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Jets plus missing energy searches
Jets plus missing energy

generic signature of BSM theories with a residual Z2 (DM) and QCD interactions
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large production cross sections O(pb) qualify for searches in early data
[CMS arXiv:1101.1628 [hep-ex], ATLAS-CONF-2010-065]

Challenges

huge backgrounds & uncertainties,
small S/B
/ET from detector effects

dedicated cuts for specific scenarios
→ loose pert. control, sculpt bckg.
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Towards digging out new physics
QCD jets dominate inclusive analysis even when fake rate is included!

QCD jets Z+jets W+jets t t̄ + jets

σ [pb] ∼ 3.5× 106 ∼ 5× 103 ∼ 50× 103 ∼ 300

ThemT2 andmCT distributions4) for this selection are shown in Figure 5 after requiring missing trans-
verse momentum greater than 40GeV. Again the data are in agreement with the Monte Carlo prediction
given the current size of the systematic uncertainties. For both distributions a SUSY signal would be
expected to be present at high values of these variables.

Figure 6 shows the difference in azimuthal angle between the jet and the missing transverse mo-
mentum vector for the leading and second jet. The distributions are shown after the cut on the missing
transverse momentum. If the missing transverse momentum is consistent with the mismeasurement of
one jet, this value is close to zero. Both distributions are in agreement with the Monte Carlo prediction
which is again dominated by the QCD processes.

The distributions of the quantities sensitive to the angular distributions of the produced jets in the
transverse plane are shown in Figure 7. Both transverse sphericity and transverse thrust (defined in
equations (7) and (8) respectively in Appendix A) are described by the Monte Carlo prediction. The
distributions are shown after the cut on the missing transverse momentum. Due to the back-to-back
configuration of QCD dijet events these values are peaked towards zero, consistent to what is seen in
data. The more spherical SUSY signal or events from tt̄ production show higher values in these two
quantities.

Another important quantity used in supersymmetry searches is the ratio f of the missing transverse
momentum to the effective mass. The distribution of this quantity is shown in Figure 8. The QCD
background is dominant at low values. Processes with real missing transverse momentum show higher
values of this quantity. The data distribution is described by the Monte Carlo prediction.

Figure 9 shows the distribution of the effective mass after the cuts on the ratio f > 0.3 and the cuts
on the difference in azimuthal angle !φ(jet, �EmissT ) are applied. Four data events are found, consistent
with the expectation of 6.6±3. Note that the Standard Model expectation at high Meff values are due to
vector boson plus jets production.
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Figure 4: Distributions of the missing transverse momentum (a) and the effective mass (b) for events in
the two-jet channel. Only the jet selection cuts have been applied.

Three jet channel Distributions of the missing transverse momentum and the effective mass after
the EmissT cut are shown for three-jet events in Figure 10. Both distributions are reasonably well de-
scribed by the Monte Carlo predictions, given the systematic uncertainties. Each of the two events with
4)Formulae for mT2 and mCT can be found in Appendix A, equations (4) and (6) respectively.
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Figure 10: Distributions of the missing transverse momentum and the effective mass for events in the
three-jet channel. The cut requiring EmissT > 40 GeV has been applied in Figure (b).
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Figure 11: Distribution of the effective mass for events in the three-jet channel. The cuts on EmissT ,
the azimuthal difference !φ(jet, �EmissT ) and on the ratio of the missing transverse momentum over the
effective mass have been applied.
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[ATLAS-CONF-2010-065]

Aim for a model-independent shape analysis on an sample as inclusive as possible

Ask for at least 3 hard R = 0.4 ant-kT jets with pj
T ≥ 50 GeV

Veto isolated leptons with pT ≥ 20GeV

Ask for /ET ≥ 100 GeV, include QCD with conservative fudge factor 1/500 (flat)

. . . , trigger, decrease background, generically no harm to the signal
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Background vs. Signal

Features of the background

QCD dominant, t t̄ gone (no b-tag) [SHERPA: Gleisberg et al. ’09]

”staircase scaling“ of the number of jets in Z/W + jets and QCD jets
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Sherpa 1.2.3
CKKW up to 6 ME jets

LHC @ 7TeV

First LHC7 results: pure jets

Inclusive jet multiplicities in ATLAS [ATLAS-CONF-2010-084]

anti-kT jets with R = 0.6 & pT > 30 GeV & |y | < 2.8

one jet with pT > 60 GeV

Steffen Schumann Searching for SUSY in hadronic final states

[CE, Plehn, Schichtel, Schumann ’11] [ATLAS-CONF-2010-084]

Define nj control region (signal-free) ; extrapolate high bins using measured R

Consistently reduce systematic uncertainties of other distributions, scale variation
becomes a “tuning parameter” of the MC simulation
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Background vs. Signal

Features of the signal

TeV

ISR

GeV

FSR

tra
nsi
tio
n

/ET

Z2

produce massive TeV-scale
particles, large x

; enhanced ISR

transition radiation
; additional (soft) radiation

decay of massive TeV-scale
particles, large x

; hard decay jets

boosted decay products
; enhanced FSR

spectrum-characteristic dσexcl/dnj
no staircase scaling

dσexcl/dnj provides discriminative power in a background which can be well
extrapolated due to scaling

