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THE NEWCOMER
A Higgs-like boson was found, close to the 
lower bound of the Higgs allowed mass range

Not too heavy (eg for SUSY), but not that light

Quite a special value. Do we live in a metastable 
vacuum? Is the quartic coupling zero @Plank 
scale? 

If this is the end 
of the story, 
there is no 
happy ending... 
And we don’t 
like that ...
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt and ↵s by ±3�.

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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Natural SUSY

Extra dimensions (ADD, RS++)

Compositeness

Go Natural?

If New Physics has something to do with making 
the Higgs light, we expect it @ TeV scale

light stop & sbottom, direct or via 
gluino decays

exotic top partners lighter than 1 TeV

the Higgs couplings (signal strength & BRs)  could  deviate from SM

high-mass KK partners (eg RS 
graviton to VV, 𝓁𝓁, top pairs, etc)
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Split SUSY

Standard Model

Or living unnatural?

If New Physics has nothing to do with making 
the Higgs light, we still expect it to give a DM 
candidate, and possibly unification

the Higgs couplings (signal strength & BRs)  
are  SM-like

We will keep setting 
limits on new physics for 
a while

O(100 TeV)
~g~  ~χ0 χ+

~q

O(100 GeV)

SM

SM

long-living particles, stopping 
gluinos, displaced vertices
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Split SUSY

Standard Model
We will keep setting 
limits on new physics for 
a while

long-living particles, stopping 
gluinos, displaced vertices
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Natural SUSY SEARCH:
Multi(b)jet+MET
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Hadronic search for SUSY in multijet+MET 
events with btags

HT vs MET vs btag multiplicity 3D space binned

Control samples used to predict backgrounds 
with data + MC scale factors

Multi(b)jet+MET19 fb-1 SUS-12-024

≥ 3 jets with pT > 50 GeV and |η|< 2.4, ≥1 bjet, 
≥2 jets with pT>70GeV
Muon & Electron veto  (pT > 10 GeV)
Isolated track veto (pT > 15 GeV)
∆φmin > 4.0 (sideband used for QCD)

Event Selection

^

MET = ∑ET

HT = ∑|pTjet|

→

8

5

Table 2: The number of data events and corresponding predictions from MC simulation for the
signal regions, with normalization to 4.98 fb�1. The uncertainties on the simulated results are
statistical.

1BL 1BT 2BL 2BT 3B
Data 478 11 146 45 22
Total SM MC 496 ± 7 13.3 ± 0.6 148 ± 2 36.8 ± 0.9 15.0 ± 0.2
tt 257 ± 2 3.6 ± 0.2 111 ± 1 26.7 ± 0.4 12.6 ± 0.2
Single-top quark 26.0 ± 1.0 0.8 ± 0.2 9.1 ± 0.5 2.7 ± 0.3 0.88 ± 0.09
W+jets 80.0 ± 1.0 2.8 ± 0.2 7.7 ± 0.3 2.2 ± 0.2 0.38 ± 0.05
Z ! nn 104 ± 2 5.3 ± 0.4 13.8 ± 0.7 3.5 ± 0.3 0.80 ± 0.10
Diboson 1.8 ± 0.1 0.10 ± 0.02 0.27 ± 0.04 0.05 ± 0.02 0.02 ± 0.01
QCD 28.0 ± 6.0 0.70 ± 0.20 6.0 ± 1.0 1.7 ± 0.6 0.29 ± 0.07

jets, the Emiss
T distributions of events in the 1BL, 2BT, and 3B samples are shown in Fig. 3. The

numbers of events in the different signal regions are listed in Table 2 for data and simulation.
The simulated results are for guidance only and are not used in the analysis.

4 The Df̂min variable

Figure 4: Illustration of variables used to calculate Df̂min for the case of an event with exactly
three jets with pT > 30 GeV. The light-shaded (light gray) solid arrows show the true pT values
of the three jets i, j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT
values. The angles of jets j and k with respect to the direction opposite to jet i are denoted aj

and ak. The Emiss
T for the event is shown by the dotted (red) arrow. The component of Emiss

T
perpendicular to jet i, denoted Ti, is shown by the dotted (red) line. sTi is the uncertainty on Ti.
Dfi is the angle between Emiss

T and jet i.

Our method to evaluate the QCD background is based on the Df̂min variable. This method
presumes that most Emiss

T in a QCD event arises from the pT mismeasurement of a single jet.

The Df̂min variable is a modified version of the commonly used quantity Dfmin ⌘ min(Dfi)
(i = 1, 2, 3), the minimum azimuthal opening angle between the Emiss

T vector and each of the
three highest-pT jets in an event. Misreconstruction of a jet primarily affects the modulus of its
transverse momentum but not its direction. Thus QCD background events are characterized
by small values of Dfmin. The Dfmin variable is strongly correlated with Emiss

T , as discussed
below. This correlation undermines its utility for the evaluation of the QCD background from
data. To reduce this correlation, we divide the Dfi by their estimated resolutions sDf,i to obtain
Df̂min ⌘ min(Dfi/sDf,i).
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6 4 The Df̂min variable

The resolution sDf,i for jet i is evaluated by considering the pT resolution spT of the other jets
in the event. The uncertainty sTi on the component of the Emiss

T vector perpendicular to jet i
is found using s2

Ti
⌘ Ân(spT,n sin an)2, where the sum is over all other jets in the event with

pT > 30 GeV and an is the angle between jet n and the direction opposite jet i. The situation is
depicted in Fig. 4 for an event with exactly three jets with pT > 30 GeV. Our estimate of the
Df resolution is sDf,i = arctan(sTi /Emiss

T ). [Note: arcsin(sTi /Emiss
T ) is technically more correct

in this expression; we use arctan(sTi /Emiss
T ) because it is computationally more robust while

being equivalent for the small angles of interest here.] For the jet pT resolution, it suffices to use
the simple linear parametrization spT = 0.10 pT [21].

Figure 5(a) shows the ratio of the number of events with Dfmin > 0.3 to the number with
Dfmin < 0.3 as a function of Emiss

T , for a simulated QCD sample selected with the 1BL require-
ments except for those on Df̂min and Emiss

T (Dfmin > 0.3 or a similar criterion is commonly
used to reject QCD background, see, e.g., Refs. [5–8]). The strong correlation between Dfmin
and Emiss

T is evident. The corresponding result based on Df̂min is shown in Fig. 5(b). For the
latter figure we choose Df̂min = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency. For values of Emiss

T greater than about 30 GeV, the distribution based on Df̂min is
seen to be far less dependent on Emiss

T than that based on Dfmin. Figure 5(c) shows the result
corresponding to Fig. 5(b) for events with zero tagged b jets. Comparing Figs. 5(b) and (c), it
is seen that the ratio N(Df̂min � 4.0)/N(Df̂min < 4.0) has an approximately constant value of
about 0.13 (for Emiss

T > 30 GeV) irrespective of the number of b jets.
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Figure 5: QCD-simulation results: (a) the ratio of the number of events that pass the criterion
Dfmin � 0.3 (Npass) to the number that fail (Nfail) as a function of Emiss

T , for events selected with
the 1BL requirements except for those on Df̂min and Emiss

T ; (b) The analogous ratio of events
with Df̂min � 4.0 to those with Df̂min < 4.0; and (c) the same as (b) for events with zero b jets.
The QCD-background estimate is based on the relative flatness of the distributions in (b) and
(c) for Emiss

T ⇠> 30 GeV, as illustrated schematically by the dashed lines.

The measured results for N(Df̂min � 4.0)/N(Df̂min < 4.0) with zero b jets, for events with
HT > 400 GeV, 500 GeV, and 600 GeV, are shown in Fig. 6. By requiring that there not be a
b jet, we reduce the contribution of top-quark events, which is helpful for the evaluation of
QCD background (Section 5.1). The data in Fig. 6 are collected with a pre-scaled HT trigger,
allowing events to be selected at low Emiss

T without a trigger bias. The data in Fig. 6(a) are seen
to somewhat exceed the simulated predictions. The trend is visible in Fig. 6(b) to a lesser extent.
This modest discrepancy arises because the Df̂min distribution is narrower in the simulation
than in data. Since our method to evaluate the QCD background is based on the measured
distribution, this feature of the simulation does not affect our analysis. The data in Fig. 6 are
seen to exhibit the general behavior expected from the simulation. The region below around
100 GeV is seen to be dominated by the QCD background.
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The measured results for N(Df̂min � 4.0)/N(Df̂min < 4.0) with zero b jets, for events with
HT > 400 GeV, 500 GeV, and 600 GeV, are shown in Fig. 6. By requiring that there not be a
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Multi(b)jet+MET19 fb-1 SUS-12-024

Bin HT (GeV) ET
miss (GeV) 

1 400 – 500 
(HT1) 

125 – 150 
(MET1) 

2 500 – 800 
(HT2) 

150 – 250 
(MET2) 

ϯ 800 – 1000 
;,dϯͿ 

250 – ϯϱϬ�
;D�dϯͿ 

4 > 1000 
(HT4) 

> ϯϱϬ�
(MET4) 

1btag
2btag

≥3btag

Kinematic plane 
binned in 4x4 

regions in slices of 
btag multiplicity
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19 fb-1

