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Abstract

A search for contact interactions in events with muon or electron pairs has been per-
formed. The data samples were collected by the CMS detector and correspond to
integrated luminosities of 20.6 and 19.7 fb~! for the muon and electron channels, re-
spectively, for proton-proton collisions at /s = 8 TeV. Within the context of a quark
and lepton compositeness model with a left-left isoscalar contact interaction, 95% CL
lower limits are set on A, the energy scale parameter for the contact interaction. For
dimuons the limits are 12.0 and 15.2TeV for destructive and constructive interfer-
ence with Drell-Yan production, respectively; for dielectrons the limits are 13.5 and
18.3 TeV. These limits are the most stringent to date.
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1 Introduction

This note describes a search for contact interactions (CI) in the dimuon and dielectron chan-
nels using pp collision data at /s = 8TeV collected by the Compact Muon Solenoid (CMS)
detector at the Large Hadron Collider (LHC). The muon channel corresponds to an integrated
luminosity of 20.6 fb~* while the electron channel corresponds to 19.7 fb ™.

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 constituents and to ac-
count for the properties of quarks and leptons, a new strong gauge interaction, metacolor, is
introduced. Below a given interaction energy scale A, the effect of the metacolor interaction is
to bind the constituents into metacolor-singlet states. For parton-parton center-of-mass ener-
gies less than A, the metacolor force will manifest itself in the form of a flavor-diagonal CI [1].
We consider the left-left isoscalar model (LLIM) [2], which is the conventional benchmark for
Clin the dilepton channel. In the LLIM the Lagrangian density is given by
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where q; = (u,d)[ is a left-handed quark doublet, [} is a left-handed lepton, and g and 7, are
constants. By convention ¢?/47 = 1. For maximum destructive interference 77, = +1 and for
maximum constructive interference 771 = —1. In this analysis, all flavors of initial-state quarks
are assumed to be composite.

The dileptons from the subprocesses for standard model (SM) Drell-Yan (DY) [3] production
and from CI production can have the same helicity state. In this case, the scattering amplitudes
are summed, resulting in an interference term in the cross section for pp — 11~ + X. The dif-
ferential cross section corresponding to the combination of CI production described by Eq. (1)
with DY production can be written as

dU.CI/DY dUDY 2
diM— dM _%I(M)JFMC(M)’ @

where M is the invariant dilepton mass, Z is due to interference, and C is purely due to the CI.
The processes contributing to the cross section in Eq. (2) are denoted collectively by “CI/DY”.
The signal for a contact interaction is the difference

d O'CI /DY d O.DY

dM  dM ©)

The basic features of the LLIM dilepton mass spectra are demonstrated with a generator-level
simulation using PYTHIA v6.4 [4], with appropriate kinematic selection criteria that approxi-
mate the acceptance of the detector. Figures 1a and 1b show the LLIM dimuon mass spectra
for different values of A 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 most prominent at low values of A and steadily diminishing with
increasing values of A. For a given value of A and dilepton mass, the event yield is seen to
be larger for constructive interference compared with the destructive case. As A increases the
CI/DY yield approaches the DY yield, as expected from Eq. 2.

Previous searches for contact interactions in dijet and dilepton channels have all resulted in
limits on A. Searches have been reported by experiments at LEP [5-9], HERA [10, 11], the
Tevatron [12-17], and recently from the ATLAS [18-21] and CMS [22-26] experiments at the
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Figure 1: Simulated dimuon mass spectra using the left-left isoscalar model for different values
of A for (a) destructive interference and (b) constructive interference. The events are generated
using the PYTHIA Monte Carlo program with kinematic selection requirements that approxi-
mate the acceptance of the detector and the yields correspond to an integrated luminosity of
20fb~'. The corresponding curves for dielectrons are similar.

LHC. The highest published limits in the LLIM dimuon channel for a hadron collider are from
ATLAS and CMS 7 TeV data. For destructive interference, these limits are 9.5 TeV (CMS) and
9.6 TeV (ATLAS). For constructive interference the limits are 13.1 TeV (CMS) and 12.9 TeV (AT-
LAS). ATLAS also reported limits in the dielectron channel based on 7 TeV data, and these are
9.5TeV and 12.1 TeV for destructive and constructive interference. There are larger limits [27] in
the eeuu channel, A > 23.3TeV (A > 12.5TeV) for destructive (constructive) interference, and
in the eedd channel, A > 11.1TeV (A > 26.4TeV), although these are based on combination of
results from a number of sources.

