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Results are reported from a search for the effects of contact interactions using events with a high-mass,

oppositely charged muon pair. The events are collected in proton-proton collisions at
ffiffiffi
s

p ¼ 7 TeV using

the Compact Muon Solenoid detector at the Large Hadron Collider. The data sample corresponds to an

integrated luminosity of 5:3 fb�1. The observed dimuon mass spectrum is consistent with that expected

from the standard model. The data are interpreted in the context of a quark- and muon-compositeness

model with a left-handed isoscalar current and an energy scale parameter �. The 95% confidence level

lower limit on � is 9.5 TeV under the assumption of destructive interference between the standard model

and contact-interaction amplitudes. For constructive interference, the limit is 13.1 TeV. These limits are

comparable to the most stringent ones reported to date.
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I. INTRODUCTION

The existence of three families of quarks and leptons
might be explained if these particles are composed of more
fundamental constituents. In order to confine the constitu-
ents (often referred to as ‘‘preons’’ [1,2]) and to account for
the properties of quarks and leptons, a new strong gauge
interaction, metacolor, is introduced. Below a given inter-
action energy scale �, the effect of the metacolor interac-
tion is to bind the preons into metacolor-singlet states. For
parton-parton center-of-mass energy less than�, the meta-
color force will manifest itself in the form of a flavor-
diagonal contact interaction (CI) [3,4]. In the case where
both quarks and leptons share common constituents, the
Lagrangian density for a CI leading to dimuon final states
can be written as

Lql ¼ ðg20=�2Þf�LLð �qL��qLÞð ��L���LÞ
þ �LRð �qL��qLÞð ��R���RÞ
þ �RLð �uR��uRÞð ��L���LÞ
þ �RLð �dR��dRÞð ��L���LÞ
þ �RRð �uR��uRÞð ��R���RÞ
þ �RRð �dR��dRÞð ��R���RÞg; (1)

where qL ¼ ðu; dÞL is a left-handed quark doublet, uR and
dR are right-handed quark singlets, and�L and�R are left-
and right-handed muons. By convention, g20=4� ¼ 1. The
parameter� characterizes the compositeness energy scale.
The parameters �ij allow for differences in magnitude and

phase among the individual terms. Lower limits on � are

set separately for each term with �ij taken, by convention,

to have a magnitude of 1.
The dimuons from the subprocesses for standard model

(SM) Drell-Yan (DY) [5] production and from CI produc-
tion can have the same helicity state. In this case, the
scattering amplitudes are summed, resulting in an interfer-
ence term in the cross section for pp ! Xþ�þ��, as
illustrated schematically in Fig. 1.
The differential cross section corresponding to the com-

bination of a single term in Eq. (1) with DY production can
be written as

d�CI=DY

dM��

¼ d�DY

dM��

� �ij

I
�2

þ �2
ij

C
�4

; (2)

where M�� is the invariant dimuon mass, I is due to

interference, and C is purely due to the CI. Note that �ij ¼
þ1 corresponds to destructive interference and �ij ¼ �1

to constructive interference. The processes contributing to
the cross section in Eq. (2) are denoted collectively by

‘‘CI/DY.’’ The difference d�CI=DY=dM�� � d�DY=dM��

is the signal we are searching for in this paper.
The contact-interaction model used for this analysis is

the left-left isoscalar model (LLIM) [4], which corresponds
to a left-handed current interaction described by the first

FIG. 1. Schematic representation of the addition of DY
(left diagram) and CI (right diagram) amplitudes, for common
helicity states, contributing to the total cross section for
pp ! X þ�þ��.
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term of Lql in Eq. (1). The LLIM is the conventional

benchmark for CI in the dilepton channel. For this analysis,
all initial-state quarks are assumed to be composite.

Previous searches for CI in the dijet and dilepton chan-
nels have all resulted in limits on the compositeness scale
�. Searches have been reported from experiments at LEP
[6–10], HERA [11,12], the Tevatron [13–18], and recently
from the ATLAS [19–22] and CMS [23–25] experiments
at the LHC. The best limits in the LLIM dimuon channel
are �> 9:6 TeV for destructive interference and �>
12:9 TeV for constructive interference, at the 95% confi-
dence level (CL) [22].

In this paper, we report a search for CI in the dilepton
channel produced in pp collisions at

ffiffiffi
s

p ¼ 7 TeV using
the Compact Muon Solenoid (CMS) detector at the Large
Hadron Collider (LHC). The data sample corresponds to an
integrated luminosity of 5:3 fb�1.

II. PREDICTIONS OF THE LEFT-LEFT
ISOSCALAR MODEL

The basic features of the LLIM dimuon mass spectra
are demonstrated with a generator-level simulation
using PYTHIA [26], with appropriate kinematic selection
criteria that approximate the acceptance of the detector.
Figures 2(a) and 2(b) show the LLIM dimuon mass spectra
for different values of � for destructive and constructive
interference, respectively. The curves illustrate that with
increasing mass the CI leads to a less steeply falling yield
relative to DY production, with the effect steadily increas-
ing with decreasing �. For a given value of �, the event
yield is seen to be larger for constructive interference
compared to the destructive case, with the relative differ-
ence increasing with �.

