of the back-
ground consists of the irreducible pp = ZZ — 4¢ decays.
The most challenging mass region is between 120-150 GeV
where one of the Z-bosons is off-shell giving low trans-
verse momentum leptons. In this region backgrounds from
pp — Zbb — 4£ and pp — tt — 44 are significant requiring
tight lepton isolation cuts which reduce these backgrounds
to levels well below the pp — ZZ background. As an ex-
ample, in the 130 GeV mass region a S/B ~ 3/1 is expected
with 5-7 events expectation on the background and 12-15
events expectation on the signal after 30 fb~! of integrated
luminosity which corresponds to 3 years of LHC running.
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For lower masses closer to the LEP limit (114.4 GeV) both
S/B and signal yield decrease even further, thus minimiz-
ing the potential of the 4-lepton channel in that region.
From these S/B expectations it is clear that in order to
maximize the Higgs discovery potential using the golden
channel, the most accurate achievable knowledge of the
background and its associated error is essential. The main
characteristic of the 4/ final state at the LHC is the pres-
ence of a background continuum dominated by pp — ZZ —
4¢ decays. This background can be estimated by (i) the-
oretical predictions, (ii) by a combination of theoretical
predictions and subsequent constraints using experimen-
tal LHC data, or (iii) by performing a sideband measure-
ment and subsequently extrapolating to the signal region
(SR). As discussed in [3], the first two methods suffer from
theoretical uncertainties, the luminosity measurement un-
certainty (5%-10% only for method (i)) and systematic
uncertainties such as lepton reconstruction efliciency. In
addition, for low Higgs mass, the Zbb contribution is sig-
nificant with a theoretical error ranging from 20%-50% [4]
(ideally it should be experimentally controlled with early
LHC data). For these reasons a data-driven background
extraction using the sideband measurement (iii) may pro-
vide the most accurate determination of the background.
This method is not as sensitive to theoretical and lumi-
nosity uncertainties, and errors due to lepton and isolation
efficiencies, but is limited by the statistics in the sideband.
A background prediction based on a subsidiary meas-
urement is best motivated in searches where an alternate
hypothesis is lacking. This is the example of supersymme-
try (SUSY) searches at the LHC. In the case of the Higgs
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search discussed here, there is a clear alternate hypothesis,
the prediction of a standard model Higgs. Inclusion of the
signal hypothesis in the case of a low mass H — 4/ requires
special attention. While a measurement of the M4/ back-
ground is possible from the data itself, the signal must be
modelled and uncertainties in its distribution must be con-
sidered. In the low mass M4/ case, we have two flavours of
leptons (electrons and muons) coming from on-shell and off-
shell Z-boson decays. While the on-shell Z can be measured
with data, the off-shell Z is reconstructed by lower energy
leptons with large uncertainties in the linearity, energy scale
and resolution. The effects of these uncertainties in the M4/
modelling for the signal must be considered in the calcula-
tion of confidence levels, but given the very low expected
statistics for a SM Higgs, it is presently unclear if this inclu-
sion brings any gains. For these reasons, we chose to study
the problem first with the background-only hypothesis, and
the extension of the method presented here to include the
signal hypothesis is the subject of future work.

The importance of the discovery of the Higgs boson ne-
cessitates a rigorous study of the background extraction
and the calculation of the significance of a candidate sig-
nal observation. In this work we report on a data driven
method for reliably predicting the Higgs background and
accurately calculating the confidence level that an observa-
tion is consistent with a background fluctuation. The main
results of the method are: (i) the predicted background
using the sideband is practically unbiased and can be well
described by a double asymmetric Gaussian. The uncer-
tainty on the background prediction can be extracted using
the error obtained by the profile likelihood method; (ii) an
analytic formula (9) which provides the correct probability
that an observation is consistent with a background fluc-
tuation. This formula uses the value of the predicted back-
ground and its associated asymmetric uncertainty from
a sideband fit; (iii) the formula can be applied during a real
single experiment by using the profile likelihood errors
from a fit to the sideband. Equation (9) can be easily ex-
tended to include arbitrary systematic uncertainties.

The method presented here can be applied on ATLAS
and CMS analyses to provide an accurate estimate of the
significance of an observation. It can also be used in the
general case of extrapolating from a signal-free data region
to a signal region as in the case of SUSY searches.