2 CMS Detector

CMS uses a right-handed coordinate system with origin at the nominal collision point, the x
axis pointing toward the center of the LHC ring, the y axis perpendicular to the LHC plane and
pointing vertically upward, and the z axis along the anticlockwise beam direction. Pseudora-
pidity # is defined as 7 = —In[tan(0/2)] where 6 is the polar angle relative to the z axis. The
azimuthal angle ¢ is measured relative to the positive x axis in the x-y plane.

The main CMS systems used in this analysis include the tracker and calorimeters, both of which
are located inside the 3.8 T superconducting solenoid, and the muon system, which has detec-
tion elements interspersed in the return yoke of the solenoid. The tracker consists of silicon
pixel and strip systems and measures charged particle trajectories within the pseudorapid-
ity range |n| < 2.5. The electromagnetic calorimeter (ECAL) consists of nearly 76 000 lead-
tungstate crystals and provides coverage up to || = 3.0. The brass and scintillator hadronic
calorimeter surrounds the ECAL and aids it in identifying electrons. The muon detectors
include drift tubes, resistive plate chambers, and cathode strip chambers. Muons are recon-
structed in the range |7| < 2.4 although the coverage of the single muon trigger extends only
up to || = 2.1. The tracker, calorimeters, and muon systems all have barrel and endcap com-
ponents. A detailed description of the CMS detector can be found in Ref. [28].

The first level (L1) trigger selects events based on a sub-set of information from the muon
detector and the calorimeters. The High Level Trigger (HLT) processor farm then filters L1



triggers using full information from the tracker, calorimeters, and muon system. Events that
have been selected by the HLT are then written to either the single muon or diphoton data
streams, depending on the trigger path.

3 Trigger and event reconstruction

The trigger and reconstruction method used here is the same as used in searches for a narrow
dilepton resonance [29] and extra spatial dimensions in dimuon [30] and dielectron [31] pro-
duction. This allows for common dilepton spectra to be interpreted in the context of different
new physics models.

3.1 Dimuon channel

Dimuon events are recorded with a trigger requiring a single muon with pr > 40GeV. For
single muon triggers, triggering muons are restricted to the range || < 2.1 in order to avoid
a high rate of low-pr muons that would be mis-reconstructed as exceeding the pr threshold
due to their poorer pr resolution. The integrated luminosity for this trigger is 20.6 fb~'. At
least one muon of the dimuon pair must be matched to the trigger muon, meaning AR =
V (A1)?2 + (A¢)? < 0.2 and Apr/pr < 1; the other muon is limited to || < 2.4 by the geomet-
rical acceptance of the muon system. For dimuon masses above 200 GeV the trigger efficiency
is ~ 97%.

Muons must be reconstructed in both the tracker and the muon detector. Each muon track
is required to have a signal (“hit”) in at least one pixel layer, hits in at least six strip layers,
and multi-hit segments in at least two muon detector stations. Both muons are required to
have pr > 45GeV and a pr reconstruction accuracy épt/pr < 0.3. To reduce the cosmic ray
background, the transverse impact parameter of the muon with respect to the primary vertex
is required to be less than 0.2cm. The primary vertex is taken to be the pp collision within
the bunch crossing with the highest summed p% over all charged tracks associated with the
vertex. In order to suppress muons coming from hadronic decays, a tracker-based isolation
requirement is imposed such that the pr sum of all tracks with z-values (in the interaction
region) within 0.2 cm of the z-value of the muon and within AR = 0.3 with respect to the muon
track is less than 10% of the pr of the muon.

The two muons are required to have opposite charge and must be consistent with originating
from a common vertex. A constrained fit of the muon tracks to a common vertex must satisfy
x?/dof < 10. To further suppress cosmic ray muons that are in time with the collision event,
the 3-dimensional angle between the two muons must be smaller than 7t — 0.02 radians.

