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Search for anomalous production of prompt like-sign muon pairs and constraints on physics
beyond the standard model with the ATLAS detector

G. Aad et al.*

(ATLAS Collaboration)
(Received 5 January 2012; published 17 February 2012)

An inclusive search for anomalous production of two prompt, isolated muons with the same electric

charge is presented. The search is performed in a data sample corresponding to 1:6 fb�1 of integrated

luminosity collected in 2011 at
ffiffiffi
s

p ¼ 7 TeV with the ATLAS detector at the LHC. Muon pairs are

selected by requiring two isolated muons of the same electric charge with pT > 20 GeV and j�j< 2:5.

Minimal requirements are placed on the rest of the event activity. The distribution of the invariant mass of

the muon pair mð��Þ is found to agree well with the background expectation. Upper limits on the cross

section for anomalous production of two muons with the same electric charge are placed as a function of

mð��Þ within a fiducial region defined by the event selection. The fiducial cross-section limit constrains

the like-sign top-quark pair-production cross section to be below 3.7 pb at 95% confidence level. The data

are also analyzed to search for a narrow like-sign dimuon resonance as predicted for e.g. doubly charged

Higgs bosons (H��). Assuming pair production of H�� bosons and a branching ratio to muons of 100%

(33%), this analysis excludes masses below 355 (244) GeV and 251 (209) GeV for H�� bosons coupling

to left-handed and right-handed fermions, respectively.

DOI: 10.1103/PhysRevD.85.032004 PACS numbers: 13.85.Rm, 12.60.Cn, 14.80.Fd

I. INTRODUCTION

Events containing two high-pT, prompt, like-sign lep-
tons are rarely produced in the standard model (SM), but
occur with an enhanced rate in several models of new
physics. For example, supersymmetry [1], universal extra
dimensions [2], left-right symmetric models [3–6], Higgs
triplet models [7–9], the little Higgs model [10], fourth-
family quarks [11], and flavor-changing neutral currents
resulting in the production of like-sign top quarks [12–20]
could all give rise to final states with two leptons of the
same electric charge. Most of these models would result in
an excess of like-sign dimuons over the background with
no distinct kinematic features. However, doubly charged
Higgs bosons (H��), predicted by some of those models,
would be observed as a narrow resonance in the dimuon
mass spectrum.

In the analysis described in this article, events contain-
ing like-sign muon pairs are selected and their invariant
mass distribution is compared to the SM prediction. Both
muons are required to have transverse momentum pT >
20 GeV and pseudorapidity [21] j�j< 2:5, and they must
be isolated from other activity in the event. Upper limits on
the cross section of non-SM physics in a fiducial region
corresponding to the experimental requirements are de-
rived as a function of the dimuon invariant mass. Results

are presented inclusively for ���� production and sepa-
rately for�þ�þ and���� final states. The�þ�þ result
is further used to constrain like-sign top-quark pair pro-
duction. The data are also used to search for a narrow
dimuon resonance with a width much smaller than the
detector resolution of �3%. An example of a particle
that may result in a narrow mass peak is a short-lived
H�� boson, predicted by a number of the models for
new physics mentioned above. Constraints on the H��
mass as a function of its branching ratio to two muons
are presented.
The ATLAS Collaboration has previously reported an

inclusive search for new physics in the like-sign dilepton
final state in a data sample corresponding to an integrated
luminosity of 34 pb�1 [22]. No significant deviation from
SM expectations was observed, and fiducial cross-section
limits as well as limits on several specific models of
physics beyond the SM were derived. The CDF
Collaboration has performed similar inclusive searches
[23,24] without observing any evidence for new physics.
Like-sign top-quark pair production has previously been
searched for by the CDF [25] and the CMS Collaborations
[26]. The upper limit on the cross section set by the CMS
Collaboration in pp collisions at

ffiffiffi
s

p ¼ 7 TeV is 17 pb.
Direct limits on H�� bosons have previously been set at
hadron colliders by the CDF [24,27] and D0 [28,29]
Collaborations. The most stringent limits to date for H��
bosons decaying to dimuons with a branching ratio of
100% exclude masses below 205–245 GeV depending on
the couplings [24].
This article is organized as follows. A brief description

of the ATLAS detector is given in Sec. II. Sec. III presents
the data and simulation samples used. The event selection
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is described in Sec. IV. The backgrounds are discussed in
Sec. V, and Sec. VI summarizes the systematic uncertain-
ties. The data are compared to the background estimate in
Sec. VII. The interpretation of the data as a cross-section
upper limit within the fiducial region, for four ranges of
dimuon invariant mass, and its implication on like-sign
top-quark pair production are reported in Secs. VIII and
IX, respectively. The narrow resonance search and its
interpretation in terms of H�� boson production is
presented in Sec. X. Finally, Sec. XI summarizes the
conclusions.

II. THE ATLAS DETECTOR

The ATLAS detector [30] consists of an inner tracking
system, calorimeters, and a muon spectrometer. The inner
detector, directly surrounding the interaction point, is com-
posed of a silicon pixel detector, a silicon strip detector,
and a transition radiation tracker, all embedded in a 2 T
axial magnetic field. It covers the pseudorapidity range
j�j< 2:5 and is enclosed by a calorimeter system contain-
ing electromagnetic and hadronic sections. The calorime-
ter system is surrounded by a large muon spectrometer
built with three air-core toroids. This spectrometer is
equipped with precision chambers (composed of moni-
tored drift tubes and cathode strip chambers) to provide
precise position measurements in the bending plane in the
range j�j< 2:7. In addition, resistive plate chambers and
thin gap chambers with a fast response time are used
primarily to trigger muons in the rapidity ranges j�j �
1:05 and 1:05< j�j< 2:4, respectively. Momentum mea-
surements in the muon spectrometer are based on track
segments formed in at least two of the three precision
chambers. The resistive plate chambers and thin gap cham-
bers provide position measurements in the nonbending
plane which is used to improve the pattern recognition
and the track reconstruction.

The ATLAS detector has a three-level trigger system
[31] which reduces the event rate to approximately 200 Hz
before data transfer to mass storage. The Level-1 muon
trigger searches for hit coincidences between different
muon trigger detector layers inside programmed geomet-
rical windows that define the muon transverse momentum
and provide a rough estimate of its position. It selects
muons in the rapidity range j�j< 2:4. The Level-1 trigger
is followed by a high-level, software-based trigger selec-
tion which is similar to that of the offline reconstruction.