SUSY is a phenomenological paradigm for this situation [HERWIG++: Bähr et al. ’08]

cross check against MLM matched [MADGRAPH: Alwall et al. ’07]
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Background vs. Signal
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Shape log likelihood analysis Q(nj )
[LEPHWG ’03]

10

signal significance
for 35 pb−1

inclusive 0.2 σ
njets (1D) 1.6 σ
meff (1D) 3.3 σ
(njets, meff) (2D) 4.6 σ

Table III: Confidence levels for the signal plus background sample ruling out the background-only hypothesis based on one and
two dimensional log-likelihood distributions. The supersymmetric mass spectrum is given by SPS1a.

V. AUTOFOCUSING

Following our results in the previous sections we should be able to use the shapes of the njets and meff distributions
to extract a supersymmetric signal from the now quantitatively understood Standard Model backgrounds. Given
that the two distributions are affected independently by the color structure of the new physics sector and by its
mass scale(s) we will assess the power of the two-dimensional njets vs meff correlations in extracting a discovery or an
exclusion. Such a two-dimensional shape analysis is the natural second step after the first completely inclusive searches
based on counting events. According to Sections II-IV systematic experimental uncertainties will start dominating for
luminosities around O(1 fb−1). Since those are subject to continuous refinement during data taking and need to be
addressed within a full detector simulation study we limit ourselves to statistical uncertainties for a given luminosity.
While this means that we will not obtain reliable estimates for the discovery reach, we will see that it allows us to
discuss the main benefits and limits of the proposed analysis.

As supersymmetric reference models we choose the benchmark point SPS1a, two variations of it, and SPS4. Again,
we only apply the cuts given in Eqs.(1) and (2) and use the exclusive definition of njets and meff. For the meff

distribution we choose a binning of 100 GeV, which approximately reflects the experimental resolution towards large
meff.

For given background and signal+background hypotheses we use a binned log-likelihood ratio to compute statistical
significances assuming statistically uncorrelated bins

log Q =
�

bins

�
ni log

�
1 +

si

bi

�
− si

�
. (8)

It includes the luminosity via the signal and background event numbers si and bi in each bin. While it avoids the
limitations of S/

√
B in regions requiring Poisson statistics it approaches a Gaussian limit for each individual channel

when the bin content becomes large. Some features of this well established approach we summarize in Appendix A.
Applying a “simple hypothesis test” tells us how likely it is that the background-only hypothesis fakes the predicted
signal+background distributions as a statistical fluctuation, i.e. we define the p-value as the SPS1a likelihood ratio’s
median. The likelihood ratio given in Eq.(8) we compute for the exclusive njets, meff, and two-dimensional (njets, meff)
distributions. In this two-dimensional plane the definition of meff, following Eq.(7), only includes exactly njets jets.
With this completely exclusive definition of njets and meff we ensure that the sum over all bins in the (njets, meff)
reproduces the total cross section.

Considering this correlation is similar in spirit to the (/pT , HT ) analysis proposed in Ref. [38]. However, first we focus
on the njets and meff distributions because in Sections II-IV we have shown that we can quantitatively understand
the staircase scaling behavior of the Standard Model backgrounds and translate its precision into other variables. In
addition, as we will see in this section these two variables play a special role, as they not only distinguish signals
from backgrounds, but also contain information on the structure of the underlying new-physics model. As mentioned
above, for the sake of a proof of concept we ignore all uncertainties except for statistical experimental errors, to avoid
correlations in the definition of the log-likelihood.

We can expect from Figures 4 and 6 that the rate in each individual njets bin is dominated by Standard-Model
processes at low meff. Most likely, this region will be the control region to normalize the QCD and W/Z+jets
backgrounds. With the exception of hadronically decaying top pairs all Standard-Model channels will then show
a simple decrease in both directions of the two-dimensional (njets, meff) plane which we can predict following the
arguments in Sections II-IV. The signal contribution will become visible only once meff reaches the mass range of the
particles produced.

nj encodes both mass scale and BSM particle decays
resolve ambiguity and gain statistical sensitivity by singling out the exclusive nj ’s
mass scale:

; Q(nj ,meff) with meff = /ET +
X

nj

pj
T
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Background vs. Signal
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Autofocussing with Q(nj , meff)
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Summary

backgrounds in inclusive jets+missing energy seem well under control

scaling property in pure QCD jets and W/Z+jets backgrounds allows precise
predictions of nj rates

handle to extrapolate to high jet multiplicities and constrain theoretical systematics
in a data driven approach

simple hypothesis testing can identify signal-dominated regions

conservative treatment of fake-/ET (no αT , . . . )

inclusive cuts: normalizations and shapes are governed by perturbation theory

scaling remains valid for exclusive jet numbers

Q(nj ,meff) isolates regions not consistent with the background-only hypothesis,
this can be the first glimpse of the BSM spectrum

No spectrum-specific cuts necessary
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