3.2 Dielectron channel

Dielectron events are recorded with a trigger requiring two electrons, each with Ey > 33 GeV
and the integrated luminosity for this trigger is 19.7 fb~'. Electrons candidates start as super-
clusters in the ECAL, although only one supercluster is required for the L1 trigger. Both super-
clusters must have no more than one missing hit in the pixel layers and the fraction of HCAL
energy associated with each cluster must be less that 15% of the ECAL energy. For dielectron
masses above 200 GeV the trigger efficiency is ~ 99%.

Offline, individual electrons must have Er > 35GeV. The pseudorapidity coverage is || <
1.442 in the barrel and 1.56 < || < 2.5 in the endcaps. For each electron, the ECAL cluster
must match the tracker trajectory within 0.005 (0.007) in 77 and 0.06 (0.06) in ¢ for barrel (end-
cap) candidates. The ratio of hadronic to electromagnetic energy deposition must be less than
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0.05 for both barrel and endcap candidates. To increase the likelihood that the electrons were
produced at the primary vertex, the electron track’s transverse impact parameter with respect
to the primary vertex is required to be less than 0.02 (0.05) cm for barrel (endcap) candidates.
To suppress hadrons from jets that could be mis-identified as electrons, an isolation require-
ment is imposed based on a cone with 0.04 < AR < 0.30 centered on the electron track. Within
this cone the pr sum of all tracks (with pr > 0.7 GeV and z-values within 0.2 cm of the electron
z-value in the interaction region) is required to be less than 5GeV. Similarly, the summed Et
in the same cone is required to be less than 3% of the Et of the electron candidate, where a
correction is applied to the summed Et to account for pileup effects in the ECAL [32].

At least one of the electrons in a dielectron pair must be reconstructed in the barrel and both
electrons must match trigger objects. However, for dielectrons there is no requirement that
the electrons be oppositely charged. This helps recover some dielectron pairs where one of the
charges has been mis-identified. Since the electron Et measurement comes from the ECAL, this
is unaffected by a mismeasurement of charge within the tracker.

4 Signal and background prediction

In this section we describe the prediction for the observed number of events from CI/DY pro-
duction, pure DY production, and non-DY SM backgrounds. The predictions are made with
physics generators followed by a full detector simulation using GEANT4 [33]. For the dielec-
tron channel, the background from QCD jets is estimated using a combination of simulation
and a mis-identification rate determined from data [29].

4.1 Drell-Yan NLO samples

Simulations samples based on the next-to-leading order (NLO) event generator POWHEG [34]
with the CT10 PDF [35] are used to determine the DY backgrounds, both for comparison with
data and for establishing lower limits on A as described in Section 7. The samples were gen-
erated with minimum /8 values of 120, 200, 500, 800, 1000, 1500, and 2000 GeV for dimuons
and 120, 200, 400, 500, 700, 800, 1000, 1500, and 2000 GeV for dielectrons. Each sample contains
approximately 100k events. An additional multiplicative factor of 1.024 is applied as a QCD
NNLO correction [29] to the POWHEG yields, and a 3% uncertainty is assigned to this based
on observed variations in the NNLO correction as a function of dimuon mass. The POWHEG
samples are also used to determine the systematic uncertainties in the event yield predictions
due to variations within PDF sets and between sets.

4.2 Contact Interaction samples

Using the LLIM, CI/DY events are generated using the leading-order (LO) generator PYTHIA
v6.4 [4] with the CTEQ6L1 parton distribution functions [36]. CI/DY samples were generated
for both dimuons and dielectrons for A values of 9, 11, 13, and 15 TeV for destructive inter-
ference, A values of 9, 11, 13, 15, 17, and 19TeV for constructive interference, and pure DY
production (corresponding to infinite A). For each case, three separate samples were gener-
ated, corresponding to minimum v/ values of (300, 500, 800) GeV, with approximately (50k,
25k, and 25k) events per sample, respectively. The /3 values were chosen to provide good cov-
erage over the dilepton mass range of interest. To reduce computation time and sample size,
generator-level kinematic filters were applied with pr > 40GeV and |¢| < 2.6 for muons, and
pr > 30GeV and |5| < 3.0 for electrons.

The CI/DY signal yields, which are based on the LO PYTHIA event generator, are increased by
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a QCD higher order correction factor of 1.3. This mass-independent value is consistent with
QCD calculations through Next-to-Next-Leading Order for the Drell-Yan process [37]. After
multiplication by 1.3, the pure DY yields were found to be consistent with those from POWHEG
over the range of minimum dilepton mass considered in this analysis.