III. DATA SAMPLE AND MONTE
CARLO SIMULATION

This analysis is carried out using a data sample corre-
sponding to an integrated luminosity of 1:6 fb�1 recorded
between March and July of 2011 at a center-of-mass
energy of 7 TeV. The data are selected using single-muon
triggers with a pT threshold of 10 GeV at Level-1. At the

high-level trigger, a muon with pT > 18 GeV is required.
In this data set, the average number of interactions per
beam crossing is about six.
Monte Carlo (MC) simulation is used to estimate some of

the background contributions and to determine the selection
efficiency and acceptance for possible new physics signals.
The dominant SM processes that contribute to prompt like-
sign dimuon production are WZ, ZZ, W�W�, and t�tW.
These are all estimated using MC simulation. For processes
with a Z boson, the contribution from �� is also simulated
for mð‘‘Þ> 20 GeV. WZ and ZZ events are generated
using HERWIG [32], and W�W� and t�tW production is
generated with MADGRAPH [33] for the matrix element
and PYTHIA [34] for the parton shower and fragmentation.
The normalization of the WZ and ZZ MC samples is

based on cross sections determined at next-to-leading-
order (NLO) using MCFM [35]. The NLO cross sections
times branching ratios for W�Z ! ‘��‘�‘� and ZZ !
‘�‘�‘�‘�, where ‘� is an electron, muon, or tau lepton,
after requiring two charged leptons with the same electric
charge and with pT > 20 GeV and j�j< 2:5, are 347 fb
and 54 fb, respectively. The K factors for WZ and ZZ
production, defined as the ratios between the NLO and
the leading order (LO) cross sections, depend on the kine-
matic requirements placed on the muons and the invariant
mass of the like-sign muon pair. Therefore, K-factors that
depend on this invariant mass are applied.
Opposite-sign dimuon events due to Drell-Yan, t�t, and

W�W� production constitute a background if the charge of
one of the muons is misidentified. W�W� production is
generated using HERWIG. The Drell-Yan process is gener-
ated with ALPGEN [36], whereas the t�t background is
modeled using MC@NLO [37].
In addition, a variety of new physics signals are simu-

lated in order to study the efficiency and acceptance of the
selection cuts.
Like-sign top-quark pair production can occur in models

with flavor-changing neutral currents, e.g. via a t-channel
exchange of a Z0 boson with utZ0 coupling. Since the left-
handed coupling is highly constrained by B0

d � �B0
d mixing

[38], only right-handed top quarks (tR) are considered.
Samples for this process are produced with the PROTOS

[39] generator, using Z0 mass values of 100, 150 and
200 GeV. An additional sample is generated, based on an
effective four-fermion operator uu ! tt corresponding to
Z0 masses � 1 TeV [18]. The parton shower and hadroni-
zation are performed with PYTHIA.
Pair production of doubly charged Higgs bosons

(pp ! H��H��) via a virtual Z=�� exchange is gener-
ated using PYTHIA for H�� mass values between 100 and
400 GeV [40].
Production of a right-handedW boson (WR) decaying to

a charged lepton and a Majorana neutrino (NR) [41,42],
and pair production of heavy down-type fourth generation
quarks (d4) decaying to tW are generated using PYTHIA.
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Parton distribution functions taken from CTEQ6L1 [43]
are used for the LO MC generators, while for the t�t
MC@NLO sample CTEQ6.6 [44] parton distribution func-

tions are used.
The detector response to the generated events is simu-

lated with the ATLAS simulation framework [45] using
GEANT4 [46], and the events are reconstructed with the

same software used to process the data. The simulated
response is corrected for the small differences in efficien-
cies, momentum scales, and momentum resolutions be-
tween data and simulation.

IV. EVENT SELECTION

Events are selected with an inclusive single-muon trig-
ger with a pT threshold of 18 GeVas described in Sec. III.
They must further contain at least two muons of the same
electric charge with pT > 20 GeV and j�j< 2:5. The
efficiency of the trigger selection for muon pairs in Z !
�þ�� events passing the event selection used here is 97%.
Any combination of two muons is considered, allowing
more than one muon pair per event to be included. The
invariant mass of the two muons, mð��Þ, is required to be
larger than 15 GeV to exclude the low-mass hadronic
resonances such as the J=c and � mesons. All events
used in this analysis are required to have a primary vertex
determined with at least five tracks with pT > 0:4 GeV. If
more than one interaction vertex is found, the vertex with
the highest

P
N
i¼1 p

2
T;i, where N is the number of tracks

associated to the vertex, is defined as the primary vertex.
Muons selected for this analysis are formed from tracks

reconstructed in the inner detector combined with tracks
reconstructed in the muon spectrometer [47]. The indepen-
dent charge measurements from these two detectors are
required to agree to reduce the charge mismeasurement
rate. In addition, the transverse and longitudinal impact
parameters with respect to the primary event vertex must
be small, jd0j< 0:2 mm and jz0 sin�j< 5:0 mm, and the
transverse impact parameter significance, jd0j=�ðd0Þ, is
required to be less than 3.0. The muon isolation (pcone40

T )

is defined as the scalar sum of the transverse momenta of
all tracks with pT > 0:5 GeV within a cone around the

muon axis of size �R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
��2 þ ��2

p ¼ 0:4 that are
within jz0j< 1 cm of the primary event vertex.
Requirements of pcone40

T < 5 GeV and pcone40
T =pTð�Þ<

0:08 are made.
The above selection cuts are chosen to retain a high

efficiency for prompt muons while rejecting a large
fraction of nonprompt backgrounds. For muons from
Z-boson decays, the efficiency of the impact parameter
significance and the isolation cuts ranges from 87% to
97% depending on pT, while for muons from b- and
c-hadron decays, the efficiency is about 3.5%. For muons
arising from � decays in Z ! �� events, the efficiency is
about 60%.