For the results presented in this paper, the analysis is
limited to a dimuon mass range from 200 to 2000 GeV=c2.
The lower mass is sufficiently above the Z peak so that a
deviation from DY production would be observable. The
highest dimuon mass observed is between 1300 and
1400 GeV=c2 and, for the values of � where the limits
are set, less than one event is expected for dimuon masses
above 2000 GeV=c2. In order to limit the mass range in
which the detector acceptance has to be evaluated, we
therefore choose an upper mass cutoff of 2000 GeV=c2.
To optimize the limit on�, a minimummassMmin

�� is varied

between the lower and upper mass values, as described in
Sec. VI.

III. CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the field volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter, and a brass-scintillator had-
ron calorimeter. Muons are measured in gas-ionization

detectors embedded in the steel flux-return yoke.
Extensive forward calorimetry complements the coverage
provided by the barrel and endcap detectors. A detailed
description of the CMS detector can be found in Ref. [27].
The tracker and muon detector are important subsystems

for this measurement. The tracker measures charged par-
ticle trajectories within the range j�j< 2:5, where pseu-
dorapidity � ¼ � ln½tanð�=2Þ�, and polar angle � is
measured from the beam axis. The tracker provides a
transverse momentum (pT) resolution of about 1% at a
few tens of GeV=c to 10% at several hundred GeV=c [28],
where pT is the component of momentum in the plane
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FIG. 2 (color online). Simulated dimuon mass spectra using
the left-left isoscalar model for different values of � for
(a) destructive interference and (b) constructive interference.
The events are generated using the PYTHIA Monte Carlo program
with kinematic selection requirements that approximate the
acceptance of the detector. As � increases, the effects of the
CI are reduced, and the event yield approaches that for DY
production. The model predictions are shown over the full mass
range, although the model is not valid as M��c

2 approaches �.

The integrated luminosity corresponds to 63 fb�1.
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perpendicular to the beam axis. Tracker elements include
about 1400 silicon pixel modules, located close to the
beamline, and about 15 000 silicon microstrip modules,
which surround the pixel system. Tracker detectors are
arranged in both barrel and endcap geometries. The
muon detector comprises a combination of drift tubes
and resistive plate chambers in the barrel region and a
combination of cathode strip chambers and resistive plate
chambers in the endcap regions. Muons can be recon-
structed in the range j�j< 2:4.

For the trigger path used in this analysis, the first level
(L1) selects events with a muon candidate based on a
subset of information from the muon detector. The trigger
muon is required to have j�j< 2:1 and pT above a thresh-
old that was raised to 40 GeV=c by the end of the data-
taking period. This cut has little effect on the acceptance
for muon pairs with masses above 200 GeV=c2. The small
effect is included in the simulation. The high level trigger
(HLT) refines the L1 selection using the full information
from both the tracker and muon systems.

IV. EVENT SELECTION CRITERIA

This analysis uses the same event selection as the search
for new heavy resonances in the dimuon channel, discussed
in Ref. [29]. Each muon track is required to have a signal
(‘‘hit’’) in at least one pixel layer, hits in at least nine
strip layers, and hits in at least two muon detector stations.
Both muons are required to have pT > 45 GeV=c. To
reduce the cosmic ray background, the transverse impact
parameter of the muon with respect to the beamspot is
required to be less than 0.2 cm. In order to suppress muons
coming from hadronic decays, a tracker-based isolation
requirement is imposed such that the sum of pT of all
tracks, excluding the muon and within a cone surrounding
the muon, is less than 10% of the pT of the muon. The cone

is defined by the condition�R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p ¼ 0:3,
where � is the azimuthal angle of a track, and the differ-
ences �� and �� are determined with respect to the
muon’s direction.

The two muons are required to have opposite charge and
to be consistent with originating from a common vertex. To
suppress cosmic ray muons that are in time with the
collision event, the angle between the two muons must
be smaller than �� 0:02 radians. At least one of the
reconstructed muons must be matched (within �R< 0:2
and �pT=pT < 1) to the HLT muon candidate.

If an event has more than two muons passing the above
requirements, then the two highest-pT muons are selected,
and the event is retained only if these muons are oppositely
charged. Only three such events are observed with selected
dimuon mass above 200 GeV=c2, and in all three cases, the
dimuon mass is less than 300 GeV=c2. Thus, events with
multiple dimuon candidates play essentially no role in the
analysis.