Nb-jet = 1 

ZL                   SL                  LDP 

H
T a

xi
s 

ET
miss axis 

ZL                   SL                  LDP 

ZL                   SL                  LDP 

Nb-jet = 2 

Nb-jet ш�ϯ 

ET
miss axis ET

miss axis 
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miss axis ET
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miss axis 

H
T a

xi
s 

H
T a

xi
s 

Loose 
b-jet 

tagging 

Zee                Zmm 

ET
miss axis ET

miss axis 

H
T a

xi
s 

3

ZL                   SL                  LDP 

ZL = Zero Lepton; 
signal sample 

SL = Single Lepton; 
top & W+jets control 

sample 

LDP = low 'Imin; 
QCD control 

sample 

Zee = Z ї�e+e-; 

Z to QQ control 
sample 

Zmm = Z ї�P+P-; 

Z to QQ control 
sample 

Zee                Zmm 

Figure 2: Schematic diagram illustrating the 176 mutually exclusive observables of the analysis.
The Emiss

T and HT distributions are divided into four bins each; the table gives the bin defini-
tions. The designations HTi and METi (i = 1 � 4) are used to label the individual HT and Emiss

T
bins. The Nb�jet distributions of the signal sample (ZL), top-quark and W+jets control sample
(SL), and QCD control sample (LDP), contain three bins each, corresponding to exactly one,
exactly two, and three or more identified b jets.

methods are presented in Section 5. Section 6 presents the results and Section 7 a summary.83

2 Detector and trigger84

A detailed description of the CMS detector is given elsewhere [36]. The CMS coordinate sys-85

tem is defined with the origin at the center of the detector and the z axis along the direction86

of the counterclockwise beam. The transverse plane is perpendicular to the beam axis, with87

f the azimuthal angle (measured in radians), q the polar angle, and h = � ln[tan(q/2)] the88

pseudorapidity. A superconducting solenoid provides an axial magnetic field of 3.8 T. Within89

the field volume are a silicon pixel and strip tracker, a crystal electromagnetic calorimeter, and90

a brass-scintillator hadron calorimeter. The tracking system is completed with muon detectors,91

based on gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid.92

The tracking system covers |h| < 2.5 and the calorimeters |h| < 3.0. The 3 < |h| < 5 region is93

instrumented with a forward calorimeter. The near-hermeticity of the detector permits accurate94

measurements of energy balance in the transverse plane.95

Events are selected using multiple trigger conditions, based primarily on thresholds for HT and96

Emiss
T . The trigger efficiency, determined from data, is the probability for an event to satisfy the97

Zνν

W+jets, tt+jets
QCD

Bkg predicted from data control samples x scal 
factors, bin by bin in 3D space (HT vs MET vs 
btag)

Signal contamination in SL reduced with mT cut 
and taken into account when not negligible 
Other control samples defined signal free

Multi(b)jet+MET SUS-12-024
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The Environment Challenge

11

Any possible 
detector effect is a 
potential signal (e.g. 
calorimeter spikes 
look like jet&MET to 
first sight)

And the high PU 
environment does 
not help

Hadronic analyses in hadronic environment are challenging

No signal selection (e.g. photon, leptons) comes at rescue

Tuesday, February 26, 13



Particle Flow

Combine the information from 
all detectors to reconstruct 
single particles

Provides lists of particles (e,m,g, 
charged and neutral hadrons)

Improves HCAL resolution with 
tracker

Replace the HCAL granularity 
with tracker granularity 
(important for jet substructure)

12
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PU Correction with PF

We have a wonderful tracker and a 4T 
magnetic field 

Jets are clustered from PF candidates 
(e,μ,ɣ,charged and neutral hadrons)

Only the charged particles from the 
primary vertex are clustered. This 
removes the PU contribution from 
charged particles

The neutral contribution is subtracted 
in average, using FASTJET
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8 5 Likelihood function and background evaluation methods
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Figure 4: (Top row): Ratio of the number of events in the zero-lepton (ZL) sample to the number
in the single-lepton (SL) sample for simulated top and W+jets events. The plots from left to
right show the results for Nb�jet = 1, 2, and � 3, respectively. Within a plot, the leftmost group
of four consecutive points corresponds to Emiss

T bin 1 (MET1) of the table in Fig. 2, the next-
leftmost group to Emiss

T bin 2 (MET2), etc. The four points within each group correspond to
the four HT bins in the table, increasing in HT value from left to right (HT1 to HT4). (Bottom
row): The (left) Nb�jet = 1 results from the top left plot, divided by the average ratio from that
same plot, and (center and right) the corresponding results for Nb�jet = 2 and Nb�jet � 3. The
uncertainties are statistical.

respectively. (Note: the average values happen to be very close to one, by coincidence.) Were222

the 3D shape of top and W+jets events the same in the simulated ZL and SL samples, the223

points in the top row would all be consistent with a single average value and the points in the224

bottom row consistent with one. Deviations from one on the order of 20-50% are seen for some225

points in the bottom row, indicating a shape discrepancy between the two samples. The shape226

discrepancy is strongest in the HT dimension. Consistent results are found if the POWHEG or227

MC@NLO [48] generators are used to describe the tt MC sample rather than MADGRAPH.228

Our estimate of the top and W+jets contribution to bin i, j, k of the ZL sample is thus

µ
ttWj
ZL; i,j,k = SttWj

i,j,k · RttWj
ZL/SL · µ

ttWj
SL; i,j,k , (3)

where RttWj
ZL/SL is the floating scale factor common to all bins mentioned above and the SttWj

i,j,k229

factors are the MC-based terms presented in the bottom row of Fig. 4, which account for the230

3D shape differences between the ZL and SL samples. In the likelihood function, the SttWj
i,j,k231

expected 
background in 

bin ijk

observed yield in 
control sample

overall normalization (unconstrained nuisance)

bin-by-bin scale factor (constrained 
to MC with sys error) 

Data agree 
with 

prediction
No evidence 

for excess

Multi(b)jet+MET SUS-12-024

16 most 
sensitive 

bins 
shown
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UNNatural SUSY SEARCH:
heavy stabLe charged 

particles
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Split SUSY & HSCP

O(100 TeV)

Split SUSY predicts a large mass gap between 
fermion (light) and scalar (heavy) sparticles

The gluino travels through the detector  as a 
Rhadron  (hadronizig or interacting with the 
mateial), with or without electric charge

We expect a slow particles traveling across 
the detector

Could start charged and become neutral (or 
vice versa) or stay charged all the way 
through (depending on what the gluon picks 
when hadronizing)

~g
_
q

q

~g

~χ0

~  ~χ0 χ+

~q

effective coupling 
suppressed by squark 

virtuality
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HSCP in CMS
Tracker only

Muon Only 

Tracker + TOF

Sensitive to any HSCP produced 
prompt (irrespective of what 
happens after)
Uses dE/dX in tracker to separate 
signal from BKG

Sensitive to any HSCP crossing muon 
detector (irrespective of what happens 
before)
Uses TOF  to separate signal from BKG

uses both (for HSCP crossing the detector)
19
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dE/dx In the Tracker
Measure the charge released in the tracker

Compute ionization, which gives a measurement of p/m through 
charge-dependent empirical coefficients

3

5, 6, 7 and 8e for masses of 100–600 GeV/c2 for |Q| < e, 200–1000 GeV/c2 for 6e  |Q|  8e and74

100–1000 GeV/c2 for the other charges.75

3 CMS Detector76

The central feature of CMS is a superconducting solenoid of 6 m internal diameter. Within the77

field volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic cal-78

orimeter (ECAL), and a brass/scintillator hadron calorimeter (HCAL). Muons are measured79

in gas-ionization detectors embedded in the steel return yoke. Extensive forward calorime-80

try complements the coverage provided by the barrel and endcap detectors. The inner tracker81

measures charged particles within the pseudorapidity range |h| < 2.5. It consists of 1440 silicon82

pixel and 15 148 silicon strip detector modules and is located in the 3.8 T field of the supercon-83

ducting solenoid. It provides a transverse momentum (pT) resolution of about 1.5% for 10084

GeV/c particles. Muons are measured in the pseudorapidity range |h| < 2.4, with detection85

planes made using three technologies: drift tubes (DT), cathode strip chambers (CSC), and re-86

sistive plate chambers (RPC). Matching muons to tracks measured in the silicon tracker results87

in a transverse momentum resolution between 1 and 5%, for pT values up to 1 TeV/c. The first88

level (L1) of the CMS trigger system, composed of custom hardware processors, uses informa-89

tion from the calorimeters and muon detectors to select the most interesting events in a fixed90

time interval of less than 3 µs. The High Level Trigger (HLT) processor farm further decreases91

the event rate from around 100 kHz to around 300 Hz, before data storage. A more detailed92

description can be found in Ref. [50].93

The CMS experiment uses a right-handed coordinate system, with the origin at the nominal94

interaction point, the x axis pointing to the center of the LHC ring, the y axis pointing up95

(perpendicular to the plane of the LHC ring), and the z axis along the counterclockwise beam96

direction. The polar angle q is measured from the positive z axis and the azimuthal angle in the97

x-y plane. The pseudorapidity is given by h = � ln[tan(q/2)].98

3.1 dE/dx Measurements99

As in Ref. [23], dE/dx for a track is calculated as:

Ih =

✓
1
N Â

i
ck

i

◆1/k

, (1)

where ci is the charge per unit path length in the sensitive part of the silicon detector of the
i-th track measurement and k = 2. Ih has units MeV/cm and is computed using only measure-
ments from the silicon strip detectors. Two additional dE/dx discriminators, Ias(I0as) are used
to separate SM particles from candidates with large (small) dE/dx. Ias is given by:

Ias =
3
N

⇥
 

1
12N

+
N

Â
i=1

"
Pi ⇥

✓
Pi �

2i � 1
2N

◆2
#!