2 Background extraction

The low mass H — 4¢ search at the LHC focuses on narrow
Gaussian-like bumps on top of a smooth background domi-
nated by the pp - ZZ — 44 continuum. The width of such
a bump at low masses is dominated by the detector energy
linearity and resolution. Measurement of the non-negligible
background in the signal-free region and prediction of the
background in a candidate signal region is a method that
has been considered by both ATLAS [5] and CMS [3].

In this section we study the performance of a back-
ground extraction method which exploits the presence of
a signal-free sideband-region. The two quantities of inter-
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est are the bias (systematic uncertainty) and the uncer-
tainty on the mean from the sideband measurement. At
this point it is important to define the above uncertainties.
First the shape of the background is not a priori known
and hence an assumption must be made. We define the
assumed shape as £(B; §), where B is the number of back-
ground events in the signal region and é a number of pa-
rameters which define the shape of the background. For
a particular background shape choice, predictions of B and
4 can be made by fitting the data in the sideband. The re-
sult of such a fit will produce:

— Bpred: the predicted background in the SR;
~ OBheq’ the fit error in the predicted background;
— Sp_..,: the syst. uncertainty (shift) on Bpred.

pred”’

While the predicted background Byeq is a measurement
given a single experiment, the uncertainties are unknown.
However there are procedures based on Monte Carlo (MC)
pseudo-experiments which allow for estimation of the
above uncertainties. These procedures typically involve
studies of all different assumed background shapes which
are consistent with the data.

To explain what these uncertainties involve we will take
two ideal limiting cases: (i) in the case of infinite statis-
tics in the sideband and knowledge of the true shape of the
background we have:

Bpred = Btrue y, OB 0 ) SB 07 (1)

pred pred

which means that the uncertainties vanish, and (ii) in the
case of finite statistics in the sideband and knowledge of the
true shape of the background, the OBreq 1S the statistical
uncertainty from the sideband fit. The S Bpreq = 0 since the
background shape is known. In a real experiment the back-
ground shape is unknown and the statistics in the sideband
is finite. Thus, in general S Bpred does not vanish and o Bpred
should also receive contributions from uncertainties due to
the unknown shape. The experimental challenge is how to
estimate these uncertainties given a single experiment and
this will be the subject of the rest of this section.

Several existing LHC studies of the Higgs discovery po-
tential assume arbitrary systematic uncertainties [6]. Here
we will determine the expected level of bias in the back-
ground estimation and we will argue that the uncertainty
OBeq CON be estimated using the profile likelihood error
of the fit. For the case of H — 4/ this uncertainty is dom-
inated by the statistics in the sideband. The systematic
bias Sp 4 can only be studied for a particular background

shape through running MC pseudo-experiments.

2.1 Fitting procedure

In this section we study the distribution of Bpreq as ex-
tracted from sideband fits of toy MC experiments. Each
experiment corresponds to an LHC integrated luminosity
of 30 fb~! (about 3 years of running).

For our studies a distribution for the H — 4¢ back-
ground is assumed based on Monte Carlo. The simula-
tion includes all three major background components pp —
ZZ,7Zbb,tt, and has gone through certain analysis cuts
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Fig. 1. The 4-lepton invariant mass for a 30fb~! pseudo-
experiment at the LHC. A 130 GeV Higgs has been added. The
sideband fit uses an unbinned extended likelihood method and
does not include the signal region 127-133 GeV

using a simple fast simulation algorithm. The resulting
distribution which corresponds to one 3-year LHC ex-
periment contains on average Biye = 7 events in a cho-
sen candidate signal region 127-133 GeV. The background
extraction method is evaluated over a large number of
such background-only experiments. For each experiment
we perform an unbinned extended likelihood fit of the side-
band from 120 to 170 GeV, excluding the signal region. All
fits were performed using MINUIT [7]. The result of the fit
for each experiment is Bpreq the predicted background in
the sideband, and its associated fitting errors. For each ex-
periment we also perform a measurement of the events in
the signal region, Nyps, which follows the Poisson distribu-
tion: P(Nobs; Btrue)-

Biases coming from uncertainties in the shape distri-
bution of the background, are taken into account because
the model parameters are allowed to float in these fits.
In order to check the effects of the parametrization it-
self, a series of background shapes (and normalizations)
were assumed, ranging from the true shape distributed as
(M — 6;) exp(—dpv/M) to such shapes as a straight line
and exp(—do M) which although inconsistent with the true
shape, they would still provide a good fit to the sideband
data. An example of such a sideband fit in the presense of
an average signal of 15 Higgs events is shown in Fig. 1.