There are two studies that address NLO QED corrections to the POWHEG DY yields. One is a
study [29] based on the HORACE [38—43] 3.1 event generator. Results from this study show, in
the dimuon channel, a slightly negative correction which increases in magnitude with dimuon
mass. For M;}En = 1500 GeV, i.e., for the cumulative yield of all dimuon masses above 1500 GeV,
the factor is 0.94. However, the same HORACE study shows a near cancellation between NLO
diagrams and photon induced diagrams for dielectrons, which is contrary to theoretical expec-
tation that the dimuon and dielectron corrections should be similar. The QED k-factor has also
been calculated using the FEWZ generator [44] in the dimuon channel and this gave a slightly
positive correction, also increasing in magnitude with mass. Given the internal inconsistency
in the HORACE study and the disagreement between HORACE and FEWZ for the dimuon chan-
nel, we do not apply a QED k-factor to either the dimuon or dielectron DY estimates but assign
a 10% yield uncertainty to cover differences between the HORACE and FEWZ results.

4.3 Non-DY backgrounds

While the major source of SM dilepton production is the DY process, a relatively small number
of events are due to other SM processes. The simulation samples used to predict the net yield
from non-DY sources are summarized in Table 1, with the principal contributions coming from
tt and diboson production. Wherever possible the non-DY yields determined from the samples
have been scaled to account for higher-order QCD diagrams.

In the dielectron channel, another significant source of non-DY dielectrons is the case when
one or more jets are mis-identified as electrons. This contribution is estimated by determining,
as a function of pr and 7, the probability for a jet to be misreconstructed and then applying
these probabilities to dijets in data and jets in the W+jets and y+jets MC samples. The resulting
“fake” rate is dominated by dijets where both jets are misreconstructed and is comparable to
the tf and diboson rates. Based on the difference in fake rate estimated from data using different
analysis techniques, a 40% systematic uncertainty is assigned to the final value [29].

4.4 Expected event yields for DY and non-DY production

The event yields expected for the various types of non-DY backgrounds in the dimuon channel
are shown in Table 2 along with the DY background for an integrated luminosity of 20 fb . The
20 fb~! value was chosen to facilitate comparison between the dimuon and dielectron channels.
The yields are shown for different choices of M™". Some processes are grouped together since
the expected yields are small. Non-DY yields are small compared to DY yields for all values of
M™" although the non-DY relative uncertainties are much larger than the DY relative uncer-
tainties for M™" values above 1000 GeV.

The event yields expected for various types of non-DY backgrounds in the dielectron channel
are presented in Table 3 along with the DY yields as a function of M . For dielectrons, as for
dimuons, the non-DY contributions are small. Also, the expected yields for the DY process are
similar for the dimuon and dielectron channels.
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Table 1: Simulation samples used for non-DY background estimation.

Process Generator Kinematic cuts # Events o
V38, pr,and prin GeV | (approx.) (pb)
THT~ POWHEG V/§ > 20 3.3M 1.92 x 10°
tf POWHEG no cuts 21.6M 2.34 x 102
POWHEG V& > 1000 1.2M 3.28
tW POWHEG no cuts 500k 1.11 x 10!
W POWHEG no cuts 500k 1.11 x 10!
WW PYTHIA no cuts 10M 5.48 x 10!
WZ PYTHIA no cuts 10M 3.32 x 101
77 PYTHIA no cuts 10M 17.7
W-ets MADGRAPH no cuts 18M 3.63 x 10*
pr > 20
QCD y enriched | PYTHIA ph > 15 2IM | 135x10°
[n(u)] <2.5
15 < pr < 30 2.00 x 10°
30 < pr < 50 1.99 x 10*
50 < pr < 80 3.32 x 103
80 < pr < 120 5.58 x 102
120 < pr < 170 1.08 x 102
v +jets PYTHIA 170 < pr < 300 M 3.01 x 10!
300 < pr < 470 2.14
470 < pr < 800 212 x 1071
800 < pr < 1400 7.08 x 1073
1400 < pr < 1800 451 x 1075
pr > 1800 1.87 x 10~°

5 Systematic uncertainties

Systematic uncertainties in the predicted event yields are summarized in Table 4 for dimuons
and Table 5 for dielectrons. These are determined at each value of M™", although only some of
the uncertainties vary with dilepton invariant mass. Where there is a mass-dependence in the
uncertainties a range of values is given corresponding to the M™" range from 1000-1800 GeV.
As will be seen in Section 7, it is in this range where lower limits are established on the CI
energy scale.