V. SIMULATION OF SM AND
CI DIMUON PRODUCTION

This section describes the method used to simulate the
mass distribution from the CI/DY process of Eq. (2),
including the leading-order (LO) contributions from DY
and CI amplitudes, their interference, the effects of next-to-
leading-order (NLO) QCD and QED corrections, and the
response of the detector. The predicted number of CI/DY
events is the product of the generated number of CI/DY
events, a QCD K-factor, a QED K-factor, and a factor
denoted as ‘‘acceptance times migration’’ (A�M). The
factor A�M is determined from the detector simulation of
DYevents, as explained below in Sec. VB. The simulation
of background due to non-DY SM processes is also
described.

A. Event samples with detector simulation

A summary of the event samples used for simulation of
the detector response to various physics processes is pre-
sented in Table I. The event generators used are PYTHIA,
with the CTEQ6.6M implementation [30] of parton distri-
bution functions (PDF), POWHEG [31–33], and MADGRAPH5

[34]. The detector simulation is based on GEANT4 [35].

B. Detector acceptance times mass migration

To simplify the analysis, we use the detector simulation
for DYevents to determine the detector response for CI/DY
events, which have a behavior similar to that for DYevents
for the large values of � of interest in this analysis. For a
given value of Mmin

�� , the product of acceptance times

migration (A�M) is given by the ratio of the number of
DY events reconstructed with mass above Mmin

�� to the

number of DY events generated with mass above Mmin
�� .

Some of the reconstructed events have been generated with
mass below Mmin

�� because of the smearing due to the mass

reconstruction, which has a resolution of 6.5% at masses
around 1000 GeV=c2, rising to 12% at 2000 GeV=c2. The
dependence of A�M on Mmin

�� is plotted in Fig. 3 and

values are given in Table II. The increase of A�M at
lower mass is due to the increase in acceptance, while at
higher mass, it is dominated by the growth in mass reso-
lution. Since the cross section falls steeply with mass,
events tend to migrate from lower to higher mass over a
range determined by the mass resolution.
To validate that the A�M factor based on DY produc-

tion is applicable to CI/DY production, we compare event
yields predicted using the A�M factor with those pre-
dicted using a simulation of CI/DY production. The study
is performed for the cases of constructive interference with
� ¼ 5 and 10 TeV, which represent a wide range of
possible CI/DY cross sections. The results differ by at
most 3%, consistent with the statistical precision of the
study. The systematic uncertainty in A�M is conserva-
tively assigned this value.
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1. Event pileup

During the course of the 2011 data-taking period, the
luminosity increased with time, resulting in an increasing
‘‘event pileup,’’ the occurrence of multiple pp interactions
recorded by the detector as a single event. The dependence
of reconstruction efficiency on event pileup is studied by
weighting simulated events so that the distribution of the
number of reconstructed primary vertices per event
matches that in data. The reconstruction efficiency is found
to be insensitive to the variations in event pileup encoun-
tered during the data-taking period.

C. Higher-order strong and electromagnetic
corrections

Since we use the leading-order generator PYTHIA to
simulate the CI/DY production, we must determine a
QCD K-factor which takes into account higher-order
initial-state diagrams. Under the assumption that the
QCD K-factor is the same for DY and CI/DY events, we
determine the QCD K-factor as the ratio of DY events
generated using the next-to-leading-order generator
MC@NLO [36] to those generated using PYTHIA. The

MC@NLO generator is used with the same PDF set as

used with PYTHIA. The resulting QCD K-factor as a func-
tion of Mmin

�� is given in Table II. The large sizes of the

simulated event samples result in statistical uncertainties of
less than 0.5%. The systematic uncertainty is assigned the
value 3%, the size of the correction [37] between next-to-
next-to-leading-order (NNLO) and NLO DY cross sec-
tions. For SM processes other than DY production, the
QCD K-factor is found, independent of dimuon mass,
from the ratio of the cross section determined using
MC@NLO to the cross section determined from PYTHIA.

The effect of higher-order electromagnetic processes on
CI/DY production is quantified by a mass-dependent QED
K-factor determined using the HORACE generator [38].
The values of the QED K-factor, as a function ofMmin

�� , are

given in Table II. The systematic uncertainty is assigned as
the size of the correction, jðQEDK-factorÞ � 1j, since the
effect of higher-order QED corrections on the new physics
of CI is unknown.

D. Non-DY SM backgrounds

Using the samples of simulated events listed in Table I,
event yields are predicted for various non-DY SM back-
ground processes, as shown in Table III. The yields are
given as a function of Mmin

�� , and they are scaled to the

integrated luminosity of the data, 5:28� 0:12 fb�1 [39].

TABLE I. Description of event samples with detector simulation. The cross section � and integrated luminosity L are given for each
sample generated.