, (2)

where N is the number of measurements in the silicon-strip detectors, Pi is the probability for100

a minimum–ionizing particle (MIP) to produce a charge smaller or equal to that of the i–th101

measurement for the observed path length in the detector, and the sum is over the track mea-102

surements ordered in terms of increasing Pi. The I0as discriminator has the same form but with103

Pi representing the probability for a MIP to produce a charge greater or equal to that of the i–th104

measurement. The Ias and I0as estimators are computed using only silicon strip measurements.105

charge/unit path (fixed k=2)

4 4 Data Selection

As in Ref. [23], the mass of a |Q| = 1e candidate particle can be calculated based on the rela-
tionship:

Ih = K
m2

p2 + C. (3)

where the empirical parameters K = 2.559± 0.001 MeV cm�1 c2 and C = 2.772± 0.001 MeV cm�1
106

are determined from data using a sample of low-momentum protons.107

3.2 Time-of-flight Measurements108

The time of flight to the muon system can be used to discriminate between speed-of-light par-
ticles and slower candidates. A single dt measurement can be used to determine the track b�1

via the equation:

b�1 = 1 +
cdt

L
(4)

where L is the flight distance. The track b�1 value is calculated as the weighted average of the
b�1 measurements from the DT and CSC systems associated with the track. The weight for the
ith DT measurement is given by:

wi =
(n � 2)

n
L2

i
s2

DT
(5)

where n is the number of f projection measurements found in the chamber from which the
measurement comes and sDT is the time resolution of the DT measurements, for which the
measured value of 3 ns is used. The factor (n � 2)/n acounts for the fact that residuals are
computed using two parameters of a straight line determined from the same n measurements
(minimal number of hits in a given DT chamber that allows for at least one residual calculation
is n = 3). The weight for the ith CSC measurement is given by:

wi =
L2

i
s2

i
(6)

where si, the measured time resolution, is 7.0 ns for cathode strip measurements and 8.6 ns for109

anode wire measurements.110

The resolution on the b�1 measurement is approximately 0.065 in both the CSC and DT sub-111

systems.112

4 Data Selection113

The analyses of HSCP candidates fall into multiple topologies. Singly charged HSCPs are114

searched for in three ways: (1) requiring tracks be reconstructed in both the inner silicon detec-115

tors and the muon system, referred to as the “tracker+TOF” analysis; (2) only requiring tracks116

be reconstructed in the inner silicon detectors, the “tracker-only” analysis; and (3) only requir-117

ing tracks be reconstructed in the muon system, the “muon-only” analysis. The latter two cases118

account for the possibility of charge flipping (charged to neutral or vice versa) within the cal-119

orimeter. The muon-only analysis is the first CMS result that does not require a HSCP to be120

charged in the inner tracker. Fractionally and multiply charged candidates are searched for121

using a tracker-only type and tracker+TOF type analysis respectively, but with different selec-122

tion, background estimate, and systematic uncertainties. The preselection for these categories123

is described below.124

empirical coefficients

Ih vs pT distributions 
provides S vs B 
discrimination
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dE/dx In the Tracker

Additional discrimination from p-
value of MIP-ionization pdf (for 
data-driven BKG determination)

3

5, 6, 7 and 8e for masses of 100–600 GeV/c2 for |Q| < e, 200–1000 GeV/c2 for 6e  |Q|  8e and74

100–1000 GeV/c2 for the other charges.75

3 CMS Detector76

The central feature of CMS is a superconducting solenoid of 6 m internal diameter. Within the77

field volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic cal-78

orimeter (ECAL), and a brass/scintillator hadron calorimeter (HCAL). Muons are measured79

in gas-ionization detectors embedded in the steel return yoke. Extensive forward calorime-80

try complements the coverage provided by the barrel and endcap detectors. The inner tracker81

measures charged particles within the pseudorapidity range |h| < 2.5. It consists of 1440 silicon82

pixel and 15 148 silicon strip detector modules and is located in the 3.8 T field of the supercon-83

ducting solenoid. It provides a transverse momentum (pT) resolution of about 1.5% for 10084

GeV/c particles. Muons are measured in the pseudorapidity range |h| < 2.4, with detection85

planes made using three technologies: drift tubes (DT), cathode strip chambers (CSC), and re-86

sistive plate chambers (RPC). Matching muons to tracks measured in the silicon tracker results87

in a transverse momentum resolution between 1 and 5%, for pT values up to 1 TeV/c. The first88

level (L1) of the CMS trigger system, composed of custom hardware processors, uses informa-89

tion from the calorimeters and muon detectors to select the most interesting events in a fixed90

time interval of less than 3 µs. The High Level Trigger (HLT) processor farm further decreases91

the event rate from around 100 kHz to around 300 Hz, before data storage. A more detailed92

description can be found in Ref. [50].93

The CMS experiment uses a right-handed coordinate system, with the origin at the nominal94

interaction point, the x axis pointing to the center of the LHC ring, the y axis pointing up95

(perpendicular to the plane of the LHC ring), and the z axis along the counterclockwise beam96

direction. The polar angle q is measured from the positive z axis and the azimuthal angle in the97

x-y plane. The pseudorapidity is given by h = � ln[tan(q/2)].98

3.1 dE/dx Measurements99

As in Ref. [23], dE/dx for a track is calculated as:

Ih =

✓
1
N Â

i
ck

i

◆1/k

, (1)

where ci is the charge per unit path length in the sensitive part of the silicon detector of the
i-th track measurement and k = 2. Ih has units MeV/cm and is computed using only measure-
ments from the silicon strip detectors. Two additional dE/dx discriminators, Ias(I0as) are used
to separate SM particles from candidates with large (small) dE/dx. Ias is given by:

Ias =
3
N

⇥
 

1
12N

+
N

Â
i=1
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Pi ⇥
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Pi �

2i � 1
2N

◆2
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, (2)

where N is the number of measurements in the silicon-strip detectors, Pi is the probability for100

a minimum–ionizing particle (MIP) to produce a charge smaller or equal to that of the i–th101

measurement for the observed path length in the detector, and the sum is over the track mea-102

surements ordered in terms of increasing Pi. The I0as discriminator has the same form but with103

Pi representing the probability for a MIP to produce a charge greater or equal to that of the i–th104

measurement. The Ias and I0as estimators are computed using only silicon strip measurements.105

probability MIP to produce <= 
observed ionization

8 5 Background Prediction
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Figure 2: Observed and predicted mass spectra for candidates entering the tracker-only (left
column) or tracker+TOF (right column) signal region for the loose selection. The expected
distribution for a representative signal is shown in green. The top row is for

p
s = 7 TeV, while

the bottom row is for
p

s = 8 TeV.
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4 4 Data Selection

As in Ref. [23], the mass of a |Q| = 1e candidate particle can be calculated based on the rela-
tionship:

Ih = K
m2

p2 + C. (3)

where the empirical parameters K = 2.559± 0.001 MeV cm�1 c2 and C = 2.772± 0.001 MeV cm�1
106

are determined from data using a sample of low-momentum protons.107

3.2 Time-of-flight Measurements108

The time of flight to the muon system can be used to discriminate between speed-of-light par-
ticles and slower candidates. A single dt measurement can be used to determine the track b�1

via the equation:

b�1 = 1 +
cdt

L
(4)

where L is the flight distance. The track b�1 value is calculated as the weighted average of the
b�1 measurements from the DT and CSC systems associated with the track. The weight for the
ith DT measurement is given by:

wi =
(n � 2)

n
L2

i
s2

DT
(5)

where n is the number of f projection measurements found in the chamber from which the
measurement comes and sDT is the time resolution of the DT measurements, for which the
measured value of 3 ns is used. The factor (n � 2)/n acounts for the fact that residuals are
computed using two parameters of a straight line determined from the same n measurements
(minimal number of hits in a given DT chamber that allows for at least one residual calculation
is n = 3). The weight for the ith CSC measurement is given by:

wi =
L2

i
s2

i
(6)

where si, the measured time resolution, is 7.0 ns for cathode strip measurements and 8.6 ns for109

anode wire measurements.110

The resolution on the b�1 measurement is approximately 0.065 in both the CSC and DT sub-111

systems.112

4 Data Selection113

The analyses of HSCP candidates fall into multiple topologies. Singly charged HSCPs are114

searched for in three ways: (1) requiring tracks be reconstructed in both the inner silicon detec-115

tors and the muon system, referred to as the “tracker+TOF” analysis; (2) only requiring tracks116

be reconstructed in the inner silicon detectors, the “tracker-only” analysis; and (3) only requir-117

ing tracks be reconstructed in the muon system, the “muon-only” analysis. The latter two cases118

account for the possibility of charge flipping (charged to neutral or vice versa) within the cal-119

orimeter. The muon-only analysis is the first CMS result that does not require a HSCP to be120

charged in the inner tracker. Fractionally and multiply charged candidates are searched for121

using a tracker-only type and tracker+TOF type analysis respectively, but with different selec-122

tion, background estimate, and systematic uncertainties. The preselection for these categories123

is described below.124
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ing tracks be reconstructed in the muon system, the “muon-only” analysis. The latter two cases118
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orimeter. The muon-only analysis is the first CMS result that does not require a HSCP to be120
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12 6 Systematic Uncertainties

Table 1: Results of the final selections for predicted background and observed number of
events. Uncertainties are statistical and systematic.