V. BACKGROUND DETERMINATION

The SM backgrounds for like-sign dimuon final states
can be divided into background from production of prompt
like-sign dimuons, background caused by muons from
hadronic decays (nonprompt muons), and background
from processes with two prompt opposite-sign muons
where the charge of one of the muons is mismeasured.
The dominant SM processes with two prompt leptons of

the same electric charge in the final state are W�Z !
‘��‘�‘�, ZZ ! ‘�‘�‘�‘�, W�W� ! ‘��‘��, and
t�tW ! ‘�‘� þ X. Any other SM processes are found to
be negligible. The contribution of these processes to the
signal region is estimated from MC simulation using the
samples described in Sec. III. In these simulated samples,
only muons that originate from a � lepton, aW boson, or a
Z boson are considered prompt. Muons originating from
any other sources are discarded in order to avoid double-
counting with the nonprompt muon background that is
derived from data.
Background from nonprompt muons may originate from

several different sources: semileptonic b- or c-hadron de-
cays, muons from pion or kaon decays in flight, and mis-
identified muons from hadronic showers in the calorimeter
which reach the muon spectrometer and are incorrectly
matched to a reconstructed inner detector track [48]. The
background from nonprompt muons is estimated from data
using a matrix method [49]. This method requires knowl-
edge of the probabilities for prompt and nonprompt muons
to pass the isolation requirement. The probability for non-
prompt muons to pass the isolation cut is determined using
muons with jd0j=�ðd0Þ> 5 in dimuon or single-muon
samples. These are dominated by semileptonic b- and c-
hadron decays. The probability is found to be 5% rather
independently of pT and �. A systematic uncertainty is
derived from a complementary sample where
jd0j=�ðd0Þ< 3 is required. In this sample, prompt muons
fromW or Z decays are suppressed by requiring there to be
exactly one muon in the event, the transverse mass [50] of
the muon and the missing transverse energy [51] to be
below 10 GeV, and at least one jet with pT > 20 GeV to be
present. The resulting systematic uncertainty on the proba-
bility for nonprompt muons to pass the isolation cut varies
between 30% and 100% depending on pT. The probability
for prompt muons to pass the isolation cut as a function of
pT and � is derived from Z ! �þ�� MC events and is
cross-checked with data.
Another source of background arises from opposite-sign

muon pairs where the charge of one of the two muons is
misidentified. This background source is negligible in the
relevant mass range as estimated from simulation. The
charge misidentification probability is also measured
from Z ! �� events in data by exploiting the independent
charge measurements provided by the inner detector and
the muon spectrometer. It is found to be consistent with
zero in the relevant pT range. Based on observing zero
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charge misidentified events in data, a 68% upper limit is
placed on this probability as function of pT, which ranges
up to 10% at pTð�Þ ¼ 400 GeV. This upper limit is ap-
plied as a function of pTð�Þ to opposite-sign prompt muon
pairs in the Drell-Yan, WþW�, and t�t MC samples to
determine the systematic uncertainty on this background
source.

The background estimate is cross-checked in a variety of
samples complementary to the signal region. These include
like-sign muon pairs where at least one muon fails the
jd0j=�ðd0Þ cut, like-sign muon pairs where both muons
fail the isolation requirement used in the analysis but pass a
looser isolation requirement, like-sign and opposite-sign
muon pairs where both muons fail the isolation require-
ment used in the analysis but pass a looser isolation re-
quirement and at least one muon fails the jd0j=�ðd0Þ cut,
and opposite-sign muon pairs where both muons pass the
final analysis requirements. For all control regions, the data
are found to agree with the background prediction within
the systematic uncertainties, both in overall event yield and
in the shape of the dimuon mass distribution.

VI. SYSTEMATIC UNCERTAINTIES

Uncertainties on the event selection efficiencies and the
luminosity affect the predicted yield of signal events as
well as those backgrounds that are estimated purely from
MC simulation, i.e.WZ, ZZ,W�W�, and t�tW production.
The uncertainty on the muon reconstruction efficiency is
�1% [52]. In addition, the efficiency of the requirements
on impact parameter and isolation is observed to be 3%
lower in data than in simulation at the lowest pT values
while for pT > 30 GeV data and simulation agree typically
within �1%. The resulting uncertainty on the muon pair
selection efficiency due to the muon identification effi-
ciency is þ1:0

�1:8%. The uncertainty on the muon trigger

efficiency of <1% [52] results in an uncertainty on the
selection efficiency of �0:3%. The uncertainty in the
muon momentum scale [53] results in an uncertainty on
the dimuon pair selection efficiency of �0:9% due to the
migrations across the pT and mð��Þ cut thresholds. In
addition, the integrated luminosity measurement has an
uncertainty of �3:7% [54,55].

The uncertainty in the production cross sections of the
SM processes affect the predicted yield of the prompt
muon background. The WZ and ZZ cross-section uncer-
tainties due to higher-order corrections are estimated to be
�10% by varying the renormalization and factorization
scales by a factor of 2. For t�tW production, the higher-order
corrections are estimated to be similar to those for t�tZ,
which are calculated in Ref. [56], and the cross section is
taken to be a factor of 1:30� 0:65 higher than the LO cross
section [57]. The full higher-order corrections for W�W�
production have not yet been calculated. However, for
parts of the process, the NLO QCD corrections have
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FIG. 1 (color online). Distribution of the dimuon invariant
mass for (a) ���� pairs, (b) �þ�þ pairs, and (c) ���� pairs.
The data are compared to the stacked background estimates. The
ratio between the data and the predicted background is also
shown, where the shaded region is the total systematic uncer-
tainty on the background prediction.
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been shown to be small [58]. Here, the LO cross section is
used and an uncertainty of �50% is assumed.

Uncertainties on the parton distribution functions affect
both the acceptance and the normalization of the prompt
muon backgrounds and the new physics models con-
strained in this paper. This uncertainty is evaluated using
the eigenvectors provided by the MSTW2008lo68cl set
[59] of parton distribution functions using the prescription
given in Ref. [60] and adding in quadrature the difference
between the central cross-section value obtained using this
set and that obtained with the CTEQ6L1 [43] parton dis-
tribution functions. For the diboson background, the result-
ing uncertainty on the cross section is �7%. The
uncertainty on the acceptance due to this source is typically
�2%.

The uncertainty on the number of muon pairs from
nonprompt muon backgrounds has systematic and statisti-
cal components which are added in quadrature to give the
total uncertainty on this background source. The system-
atic component is derived from the uncertainty on the
measurement of the fraction of nonprompt muons passing
the isolation cuts which ranges from �30% for mð��Þ>
15 GeV to �80% for mð��Þ> 300 GeV (see Sec. V).

The statistical component arises from the limited number
of nonisolated muons used in the matrix method: this is
�3% for mð��Þ> 15 GeV and �45% for mð��Þ>
300 GeV. The background due to charge misidentification
has an uncertainty of þ2:7 events for the full sample and
þ0:6 events in the highest mass region.
Any statistical uncertainties due to limited size of the

background and signal MC samples are also considered.
Systematic uncertainties on different processes from the

same origin are assumed to be 100% correlated.