For commonality with other CMS analyses the PDF uncertainties are taken from an anal-
ysis in which the PDFALHC weighting procedure [45] was applied to POWHEG DY Monte
Carlo samples. In this study [46], yield variations were obtained separately for CTEQ12 [36],
MSTWO08 [47], and NNPDF21 [48] PDF sets and the final uncertainties are based on the en-
velopes of the upward and downward yield variations. The relative PDF uncertainties increase
with minimum dilepton mass, ranging from about 5% at M™" = 400 GeV to 17% at 1800 GeV.

For dimuons there are three separate sources of uncertainty related to alignment [30]: an uncer-
tainty in the pr scale based on a cosmic ray endpoint study; a 5% uncertainty stemming from
differences in muon chamber alignment scenarios; a 3% smearing in muon pr to account for a
possible misalignment in the inner tracker (resolution). As the cosmic ray study probes the ex-
istence of “weak modes”, which by construction do not exist in the muon alignment scenarios,
the three sources of uncertainty are assumed to be uncorrelated. Both the scale and resolu-
tion uncertainties increase with M;}En and the values shown in Table 4 for MEE“ = 1500 GeV
are taken from parameterizations of DY yields given in Ref. [30]. In addition to the scale, res-
olution, and alignment uncertainties, there is also a mass-independent Z-peak normalization



Table 2: Non-DY and DY event yields predicted in the dimuon channel for 20 fb'. The diboson
category includes WW, WZ, and ZZ events. “Other” includes W+jets, tW, tW, QCD, and 777"

Mﬁ}f‘ (GeV) tt Diboson | Other | DY
400 194.0 85.9 27 | 1430
500 59.4 379 8.1 | 599
600 19.4 17.6 45 | 271
700 7.9 9.5 14 | 148
800 35 54 14 | 803
900 1.8 3.0 09 | 46.0
1000 0.4 1.6 0.0 | 269
1100 0.7 0.9 0.0 | 16.3
1200 0.4 0.7 0.0 | 101
1300 0.2 0.4 0.0 | 6.23
1400 0.2 0.3 0.0 | 3.99
1500 0.1 0.0 0.0 | 2.58
1600 0.0 0.0 0.0 | 1.70
1700 0.0 0.0 0.0 | 1.13
1800 0.0 0.0 0.0 | 0.76

Table 3: Non-DY and DY event yields predicted in the dielectron channel for 20 fb~!. The jets
category includes W+jets and y+jets. “Other” includes tW, tW, and "7~

MDD (GeV) tt Jets | Diboson | Other | DY
400 139.0 | 73.8 76.0 15.7 | 1191
500 41.2 | 304 28.8 5.4 517
600 15.8 | 12.9 11.6 1.3 246
700 3.9 5.7 5.2 0.9 126
800 13| 28 2.8 09 | 68.1
900 06| 1.2 2.0 09| 39.2
1000 0.2 0.6 14 04| 231
1100 0.4 0.3 0.7 04 | 13.8
1200 00| 02 0.4 0.0 | 855
1300 0.0 0.1 0.3 0.0 | 5.39
1400 0.0 0.1 0.2 0.0 | 3.45
1500 00| 00 0.1 0.0 | 222
1600 0.0 0.0 0.0 0.0 | 143
1700 0.0 0.0 0.0 0.0 | 094
1800 00| 00 0.0 0.0 | 0.61

uncertainty of 3% [29] based on variations in the dimuon reconstruction efficiency from the Z-
peak mass to 3 TeV. Finally, there are 3-5% variations in yield for Mi;" values above 1000 GeV
stemming from the statistical uncertainties in the non-DY MC samples.

For dielectrons the largest source of uncertainty is due to PDF variations as determined from
the previously described PDF envelope. This is followed by a mass-dependent yield uncer-
tainty that follows from a 1% uncertainty in the in the electron energy scale [29]. Next in mag-
nitude is a 5% uncertainty in yield due to electron reconstruction efficiency [29]. As in the
case of the dimuons, there are 3-5% variations due to uncertainties in the non-DY background,
which include both the MC sample statistics and an assumbed 40% systematic uncertainty in
the “fake” rate.