In Fig. 2 the predicted background Bpyeq in the SR is
shown for the Bi,ue = 7 case. The deviation from the true
mean is very small (~ 0.003 events) i.e. Bpreq is practically
unbiased and the RMS = 1.52 events. The distribution is
best described by a double asymmetric Gaussian which
gives the correct probability content in the tails.

2.2 Background uncertainty from profile likelihood

The sideband fits we performed in the previous section led
to a distribution of Bpyed, best described by a double asym-
metric Gaussian. We expect that this distribution must
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Fig. 2. The distribution of the predicted background from the
sideband fit with respect to the true mean background. The
mean of the distribution is unbiased and the RMS = 1.524
events. A double asymmetric Gaussian fit provides a good de-
scription of the distribution

be closely related to the error obtained from the fit. The
aim of this section is to study this connection. Since dur-
ing a real single experiment we will perform a single final
fit to the data, we would like to investigate to what extend
the resulting error from the fit can be used to reproduce
the distribution of Bp,eq in Fig. 2. As we will see the asym-
metric fitting error on Bpeq as obtained using the profile
likelihood method, provides a powerful prior to the distri-
bution of Bpyed.

In this section we use the profile likelihood method to
obtain estimates of the distribution of our background pre-
diction in the signal region. The background likelihood
function is defined as £(B;d) where B is the parameter of
interest (the background events in the signal region) and §
the rest of the parameters of the problem (the parameters
that describe the background function). If the maximum
likelihood is Limax = L£(B*;8"), then the profile likelihood
function is the reduced likelihood obtained by maximiz-
ing over the parameter § at 65: Lpror(B) = maxs L£(B;9).
The profile likelihood error is found by determining the
values of B = B, which shift the profile (log) likelihood
by a half-unit:

2(In Lprof(B) — In Lpror(B*)) = 1. (2)

The profile likelihood error on Bp,cq from a single fit is cal-
culated numerically for each experiment using the MINOS
algorithm of the MINUIT program [7]. The distribution
of these asymmetric errors for our pseudo-experiments are
shown in Figs. 3 and 4. The immediate observation is that
the mean of the profile errors

ErrorHigh+ ErrorLow  1.407+41.625
5 = 5 3)

is very close to the true error given by the RMS spread
of Bprea shown in Fig. 2. The spread of the profile er-
rors is quite small, of order 10%. Assuming an exponential
background shape exp(—dpM) to fit the true (M —d1) x

=1.516,
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Fig. 3. The distribution of the lower profile likelihood error
UIBE’:VN ., on the background from the sideband fit. A Gaussian fit
gives a mean error of 1.407 which in combination with the up-
per error from Fig. 4 is very close to the RMS = 1.52 shown in
Fig. 2
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Fig. 4. The distribution of the upper profile likelihood error
ngmd on the background from the sideband fit. A Gaussian fit
gives a mean error of 1.625 which in combination with the lower
error from Fig. 3 is very close to the RMS = 1.52 shown in Fig. 2

exp(—dov/M) shape, leads to practically the same error
in the background. However, in that case a small bias ap-
pears of SBpre 4 = 0.15, due to the difference in the shape.
In conclusion the impact of background shape differences
relative to the effect of the background error coming from
the statistics in the sideband, are small and they do not
affect the results presented here.

3 Calculation of the p-value

Accurate calculation of the p-value and the significance
of an observation in the signal region, requires knowledge
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of the background prediction distribution shown in Fig. 2.
However during a single experiment and a single meas-
urement from a low statistics sideband as in Fig. 1, the
background prediction distribution is unknown. The asym-

metric uncertainty estimates o’ and o)g"  obtained in
pre pre:

the previous section are also not known, however a single
experiment will provide an estimate of them with a 10% ac-
curacy as shown in Figs. 3 and 4. Here we will use these
asymmetric uncertainty estimates U};pmd and a}g“icd on the
predicted background Bpreq to evalflate certain H — 4/
discovery criteria. After some necessary definitions, we in-
troduce an analytic expression to calculate the p-value in
the presence of the background uncertainties extracted in
the previous section. Then we discuss how to apply the
method in a real experiment given a single measurement.
Finally we study the performance of the analytical cal-
culation and the Cousins-Highland method [8] in obtain-
ing the true p-value (i.e. we study the coverage of these
methods).