VII. COMPARISON OF THE DATATO THE
BACKGROUND EXPECTATION

The invariant mass distributions observed in the data are
compared to the predicted background for ����, �þ�þ,
and ���� production in Fig. 1.
Table I summarizes the number of observed and ex-

pected muon pairs for ����, �þ�þ, and ���� produc-
tion for four cuts on the dimuon invariant mass. The data
agree with the background within the systematic uncer-
tainties and no excess is observed. The number of data
events in high-mass bins is lower than the background

TABLE I. Expected and observed numbers of pairs of isolated like-sign muons for various cuts on the dimuon invariant mass,
mð��Þ. The uncertainties shown are the quadratic sum of the statistical and systematic uncertainties. The prompt muon background
contribution includes the WZ, ZZ, W�W�, and t�tW processes.

Sample Number of muon pairs with mð����Þ
>15 GeV >100 GeV >200 GeV >300 GeV

Prompt muons 63:1� 7:8 34:9� 4:5 9:6� 1:6 2:24� 0:54

Nonprompt muons 37:5þ10:3
�12:4 13:0� 4:5 1:8� 0:7 0:31� 0:18

Charge flip 0þ2:7�0:0 0þ0:9
�0:0 0þ0:7

�0:0 0þ0:61
�0:00

Total 100:6þ13:2
�14:7 48:0� 6:4 11:4þ1:8

�1:7 2:56þ0:83
�0:57

Data 101 32 7 1

Sample Number of muon pairs with mð�þ�þÞ
>15 GeV >100 GeV >200 GeV >300 GeV

Prompt muons 41:2� 5:3 23:5� 3:2 6:6� 1:2 1:33� 0:40

Nonprompt muons 20:2þ5:9
�6:9 6:3� 2:2 1:0� 0:4 0:24� 0:15

Charge flip 0þ1:3
�0:0 0þ0:5

�0:0 0þ0:3
�0:0 0þ0:30

�0:00

Total 61:4þ8:0
�8:7 29:8� 3:9 7:5� 1:3 1:57þ0:52

�0:42

Data 61 22 6 1

Sample Number of muon pairs with mð����Þ
>15 GeV >100 GeV >200 GeV >300 GeV

Prompt muons 21:9� 3:0 11:4� 1:8 3:04� 0:67 0:91� 0:32

Nonprompt muons 17:4þ4:7
�5:8 6:8� 2:4 0:83� 0:38 0:07þ0:08

�0:07

Charge flip 0þ1:3
�0:0 0þ0:5

�0:0 0þ0:34
�0:0 0þ0:30

�0:00

Total 39:3þ5:8
�6:5 18:2� 3:0 3:87þ0:84

�0:77 0:98þ0:45
�0:33

Data 40 10 1 0
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expectation, but in all mass bins the probability that the
background gives a fluctuation as low or lower than ob-
served in the data is found to be greater than 5%. In all
mass bins, prompt muons from diboson production are the
dominant background but nonprompt muons also contrib-
ute significantly: about 40% at low mass and 10% at high
mass.

VIII. UPPER LIMITS ON THE CROSS
SECTION FOR PROMPT LIKE-SIGN

DIMUON PRODUCTION

A 95% confidence level (C.L.) upper limit on the num-
ber of like-sign muon pairs due to anomalous production,
N95ð��Þ, is obtained using a Bayesian approach with a flat
prior for the number of events from new physics, integrat-
ing over Gaussian priors for the systematic uncertainties
[61,62]. All systematic uncertainties discussed above are
included, and correlations between their effects on signal
and background processes are taken into account.

The upper limit on the number of anomalously produced
muon pairs, N95ð��Þ, ranges from 41 pairs for mð��Þ>
15 GeV to 3.8 pairs for mð��Þ> 300 GeV at 95% C.L.
The limit on the number of muon pairs is translated to a
95% C.L. limit on the cross section measured in the phase
space region defined by the fiducial cuts as

�fid
95 ð��Þ ¼ N95ð��Þ

"fid
R
Ldt

; (1)

where
R
Ldt is the integrated luminosity of 1:61�

0:06 fb�1. The efficiency of the experimental cuts with
respect to the fiducial region, "fid, depends on the model of
new physics. The fiducial cuts used to define the efficiency
are closely matched to those imposed at reconstruction
level: both muons must have pT > 20 GeV, j�j< 2:5,
and be separated by �R> 0:4 from any jet or prompt
muon or electron with pT > 20 GeV.

A variety of models is considered for the determination
of "fid, and the lowest efficiency value obtained among all
the models is used. The models considered are like-sign
top-quark pair production via an effective four-fermion
coupling, Majorana neutrino (NR) production from the
decay of a WR boson, pair production of fourth generation
quarks decaying via top quarks, and doubly charged Higgs
boson production. A variety of mass values for those
models is considered: 800 � mðWRÞ � 1500 GeV and
100 � mðNRÞ � 1300 GeV, 300 � mðd4Þ � 500 GeV,
and 100 � mðH��Þ � 300 GeV. The efficiency values
obtained from any of these samples with respect to the
fiducial cuts vary for different models and mass bins due
primarily to the pT dependence of the isolation efficiency.
Like-sign top-quark pair production results in the lowest
fiducial efficiency of 43:9þ1:9

�2:4% for mð����Þ>
300 GeV, while a model with WR boson of 800 GeV
decaying to a 500 GeVMajorana neutrino gives the highest
value of 72:5þ1:6

�2:2%. For pair production of 100 GeV H��

bosons, the fiducial efficiency is 69:8þ1:5
�2:0% for

mð����Þ> 15 GeV. The efficiency uncertainties include
all sources discussed in Sec. VI. To derive the cross-section
limits, the lowest efficiency value of 43:9þ1:9

�2:4% is used in

all mass bins. The resulting limits are given in Table II for
the four mass ranges and separately for ����, �þ�þ,
and ���� production.