There is an assumed 3% uncertainty for higher order QCD corrections in DY production for
both dimuons and dielectrons. Similarly, the uncertainty related to QED higher order diagrams,
which is taken as the size of the mass-dependent correction determined for dimuons, is applied
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Table 4: Systematic uncertainties on dimuon yields. Where the uncertainties are mass depen-
dent, they are quoted for the M™i" range 1000-1800 GeV.

pi
Source Rel. Uncert. (%)
Momentum scale 16-37

PDF 10-17
QED higher order corrections 10
Momentum resolution 3-6
Muon alignment 5
Non-DY MC statistics 3-5
Muon reconstruction 3

QCD higher order corrections 3

Table 5: Systematic uncertainties on dielectron yields. Where the uncertainties are mass depen-
dent, they are quoted for the My ™ range 1000-1800 GeV.

Source Rel. Uncert. (%)
PDF 10-17
QED higher order corrections 10
Electron energy scale 5-8
Electron reconstruction 5

Non-DY MC statistics
and fake rate
QCD higher order corrections 3

3-5

to both dimuons and dielectrons.

The measured integrated luminosity is used to normalize the non-DY backgrounds. The uncer-
tainty in the luminosity, 2.6% [49], does not make a significant contribution to the uncertainty
in non-DY backgrounds.

All other sources of uncertainty, for example the statistical uncertainty in the DY samples or
the uncertainty in the non-DY yields given the luminosity uncertainty, are negligible and are
not considered.

The total relative uncertainty in the predicted number of events for SM dilepton production,
including statistical and systematic contributions, is shown in Fig. 2 for dimuons and dielec-
trons as a function of M™" in GeV units. The up(ee) uncertainty increases from 15%(14%) for
M™N = 400 GeV to 43%(23%) for at M™" = 1800 GeV.

6 Dilepton invariant mass spectra

The measured dimuon mass distribution is shown in Figs. 3a (differential) and 3b (integral),
and similarly, the reconstructed dielectron distribution is given in Figs. 4a and 4b. The integral
plots show the number of events with invariant mass greater than M™™". Error bars for the
data points reflect statistical (Poisson) uncertainties. All of the plots begin at 300 GeV, which is
well below the region of maximum sensitivity to CI signals (for A values that have not already
been ruled out). The largest dimuon and dielectron masses observed in data are 1.82 TeV and
1.78 TeV, respectively. Included with the data distributions are representative predictions for
CI/DY production with A values of 11, 13, and 15 TeV. Non-DY SM backgrounds are included.

The data/prediction comparison figures also show the ratio of observed to predicted events in
the SM for the differential spectrum. Error bars include uncertainties from the data and pre-
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Figure 2: Total relative uncertainty in the SM predicted yield as a function of Mmin

diction. The ratios for both dimuon and dielectron spectra are consistent with unity, indicating
that the data are consistent with the SM.

7 Lower limitson A

Since the data are consistent with the SM, we set lower limits on A in the context of the LLIM.
The expected and observed 95% CL lower limits on A are determined in a Bayesian approach
where a flat cross section is assumed as a prior. Limits are determined for M™" values starting
with 400 GeV and going up to 1800 GeV in steps of 100 GeV.

The limit setting procedure determines a 95% CL interval for a possible signal taking into ac-
count fluctuations of the expected SM background. Since the DY background yield is normal-
ized to the Z-peak, the DY prediction is independent of the luminosity measurement and the
2.6% luminosity uncertainty is not included in the limit calculation. The signal acceptance un-
certainties, described in Ref. [29], and the SM background yield uncertainties are treated as
nuisance parameters with lognormal distributions.

Dimuon event yields for data and yields predicted by the SM and the LLIM (plus non-DY
backgrounds) are shown in Table 6 for destructive interference and Table 7 for constructive
interference. For the SM yield prediction the uncertainty is also given. Similarly, Tables 8 and
9 show the dielectron event yields.