3.1 Definitions

The chance that we claim a discovery in the presence of back-
ground only is called the rate of type I error, a.. In the case of
a Poisson fluctuating background and in the absence of any
uncertainties on the background, « is given by:

o = i P(N; Bpred) ’ (4)

N=Ncyit

where N, is the critical event number above which we
would claim a discovery. While (4) defines a critical Nt
that corresponds to a discovery, in a real experiment where
a Nops number of events is measured, we define the p-value
as the probability, under the background only assumption,
to measure N, events or more:

p= Z P<N7 Bpred) . (5)

N=N,ps

This p-value can be turned to a significance of an observa-
tion (number of o, S = no) as follows:

oo 1 2
_ —x%/2
= —e dz. 6
P /s V2m ) ©)

In this paper we are concerned with the calculation of the
p-value p in the presence of uncertainties in the background
prediction from a low statistics subsidiary measurement
(the sideband fit).

In the presence of an uncertainty on the background
(systematic and statistical due to the sideband), both Nops
and Bpreq in (5) are distributed and the problem becomes
2-dimensional. Since the distributions depend on the un-
known background parameters Birue and dtrue, we define
a function L(Nob57Bpred|Btruea6true) [97 10] In this case
the criterion for discovery given by the type I error (and
consequently the p-value) is modified:
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0/ = / L(NobS7 Bpred |Btruea 6true) dNobs dBpred ) (7)
w

where the region W on the (Nobs, Bpred) plane is defined by
cuting beyond some critical line

Nobs Z Ncrit - Ncrit (Bpred|Btrue7 étrue) ) (8)

which in general depends on Bpyeq given Birue and the true
background shape. Equation (7) defines an o' for every
set of the unknown (nuisance) parameters Byye and Orye.
The challenge is to define a method to calculate the correct
confidence levels and significance of an observation in the
presence of these parameters [9].

3.2 Analytical calculation

We will now introduce, and examine the validity of, an an-
alytic expression to calculate the p-value in the presence
of background uncertainties. This approach requires as in-
put the distribution of the predicted background Bp;eq and
its goal is to return an accurate p-value. The basic idea is
that the presence of an uncertainty in the predicted back-
ground always reduces the significance. For a certain meas-
ured number of events Ngps in a signal region, downward
fluctuations on Bpeq would lead to an apparent larger ex-
cess of signal events, thus leading to an overstimate of
the significance. Upward fluctuations have the opposite
effect. The resulting p-value, p’ given all possible fluctu-
ations is always greater than p given by (5), leading to
an overestimate of the significance (undercoverage). This
is demonstrated in Fig. 5 where the Bpreq vs. Nops plane
is shown for an assumed mean predicted background of 7
events: Fpred = Birue = 7. The red vertical line N = 25
in Fig. 5 corresponds to an approximate 50 true statisti-
cal fluctuation. The underestimate of the p-value is shown
in green and occurs for background predictions below the
Fpred = 7. The overestimate is shown in red. The correct
p-value can be recovered by adding/subtracting the cor-
responding probabilities of any possible fluctuation of the
predicted background: in Fig. 5 we would add the green
portions and subtract the red. This is analytically possible
only when the distribution of the predicted background
events Bpyreq is known.

The analytic formula which calculates the p-value in the
presence of a background Bpycq that is distributed as a dou-
ble Gaussian with o B 5O Blow, is given by

Nops—1
p, =1- Z P(N; Bpred)
N=0
[ zh,lngEx71
=2 G"| D PW;Bpreati)
=1 N=Ngpg
Eprcd Nobs

Z P(N; Fpred - Z) ) (9)

