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Table 2: Number of events surviving subsequent selection cuts as defined in the text for 4-jets analysis
normalized to 1fb−1 using NLO cross-sections.

Sample Cut 1 Cut 2 Cut 3 Cut 4 Cut 5 Meff Cut
SU3 9600 7563 5600 5277 4311 3349
SU1 3485 2854 2004 1907 1401 1229
SU2 604 369 308 279 169 131
SU4 79618 57803 46189 42408 34966 8507
SU6 2551 2062 1468 1383 1080 956
SU8.1 3118 2540 1778 1686 1448 1284

MC@NLO tt̄ 12861 8798 6421 5790 4012 305
Pythia QCD 29230 7044 4667 848 848 13
Alpgen Z 1626 1045 732 660 644 162
AlpgenW 4066 2393 1654 1499 1147 228
HerwigWZ 22 15 9 8 4 1

Total Standard Model 47805 19294 13483 8806 6655 708
SU3 S/B 0.2 0.4 0.4 0.6 0.6 4.7

Zn 0.5 1.3 1.4 2.6 2.7 13
SU3 eff (excl) 35.1% 78.8% 74.0% 94.2% 81.7% 77.9%
SU3 eff (incl) 35.1% 27.7% 20.5% 19.3% 15.8% 12.3%

can together generate large EmissT . The least model-dependent SUSY signature is therefore the search
for events with multiple jets and EmissT . Traditionally searches have been performed requiring at least
four jets; the high multiplicity helps to reduce the background from QCD andW/Z+ jets. Both for this
topology and for the leptonic topologies in the following sections we adopt very simple sets of cuts,
similar to the ones used in the ATLAS Physics TDR [10]. In addition to the four-jet signatures we have
also addressed signatures with lower jet multiplicity. These signatures have more backgrounds, but might
be favoured in some SUSY models, and should be more cleanly reconstructed in the detector, because of
their less-complex topologies. This may be an advantage in the early phases of the experiment.

2.1 Four or more jets in final state
The basic selections applied for this channel are:
1. At least four jets with pT > 50 GeV at least one of which must have pT > 100 GeV; and EmissT >
100 GeV.

2. EmissT > 0.2Meff.

3. Transverse sphericity, ST > 0.2.

4. ∆φ(jet1−EmissT ) > 0.2, ∆φ(jet2−EmissT ) > 0.2, ∆φ(jet3−EmissT ) > 0.2.

5. Reject events with an e or a µ .

6. Meff > 800 GeV.
Most of the background samples have been filtered at generation level with various requirements on E missT
and jet multiplicity. The first cut in the analysis flow applies harder requirements than any of the ones
applied at the filter level to minimise the bias to the study from the use of filtered samples.
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Fig. 6. The digitization from the central detector for the tracks in two of the events which have an identified, isolated, well-mea- 

sured high-PT electron: (a) high-multiplicity, 65 associated tracks; (b) low-multiplicity, 14 associated tracks. 

pected number of  events with a "single" e + with PT 

> 20 GeV/c is 0.2 P0 (GeV'), largely independent of  

the composition of  the EM component; P0 is the ef- 

fective momentum below which the low-energy leg of  

the pair becomes undetectable. Very conservatively, 

we can take P0 = 200 MeV/c (curvature radius 1.2 m) 

and conclude that this background is negligible. 

(3) Heavy quark associated production, followed 

by pathological fragmentation and decay configuration, 

such that Q1 -> e(vX) with the electron leading and the 

rest undetected, and Q2 -> v(£X), with the neutrino 

leading and the rest undetected. In 5 nb -1 we have 

observed one event in which there is a muon and an 

electron in separate jets, with p(U) = 4.4 GeV/c and 
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Fig. 9. The distribution of the transverse mass derived from the 
measured electron and neutrino vectors of the six electron events. 

clusive electron spectrum and using full QCD smearing 

gives m w = (74+_ 4) GeV/c 2 . The method finally used 

is the one of  correcting, on an event-to-event basis, for 

the transverse W motion from the (E v - Ee) imbalance, 

and using the Drell-Yan predictions with no smearing. 

The result of  a fit on electron angle and energy and 

neutrino transverse energy with allowance for system- 

atic errors, is 

m w = (81 +s - 5) GeV/c2 

in excellent agreement with the expectation of  the 

Weinberg-Salam model [2]. 

We find that the number of  observed events, once 

detection efficiencies are taken into account, is in 
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Fig. 10. The transverse momentum distribution of the W de- 
rived from our events, using the electron and missing-energy 
vectors. This is compared with the theoretical predictions of 
Halzen et al. [8] for W production without [0(%)] and with 
QCD smearing. 

agreement with the cross-section estimates based on 

structure functions, scaling violations, and the Wein- 

berg-Salam parameters for the W particle [5]. 
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V + m2
X + 2(eV eX −pV ·pX )

I mT is transverse mass
I e =

√
p ·p + m2 is transverse energy
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likelihood is calculated in mW steps of 1 MeV. We use
the standard model W boson width ΓW = 2.094 GeV,
which has an accuracy of 2 MeV and is calculated
for mW = 80.393 GeV. Using pseudoexperiments, we
find the input ΓW affects the fit mW according to the
relation dmW /dΓW = 0.14± 0.04.