Process Generator Number of events �ðpbÞ Lðpb�1Þ Order

Z=�� ! ��, M�� � 120 GeV=c2 PYTHIA 5:45� 104 7:90� 100 6:91� 103 LO

Z=�� ! ��, M�� � 200 GeV=c2 PYTHIA 5:50� 104 9:70� 10�1 5:67� 104 LO

Z=�� ! ��, M�� � 500 GeV=c2 PYTHIA 5:50� 104 2:70� 10�2 2:04� 106 LO

Z=�� ! ��, M�� � 800 GeV=c2 PYTHIA 5:50� 104 3:10� 10�3 1:77� 107 LO

Z=�� ! ��, M�� � 1000 GeV=c2 PYTHIA 5:50� 104 9:70� 10�4 5:67� 107 LO

Z=�� ! �� PYTHIA 2:03� 106 1:30� 103 1:56� 103 LO

t�t MADGRAPH 2:40� 106 1:57� 102 1:54� 105 NLO

tW POWHEG 7:95� 105 7:90� 100 1:01� 105 NLO
�tW POWHEG 8:02� 105 7:90� 100 1:02� 105 NLO

WW PYTHIA 4:23� 106 4:30� 101 9:83� 104 LO

WZ PYTHIA 4:27� 106 1:80� 101 2:37� 105 LO

ZZ PYTHIA 4:19� 106 5:90� 100 7:10� 105 LO

W þ jets MADGRAPH 2:43� 107 3:10� 104 7:82� 102 NLO

multijet, � (pT > 15 GeV=c) PYTHIA 1:08� 106 8:47� 104 1:28� 102 LO
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FIG. 3 (color online). Acceptance times migration, A�M,
versus Mmin

��. Corresponding values and uncertainties are given

in Table II. The error bars indicate statistical uncertainties based
on simulation of the DY process. The systematic uncertainty is
3%, as explained in the text. The increase of A�M at lower mass
is due to the increase in acceptance, while at higher mass, it is
dominated by the growth in mass resolution. Since the cross
section falls steeply with mass, events tend to migrate from lower
to higher mass over a range determined by the mass resolution.
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For comparison, the expected yields are also shown for DY
events. The relevant backgrounds, in decreasing order of
importance, are t�t, diboson ðWW=WZ=ZZÞ, W (including
W þ jets and tW), and Z ! �� production. The back-
ground from multijet events is studied using both the
simulation sample listed in Table I and control samples
from data, as reported in Ref. [29]. The results of either
method indicate that no multijet background events
are expected for Mmin

�� > 200 GeV=c2. For Mmin
�� >

1000 GeV=c2 the fractional statistical uncertainty in the
non-DY background is large, but the absolute yield is much
smaller than that for DY background.

E. Predicted event yields

Using the methods described above, the sum of the event
yields for the CI/DY process and the non-DY SM back-
grounds, for the integrated luminosity of the data sample,
are predicted as a function of Mmin

�� and �. The predicted

event yields for destructive and constructive interference
are given in Tables IV and V.
For destructive interference, there is a region of the

Mmin
�� �� parameter space where the predicted number

of events is less than for SM production. This ‘‘reduced-
yield’’ region is indicated in Table IV. The region of
parameter space, Mmin

�� > 600 GeV=c2 and � � 12 TeV,

where our expected limit is most stringent [see Fig. 5(a)],
lies outside the reduced-yield region. For constructive
interference, the predicted number of events is always
larger than for SM production.

VI. EXPECTED AND OBSERVED
LOWER LIMITS ON �

A. Dimuon mass distribution from data

The observed numbers of events versus Mmin
�� are given

in Table IV. The observed distribution ofM�� is plotted in

Fig. 4 along with the expected distributions from the SM
and for CI/DY plus non-DY SM processes, for three illus-
trative values of �. The data are consistent with the pre-
dictions from the SM, dominated by DY production.

B. Limit-setting procedure

Since the data are consistent with the SM, we set lower
limits on � in the context of the LLIM. The expected and
observed 95% CL lower limits on � are determined using
the CLS modified-frequentist procedure described in
[40,41], taking the profile likelihood ratio as a test statistic
[42]. The expected mean number of events for a signal

TABLE II. Multiplicative factors used in the prediction of the
expected number of events from the CI/DY process. The un-
certainties shown are statistical. The systematic uncertainty is
3% for A�M and 3% for the QCD K-factor, as explained in the
text. The uncertainty in the QED K-factor is dominated by the
systematic uncertainty that is assigned as the size of the correc-
tion, jðQEDK� factorÞ � 1j, to allow for systematic uncertainty
in the generator.

Mmin
�� (GeV=c2) A�M QCD K-factor QED K-factor

200 0:80� 0:01 1:303� 0:005 1.01

300 0:82� 0:01 1:308� 0:005 0.99

400 0:83� 0:01 1:299� 0:005 0.97

500 0:86� 0:02 1:305� 0:005 0.95

600 0:86� 0:01 1:299� 0:005 0.94

700 0:87� 0:01 1:298� 0:005 0.92

800 0:88� 0:01 1:288� 0:005 0.91

900 0:89� 0:01 1:280� 0:004 0.90

1000 0:89� 0:01 1:278� 0:004 0.89

1100 0:89� 0:01 1:275� 0:004 0.88

1200 0:91� 0:01 1:268� 0:004 0.88

1300 0:92� 0:01 1:262� 0:004 0.87

1400 0:94� 0:01 1:260� 0:004 0.87

1500 0:97� 0:01 1:261� 0:004 0.86

TABLE III. Expected event yields for DY and non-DY SM backgrounds. The uncertainties shown are statistical. A systematic
uncertainty of 2.2% arises from the determination of integrated luminosity [39].