N=Blow

i,max

+ )G
=1
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Fig. 5. The distribution of the predicted background from
the sideband fit with respect to the observed events in the
signal region, for a mean Epred = 7. The vertical red line de-
notes the critical number of events N¢.it = 25 corresponding to
a true 5o (Gaussian equivalent) fluctuation. The ellipses rep-
resent contours of L(Nobs, Bpred|Btrue, Otrue) With eccentricity
€=0B,,. JON . (7). For example the solid ellipse corresponds
to the contour corresponding to op, ., =5 and on,, =33
events. For a certain observation of N, =25 events, down-
ward fluctuations on Bp.q would give an apparent extra excess
of signal events, thus leading to an overestimate of the signif-
icance (an underestimate of the p-value). Upward fluctuations
have the opposite effect. The coloured regions show the level of
overestimation of signal for downward fluctuations (green) and
the level of underestimation for upward fluctuations (red). Tak-
ing into account all possible fluctuations of Bpeq leads to an
overestimation of the significance

where

(N+1)/2
Glﬁfw = / G(Bpred7 O glow )dBpred )
N/2 pred

(N+))/2
Gl;\}) = / G(Bpreda O gup )dBpred 3
N/2 pred

are the Gaussian probability weights for each possible
value N = Bpreq of the predicted background. These
weights are different for N > Bpreqa (up) and N < Bpred
(low). Equation (9) gives the p-value taking into account
the distribution of the predicted background Bpreq. It
simply adds/subtracts to the p-value of (5) terms corres-
ponding to the different possible values of the prediction
Bprea- When Bpreq :Fpred we get the Oth term; when
Bpred = Fpre(H— 1 then the excess of signal events is un-
derpredicted and the Poisson probabilities correspond-
ing to this underprediction must be subtracted (the 1st
term). This subtraction continues until a critical Bhish

max
that corresponds to the same no test as the Nyps given

Bpred = Bpred ﬁohe black vertical lines in Fig. 5). Similarly
when Bpred = Bpred — 1 the excess of signal events is over-
predicted and their probabilities are added. Every term

must be weighted by the distribution of the background
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prediction which is very close to a double asymmetric
Gaussian (see Fig. 2).

Equation (9) can be easily generalized to include the
systematic bias uncertainty which is relatively small over
a wide choice of background parametrizations tried for the
H — 4/{ case.

3.3 Application to a real experiment

Although (9) provides an accurate analytic way of calculat-
ing the p-value, it assumes the knowledge of the predicted
background distribution. The crucial argument that ap-
plies in the case of the H — 4/ channel is that we can still
use (9) by replacing Bprea by the measured background
from the sideband Bjpreas and the systematic uncertainty
o]u;;red by o}gl’wcas, and Ulé)zied by o}%"/lcas without a signifi-
cant loss of accuracy. This is a central result which may
allow use of this method at the LHC.

For a single experiment at the LHC, a single fit on
the sideband will yield a prediction of the background in
the signal region, Byjeas, and two asymmetric MINOS er-
rors o and o) . Equation (9) can then be used

to obtain the p-value given a measurement of the events
in the signal region. Although systematic effects from the
shape of the background are already taken into account
(the model parameters are floating in the fit), a family of
different parametrizations that can still describe the back-
ground can be used to study the stability of the p-value on
such shape effects.
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3.4 Results

A widely used approach to calculate confidence intervals
in the presence of systematic uncertainties on the back-
ground is the Cousins—Highland (CH) method [8], in which
the pure statistical fluctuations of the background are con-
voluted with systematic uncertainties. Here for comparison
we also use the CH method by considering the profile like-
lihood error on the background and throwing MC pseudo-
experiments. The performance of (9) in providing the cor-
rect p-value is summarized in Table 1. The results of the
CH method and (9) are given in the last two columns in
terms of the significance. The two methods are tested for
several values of the true mean background (first column)
for various No tests (fourth column). The results should be
compared with the true p-value (eighth column). An imme-
diate observation is a dramatic drop in the significance due
to the presence of the background uncertainties. The last
line shows that a 5o observation in the signal region, actu-
ally corresponds to a 3.91¢ significance. This reduction can
be reasonably accurately estimated by plugging the pro-
file likelihood errors from the fit (columns 6 and 7) to the
CH method (upper error) or (9) (both errors). This allows
for a single experiment at the LHC to accurately estimate

the significance using the measured Byjeas and 0}1311’\4 and
eas
low

O Brtens from a single fit to the data. The proposed method
performs better than the CH method for which we have
used the upper MINOS error. The clear advantage of (9)
is that no MC experiments have to be thrown. This al-
lows studies of more general situations where the unknown