A. Fit Results

The results of the mT fits are shown in Fig. 51,
and Table IX gives a summary of the 68% confidence
level uncertainties associated with the fits. We fit for
mW in the range 65 GeV < mT < 90 GeV, where
the fit range has been chosen to minimize the total
uncertainty on mW . The pT and p/T

distributions are
fit in the range 32 GeV < pT < 48 GeV (Figs. 52
and 53, respectively) and have uncertainties shown
in Tables X and XI, respectively. We show the in-
dividual fit results in Table XII, and the negative
log-likelihoods of all fits in Fig. 54.

mT Fit Uncertainties

Source W → µν W → eν Correlation

Tracker Momentum Scale 17 17 100%

Calorimeter Energy Scale 0 25 0%

Lepton Resolution 3 9 0%

Lepton Efficiency 1 3 0%

Lepton Tower Removal 5 8 100%

Recoil Scale 9 9 100%

Recoil Resolution 7 7 100%

Backgrounds 9 8 0%

PDFs 11 11 100%

W Boson pT 3 3 100%

Photon Radiation 12 11 100%

Statistical 54 48 0%

Total 60 62 -

TABLE IX: Uncertainties in units of MeV on the trans-
verse mass fit for mW in the W → µν and W → eν
samples.

We combine results from the W → µν and W →
eν fits using the Best Linear Unbiased Estimator
(BLUE) [75]. The BLUE algorithm defines a pro-
cedure for constructing a complete covariance ma-
trix using the derivative of mW with respect to each
model parameter [18]. We construct this matrix as-
suming each source of systematic uncertainty is in-
dependent of any other source of uncertainty. The
resulting covariance matrix (Table XIII) is then used
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FIG. 51: The simulation (solid) and data (points) mT dis-
tributions for W boson decays to µν (top) and eν (bot-
tom). The simulation corresponds to the best-fit mW ,
determined using events between the two arrows. The un-
certainty is statistical only. The large χ2 for the electron
fit is due to individual bin fluctuations (Fig. 55) and does
not bias the fit result, as evidenced by the small change
in the fit mW when the fit window is varied (Fig. 58).

to combine all six mW fits. When combining any sub-
set of fits, the appropriate smaller covariance matrix
is used.

The result of combining the mW fits to the mT

distribution in the W → µν and W → eν channels is

mW = 80.417± 0.048 GeV. (46)

The χ2/dof of the combination is 3.2/1 and the prob-
ability that two measurements of the same quantity
would have a χ2/dof at least as large as this is 7%.

The combination of the fits to the pT distribution
yields

mW = 80.388± 0.059 GeV, (47)

CDF: mW = 80.413±0.048 GeV
arXiv:0708.3642
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Pair two-body kinematics

2Y → 2X + 2V
I Another theorem: mY ≥mT 2(mX ), where

Serna, 0804.3344

Cheng and Han, 0810.5178

Barr, BMG & Lester, 0908.3779

I mT2 = minmax(mT ,m′T )
Lester & Summers, 9906349

Barr et al., 0304226

I Partition /pT between two invisibles
I Take the larger mT

I Minimize with respect to partitions
I Corollary: mY ≥mT2(mX )≥mT 2(0)
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The race for the top

t t → 2b2W → 2b2l2ν

Cho et al. 0804.2185
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mT 2 discriminates between S and B:
I Signal: large mT2

I Physics/detector backgrounds: small mT 2

I e.g. t t : mT 2 ≤mt

I e.g. /p ∝ pj : mT2 = mj ∼ 0
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Single mT 2 cut discovers SUSY in 2j + /ET 5

ally measures a jet with Lorentz 2+1 vector j′ = αj
(0 < α < 1), and one gains a contribution to /pT

of
(α− 1)jT . In the absence of any other source of missing
momentum, /pT

‖ jT , so mT2 → m< by Lemma 5 or 6.
Similar arguments apply to heavy-quark jets where lep-
tonic decays lead to production of neutrinos close to the
jet axis.

The other backgrounds in Table II are also forced to
small values of mT2. The least restrictive is ≤ mt since
the top is (assumed here to be) the heaviest Standard
Model particle.

What values of mT2 are expected for any new parti-
cles? At the upper end it is clear from Lemma 1, that
mT2 ≤ m0 for the processes in Table II. One needs a sig-
nificant number of events with mT2 > mt to have a signal
region which is relatively free of background. Now if the
correct value of mi were to be used then the upper bound
(m0) would be saturated since there is a significant den-
sity of states with mT2(v1, v2, /pT

, mi, mi) close to m0.
We have chosen to input the lowest conceivable value
mi → 0 rather than the true invisible-particle mass, so
the argument does not prove that the bound is saturated.
However one can see from (1) that, provided mi % |qT |,
then events which are close to maximal when the true
mi is used will also remain close when we replace this by
mi = 0.