Mmin
�� (GeV=c2) DY t�t Diboson W þ Jets & tW Z ! �� Sum non-DY

200 3630� 18 454� 3 123:0� 2 47:90� 1:35 6:96� 4:14 632:3� 5:9
300 870:6� 8:8 104� 2 38:6� 1:2 12:82� 0:70 0 155:9� 2:1
400 301:6� 5:1 26:0� 0:8 12:7� 0:7 3:32� 0:35 0 42:0� 1:1
500 123:8� 3:3 8:19� 0:46 5:07� 0:41 1:02� 0:20 0 14:3� 0:6
600 55:31� 0:19 2:92� 0:27 2:42� 0:28 0:29� 0:11 0 5:63� 0:41
700 27:35� 0:13 1:12� 0:17 0:86� 0:16 0:07� 0:05 0 2:06� 0:24
800 14:23� 0:10 0:34� 0:09 0:51� 0:12 0:07� 0:05 0 0:92� 0:16
900 7:72� 0:07 0:05� 0:03 0:25� 0:08 0:07� 0:05 0 0:36� 0:10
1000 4:32� 0:05 0:05� 0:03 0:10� 0:05 0:07� 0:05 0 0:21� 0:08
1100 2:46� 0:04 0:05� 0:03 0:09� 0:05 0:07� 0:05 0 0:20� 0:08
1200 1:48� 0:03 0 0:01� 0:01 0:07� 0:05 0 0:08� 0:05
1300 0:91� 0:02 0 0:01� 0:01 0:07� 0:05 0 0:08� 0:05
1400 0:56� 0:02 0 0:01� 0:01 0:07� 0:05 0 0:08� 0:05
1500 0:33� 0:02 0 0 0:07� 0:05 0 0:07� 0:05
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TABLE V. Observed and expected number of events as in Table IV. Here CI/DY predictions are for constructive interference. Shown
with bold-italic font is the expected event yield corresponding to the value of � closest to the observed 95% CL lower limit on � of
13.1 TeV (12.9 TeV expected) for Mmin

�� selected to be 800 GeV=c2.

Mmin
�� (GeV=c2) 400 500 600 700 800 900 1000 1100 1200 1300 1400

Source Number of events

Data 338 141 57 28 14 13 8 3 2 1 0

SM MC � (TeV) MC 343.6 138.1 60.9 29.4 15.2 8.1 4.5 2.7 1.6 1.0 0.6

18 359.2 147.7 67.8 34.1 18.7 10.6 6.4 4.0 2.5 1.6 1.1

17 358.9 149.3 69.1 35.1 19.3 11.1 6.7 4.3 2.7 1.8 1.2

16 365.2 153.7 70.3 36.1 20.2 11.7 7.2 4.6 3.0 2.0 1.3

15 365.6 156.3 71.9 37.2 20.9 12.3 7.6 4.9 3.1 2.1 1.4

14 368.5 154.9 74.6 39.1 22.4 13.3 8.4 5.5 3.6 2.4 1.7

13 377.8 164.4 77.9 41.7 24.2 14.7 9.4 6.3 4.2 2.9 2.0

12 379.2 170.5 82.5 45.2 26.9 16.7 11.0 7.4 5.0 3.5 2.4

11 388.9 174.6 88.6 49.9 30.4 19.3 12.9 8.8 6.1 4.2 3.0

10 406.0 184.5 97.9 57.1 36.0 23.7 16.2 11.3 7.9 5.6 4.0

9 440.3 214.8 113.2 68.8 44.8 30.3 21.2 15.0 10.7 7.7 5.5

8 470.0 237.1 138.2 87.7 59.6 41.6 29.9 21.8 15.7 11.4 8.1

7 563.9 307.3 181.0 120.4 86.7 62.1 44.8 31.5 23.3 16.9 12.3

6 696.8 415.0 269.2 187.3 136.9 101.7 75.3 57.4 41.8 30.7 23.2

5 1007 675.0 467.8 345.8 268.0 202.3 153.3 116.9 87.3 64.6 47.0

4 1839 1346 997.4 765.1 586.6 451.1 349.6 266.8 200.3 147.8 109.5

3 4800 3762 2861 2251 1754 1358 1041 791.0 597.1 453.6 338.5

TABLE IV. Observed and expected number of events for illustrative values of Mmin
�� . The expected yields are shown for SM

production and for the sum of CI/DY production (for destructive interference and for a given �) and non-DY SM backgrounds. For
each column ofMmin

�� , the expected yield for CI=DYþ non-DY SM production that is just above that expected for SM production is in

bold font. Entries above the bold ones correspond to values of � for which the expected yield is less than that for SM production,
because of the destructive interference term in the cross section. As discussed in Sec. VI C, the best expected limit is obtained for
Mmin

�� ¼ 1100 GeV=c2. For this choice, the expected event yield, in bold-italic font, corresponds to the value of � closest to the

observed 95% CL lower limit on � of 9.5 TeV (9.7 TeV expected).