Table 1. For a mean number of background events in the signal region Birye (column 1) and given critical number of
events Ngpig (column 2) which corresponds to a Poisson probability given in column 3 and an equivalent Gaussian No sig-
nificance shown in column 4, the table gives the true p-value for claiming a discovery for background-only experiments (col-
umn 8). The extracted significance using the Cousins—Highland method and (9) are shown in columns 9 and 10 respectively

Birue Bol Prob? Approximate Bpred Sideband errors? True No (MC)5 CH No (MC)6 Calculated
Gaussian No 3 lower upper No
4 12 9.20 x 10™* 3 4 1.036 1.253 2.41 2.32 2.44
5 14 7.00x 10™% 3 5 1.164 1.382 2.43 2.37 2.48
6 16 5.10 x 10~* 3 6 1.299 1.517 2.48 2.48 2.52
7 17 9.60 x 10~* 3 7 1.407 1.625 2.53 2.49 2.56
8 19 6.50 x 10~* 3 8 1.505 1.723 2.57 2.53 2.60
9 20 10.0x 1074 3 9 1.614 1.832 2.59 2.54 2.61
10 22 7.00 x 10~* 3 10 1.700 1.918 2.59 2.56 2.61
11 23 10.4x 1074 3 11 1.798 2.016 2.58 2.55 2.61
5 17 1.97x107° 4 5 1.164 1.382 3.32 3.07 3.24
7 21 1.45x 107° 4 7 1.407 1.625 3.26 3.17 3.26
7 25 1.07x 1077 5 7 1.407 1.625 3.91 3.71 3.88

Explanation of table columns:

! Critical number of events in the signal region beyond which a discovery is claimed (Ngps > Nerit)-

2 Corresponding Poisson probability that the background will fluctuate above the Ny events in column 2.

3 Corresponding approximate Gaussian No’s equivalent used in the coverage study.

4 Upper and lower profile likelihood MINOS errors in the background from the sideband measurement (mean values).
5 True No significance in the presence of the background error extracted by throwing pseudo-experiments.

6 Cousins—Highland No using the sideband profile likelihood MINOS error from the fit as the error on the background.
7 Calculated No significance using the sideband error as the error on the background, based on (9).
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systematic bias in the background has to be included and
a whole range for this bias has to be scanned.

4 Summary and conclusions

A data driven method for background extraction and p-
value estimation in the search for the Higgs boson in the
H — ZZ — 4¢ channel at the LHC was presented. For
Higgs masses as low as 130 GeV and integrated luminos-
ity of 30 fb—!, the background in the signal region is best
described by a double asymmetric Gaussian and can be
extracted with a very small bias. Given a single experi-
ment, the background uncertainty, which is dominated by
the statistics in the sideband, is about 20%. The presence
of this uncertainty on the background reduces the statis-
tical significance as shown in Table 1. This reduced sig-
nificance can be calculated by using the analytic formula
given by (9) with the upper and lower profile likelihood
(MINOS) errors of the fit as a background uncertainty. The
method presented here reproduces very well the true sig-
nal significance which means that it has excellent coverage
properties. It can be applied in the general case of extrapo-
lating from a signal-free region to a candidate signal region.
It can also be generalized for the case where the systematic
uncertainty (bias from the fit) Sp_ , on the background is
significant, by shifting the common mean of the Gaussians
in (9). The effect of not a priori knowing the position of the
signal peak (look elsewhere effect) to the significance can
be readily extracted.

A couple of final remarks: although a range of different
background parametrizations were studied without signifi-
cantly affecting the results presented here, a formal study
of their effects on the p-value is still needed. One could ex-
pect large effects in the case where the signal is close to
a turning point of the background and the two sidebands
are significantly different. In this case one must calculate
the p-value by arbitrarily varying the parameters § of the
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fit, and the parametrization itself. As stated in the in-
troduction a background prediction based on a subsidiary
measurement is best motivated in searches as SUSY where
an alternate hypothesis is lacking. The method presented
here can be extended to include an alternate hypothesis
(e.g. standard model Higgs signal). However since our fo-
cus is on the treatment of systematic effects on the es-
timation of the p-value, we postpone the inclusion of an
alternate hypothesis for a future paper.

In statistical terms the method is frequentistic (B and
d are treated as nuisance parameters), but with a Bayesian
flavor (first we fit the data and then we calculate the signif-
icance in a separate step).
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