We therefore expect to find a large number of signal
events, and very little background, in the region approx-
imately bounded by mt ∼< mT2 ∼< m0, where m0 is the
mass of the new particle.

V. SIMULATION

To illustrate the results of Section III and Section IV
we generate Monte Carlo signal and background samples
with Herwig++ 2.3.2 [15]. The background processes
simulated are QCD, tt̄, W → "ν+jets, Z → "+"−+jets,
and Z → νν̄+jets. The contribution from diboson+jets
is expected to be very small [6] so is not considered
here. In order to generate sufficient QCD events in the
high-pT region, eight samples were generated in slices
of the pT of the hard scatter. For the SUSY signal,
the SPS1a point [16] is used (m0 = 100 GeV, m1/2 =
250 GeV, A0 = −100 GeV, tanβ = 10, µ > 0), as cal-
culated by SPheno 2.2.3 [17]. Table III lists the lead-
ing order cross sections calculated by Herwig++, and
the number of events generated for each of the processes
considered.

We cluster hadrons (and π0s) with fiducial pseudora-
pidity (|η| < 5) and momentum (pT > 0.5 GeV) into jets
using the fastjet [18] implementation of the anti-kT al-
gorithm [19]. We use the E combination scheme and set
R = 0.4 and pmin

T = 10 GeV. To simulate the detector
effects we smear the majority (1 − ε) of the jet energies
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FIG. 1: Distribution of mT2 for events with two or more jets
with pT > 50GeV (and no other cuts). For the signal point
the squark masses are in the range 500 ∼< mq̃ ∼< 600 GeV and
the gluino mass is close to 600 GeV.

by a Gaussian probability density function of width

σ(E)/Ej =
(

0.6/
√

Ej [ GeV]
)
⊕ 0.03

where Ej is the unsmeared jet energy. This resolution
is typical of one of the general-purpose LHC detectors
[6, 14]. Since the tails of the /pT

distribution are of-
ten dominated by badly mismeasured jets, we simulate
pathological energy-loss by applying a different smearing
function to the remaining fraction (ε = 0.1%) of the jets6
with probability density:

P (E) =

{
2E/E2

j for (0 < E < Ej)
0 elsewhere

.

The missing transverse momentum is calculated from the
negative vector sum of the visible fiducial hadrons (in-
cluding π0) and is corrected for the jet smearing. We
impose the simple requirement that each event contains
at least two jets with pT > 50 GeV. We then take the two
highest pT jets as j1,2 and calculate mT2(j1, j2, /pT

, 0, 0),
for all events. We normalise to 100 pb−1 (using the lead-
ing order cross sections for both signal and background).
The resulting distribution can be seen in Figure 1.

6 [6] suggests a larger value of ε ∼ 1%. We find a smaller value
better matches the tails of the /pT

and mT2 distributions found
in full simulation. The detailed form of the transfer function
clearly needs to be determined from the collision data, but our
findings are not materially altered by changing epsilon from 0.1%
to 1%.

I 100 pb−1 of SPS 1a @ 10 TeV
I mT2 > 230GeV =⇒ S√

S+B
= 15

Barr & Gwenlan, 0907.2713
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Mass measurement

mT 2 can also measure squark/LSP masses
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QCD 2-jet background
I Mis-measured jet
I ∆φ12 < π

I α(T ) ≡ p2
m(T )12

> 1
2 Randall & Tucker-Smith, 0806.1049

6 4 Analysis Method and Results
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(a) Distribution of αT for di-jet events.
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(b) Distribution of αT for events with n = 3 . . . 6
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Figure 3: αT distribution.
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Figure 4: Distribution of the number of jets after the final selection.

are summarized in Tables 2 and 3. The results for the SUSY benchmark-points LM2 - LM5 are
summarized in Table 4.

All expected event yields correspond to an integrated luminosity of 100 pb−1. It can be seen that
in the di-jet case only Z → νν̄ + jets and W + jets events give a small background contribution
over a clear signal. At higher jet multiplicities n = 3 . . . 6, top decays as well as about one
QCD event contribute to the remaining background after the final selection. The contributions
of Z → νν̄ + jets, W + jets and tt̄ events are of similar size. Without the cut on R(Hmiss

T ) all
remaining QCD events could be rejected by requiring αT to be smaller than 0.6.

For the dominant W + jet and tt̄ backgrounds it is interesting to take a closer look at the final
state of the selected events. Of the tt̄ background 97% consists of semi-leptonic top decays.
Of these, two thirds stem from W → τν decays where again in two thirds of the cases the
τ decays hadronically. In other words, the vast majority of the top background stems either

CMS-SUS-09-001-PAS

What about lost jets?
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QCD 3-jet background
x1 ≡ 2p1

p1+p2+/p , x2 ≡ 2p2
p1+p2+/p , /x ≡ 2/p

p1+p2+/p
=⇒ x1 + x2 + /x = 2

Ellis, Gaillard & Ross, 1976
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Summary

I Minimize cuts
I Motivate cuts
I High/low mass regions