IX. LIMITS ON LIKE-SIGN TOP-QUARK
PAIR PRODUCTION

Like-sign top-quark pair production can occur if e.g. a
flavor-changing Z0 boson that couples to u and t quarks is
exchanged in the t channel. The fiducial cross-section
limits presented above are used to constrain this model.
In order to assess the impact on any physics model, the

acceptance of the fiducial cuts with respect to the full phase
space, Afid, needs to be determined. The cross-section limit
for that model is then given by

�95 ¼ �fid
95 ð��Þ
Afid

: (2)

For the model of like-sign top-quark production, only
�þ�þ pairs are considered since the ���� process con-
tributes less than 3% at the LHC due to the much smaller
�u-quark density compared to the u-quark density in the
proton. The fiducial acceptance for the production of

TABLE II. Expected and observed 95% C.L. upper limit on
the cross section, �fid

95 , for new physics in bins of dimuon mass

for like-sign muon pairs with pTð�Þ> 20 GeV, j�ð�Þj< 2:5,
and �R> 0:4 between the muon and any jet, prompt electron or
prompt muon with pT > 20 GeV.

Mass range [GeV] �fid
95 [fb]

Expected Observed

All muon pairs

mð����Þ> 15 58þ19
�17 58

mð����Þ> 100 30þ11
�9 16

mð����Þ> 200 13:7þ5:7
�4:4 8.4

mð����Þ> 300 8:0þ3:3
�2:6 5.3

Positively charged muon pairs

mð�þ�þÞ> 15 37þ14�11 37

mð�þ�þÞ> 100 21:8þ9:1
�6:9 14.1

mð�þ�þÞ> 200 10:3þ5:7
�2:2 9.1

mð�þ�þÞ> 300 7:2þ1:8
�2:9 5.6

Negatively charged muon pairs

mð����Þ> 15 29þ11
�8 30

mð����Þ> 100 17:0þ6:5
�5:1 9.5

mð����Þ> 200 8:7þ3:1
�2:5 5.2

mð����Þ> 300 5:9þ1:8
�1:6 4.3
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right-handed like-sign top quarks, AfidðtRtRÞ, is determined
for each mass cut and for four Z0 mass values. FormðZ0Þ ¼
100 GeV (mðZ0Þ � 1 TeV), Afid ranges from 0.69%
(0.62%) for mð�þ�þÞ> 15 GeV to 0.12% (0.29%) for
mð�þ�þÞ> 300 GeV. This acceptance is defined with
respect to inclusive decays of the W bosons, so the small
values are primarily caused by the lowW ! �� branching
ratio. The relative uncertainty on the acceptance is typi-
cally 2–3% and accounts for both the statistical uncertainty
and the uncertainty due to the parton distribution functions
as discussed in Sec. VI.

The mass range that gives the best expected limits is
mð�þ�þÞ> 200 GeV for all mðZ0Þ. The results are listed
in Table III for four Z0 masses. The upper limits on the tRtR
production cross section range from 2.2 to 3.7 pb depend-
ing on mðZ0Þ.

X. CONSTRAINTS ON DOUBLY CHARGED
HIGGS BOSONS

The data are used to constrain the production of a narrow
resonance decaying to two muons, using as reference
model the production of H�� bosons. In Sec. XA the
model considered for H�� production is described and
the results are presented in Sec. XB.

A. H�� boson production

The production process of doubly charged Higgs bosons
considered here is pair production via the exchange of a
virtual Z=�� [63]. Other production mechanisms may con-
tribute in addition but they depend on other model parame-
ters such as the masses of the neutral and singly charged
Higgs bosons and are therefore not included. Only H��
bosons decaying to muons with coupling values between
10�5 and 0.5 are considered to ensure a short lifetime
(c� < 10 �m) and that the relative natural width, �=M,
is less than 1%. Doubly charged Higgs bosons couple to
Higgs and electroweak gauge bosons and either left-
handed or right-handed charged leptons, and are denoted
H��

L or H��
R , respectively. While H��

L couple both to the
Z boson and to photons, H��

R bosons only couple to
photons, i.e. coupling to any hypothetical right-handed
gauge bosons is neglected, resulting in a 2.5 times smaller
pair-production cross section for the latter.

Next-to-leading-order calculations of the H�� pair-
production cross section via the Drell-Yan process are
used [64]. Higher-order QCD corrections beyond the
next-to-leading-order accuracy are expected to increase
the cross section by about 5% but are neglected here.
The uncertainty on the cross section is �10% due to scale
dependence in the NLO calculation, parton distribution
function uncertainties, and neglected electroweak correc-
tions [65].

B. Constraints on H�� bosons

The data are used to derive an upper limit on H�� pair
production via the Drell-Yan process. For this purpose,
counting experiments are performed in steps of 10
(20) GeV for mð��Þ< 200 GeV (mð��Þ � 200 GeV)
in a mass window of size �10% of the central mass,
corresponding to about 3 times the experimental mass
resolution.
The product of the acceptance and efficiency to detect a

singleH�� boson is evaluated based on simulated samples.
It is 46% at mðH��Þ ¼ 100 GeV and increases to 57% at
300 GeV. Uncertainties on the acceptance arise from the
parton distribution functions, the interpolation between
H�� mass values, and the limited MC statistics. Adding
these three uncertainties in quadrature, an overall accep-
tance uncertainty of�3:6% is obtained. The other system-
atic uncertainties are propagated as described in Sec. VI.
This analysis aims to constrain the pair production

(pp ! HþþH��) process. In the analysis, however, like-
sign muon pairs are counted, and two muon pairs per event
can contribute. The cross section for pair production
of H�� bosons, �HH, is related to the number of
reconstructed dimuon pairs, Nð����Þ, by

TABLE III. Upper limit at 95% C.L. on the tRtR production
cross section, �95ðtRtRÞ, for four Z0 mass values based on the
�þ�þ search with mð�þ�þÞ> 200 GeV.

mðZ0Þ �95ðtRtRÞ [pb]
Expected Observed

100 GeV 4:2þ2:3
�0:9 3.7

150 GeV 3:3þ1:9
�0:7 3.0

200 GeV 2:9þ1:6
�0:6 2.6

� 1 TeV 2:5þ1:4
�0:5 2.2

 mass [GeV]±±H
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FIG. 2 (color online). Upper limit at 95% C.L. on the cross
section times branching ratio for pair production of doubly
charged Higgs bosons decaying to two muons. Superimposed
is the predicted cross section for Hþþ

L H��
L and Hþþ

R H��
R

production assuming a branching ratio to muons of 100%. The
bands on the predicted cross sections corresponds to the theo-
retical uncertainty of 10%.
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�HH 	 BRðH�� ! ����Þ ¼ Nð����Þ
2	 A	 		Ldt

; (3)

where A	 	 is the acceptance times efficiency to detect a
single ���� pair with invariant mass within 10% of the
considered H�� mass value. It was verified that for this
process the efficiency for detecting a single ���� pair is
not affected by the presence of a second pair in the event.