Mmin
�� (GeV=c2) 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Source Number of events

Data 141 57 28 14 13 8 3 2 1 0 0

SM MC � (TeV) MC 138.1 60.9 29.4 15.2 8.1 4.5 2.7 1.6 1.0 0.6 0.4

18 134.2 58.0 27.9 14.3 7.7 4.3 2.6 1.5 1.0 0.6 0.4

17 134.5 57.9 27.7 14.4 7.8 4.4 2.6 1.6 1.0 0.6 0.4

16 134.9 58.0 27.8 14.5 7.8 4.5 2.7 1.6 1.0 0.7 0.5

15 135.6 58.3 28.1 14.7 8.0 4.7 2.9 1.7 1.1 0.8 0.5

14 133.7 58.3 28.3 15.0 8.4 5.0 3.1 1.9 1.3 0.9 0.6

13 134.1 59.3 29.1 15.7 8.9 5.4 3.5 2.2 1.5 1.0 0.7

12 138.6 60.1 30.2 16.7 9.8 6.1 4.1 2.7 1.9 1.3 0.9

11 135.7 62.5 32.1 18.4 11.2 7.3 5.0 3.5 2.4 1.7 1.2

10 141.1 66.7 35.7 21.2 13.6 9.2 6.6 4.6 3.3 2.4 1.7

9 148.5 73.8 42.4 27.1 18.3 13.1 9.5 6.9 5.0 3.7 2.6

8 164.7 88.1 54.4 36.8 26.2 19.3 14.3 10.6 7.8 5.8 4.1

7 198.1 117.5 79.4 57.6 43.3 31.6 24.0 17.5 13.1 9.0 6.2

6 278.1 182.3 131.7 100.1 76.7 57.9 45.1 33.0 22.6 16.9 11.3

5 469.2 338.7 261.7 204.4 158.6 123.2 96.7 74.6 56.8 41.5 29.2

4 1025 784.1 620.1 494.2 384.3 302.6 232.8 174.6 127.2 94.5 68.5

3 3199 2517 2012 1599 1242 975.7 744.7 575.4 437.7 320.1 231.4
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from CI is the difference of the number of CI/DY events
expected for a given �, and the number of DY events. The
expected mean number of background events is the sum of
events from the DY process and the non-DY SM back-
grounds. The observed and expected numbers of events are
given in Tables IV and V.

Systematic uncertainties in the predicted signal and
background event yields are estimated from a variety of
sources and included as nuisance parameters in the
limit-setting procedure. Significant sources of systematic
uncertainty are given in Table VI. The uncertainty in the
integrated luminosity is described in Ref. [39]. The uncer-
tainty in the CI/DY acceptance is explained in Sec. VB.
The uncertainties in the prediction of backgrounds depend
on the value of Mmin

�� . These uncertainties are given in

Table VI for the values of Mmin
�� chosen for limits on �

with destructive and constructive interference. The PDF
uncertainty in the expected yield of DYevents is evaluated
using the PDF4LHC procedure [43]. The uncertainties in
the QED and QCD K-factors are explained in Sec. VC.
The uncertainty from non-DY backgrounds is due to the
statistical uncertainty associated with the simulated event
samples. The systematic uncertainties which decrease the
limit on � by the largest amounts are the uncertainties on
the PDF and QED K-factor. When both these uncertainties
are set to zero, the limit for destructive interference is
increased by 0.4% and the limit for constructive interfer-
ence is increased by 3.0%. Thus, the systematic uncertain-
ties degrade the limits by only small amounts.

We considered possible systematic uncertainties in mod-
eling the detector response by comparing kinematic dis-
tributions between data and simulation of DY and non-DY
SM processes. There are no differences in these distribu-
tions that could lead to significant systematic uncertainties
through their effect on selection efficiency and mass
resolution.

C. Results for limits on �

The observed and expected lower limits on� at 95% CL
as a function of Mmin

�� for destructive and constructive

interference are shown in Figs. 5(a) and 5(b). The value
of Mmin

�� , chosen to maximize the expected sensitivity,

is 1100 GeV=c2 for destructive interference, and
800 GeV=c2 for constructive interference. The observed
(expected) limit is 9.5 TeV (9.7 TeV) for destructive
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FIG. 4 (color online). Observed spectrum of M�� and predic-
tions for SM and CI/DY plus non-DY SM production.
Predictions are shown for three illustrative values of �, for
constructive and destructive interference. The error bars for
data are 68% Poisson confidence intervals.
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FIG. 5 (color online). Observed and expected limits as a
function of Mmin