Numbers of events
Selection criteria

p
s = 7 TeV

p
s = 8 TeV

pT I(0)as 1/b
Mass Pred. Obs. Pred. Obs.( GeV/c) ( GeV/c2)

tracker-only > 70 > 0.4 -

> 0 7.1 ± 1.5 8 32.5 ± 6.5 41
> 100 6.0 ± 1.3 7 26.0 ± 5.2 29
> 200 0.65 ± 0.14 0 3.1 ± 0.6 3
> 300 0.11 ± 0.02 0 0.55 ± 0.11 1
> 400 0.030 ± 0.006 0 0.15 ± 0.03 0

tracker+TOF > 70 > 0.125 > 1.225

> 0 8.5 ± 1.7 7 43.5 ± 8.7 42
> 100 1.0 ± 0.2 3 5.6 ± 1.1 7
> 200 0.11 ± 0.02 1 0.56 ± 0.11 0
> 300 0.020 ± 0.004 0 0.090 ± 0.02 0

muon-only > 230 - > 1.40 - � � 5.6 ± 2.9 3
|Q| > 1e - > 0.500 > 1.200 - 0.15 ± 0.04 0 0.52 ± 0.11 1
|Q| < 1e > 125 > 0.275 - - 0.12 ± 0.07 0 0.99 ± 0.24 0

6 Systematic Uncertainties287

The sources of systematic uncertainty include those related to the integrated luminosity, the288

background prediction, and the signal efficiency. The uncertainty on the integrated luminosity289

is 2.2% (4.4%) at
p

s = 7(8) TeV [54, 55]. The uncertainties on the background predictions are290

described in Sec. 5.291

The signal efficiency is obtained from Monte Carlo simulations of the various signals processed292

through the full detector simulation (Sec. 2). Systematic uncertainties on the final results are293

dominated by uncertainties on the differences between the simulation and data. The relevant294

differences are discussed below. Uncertainties that vary between samples and masses are given295

by the range of values, other uncertainties are constant.296

The trigger efficiency is dominated by the muon triggers for all the analyses except the charge-297

suppressed samples. The uncertainty on the muon trigger efficiency arises from several effects.298

A difference of up to 5% between data and MC has been observed [53]. For slow moving299

particles, the effect of timing synchronization of the muon system is tested by shifting the ar-300

rival times in MC by the synchronization observed in data resulting in an efficiency change of301

2%(4%) for
p

s = 7(8)TeV. For the |Q| < 1e samples, an additional uncertainty arises from302

the possibility of losing hits due to their ionization in the muon system being closer to the hit303

threshold. The uncertainty on the gains in the muon system is evaluated by shifting the gain304

by 25% yielding an efficiency change of 15%(3%) for |Q| = e/3(2e/3) samples. The uncertainty305

on the Emiss
T trigger efficiency is found by varying the MC HLT jets by the jet energy scale un-306

certainties. The Emiss
T uncertainty for

p
s = 7 TeV samples is found to be less than 2% for all307

samples except the charged suppressed where it is found to be < 5%. For
p

s = 8 TeV samples308

it is less than 1% for all samples.309

Energy loss in the silicon tracker is important for all the analyses except for the muon-only310

analysis. Low momentum protons are used to quantify the agreement between the observed311

Use ionization and TOF to predict bkg tail 
at large m with data

Data driven ABCD method based on pairs 
of uncorrelated variables
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Figure 6: Observed and predicted mass spectra for candidates entering the tracker-only (left
column) or tracker+TOF (right column) signal region for the tight selection. The expected dis-
tribution for a representative signal is shown in green. The top row is for

p
s = 7 TeV, while

the bottom row is for
p

s = 8 TeV.
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Figure 7: Cross section upper limits at 95% C.L. on various signal models for the tracker-only
analysis (left column) and tracker+TOF analysis (right column). The top row is for the 2011
data (

p
s = 7 TeV), the middle row is for the 2012 data (

p
s = 8 TeV), the bottom row shows the

ratio of the limit to the theoretical value for the combined 2011 and 2012 dataset. In the legend,
’CS’ stands for charged suppressed interaction model.
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Figure 8: Left: Cross section upper limits at 95% C.L. on various signal models for the muon-
only analysis for the 2012 (

p
s = 8 TeV) dataset. Right: Limits on the signal strength (µ = s/sth)

for the 2012 (
p

s = 8 TeV) dataset.

8 Conclusions402

A wide ranging, multi-prong search for heavy, stable, charged particles is presented with CMS403

data at
p

s = 7 and 8 TeV. Five complementary, and sometimes overlapping, analyses are404

performed: a search with only the inner tracker; a search with both the inner tracker and the405

muon system; a search with only the muon system; a search for low ionizing tracks; and a406

search for tracks with very large ionization energy loss as expected for particles with |Q| =407

2 � 8e. No significant excess is observed. Mass limits for gluinos, stops, staus, fractionally408

charged particles, and multiply charged particles are given. The models for R-hadron-like409

HSCPs include a varying fraction of g̃�gluon production and two different interaction models410

producing a variety of exotic experimental signatures. The multiply charged analysis gives the411

first LHC limits on the production of long lived particles with |Q| = 2 � 8e. The other limits,412

ranging up to 1322 GeV/c2 for gluinos, are the most restrictive to date eclipsing previous limits413

from the LHC.414
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6 4 Backgrounds
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Figure 1: The observed opposite-sign e±µ⌥ dilepton invariant mass spectrum (data points).
The filled red histogram shows the contribution to the spectrum from tt and other sources of
prompt leptons (tW, diboson production, Z/g⇤ ! tt). The background where at least one of
the reconstructed objects is not a real lepton is shown in yellow. All components are estimated
using simulations except for the jet component where both leptons are misidentified jets which
is estimated from the data using the same-sign e±µ± spectrum. The simulated backgrounds
are normalised to the data in the region of 60 � 120 GeV.
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one muon (electron) with pT> 45 GeV (ET>100 GeV) 

Muon track-based isolation <15% for ∆R<0.3 and ∆pT/pT < 0.3

Electron from isolated ECAL deposits matched to track. ET from ECAL
4 3 Event selection

the latter contributions from pileup are taken into account. To reject electrons originating from96

photon conversions, the distance between the track and the vertex must not exceed 0.2 cm and97

a maximum of one lost hit in the innermost layer of the tracker is allowed [26].98

The neutrino is not detected directly, but gives rise to experimentally observed missing trans-99

verse energy (Emiss
T ). This quantity is determined using a particle-flow technique [27], an algo-100

rithm designed to reconstruct a complete list of distinct particles using all the subcomponents101

of the CMS detector.102

The main observable in this search is the transverse mass MT of the lepton-Emiss
T system, calcu-

lated as
MT =

q
2 · p`T · Emiss

T · (1 � cos Df`,n) (1)

where Df`,n is the azimuthal opening angle between the charged lepton’s transverse momen-103

tum (p`T) and Emiss
T direction.104

In W0 decays, as well as for the other models considered, the lepton and Emiss
T are expected105

to be almost back-to-back in the transverse plane, and balanced in transverse energy. Ad-106

ditional kinematic criteria therefore select events with a ratio of the lepton pT and the Emiss
T ,107

0.4 < pT/Emiss
T < 1.5, along with the requirement of the angular difference, Df`,n > 0.8p. For108

simulated events passing these selection criteria, the average signal efficiency is found to be 70-109

75% with 2% uncertainty in the electron and 67-72% with 1% uncertainty in the muon channel110

for SSM W0 with masses between 0.5 and 2.5 TeV. This includes the roughly 90% geometri-111

cal acceptance corresponding to a requirement of |hµ| < 2.1 for muons, and |he| < 1.442 or112

1.56 < |he| < 2.5 for electrons. For higher W0 masses up to 4 TeV the signal efficiencies slowly113

decrease to 50% due to an increasing fraction of W0 off their mass shell. For the HNC contact114

interaction model the signal efficiency is independent on the interaction scale L and has been115

determined from simulation to be 80% with 1% uncertainty for a e+Emiss
T signal and 77% with116