The cross-section limits are obtained using the same
procedure as described in Sec. VIII. The expected and
observed upper limits at 95% C.L. on the cross section
times the branching ratio, �ðpp ! HþþH��Þ 	
BRðH�� ! ����Þ, are shown in Fig. 2. The observed
upper limit is 11 fb at mðH��Þ ¼ 100 GeV and 1.7 fb at
mðH��Þ ¼ 400 GeV. The median expected upper limits
based on the background expectation together with the
�1� and �2� uncertainty bands are also shown. The
results derived from data are consistent with the expecta-
tion over the full mass range.

The cross-section limit is compared to the prediction for
the pair-production cross section ofH��

L andH��
R bosons,

assuming a branching ratio for the dimuon decay of 100%.
For this scenario,H��

L bosons are excluded formðH��
L Þ<

355 GeV, while H��
R bosons are excluded for mðH��

R Þ<
251 GeV at 95% C.L. for the central value of the theoreti-
cal prediction. The corresponding expected limits are
337 GeV and 264 GeV, respectively. Using a 10% lower
value for the theoretical prediction (corresponding to the
1� uncertainty on the cross section), the data exclude
mðH��

L Þ< 348 GeV and mðH��
R Þ< 248 GeV.

The observed and expected limits on the mass of doubly
charged Higgs bosons are also determined as a function of
the branching ratio to���� assuming the central value of
the theoretical cross-section prediction. This is shown in
Fig. 3 for H��

L and H��
R bosons, respectively. For ex-

ample, assuming a branching ratio of 33% to muons, the
respective lower mass limits are 244 GeV for H��

L and
209 GeV for H��

R bosons.

XI. CONCLUSIONS

An inclusive search for production of pairs of prompt
like-sign muons has been presented using a data set corre-
sponding to an integrated luminosity of 1:6 fb�1 recorded
with the ATLAS detector at the LHC. The data agree with
the background expectation and no sign of new physics has
been found. The data are used to place model-independent
upper limits on the cross section of new physics processes
giving rise to like-sign dimuons ranging from 5.3 fb for
mð����Þ> 300 GeV to 58 fb for mð����Þ> 15 GeV.
In addition, constraints are placed on like-sign top-quark
and doubly charged Higgs boson production. The 95%
C.L. limit on the like-sign top-quark production cross
section of 3.7 pb is more than 4 times more restrictive
than previous results. The lower mass limit on doubly
charged Higgs bosons with a 100% (33%) branching ratio
to muons is 355 (244) GeV and 251 (209) GeV for H��
bosons coupling to left-handed and right-handed fermions,
respectively.

ACKNOWLEDGMENTS

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.
We also thank Michael Spira for his help with some of the
theoretical aspects of the analysis. We acknowledge the
support of ANPCyT, Argentina; YerPhI, Armenia; ARC,
Australia; BMWF, Austria; ANAS, Azerbaijan; SSTC,
Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and
CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and
NSFC, China; COLCIENCIAS, Colombia; MSMT CR,
MPO CR and VSC CR, Czech Republic; DNRF, DNSRC
and Lundbeck Foundation, Denmark; ARTEMIS,
European Union; IN2P3-CNRS, CEA-DSM/IRFU,
France; GNAS, Georgia; BMBF, DFG, HGF, MPG and
AvH Foundation, Germany; GSRT, Greece; ISF,
MINERVA, GIF, DIP and Benoziyo Center, Israel; INFN,

) [GeV]
L

M(H

100 150 200 250 300 350

)± µ± µ
L

B
R

(H

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

±±
L

M(H

100 150 200 250 300 350

)± µ± µ
→

±± L
B

R
(H

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Observed 95% C.L. limit

Expected 95% C.L. limit

σ 1±Expected limit 

ATLAS

∫ -1Ldt = 1.6 fb

 = 7 TeVs

) [GeV]
R

M(H

100 120 140 160 180 200 220 240 260 280 300

)± µ± µ
→

R
B

R
(H

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

±±
R

M(H

100 120 140 160 180 200 220 240 260 280 300

)± µ± µ
±± R

B
R

(H

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Observed 95% C.L. limit

Expected 95% C.L. limit

 1σ±Expected limit 

ATLAS

∫ -1Ldt = 1.6 fb

 = 7 TeVs

FIG. 3 (color online). Exclusion region at 95% C.L. of the H�� mass as a function of the branching ratio to muon pairs, BRðH�� !
����Þ, for a) H��

L bosons and b) H��
R bosons. The shaded areas show the observed exclusion region, the solid lines show the

expected exclusion region, and the dashed lines show the �1� variations of the expected exclusion region.

G. AAD et al. PHYSICAL REVIEW D 85, 032004 (2012)

032004-8



Italy; MEXT and JSPS, Japan; CNRST, Morocco; FOM
and NWO, Netherlands; RCN, Norway; MNiSW, Poland;
GRICES and FCT, Portugal; MERYS (MECTS), Romania;
MES of Russia and ROSATOM, Russian Federation;
JINR; MSTD, Serbia; MSSR, Slovakia; ARRS and
MVZT, Slovenia; DST/NRF, South Africa; MICINN,
Spain; SRC and Wallenberg Foundation, Sweden; SER,
SNSF and Cantons of Bern and Geneva, Switzerland; NSC,
Taiwan; TAEK, Turkey; STFC, the Royal Society and

Leverhulme Trust, United Kingdom; DOE and NSF,
United States of America. The crucial computing support
from all WLCG partners is acknowledged gratefully, in
particular, from CERN and the ATLAS Tier-1 facilities at
TRIUMF (Canada), NDGF (Denmark, Norway, Sweden),
CC-IN2P3 (France), KIT/GridKA (Germany), INFN-
CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC
(Taiwan), RAL (UK) and BNL (USA) and in the Tier-2
facilities worldwide.

[1] R.M. Barnett, J. Gunion, and H. Haber, Phys. Lett. B 315,
349 (1993).

[2] J. Alwall, P. Schuster, and N. Toro, Phys. Rev. D 79,
075020 (2009).

[3] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974).
[4] R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 566

(1975).
[5] G. Senjanovic and R.N. Mohapatra, Phys. Rev. D 12,

1502 (1975).
[6] T. Rizzo, Phys. Rev. D 25, 1355 (1982); 27, 657

(1983).
[7] J. E. Cieza Montalvo, N. V. Cortez, J. Sa Borges, and M.D.