�� for (a) destructive interference and

(b) constructive interference. The value of Mmin
�� , chosen to

maximize the expected sensitivity, is 1100 GeV=c2 for destruc-
tive interference and 800 GeV=c2 for constructive interference.
The observed (expected) limit is 9.5 TeV (9.7 TeV) for destruc-
tive interference and 13.1 TeV (12.9 TeV) for constructive
interference. The observed limit at the value chosen for Mmin

��

is indicated with a red plus sign. The variations in the observed
limits lie almost entirely within the 1-� bands, consistent with
statistical fluctuations.
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interference and 13.1 TeV (12.9 TeV) for constructive
interference. The variations in the observed limits lie
almost entirely within the 1-� (standard deviation) uncer-
tainty bands in the expected limits, consistent with statis-
tical fluctuations. The number of expected events
corresponding to the observed limits on � are shown in
Tables IV and V.

VI. SUMMARY

The CMS detector is used to measure the invariant mass
distribution of �þ�� pairs produced in pp collisions at a
center-of-mass energy of 7 TeV, based on an integrated
luminosity of 5:3 fb�1. The invariant mass distribution in
the range 200 to 2000 GeV=c2 is found to be consistent
with standard model sources of dimuons, which are domi-
nated by Drell-Yan production. The data are interpreted in
the context of a quark- and muon-compositeness model
with a left-handed isoscalar current and an energy scale
parameter�. The 95% confidence level lower limit on� is
9.5 TeV under the assumption of destructive interference
between the standard model and contact-interaction ampli-
tudes. For constructive interference, the limit is 13.1 TeV.
These limits are comparable to the most stringent ones
reported to date.
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J. Berger,39 C. Böser,39 T. Chwalek,39 W. De Boer,39 A. Descroix,39 A. Dierlamm,39 M. Feindt,39 M. Guthoff,39,e

C. Hackstein,39 F. Hartmann,39 T. Hauth,39,e M. Heinrich,39 H. Held,39 K.H. Hoffmann,39 S. Honc,39 I. Katkov,39,p

J. R. Komaragiri,39 P. Lobelle Pardo,39 D. Martschei,39 S. Mueller,39 Th. Müller,39 M. Niegel,39 A. Nürnberg,39

O. Oberst,39 A. Oehler,39 J. Ott,39 G. Quast,39 K. Rabbertz,39 F. Ratnikov,39 N. Ratnikova,39 S. Röcker,39

A. Scheurer,39 F.-P. Schilling,39 G. Schott,39 H. J. Simonis,39 F.M. Stober,39 D. Troendle,39 R. Ulrich,39

J. Wagner-Kuhr,39 S. Wayand,39 T. Weiler,39 M. Zeise,39 G. Daskalakis,40 T. Geralis,40 S. Kesisoglou,40

A. Kyriakis,40 D. Loukas,40 I. Manolakos,40 A. Markou,40 C. Markou,40 C. Mavrommatis,40 E. Ntomari,40

L. Gouskos,41 T. J. Mertzimekis,41 A. Panagiotou,41 N. Saoulidou,41 I. Evangelou,42 C. Foudas,42 P. Kokkas,42

S. CHATRCHYAN et al. PHYSICAL REVIEW D 87, 032001 (2013)

032001-10



N. Manthos,42 I. Papadopoulos,42 V. Patras,42 G. Bencze,43 C. Hajdu,43 P. Hidas,43 D. Horvath,43,r F. Sikler,43

V. Veszpremi,43 G. Vesztergombi,43,s N. Beni,44 S. Czellar,44 J. Molnar,44 J. Palinkas,44 Z. Szillasi,44 J. Karancsi,45

P. Raics,45 Z. L. Trocsanyi,45 B. Ujvari,45 S. B. Beri,46 V. Bhatnagar,46 N. Dhingra,46 R. Gupta,46 M. Kaur,46

M. Z. Mehta,46 N. Nishu,46 L. K. Saini,46 A. Sharma,46 J. B. Singh,46 Ashok Kumar,47 Arun Kumar,47 S. Ahuja,47

A. Bhardwaj,47 B. C. Choudhary,47 S. Malhotra,47 M. Naimuddin,47 K. Ranjan,47 V. Sharma,47 R. K. Shivpuri,47

S. Banerjee,48 S. Bhattacharya,48 S. Dutta,48 B. Gomber,48 Sa. Jain,48 Sh. Jain,48 R. Khurana,48 S. Sarkar,48

M. Sharan,48 A. Abdulsalam,49 R. K. Choudhury,49 D. Dutta,49 S. Kailas,49 V. Kumar,49 P. Mehta,49

A.K. Mohanty,49,e L.M. Pant,49 P. Shukla,49 T. Aziz,50 S. Ganguly,50 M. Guchait,50,t M. Maity,50,u G. Majumder,50