4% uncertainty for a µ+Emiss
T contact interaction signal.117

The two types of processes, W0 production and compositeness, can be distinguished by exam-118

ining the shape of the lepton-Emiss
T transverse-mass spectrum. Both processes manifest them-119

selves through an excess of events at the high end of the spectrum. While W0 signal events are120

expected to concentrate in a Jacobian peak around the W0 mass, as shown in Fig. 1, composite-121

ness would rather yield an unstructured excess, decreasing as a function of MT, as shown in122

Fig. 2.123

The transverse mass distributions for accepted SM events in the electron and muon channels124

are shown in Fig. 3, along with two example W0 signals. For muons variable binning adapted to125

the momentum resolution as a function of pT is used. For electrons the ET dependence is nearly126

flat. Data are represented by black dots based on 20 fb�1 of pp collision data at
p

s=8 TeV. The127

various contributions of SM processes to the total background are shown in different colors.128

Higher order corrections and PDF functions are described in the following section.129

To consider different efficiencies in data and Monte Carlo simulation, both of them have been130

determined using tag-and-probe methods. The total efficiency includes contributions from131

trigger, lepton identification, and isolation. For electrons, a total scale factor of 0.979± 0.028 has132

been determined. For the muon channel h-binned scale factors are used, which are 0.9590 ±133

0.0004 for |h| < 0.9, 0.9290 ± 0.0012 for 0.9 < |h| < 1.2 and 0.9809 ± 0.0009 for 1.2 < |h| < 2.1.134
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Figure 3: Observed transverse mass distributions for the electron (left) and muon (right) chan-
nels. The latter uses variable binning considering the pT dependent momentum resolution. The
shaded area represents the total systematic uncertainty on the standard model background.
Simulated signal distributions for a W0 with masses of 0.5 and 2.5 TeV are also shown, includ-
ing detector resolution effects. The simulated background labeled as ‘di-boson’ includes WW,
ZZ and WZ contributions.
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Figure 3: Observed transverse mass distributions for the electron (left) and muon (right) chan-
nels. The latter uses variable binning considering the pT dependent momentum resolution. The
shaded area represents the total systematic uncertainty on the standard model background.
Simulated signal distributions for a W0 with masses of 0.5 and 2.5 TeV are also shown, includ-
ing detector resolution effects. The simulated background labeled as ‘di-boson’ includes WW,
ZZ and WZ contributions.
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6 4 Signal and background simulation

4 Signal and background simulation135

Several large samples of simulated events were used to evaluate signal and background effi-136

ciencies. The generated events were processed through a full simulation of the CMS detector137

based on GEANT4 [28, 29], a trigger emulation, and the event reconstruction chain.138

W0 signals are generated at leading order (LO) with PYTHIA using the CTEQ6L1 parton dis-139

tribution functions (PDF) [30]. In order to include interference of W0 and W in this analysis,140

a model of a single new heavy vector boson W0 with a SM-like left-handed coupling strength141

|g0L| ⇡ 0.65 was implemented in the MADGRAPH event generator [31]. This model includes142

spin correlations as well as finite-width effects. For such a left-handed scenario with interfer-143

ence, the generation of samples is technically more challenging. Since the scattering amplitude144

responsible for the `n final state is the sum of W0 and SM W boson terms, both contributions145

have to be generated simultaneously. A threshold in MT was applied to suppress the domi-146

nant W contribution around the W-mass, where interference effects are negligible for the W0
147

masses considered in this search. The simulation uses MADGRAPH 4.5.1, matched to PYTHIA148

for showering and hadronisation. For the hadronisation model, the PYTHIA Tune Z2 was used149

for both W0 simulations. Both generators simulate at leading order (LO) and use the CTEQ6L1150

parton distribution functions (PDF) [30]. Mass-dependent K-factors, varying from 1.14 to 1.36,151

for the next-to-next-to-leading order (NNLO) correction were calculated with FEWZ [32, 33].152

Signal samples for four-fermion contact interaction (Helicity-Non-Conserving model [23]) are153

produced with PYTHIA at leading order. In the absence of higher order calculations for this154

model, LO cross sections are used. The signal efficiency is independent of L. Therefore, it is155

determined from the L = 4 TeV sample, as this incorporates the best statistics.156

The primary source of background for all these signals is the off-peak, high transverse mass tail157

of the standard model W ! `n decays. Other important backgrounds arise from QCD multijet,158

tt, and Drell–Yan events. Di-bosons (WW, WZ, ZZ) decaying to electrons, muons, or taus were159

also considered. The event samples for the electroweak background processes W ! `n and160

Z ! `` (` = e, µ, t) were produced using PYTHIA. For the W, a transverse-mass dependent161

K-factor is calculated to account for NLO QCD and electro-weak corrections. Mass-dependent162

QCD K-factors, ranging from 1.28 to 1.23 are applied to the Z background distribution. The163

PYTHIA generator was also used for QCD multijet events. The tt events were generated with164

MADGRAPH in combination with PYTHIA, and the newly-calculated NNLL (next-to-leading-165

order including the leading logarithms of NNLO) cross section was applied [34]. All other166

event samples were normalized to the integrated luminosity of the recorded data, using cal-167

culated NNLO cross sections. The only exceptions were the di-boson and QCD samples, for168

which the NLO and LO cross sections were used respectively. We note that multijet background169

is largely suppressed by the event selection requirements. The simulation of pile-up is included170

in all event samples by superimposing minimum bias interactions onto the main background171

processes.172

The background is determined from simulation based on samples with high statistics at high
MT. Still, for transverse masses above ⇠ 2.5 TeV, statistics is low. Therefore the full MT distri-
bution is fit with an empirical function, of the form

f (MT) =
a

(M3
T + bMT + c)d . (2)

The fit is used to determine the expected number of SM background events for all transverse173

mass bins. The resulting background prediction for three example thresholds Mmin
T is shown174

in Table 1. Contributions from SM processes drop quickly with increasing MT, leading to less175

Fit MT distribution 
with empirical 
function to predict 
bkg on the tail
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Table 1: Data, background, and signal event yields for different transverse mass thresholds.
The given uncertainties are the combined uncertainties assuming a log-normal distribution.
Not considered is the uncertainty on the lumionsity which is 4.4%.

MT > 1.0 TeV MT > 1.5 TeV MT > 2.0 TeV
Electron channel

Data 22 1 1
SM background 26+2.6

�2.4 1.99+0.27
�0.24 0.218+0.037

�0.032
W0 , MW0 = 2.5 TeV 51+1.2

�1.2 39+0.96
�0.94 24+0.74

�0.72
W0 , MW0 = 3 TeV 10+0.25

�0.25 8.03+0.2
�0.2 5.91+0.17

�0.16
CI L = 4 TeV 1205+26

�26 398+13
�13 114+5.9

�5.6
CI L = 9 TeV 46+1

�1 15+0.52
�0.5 4.45+0.23

�0.22
Muon channel

Data 33 3 1
SM background 26+4

�3.5 2.27+0.62
�0.49 0.33+0.15

�0.1
W0 , MW0 = 2.5 TeV 47+5.4

�4.8 35+4.9
�4.3 20+4.8

�3.8
W0 , MW0 = 3 TeV 9.9+1.5

�1.3 7.4+1.3
�1.1 5.15+1.2

�0.99
CI L = 4 TeV 1120+91

�84 366+62
�53 119+34

�26
CI L = 9 TeV 43+3.5

�3.3 14+2.4
�2.1 4.6+1.3

�1

than 0.5 events for MT >2 TeV.176

Uncertainties due to lepton energy or momentum resolution and scale, varying between 1%177

and 10%, are applied to the transverse mass spectrum, which is distorted (scaled and smeared).178

For the missing transverse energy, each energy deposition is assigned to its corresponding ob-179

ject (jet, tau, photon, electron, muon, and unclustered energy). It is then varried according to180

its type and from this the uncertainty on the missing transverse energy is calculated. For each181

systematic uncertainty, the MT distributions are shifted by ±1s and the resulting distribution182

is fit again. The difference to the original fit is used as the systematic uncertainty on the consid-183

ered numbered of background events. For the signal estimation, the difference to the shifted184

distributions is used directly as the systematic uncertainty. Additionally, an uncertainty on the185

integrated luminosity of 4.4% is considered [35]. By applying two different methods for pileup186

determination, another uncertainty is determined. The total uncertainty of the expected back-187

ground is shown as grey, hatched bands in Figure 3. The largest contribution in the electron188

channel derives from the electron energy scale, while the muon-transverse-momentum scale189

constitutes the major contribution in the corresponding channel.190

5 Results and limits191

No significant excess has been observed in the data. The observed highest transverse mass192

events have MT = 2.3 TeV in the electron channel, and MT = 2.1 TeV in the muon channel.193

Upper limits on the production cross section times the branching fraction sW0 ⇥ B(W0 ! `n),194

with ` = e or µ are set. Cross-section limits are derived using a Bayesian method [36] with195

a uniform prior probability distribution for the signal cross section. Systematic uncertainties196

on the signal and background yield were included via nuisance parameters with a log-normal197

prior distribution. For the limits on the three models, the limit is calculated using a binned198

likelihood, unlike the single bin counting approach above an optimized Mmin
T threshold in our199

previous publications [3, 4]. Multiple bins as displayed in Fig. 3 with MT > 250 GeV are con-200

sidered. For the upper limit on W0 masses both methods are equally sensitive, mainly because201
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8 5 Results and limits

the limit is driven by the non-observation of data with a negligible expected background from202