Tonasse, Nucl. Phys. B756, 1 (2006); B796, 422(E)

(2008).
[8] H. Georgi and M. Machacek, Nucl. Phys. B262, 463

(1985).
[9] J. F. Gunion, R. Vega, and J. Wudka, Phys. Rev. D 42,

1673 (1990).
[10] N. Arkani-Hamed et al., J. High Energy Phys. 08 (2002)

021.
[11] P. H. Frampton, P. Q. Hung, and M. Sher, Phys. Rep. 330,

263 (2000).
[12] S. Jung, H. Murayama, A. Pierce, and J. D. Wells, Phys.

Rev. D 81, 015004 (2010).
[13] J. Cao, Z. Heng, L. Wu, and J.M. Yang, Phys. Rev. D 81,

014016 (2010).
[14] D. Choudhury, R.M. Godbole, S. D. Rindani, and P. Saha,

Phys. Rev. D 84, 014023 (2011).
[15] J. Cao, L. Wang, L. Wu, and J.M. Yang, Phys. Rev. D 84,

074001 (2011).
[16] B. Bhattacherjee, S. S. Biswal, and D. Ghosh, Phys. Rev.

D 83, 091501 (2011).
[17] E. L. Berger, Q.-H. Cao, C.-R. Chen, C.-S. Li, and H.

Zhang, Phys. Rev. Lett. 106, 201801 (2011).
[18] J. Aguilar-Saavedra and M. Perez-Victoria, Phys. Lett. B

701, 93 (2011).
[19] P. Ko, Y. Omura, and C. Yu, arXiv:1108.4005 [J. High

Energy Phys. (to be published)].
[20] P. Ko, Y. Omura, and C. Yu, arXiv:1108.0350.
[21] ATLAS uses a right-handed coordinate system with its

origin at the nominal interaction point (IP) in the center of

the detector and the z-axis along the beam pipe. The x-axis
points from the IP to the center of the LHC ring, and the y
axis points upward. Cylindrical coordinates ðr;�Þ are used
in the transverse plane, � being the azimuthal angle

around the beam pipe. The pseudorapidity is defined in

terms of the polar angle � as � ¼ � lntanð�=2Þ.
[22] G. Aad et al. (ATLAS Collaboration), J. High Energy

Phys. 10 (2011) 107.
[23] CDF Collaboration, Phys. Rev. Lett. 98, 221803 (2007).
[24] CDF Collaboration, Phys. Rev. Lett. 107, 181801 (2011).
[25] CDF Collaboration, CDF Public Note Report No. 10466.
[26] S. Chatrchyan et al. (CMS Collaboration), J. High Energy

Phys. 08 (2011) 005.
[27] CDF Collaboration, Phys. Rev. Lett. 93, 221802 (2004).
[28] D0 Collaboration, Phys. Rev. Lett. 101, 071803 (2008).
[29] D0 Collaboration, Phys. Rev. Lett. 108, 021801 (2012).
[30] ATLAS Collaboration, JINST 3, S08003 (2008).
[31] ATLAS Collaboration, Eur. Phys. J. C 72, 1849 (2012).
[32] G. Corcella et al., J. High Energy Phys. 01 (2001) 010.
[33] J. Alwall et al., J. High Energy Phys. 06 (2011) 128.
[34] T. Sjostrand, S. Mrenna, and P. Skands, J. High Energy

Phys. 05 (2006) 026.
[35] J.M. Campbell, R. K. Ellis, and C. Williams, J. High

Energy Phys. 07 (2011) 018.
[36] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau, and

A.D. Polosa, J. High Energy Phys. 07 (2003) 001.
[37] S. Frixione and B. Webber, J. High Energy Phys. 06

(2002) 029.
[38] Q.-H. Cao, H. McKeen, J. L. Rosner, G. Shaughnessy, and

C. E.M. Wagner, Phys. Rev. D 81, 114004 (2010).
[39] J. A. Aguilar-Saavedra, Nucl. Phys. 843, 638 (2011).
[40] V. Rentala, W. Shepherd, and S. Su, Phys. Rev. D 84,

035004 (2011).
[41] F. del Aguila, S. Bar-Shalom, A. Soni, and J. Wudka,

Phys. Lett. B 670, 399 (2009).
[42] R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558

(1975).
[43] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. Nadolsky,

and W.K. Tung, J. High Energy Phys. 07 (2002) 012.
[44] P.M. Nadolsky et al. (CTEQ Collaboration), Phys. Rev. D

78, 013004 (2008).
[45] ATLAS Collaboration, Eur. Phys. J. C 70, 823 (2010).
[46] S. Agostinelli et al. (GEANT4 Collaboration), Nucl.

Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).
[47] R. Nicolaidou, L. Chevalier, S. Hassani, J. F. Laporte, E.

Le Menedeu, and A. Ouraou, J. Phys. Conf. Ser. 219,
032052 (2010).

[48] ATLAS Collaboration, Phys. Lett. B 707, 438 (2012).
[49] ATLAS Collaboration, Eur. Phys. J. C 71, 1577 (2011).

SEARCH FOR ANOMALOUS PRODUCTION OF PROMPT . . . PHYSICAL REVIEW D 85, 032004 (2012)