K. Mazumdar,50 G. B. Mohanty,50 B. Parida,50 K. Sudhakar,50 N. Wickramage,50 S. Banerjee,51 S. Dugad,51

H. Arfaei,52 H. Bakhshiansohi,52,v S.M. Etesami,52,w A. Fahim,52,v M. Hashemi,52 H. Hesari,52 A. Jafari,52,v

M. Khakzad,52 M. Mohammadi Najafabadi,52 S. Paktinat Mehdiabadi,52 B. Safarzadeh,52,x M. Zeinali,52,w

M. Abbrescia,53a,53b L. Barbone,53a,53b C. Calabria,53a,53b,e S. S. Chhibra,53a,53b A. Colaleo,53a D. Creanza,53a,53c

N. De Filippis,53a,53c,e M. De Palma,53a,53b L. Fiore,53a G. Iaselli,53a,53c L. Lusito,53a,53b G. Maggi,53a,53c

M. Maggi,53a B. Marangelli,53a,53b S. My,53a,53c S. Nuzzo,53a,53b N. Pacifico,53a,53b A. Pompili,53a,53b

G. Pugliese,53a,53c G. Selvaggi,53a,53b L. Silvestris,53a G. Singh,53a,53b R. Venditti,53a G. Zito,53a G. Abbiendi,54a

A. C. Benvenuti,54a D. Bonacorsi,54a,54b S. Braibant-Giacomelli,54a,54b L. Brigliadori,54a,54b P. Capiluppi,54a,54b

A. Castro,54a,54b F. R. Cavallo,54a M. Cuffiani,54a,54b G.M. Dallavalle,54a F. Fabbri,54a A. Fanfani,54a,54b

D. Fasanella,54a,54b,e P. Giacomelli,54a C. Grandi,54a L. Guiducci,54a,54b S. Marcellini,54a G. Masetti,54a

M. Meneghelli,54a,54b,e A. Montanari,54a F. L. Navarria,54a,54b F. Odorici,54a A. Perrotta,54a F. Primavera,54a,54b

A.M. Rossi,54a,54b T. Rovelli,54a,54b G. P. Siroli,54a,54b R. Travaglini,54a,54b S. Albergo,55a,55b G. Cappello,55a,55b

M. Chiorboli,55a,55b S. Costa,55a,55b R. Potenza,55a,55b A. Tricomi,55a,55b C. Tuve,55a,55b G. Barbagli,56a

V. Ciulli,56a,56b C. Civinini,56a R. D’Alessandro,56a,56b E. Focardi,56a,56b S. Frosali,56a,56b E. Gallo,56a S. Gonzi,56a,56b

M. Meschini,56a S. Paoletti,56a G. Sguazzoni,56a A. Tropiano,56a L. Benussi,57 S. Bianco,57 S. Colafranceschi,57,y

F. Fabbri,57 D. Piccolo,57 P. Fabbricatore,58a R. Musenich,58a S. Tosi,58a,58b A. Benaglia,59a,59b,e F. De Guio,59a,59b

L. Di Matteo,59a,59b,e S. Fiorendi,59a,59b S. Gennai,59a,e A. Ghezzi,59a,59b S. Malvezzi,59a R. A. Manzoni,59a,59b

A. Martelli,59a,59b A. Massironi,59a,59b,e D. Menasce,59a L. Moroni,59a M. Paganoni,59a,59b D. Pedrini,59a

S. Ragazzi,59a,59b N. Redaelli,59a S. Sala,59a T. Tabarelli de Fatis,59a,59b S. Buontempo,60a C. A. Carrillo Montoya,60a

N. Cavallo,60a,60c A. De Cosa,60a,60b,e O. Dogangun,60a,60b F. Fabozzi,60a,60c A.O.M. Iorio,60a,60b L. Lista,60a

S. Meola,60a,60d,z M. Merola,60a P. Paolucci,60a,e P. Azzi,61a N. Bacchetta,61a,e D. Bisello,61a,61b A. Branca,61a,61b,e

R. Carlin,61a,61b P. Checchia,61a F. Gasparini,61a,61b U. Gasparini,61a,61b A. Gozzelino,61a K. Kanishchev,61a,61c

S. Lacaprara,61a I. Lazzizzera,61a,61c M. Margoni,61a,61b A. T. Meneguzzo,61a,61b J. Pazzini,61a N. Pozzobon,61a,61b

P. Ronchese,61a,61b F. Simonetto,61a,61b E. Torassa,61a M. Tosi,61a,61b,e A. Triossi,61a S. Vanini,61a,61b S. Ventura,61a

P. Zotto,61a,61b M. Gabusi,62a,62b S. P. Ratti,62a,62b C. Riccardi,62a,62b P. Torre,62a,62b P. Vitulo,62a,62b M. Biasini,63a,63b
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93Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), Madrid, Spain

94Universidad Autónoma de Madrid, Madrid, Spain
95Universidad de Oviedo, Oviedo, Spain

96Instituto de Fı́sica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
97CERN, European Organization for Nuclear Research, Geneva, Switzerland

98Paul Scherrer Institut, Villigen, Switzerland
99Institute for Particle Physics, ETH Zurich, Zurich, Switzerland
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