SM processes. However, in this publication we extend to W0 masses as low as 300 GeV, where203

the signal to background ratio is less favourable. In that mass range, the cross section limit204

improves nearly by an order of magnitude compared to the single bin method.205

Using the central value of the theoretical cross section times the branching fraction, we exclude206

at 95% confidence level (CL) the existence of a SSM W0 with SM-like couplings of masses less207

than 3.20 TeV (compared with an expected limit of 3.25 TeV) in the electron and 3.15 TeV (com-208

pared to 3.10 TeV expected) in the muon channel, as shown in Fig. 4. Combining both channels,209

which corresponds to doubling the statistics, the limit increases to 3.35 TeV. With 5 fb�1 of data210

at
p

s = 7 TeV the exclusion limit was at 2.5 TeV when combining both channels [4]. Figure 5211

displays the excluded W0 cross section times branching ratio as a function of the W0 mass. The212

corresponding values are summarized in Table 2.213
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Figure 4: Upper cross section limits at 95% confidence level on s(W0
)⇥ B(W0 ! `n) with ` = e

(left) and ` = µ (right). The one (two) sigma uncertainty bands are shown in green (yellow).
The theoretical cross section, is displayed with a mass-dependent NNLO k-factor.

Table 2: Limits on the SSM W0 mass from the combination of 2012 electron and muon channel.
MW0 [GeV] 300 900 1500 2000 3000 3500 4000
Observed limit [fb] 71 2.4 0.75 0.33 0.49 0.95 1.7
Expected limit [fb] 49 2.3 0.66 0.39 0.47 0.80 1.6

The results of the individual channels can be combined. Uncertainties deriving from the dif-214

ferent lepton measurements are assumed to be independent. Uncertainties due to the missing215

transverse energy determination, the pileup and the luminosity measurement are considered216

to be fully correlated.217

To determine the limits on the W0 models including interference effects with the W, the dif-218

ference Ds in the MT spectrum between the W–W0 signal sample and the W-only sample is219

considered. Limits on the cross section modifier Ds/DsW0 for the electron and muon channels220

are shown in Figure 6.221

The observed limits on the SSM W0 can be reinterpreted in terms of the W2
KK mass, as shown in222

Figure 5 for values of the bulk mass parameters µ = 0.05 TeV and µ = 10 TeV. These lower limits223
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which corresponds to doubling the statistics, the limit increases to 3.35 TeV. With 5 fb�1 of data210

at
p

s = 7 TeV the exclusion limit was at 2.5 TeV when combining both channels [4]. Figure 5211

displays the excluded W0 cross section times branching ratio as a function of the W0 mass. The212

corresponding values are summarized in Table 2.213
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Figure 4: Upper cross section limits at 95% confidence level on s(W0
)⇥ B(W0 ! `n) with ` = e

(left) and ` = µ (right). The one (two) sigma uncertainty bands are shown in green (yellow).
The theoretical cross section, is displayed with a mass-dependent NNLO k-factor.

Table 2: Limits on the SSM W0 mass from the combination of 2012 electron and muon channel.
MW0 [GeV] 300 900 1500 2000 3000 3500 4000
Observed limit [fb] 71 2.4 0.75 0.33 0.49 0.95 1.7
Expected limit [fb] 49 2.3 0.66 0.39 0.47 0.80 1.6

The results of the individual channels can be combined. Uncertainties deriving from the dif-214

ferent lepton measurements are assumed to be independent. Uncertainties due to the missing215

transverse energy determination, the pileup and the luminosity measurement are considered216

to be fully correlated.217

To determine the limits on the W0 models including interference effects with the W, the dif-218

ference Ds in the MT spectrum between the W–W0 signal sample and the W-only sample is219

considered. Limits on the cross section modifier Ds/DsW0 for the electron and muon channels220

are shown in Figure 6.221

The observed limits on the SSM W0 can be reinterpreted in terms of the W2
KK mass, as shown in222

Figure 5 for values of the bulk mass parameters µ = 0.05 TeV and µ = 10 TeV. These lower limits223
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12 6 Summary

on the mass can be directly translated to bounds on the split-UED parameter space (1/R, µ) as224

shown in Figure 7.225

Another reinterpretation can be done in terms of four-fermion contact interaction (Helicity-226

Non-Conserving model), providing a limit on the binding energy scale L. The statistical in-227

terpretation is identical to W0 , using a Bayesian approach with a uniform prior [36] requiring228

a 95% confidence level. The limit on L is calculated to be 13.0 TeV in the electron an 10.9 TeV229

in the muon channel. No combination is attempted here since the compositeness substructure230

may differ between the channels.231
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Figure 8: Bayesian limits for contact interactions (HNC model) in the electron+Emiss
T (left)

and the muon+Emiss
T channel (right) based on

p
s = 8 TeV data. The observed limit, excludes

L <13.0 TeV (10.9) in the electron (muon) channel. The signal efficiency is independent on L.

Apart from the model dependent multi bin limits, a cross section limit for an unspecific signal232

is determined by using a single bin ranging from a lower threshold Mmin
T to infinity, as shown233

in Fig. 9.234

6 Summary235

A search for an excess of events with a final state consisting of a charged lepton (electron or236

muon) and significant missing transverse momentum has been performed, using 20 fb�1 of
p

s237

= 8 TeV pp collision data. No significant excess over the SM expectation was observed in the238

distribution of transverse mass. A SSM W0 with a masses between 300 GeV and 3.35 TeV has239

been excluded at 95% CL when combining the electron and muon channels. The individual240

observed limits are 3.20(3.15) TeV for the electron(muon) channel, with 3.25(3.10) TeV expected.241

Combining the 2012 result with the 2011 data the W0 exclusion limit does not improve further242

due to the higher center-of-mass energies in 2012.243

If the W0 is left-handed constructive or destructive interference with the SM boson should244

occur. The two interference cases are labelled as SSMO and SSMS in this paper, with the last245

letter indicating the sign of the W0 coupling to left-handed fermions as opposite or the same as246

the coupling of the W. The corresponding production cross sections are slightly higher (SSMO)247

or lower (SSMS) than the ones for the SSM W0 , leading to observed 95% CL upper mass limits248

of 3.60(3.05) TeV in the electron(muon) channels for the SSMO model and 3.00(2.80) TeV for the249

SSMS model, respectively.250
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mass limits taking into account the corresponding width of the W2
KK. The limit for the electron

(red dotted line) and the muon channel (blue line) individually along with their combination
in 2012 is compared to the CMS 2011 combined result (yellow). The W2
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further 𝓵+MET interpretations
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allows many interpretations
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distribution of transverse mass. A SSM W0 with a masses between 300 GeV and 3.35 TeV has239

been excluded at 95% CL when combining the electron and muon channels. The individual240

observed limits are 3.20(3.15) TeV for the electron(muon) channel, with 3.25(3.10) TeV expected.241
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the coupling of the W. The corresponding production cross sections are slightly higher (SSMO)247

or lower (SSMS) than the ones for the SSM W0 , leading to observed 95% CL upper mass limits248

of 3.60(3.05) TeV in the electron(muon) channels for the SSMO model and 3.00(2.80) TeV for the249

SSMS model, respectively.250

   + ET
miss

µ

e + ET
miss 

CONTACT INTERACTIONS

EXO-12-060

32
Tuesday, February 26, 13



DiJet Search20 fb-1

Build two wide jets of ∆R=1.1 
around the two highest-pT jets

Widejet selection|ηwj|<2.5,           
|∆ηwj|<1.3

Study the di-widejet mass 
spectrum: look for a bump on the 
falling QCD distribution

No significant excess seen

- AntiKt jets R=0.5 
  with pT>40 GeV
- Look for secondary 
  jets with ∆R<1.1 around 
  the two leading jets
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4 4 Limits
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Figure 2: The reconstructed resonance mass spectrum generated with the PYTHIA MC simula-
tion and Tune D6T for qq ! G ! qq, qg ! q⇤ ! qg, gg ! G ! gg for resonance masses of
1.0, 2.0, 3.0, 4.0, and 5.0 TeV.

Figure 3: The event with the highest invariant mass: 3D view (left) and 2D view (right). The
invariant mass of the two wide jets is 5.15 TeV.