For dimuons, the observed and expected lower limits on A at 95% CL as a function of M;j;j“
for destructive and constructive interference are shown in Figs. 5a and 5b. The value of MMin
where the expected limit peaks is 1500 GeV for destructive interference and 1200 GeV for con-
structive interference. For these values of Mf{;}“ , the observed (expected) limit on A is 12.0 TeV
(13.0 TeV) for destructive interference and 15.2 TeV (16.9 TeV) for constructive interference. The
observed limits lie mainly within the 1o expected band with an excursion into the 2¢ band
where observed number of events has an upward fluctuation. For the dielectron channel,
shown in Figs. 6a and 6b, the expected limit versus M is similar to the dimuon channel. The
expected dielectron limit peaks at M = 1300 and 1100 GeV for destructive and constructive
interference, respectively. For these values of MT" , the observed (expected) limits are 13.5 TeV
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Figure 3: The dimuon mass spectrum for 20.6 fb~! shown with predictions for the SM and the
LLIM with destructive and constructive interference. The differential spectrum in M is shown
in (a) with variable bin width. The integral spectrum is shown in (b). Error bars for data points
show statistical (Poisson) uncertainties. In the plot below (a), the error bars include statistical
uncertainties in the data and both statistical and systematic uncertainties in the prediction.
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Figure 4: The dielectron mass spectrum for 19.7 fb~! shown with predictions for the SM and the
LLIM with destructive and constructive interference. The differential spectrum in M is shown
in (a) with variable bin width. The integral spectrum is shown in (b). Error bars for data points
show statistical (Poisson) uncertainties. In the plot below (a), the error bars include statistical
uncertainties in the data and both statistical and systematic uncertainties in the prediction.
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Table 6: Observed and predicted number of dimuon events corresponding to an integrated
luminosity of 20.6 fb~!. The CI/DY predictions are shown for destructive interference based
on the LLIM. Both the SM and CI/DY predictions include small contributions from non-DY
backgrounds. The missing CI/DY entries correspond to values that are less than the A = oo
prediction. In the region where we set limits, the destructive CI/DY values always exceed the

SM prediction.

M]‘}‘]jn (GeV) 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Source Number of Events

data 699 338 182 101 65 35 24 15 10 7 4
SM pred. 7212 3202 1711 927 529 297 183 11.4 7.1 4.6 2.8
o(SM pred.) 116.3 54.6 308 179 11.0 6.7 45 3.0 2.1 1.4 0.9
A (TeV)

20 3.0
19 12.0 7.8 5.1 3.2
18 192 124 8.1 54 34
17 31.2 19.8 13.0 8.6 5.8 3.8
16 323 208 13.9 94 6.4 43
15 56.6 340 223 15.1 10.5 7.4 5.1
14 100 594 36.6 245 17.1 12.1 8.7 6.2
13 180 105 63.8 406 279 19.9 145 10.7 7.9
12 189 113 709 467 331 244 183 139 106
11 758 365 203 126 823 567 415 315 243 189 147
10 787 393 228 148 101 731 554 431 34.1 270 216

Table 7: Observed and predicted number of dimuon events corresponding to an integrated

luminosity of 20.6 fb~!. The CI/DY (A) yields are shown for constructive interference based on
the LLIM.

ME" (GeV) 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Source Number of Events

data 699 338 182 101 65 35 24 15 10 7 4
SM pred. 721.2 3202 1711 927 529 29.7 18.3 114 7.1 4.6 2.8
o(SM pred.) 116.3 54.6 308 179 11.0 6.7 4.5 3.0 2.1 14 0.9
A (TeV)

20 792 381 202 115 683 41.0 26.9 17.9 12.2 8.5 5.8
19 798 386 205 118 702 425 28.0 18.9 13.0 9.1 6.3
18 805 392 210 121 726 443 29.5 20.0 13.9 9.8 6.9
17 814 399 215 124 756 46.6 313 21.5 15.0 10.7 7.6
16 824 408 222 129 794 49.6 33.8 234 16.6 12.0 8.6
15 838 420 230 136 845 536 370 260 186 13.6 9.9
14 856 435 242 145 914 59.0 413 29.5 21.4 15.8 11.7
13 881 454 257 157 101 66.6 474 34.3 25.3 18.9 14.2
12 915 482 278 173 114 77.4 56.1 413 30.9 23.4 17.8
11 964 520 308 198 134 935 690 515 392 302 232
10 1036 577 354 236 165 1182 889 674 520 406 316
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Table 8: Observed and predicted number of dielectron events corresponding to an integrated
luminosity of 19.7fb~!. The CI/DY predictions are shown for destructive interference based
on the LLIM. Both the SM and CI/DY predictions include small contributions from non-DY
backgrounds. The missing CI/DY entries correspond to values that are less than the A = oo
prediction. In the region where we set limits, the destructive CI/DY values always exceed the
SM prediction.