DiJet Search20 fb-1
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topology

Dijet+FSR 
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DiJet Search20 fb-1

Model-independent 
xsec limit on 
generic qq, qg, and 
gg final states

Limit compared to 
specific models to 
derive mass lower 
limits
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DiJet Search20 fb-1
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RS Graviton Resonance Mass (GeV)
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Dijet@CMS vs Time

38
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Figure 4: 95% CL upper limits on s ⇥ BR ⇥ A for dijet resonances of type gluon-gluon (open
circles), quark-gluon (solid circles), and quark-quark (open boxes), compared to theoretical pre-
dictions for string resonances [2], excited quarks [4], axigluons [5], colorons [6], E6 diquarks [7],
new gauge bosons W 0 and Z0 [9], and Randall-Sundrum gravitons [8].
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minMass

7 0.003 400 ~ 200 pb
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7 5 1000 ~ 1 pb

8 3 1000 ~ 0.6 pb

7

conducted on random samples of events generated from our smooth background parameter-
ization. The use of wide jets instead of AK7 jets improves the expected upper limits on the
resonance cross section by roughly 20% for gg, 10% for qg, and 5% for qq resonances.
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Figure 5: The 95% CL upper limits on s ⇥ B ⇥ A for dijet resonances of type gluon-gluon (open
circles), quark-gluon (solid circles), and quark-quark (open boxes), compared to theoretical pre-
dictions for string resonances [3], E6 diquarks [5], excited quarks [6], axigluons [8], colorons [9],
new gauge bosons W0 and Z0 [10], and Randall-Sundrum gravitons [11].

Table 2: For each model we list the observed and expected upper values of the excluded mass
range at 95% CL. The lower value of the excluded mass range from this search is 1 TeV.

Model Excluded Mass (TeV)
Observed Expected

String Resonances 4.00 3.90
E6 Diquarks 3.52 3.28

Excited Quarks 2.49 2.68
Axigluons/Colorons 2.47 2.66

W’ Bosons 1.51 1.40

In Fig. 5 we compare the observed upper limits to the model predictions as a function of reso-
nance mass. The predictions are from lowest-order calculations [24] of the product s ⇥ B ⇥ A
using CTEQ6L1 parton distributions [19]. New particles are excluded at the 95% CL in mass re-
gions for which the theory curve lies above our upper limit for the appropriate pair of partons.
We also determine the expected lower limit on the mass of each new particle by comparing the
expected cross section limits to the model predictions. An example of the expected limits is
shown in Fig. 6 where for qg resonances we compare the expected limits and their uncertainty
bands to both observed limits and model predictions. Our search starts at a resonance mass
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Figure 5: The observed 95% CL upper limits from the high-mass analysis on s ⇥ B ⇥ A for dijet
resonances of the type gluon-gluon (open circles), quark-gluon (solid circles), and quark-quark
(open boxes), compared to theoretical predictions for string resonances [1, 2], E6 diquarks [3],
excited quarks [4, 5], axigluons [6, 7], colorons [8], s8 resonances [9], new gauge bosons W0 and
Z0 [10], and Randall-Sundrum gravitons [11].

previous exclusion of 0.5 < M(S) < 4.0 TeV [12, 13]. For excited quarks the expected lower
mass limit is 3.43 TeV and we exclude masses less than 3.19 TeV due to an upward fluctuation
in data; this extends our previous exclusion of 0.5 < M(Q*) < 2.49 TeV [12, 13] and extends
the ATLAS exclusion limits at 2.99 TeV [16].

For E6 diquarks the expected exclusion is 1.0 < M(E6) < 4.12 TeV and we exclude masses in
the range 1.0 < M(E6) < 4.28 TeV; this extends our previous exclusions at 3.52 TeV [13]. For
axigluons or colorons the expected lower mass limit is 3.55 TeV and we exclude masses less
than 3.28 TeV due to an upward fluctuation in data; this extends our previous exclusions of
0.50 < M(A, C) < 2.47 TeV [12, 13] and confirm the ATLAS limit 3.32 TeV [16]. We note that
the new exclusion limits takes in account the NLO scale factors [7].

For the s8 color octet model the observed exclusion is 1.0 < M(s8) < 2.66 TeV in agreement
with the expectation; this extends the previous ATLAS exclusion between 0.9 < M(s8) <
1.92 TeV [16].

For W0 bosons the expected lower mass limit is 1.92 TeV and we exclude the mass ranges 1.0 <
M(W0) < 1.74 TeV and 1.97 < M(W0) < 2.12 TeV; this extends the CDF exclusion of 0.28 <
M(W0) < 0.84 TeV from the dijet mass spectrum [32] and the previous CMS exclusion limit
1.00 < M(W’) < 1.51 TeV [12, 13]. Finally we exclude the presence of the Z0 bosons between
1.00 < M(Z0) < 1.60 TeV and the Randall-Sundrum gravitons between 1.00 < M(Z0) <
1.36 TeV in agreement with the expected values.

4fb-1 8TeV

5fb-1 7TeV

1fb-1 7TeV

Lower bound marginally 
affected by the increase in 
luminosity (and rate)
Thanks to the use of 
dedicated triggers running 
the analysis selection online
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Flexibility @HLT

39

Hardware L1 trigger interfaced to 
the detector (standard)

No L2/L3 trigger. Instead, software-
based trigger running on PC farm

Running online a faster version of 
the offline reconstruction

In principle (and in practice) one 
could run the analysis selection 
online

This is what we do to keep the 
analyses as efficient as possible

~ 350 Hz of physics taken 
and reconstructed

~ 600 taken and parked 
for next year (not enough 

CPU @T0)
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Flexibility @HLT
•   Special strategy to look at the data that CMS

 cannot normally record on tape due to trigger

 rate constrains 

–  explore new physics channels that need very

 low trigger thresholds 

–  possibility to extend the standard trigger setup
 for core physics or data parking in case

 something interes0ng shows up in the data

 scou0ng analyses 

•  First implementa0on: new physics searches in

 hadronic final states at “low jet pT  / HT” 

•   Novel trigger and data acquisi0on strategy

 applied to physics analysis  

–   Trigger:  HT>250 GeV , high event rate (~10
3 Hz)  

–   Reduced event content (i.e. store calo jets

 reconstructed during High Level Trigger online

 processing, no raw data from CMS detector,    

 no offline reconstruc0on of data possible)  

–   Bandwidth (rate x event size) under control 
5 

Data Scou0ng 

EXO-11-094 PAS 

Test Feasibility of Data Scouting in 2011:  

Dijet Resonance Search (0.13 fb-1) 

Scouting approach extended  

the dijet search below 1 TeV 

In 2012, we can benefit from almost 

the full integrated luminosity (>15 fb-1) 

9

Figure 7: The observed 95% CL upper limits for the low-mass analysis on s ⇥ B ⇥ A for dijet
resonances of type gluon-gluon (open circles), quark-gluon (solid circles), and quark-quark
(open boxes), compared to theoretical predictions for E6 diquarks [3], s8 resonances [9], new
gauge bosons W0 and Z0 [10], and Randall-Sundrum gravitons [11].

Figure 8: The observed 95% CL upper limits for the high-mass analysis on s ⇥ B ⇥ A for dijet
resonances of type gluon-gluon (open circles), quark-gluon (solid circles), and quark-quark
(open boxes), compared to theoretical predictions for string resonances [1, 2], excited quarks [4,
5], axigluons [6, 7], colorons [8], E6 diquarks [3], s8 resonances [9], new gauge bosons W0 and
Z0 [10], and Randall-Sundrum gravitons [11].

3pb-1 7TeV

Run for 16h at the end of 2011 run (7TeV)
Collected ~4 times the statistics we had in 
2010 (35 pb-1) with equivalent trigger
Improved the limit published in 2010 by one 
order of magnitude
Similar results @8TeV by Summer

130pb-1 7TeV

Trigger rate ~ kHz for one trigger writing 
a reduced event content (HLT jet list)
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NP Searches in the Higgs Era

We started the run searching for anything The LHC is a discovery  
machine, and CMS a multipurpose experiment

We found something, and we have a better view on the “right” 
questions natural NP vs unnatural scenarios becoming quantitative

The run is over, but there is still a lot to learn from these data new 
searches for specific scenarios, suggested by the Higgs discovery

The first LHC run was a successful warmup  no matter what the 
new searches will tell us

But let’s all keep in mind that this is a ~14 TeV machine and the best 
might still have to come
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HSCP EXO-12-026

12 6 Systematic Uncertainties

Table 1: Results of the final selections for predicted background and observed number of
events. Uncertainties are statistical and systematic.

Numbers of events
Selection criteria

p
s = 7 TeV

p
s = 8 TeV

pT I(0)as 1/b
Mass Pred. Obs. Pred. Obs.( GeV/c) ( GeV/c2)

tracker-only > 70 > 0.4 -

> 0 7.1 ± 1.5 8 32.5 ± 6.5 41
> 100 6.0 ± 1.3 7 26.0 ± 5.2 29
> 200 0.65 ± 0.14 0 3.1 ± 0.6 3
> 300 0.11 ± 0.02 0 0.55 ± 0.11 1
> 400 0.030 ± 0.006 0 0.15 ± 0.03 0

tracker+TOF > 70 > 0.125 > 1.225

> 0 8.5 ± 1.7 7 43.5 ± 8.7 42
> 100 1.0 ± 0.2 3 5.6 ± 1.1 7
> 200 0.11 ± 0.02 1 0.56 ± 0.11 0
> 300 0.020 ± 0.004 0 0.090 ± 0.02 0

muon-only > 230 - > 1.40 - � � 5.6 ± 2.9 3
|Q| > 1e - > 0.500 > 1.200 - 0.15 ± 0.04 0 0.52 ± 0.11 1
|Q| < 1e > 125 > 0.275 - - 0.12 ± 0.07 0 0.99 ± 0.24 0

6 Systematic Uncertainties287

The sources of systematic uncertainty include those related to the integrated luminosity, the288

background prediction, and the signal efficiency. The uncertainty on the integrated luminosity289

is 2.2% (4.4%) at
p

s = 7(8) TeV [54, 55]. The uncertainties on the background predictions are290

described in Sec. 5.291

The signal efficiency is obtained from Monte Carlo simulations of the various signals processed292

through the full detector simulation (Sec. 2). Systematic uncertainties on the final results are293

dominated by uncertainties on the differences between the simulation and data. The relevant294

differences are discussed below. Uncertainties that vary between samples and masses are given295

by the range of values, other uncertainties are constant.296

The trigger efficiency is dominated by the muon triggers for all the analyses except the charge-297

suppressed samples. The uncertainty on the muon trigger efficiency arises from several effects.298

A difference of up to 5% between data and MC has been observed [53]. For slow moving299

particles, the effect of timing synchronization of the muon system is tested by shifting the ar-300

rival times in MC by the synchronization observed in data resulting in an efficiency change of301

2%(4%) for
p

s = 7(8)TeV. For the |Q| < 1e samples, an additional uncertainty arises from302

the possibility of losing hits due to their ionization in the muon system being closer to the hit303

threshold. The uncertainty on the gains in the muon system is evaluated by shifting the gain304

by 25% yielding an efficiency change of 15%(3%) for |Q| = e/3(2e/3) samples. The uncertainty305

on the Emiss
T trigger efficiency is found by varying the MC HLT jets by the jet energy scale un-306

certainties. The Emiss
T uncertainty for

p
s = 7 TeV samples is found to be less than 2% for all307

samples except the charged suppressed where it is found to be < 5%. For
p

s = 8 TeV samples308

it is less than 1% for all samples.309

Energy loss in the silicon tracker is important for all the analyses except for the muon-only310

analysis. Low momentum protons are used to quantify the agreement between the observed311

14 7 Results

Table 2: Systematic uncertainties for the various HSCP searches. All values are relative uncer-
tainties.

|Q| < 1e tracker-only tracker+TOF |Q| > 1e muon-only
Signal acceptance < 31% < 32% < 31% < 29% < 13%
Expected collision background 20% 20% 20% 20% 20%
Expected cosmic background 50% - - - 80%
Integrated luminosity 2.2%(4.4%) for

p
s = 7(8)TeV

7 Results354

No significant excess of events is observed over the predicted background. The largest excess355

for any of the selections shown in Table 1 has a significance of 1.3 one–sided Gaussian standard356

deviations. Cross section limits are placed at 95% confidence level (C.L.) for both
p

s = 7 TeV357

and 8 TeV using a CLs approach [58] where p-values are computed with a profile likelihood358

technique [59] that uses a lognormal model [60, 61] for the nuisance parameters. The latter359

are the integrated luminosity, the signal acceptance and the expected background in the signal360

region. For the combined dataset the limits are instead placed on the signal strength (µ =361

s/sth). Limits on the signal strength using only the 8 TeV dataset for the muon-only analysis362

are also presented. The observed limits are shown in Figs 7, 8 and 9 for all the analyses along363

with the theoretical predictions. For the gluino and stop pair production, the theoretical cross364

sections are computed at NLO+NLL [44–47] using PROSPINO [62] with CTEQ6.6M PDFs [63].365

The uncertainty bands on the theoretical cross sections include the PDF uncertainty as well as366

the µ and as scale uncertainties. Mass limits are obtained from the intersection of the observed367

limit and the central value of the theoretical cross section. For the combined result, the mass368

limit is the point where the ratio crosses one.369

From the final results, 95% C.L. limits on the production cross section are shown in Tables 3,370

4, 5, and 6 for gluino, stop, stau, and Drell-Yan signals, respectively. The limits are deter-371

mined from the numbers of events passing all final criteria (including the mass criteria for372

the tracker-only and tracker+TOF analyses). Figure 7 shows the limits as a function of mass373

for the tracker-only and tracker+TOF analyses. The tracker-only analysis excludes f = 0.1374

gluino masses below 1322 and 1233 GeV/c2 for the cloud interaction model and charge sup-375

pression model, respectively. Stop masses below 935(818) GeV/c2 are excluded for the cloud376

(charge suppression) models. In addition, the tracker+TOF analysis excludes t̃1 masses below377

435(339) GeV/c2 for the GMSB (pair production) model. Drell-Yan signals with |Q| = 2e/3 and378

|Q| = 1e are excluded below 317 and 654 GeV/c2, respectively.379

The limits from the muon-only analysis for the gluino with various hadronization fractions,380

f , and the stop are shown in Fig. 8. The muon-only analysis excludes gluino masses below381

1250(1276) GeV/c2 for f = 1.0(0.5).382

Figure 9 shows the limits applied to the Drell-Yan production model for both the fractionally383

charged and multiply charged analyses. The fractionally charged analysis excludes masses384

below 340 and 567 GeV/c2 for |Q| = 1e/3 and |Q| = 2e/3, respectively. The multiply charged385

analysis excludes masses below 604, 728, 790, 819, 817, 805, 790 and 746 GeV/c2 for |Q| = 1e,386

2e, 3e, 4e, 5e, 6e, 7e, and 8e respectively.387

The mass limits for various signals and electric charges are shown in Fig 10 and are compared388

with previously published results. The mass limit obtained with the multiply charged analysis389
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Table 3: Signal efficiency (Eff.), expected (Exp.) and observed (Obs.) cross section limits for
Gluino signals at

p
s = 7 TeV and 8 TeV as well as the ratio of the cross section limit to the

theoretical value for the combination. The limit on the ratio for the muon-only analysis uses
only

p
s = 8 TeV data.

Mass M cut s (pb) (
p

s = 7 TeV) s (pb) (
p

s = 8 TeV) s/sth (7+8 TeV)
( GeV/c2) ( GeV/c2) Exp. Obs. Eff. Exp. Obs. Eff. Exp. Obs.

Gluino ( f = 0.1) particles with the tracker-only analysis
300 > 100 0.0046 0.0063 0.17 0.0055 0.0055 0.15 3.7 ⇥ 10�5 4.6 ⇥ 10�5

700 > 370 0.0028 0.003 0.21 7.7 ⇥ 10�4 8.2 ⇥ 10�4 0.19 0.0016 0.0017
1100 > 540 0.0039 0.0039 0.15 0.0011 0.0011 0.14 0.098 0.1
1500 > 530 0.0088 0.0081 0.07 0.0021 0.0022 0.07 5 5.4

Gluino ch. suppr. ( f = 0.1) particles with the tracker-only analysis
300 > 130 0.035 0.036 0.02 0.013 0.013 0.05 1.1 ⇥ 10�4 1.2 ⇥ 10�4

700 > 340 0.012 0.013 0.05 0.0021 0.002 0.08 0.0044 0.0044
1100 > 410 0.018 0.018 0.03 0.0025 0.0026 0.06 0.24 0.24
1500 > 340 0.034 0.035 0.02 0.0045 0.0046 0.04 11 11

Gluino ( f = 0.5) particles with the muon-only analysis
300 - - - - 0.006 0.0065 0.06 5.8 ⇥ 10�5 6.3 ⇥ 10�5

700 - - - - 0.0026 0.0022 0.12 0.0062 0.0051
1100 - - - - 0.0024 0.002 0.13 0.24 0.2
1500 - - - - 0.003 0.0024 0.11 7.5 6.2

Gluino ( f = 1.0) particles with the muon-only analysis
300 - - - - 0.0066 0.0077 0.05 6.4 ⇥ 10�5 7.4 ⇥ 10�5

700 - - - - 0.0032 0.0027 0.10 0.0075 0.0063
1100 - - - - 0.003 0.0025 0.11 0.3 0.25
1500 - - - - 0.0037 0.0031 0.09 9.5 7.9

for Drell-Yan like production of particles with non unit charge in the range e  |Q|  8e can390

be parametrized as Mlower
95%C.L.(Q) = 516.4 + 121.2|Q|� 11.7|Q|2 GeV/c2. The signal acceptance391

changes drastically between |Q| = e/3, 2e/3 and e and does not provide a reliable parametriza-392

tion for |Q|  e particles.393

The mass limits obtained for the reanalyzed
p

s = 7 TeV dataset are similar to the previously394

published CMS results except for the GMSB and pair produced stau models where the mass395

limits are slightly worse. This is a consequence of having a common selection for all mass396

points and models contrary to what was done in Ref. [25] where the selection was optimized397

separately for each mass point and model. The mass limit for |Q| < 1e samples are significantly398

improved with respect to Ref. [24] thanks to a different analysis approach and to the use of the399

I0as likelihood discriminator that maximally exploits all the dE/dx information associated to a400

track.401
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ABCD method
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x

y

A

BC

D x and y uncorrelated
the observed yield in B,C, 
and D gives an estimate of A

NA = NB x ND/NC
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Material Budget

HCAL: At eta=0 there is less than 6 interaction lengths of HCAL. 
ECAL provides an additional interaction length
ECAL ~25 radiation length (23 cm crystals, 0.9 cm rad length)
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