MP™ (GeV) 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Source Number of Events

data 661 304 152 73 45 20 11 6 4 3 3
SM pred. 623.9 2885 1425 761 44.0 25.8 15.3 9.2 5.8 3.7 2.4
o(SM pred.) 875 41.3 21.0 11.6 6.9 4.2 2.6 1.6 1.1 0.7 0.5
A (TeV)

20 6.0 3.9 2.5
19 9.6 6.2 4.1 2.7
18 9.9 6.5 4.3 2.9
17 16.4 10.4 6.9 4.7 3.2
16 27.4 17.2 11.1 7.6 5.3 3.7
15 28.7 18.4 12.2 8.5 6.0 4.3
14 47.3 30.7 20.2 13.7 9.8 7.1 5.2
13 80.3 50.7 33.8 229 16.1 11.8 8.8 6.6
12 86.5 56.2 38.6 27.1 19.7 14.9 11.4 8.8
11 156 971 652 46.4 33.8 254 19.7 154 121
10 616 313 178 115 804 59.4 448 34.8 27.7 21.8 17.5

Table 9: Observed and predicted number of dielectron events corresponding to an integrated
luminosity of 19.7 fb~!. The CI/DY (A) yields are shown for constructive interference based on

the LLIM.

ME™ (GeV) 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Source Number of Events

data 661 304 152 73 45 20 11 6 4 3 3
SM pred. 6239 2885 1425 761 440 258 15.3 9.2 5.8 3.7 24
o(SM pred.) 87.5 413 21.0 11.6 6.9 4.2 2.6 1.6 1.1 0.7 0.5
A (TeV)

20 635 312 162 916 55.0 341 216 141 9.6 6.6 4.7
19 640 316 165 935 565 352 225 148 10.2 7.1 5.1
18 646 320 168 958 583 366 236 157 109 7.7 5.6
17 653 325 172 988 60.6 383 251 16.9 11.9 8.4 6.2
16 661 331 177 103 63.7 40.6 27.0 184 13.1 94 7.0
15 672 339 183 108 67.7 437 295 205 148 10.8 8.1
14 686 350 191 114 731 479 330 233 170 126 9.5
13 705 365 203 124 805 539 379 272 202 151 11.6
12 731 385 219 137 912 625 449 328 247 188 14.6
11 766 414 242 156 107 753 554 413 315 243 19.0
10 818 458 278 186 131 952 717 543 420 328 258
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(12.7 TeV) for destructive interference and 18.3 TeV (16.5 TeV) for constructive interference. The
observed limits lie almost entirely in the 1o expected band.

Under the assumption that the contact interaction with quarks is independent of lepton flavor,
the dimuon and dielectron channels can be combined by summing the observed (predicted)
yields in the two channels. Uncertainties are added in quadrature, taking into account highly
correlated sources such as the PDF variations. The limit results are shown in Figs. 7a and
7b, for destructive and constructive interference, respectively. The observed limits are entirely
confined to the 1o expected band. The observed limits are 13.1 TeV and 16.9 TeV for destructive
and constructive interference.
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8 Summary

Using the CMS detector, the invariant mass distribution of y™y~ and e*e™ pairs produced in
pp collisions at a center-of-mass energy of 8 TeV has been measured for integrated luminosities
of 20.6 and 19.7 fb !, respectively. The mass spectra for M > 300 GeV are consistent with
Drell-Yan plus other standard model sources of dileptons. Within the context of the left-left
isoscalar contact interaction model lower limits at 95% CL are set on the energy scale parameter
A. For dimuons the limits are 12.4 TeV for destructive interference and 14.8 TeV for construc-
tive interference. Similarly, the dielectron limits are 13.4 TeV for destructive interference and
19.0 TeV for constructive interference. These limits represent significant improvements on the
current published values.
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