032004-9

http://dx.doi.org/10.1016/0370-2693(93)91623-U
http://dx.doi.org/10.1016/0370-2693(93)91623-U
http://dx.doi.org/10.1103/PhysRevD.79.075020
http://dx.doi.org/10.1103/PhysRevD.79.075020
http://dx.doi.org/10.1103/PhysRevD.10.275
http://dx.doi.org/10.1103/PhysRevD.11.566
http://dx.doi.org/10.1103/PhysRevD.11.566
http://dx.doi.org/10.1103/PhysRevD.12.1502
http://dx.doi.org/10.1103/PhysRevD.12.1502
http://dx.doi.org/10.1103/PhysRevD.25.1355
http://dx.doi.org/10.1103/PhysRevD.27.657
http://dx.doi.org/10.1103/PhysRevD.27.657
http://dx.doi.org/10.1016/j.nuclphysb.2006.08.013
http://dx.doi.org/10.1016/j.nuclphysb.2008.01.003
http://dx.doi.org/10.1016/j.nuclphysb.2008.01.003
http://dx.doi.org/10.1016/0550-3213(85)90325-6
http://dx.doi.org/10.1016/0550-3213(85)90325-6
http://dx.doi.org/10.1103/PhysRevD.42.1673
http://dx.doi.org/10.1103/PhysRevD.42.1673
http://dx.doi.org/10.1088/1126-6708/2002/08/021
http://dx.doi.org/10.1088/1126-6708/2002/08/021
http://dx.doi.org/10.1016/S0370-1573(99)00095-2
http://dx.doi.org/10.1016/S0370-1573(99)00095-2
http://dx.doi.org/10.1103/PhysRevD.81.015004
http://dx.doi.org/10.1103/PhysRevD.81.015004
http://dx.doi.org/10.1103/PhysRevD.81.014016
http://dx.doi.org/10.1103/PhysRevD.81.014016
http://dx.doi.org/10.1103/PhysRevD.84.014023
http://dx.doi.org/10.1103/PhysRevD.84.074001
http://dx.doi.org/10.1103/PhysRevD.84.074001
http://dx.doi.org/10.1103/PhysRevD.83.091501
http://dx.doi.org/10.1103/PhysRevD.83.091501
http://dx.doi.org/10.1103/PhysRevLett.106.201801
http://dx.doi.org/10.1016/j.physletb.2011.05.037
http://dx.doi.org/10.1016/j.physletb.2011.05.037
http://arXiv.org/abs/1108.4005
http://arXiv.org/abs/1108.0350
http://dx.doi.org/10.1007/JHEP10(2011)107
http://dx.doi.org/10.1007/JHEP10(2011)107
http://dx.doi.org/10.1103/PhysRevLett.98.221803
http://dx.doi.org/10.1103/PhysRevLett.107.181801
http://dx.doi.org/10.1007/JHEP08(2011)005
http://dx.doi.org/10.1007/JHEP08(2011)005
http://dx.doi.org/10.1103/PhysRevLett.93.221802
http://dx.doi.org/10.1103/PhysRevLett.101.071803
http://dx.doi.org/10.1103/PhysRevLett.108.021801
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1140/epjc/s10052-011-1849-1
http://dx.doi.org/10.1088/1126-6708/2001/01/010
http://dx.doi.org/10.1007/JHEP06(2011)128
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1007/JHEP07(2011)018
http://dx.doi.org/10.1007/JHEP07(2011)018
http://dx.doi.org/10.1088/1126-6708/2003/07/001
http://dx.doi.org/10.1088/1126-6708/2002/06/029
http://dx.doi.org/10.1088/1126-6708/2002/06/029
http://dx.doi.org/10.1103/PhysRevD.81.114004
http://dx.doi.org/10.1016/j.nuclphysb.2010.10.015
http://dx.doi.org/10.1103/PhysRevD.84.035004
http://dx.doi.org/10.1103/PhysRevD.84.035004
http://dx.doi.org/10.1016/j.physletb.2008.11.031
http://dx.doi.org/10.1103/PhysRevD.11.2558
http://dx.doi.org/10.1103/PhysRevD.11.2558
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://dx.doi.org/10.1103/PhysRevD.78.013004
http://dx.doi.org/10.1103/PhysRevD.78.013004
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1088/1742-6596/219/3/032052
http://dx.doi.org/10.1088/1742-6596/219/3/032052
http://dx.doi.org/10.1016/j.physletb.2011.12.054
http://dx.doi.org/10.1140/epjc/s10052-011-1577-6


[50] The transverse mass is defined asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Emiss

T pTð�Þð1� cos��ð�;Emiss
T ÞÞ

q
where Emiss

T is the

missing transverse energy as explained in Ref. [51] and

��ð�;Emiss
T Þ is the difference between the azimuthal

angles of the muon and Emiss
T .

[51] ATLAS Collaboration, Eur. Phys. J. C 72, 1844 (2012).
[52] ATLAS Collaboration, Report No. ATLAS-CONF-2011-

110, 2011 (unpublished).
[53] ATLAS Collaboration, Report No. ATLAS-CONF-2011-

046, 2011 (unpublished).
[54] ATLAS Collaboration, Report No. ATLAS-CONF-2011-

116, 2011 (unpublished).
[55] ATLAS Collaboration, Eur. Phys. J. C 71, 1630

(2011).
[56] A. Lazopoulos, T. McElmurry, K. Melnikov, and F.

Petriello, Phys. Lett. B 666, 62 (2008).

[57] F. Petriello (private communication).
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[64] M. Mühlleitner and M. Spira, Phys. Rev. D 68, 117701
(2003).

[65] M. Spira (private communication).

G. Aad,47 B. Abbott,110 J. Abdallah,11 A. A. Abdelalim,48 A. Abdesselam,117 O. Abdinov,10 B. Abi,111 M. Abolins,87

O. S. AbouZeid,157 H. Abramowicz,152 H. Abreu,114 E. Acerbi,88a,88b B. S. Acharya,163a,163b L. Adamczyk,37

D. L. Adams,24 T. N. Addy,55 J. Adelman,174 M. Aderholz,98 S. Adomeit,97 P. Adragna,74 T. Adye,128 S. Aefsky,22

J. A. Aguilar-Saavedra,123b,b M. Aharrouche,80 S. P. Ahlen,21 F. Ahles,47 A. Ahmad,147 M. Ahsan,40
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M-A. Dufour,84 M. Dunford,29 H. Duran Yildiz,3b R. Duxfield,138 M. Dwuznik,37 F. Dydak,29 M. Düren,51
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M. Kenyon,52 O. Kepka,124 N. Kerschen,29 B. P. Kerševan,73 S. Kersten,173 K. Kessoku,154 J. Keung,157

M. Khakzad,28 F. Khalil-zada,10 H. Khandanyan,164 A. Khanov,111 D. Kharchenko,64 A. Khodinov,95

A. G. Kholodenko,127 A. Khomich,57a T. J. Khoo,27 G. Khoriauli,20 A. Khoroshilov,173 N. Khovanskiy,64

SEARCH FOR ANOMALOUS PRODUCTION OF PROMPT . . . PHYSICAL REVIEW D 85, 032004 (2012)

032004-13



V. Khovanskiy,94 E. Khramov,64 J. Khubua,50b H. Kim,145a,145b M. S. Kim,2 P. C. Kim,142 S. H. Kim,159

N. Kimura,169 O. Kind,15 B. T. King,72 M. King,66 R. S. B. King,117 J. Kirk,128 L. E. Kirsch,22 A. E. Kiryunin,98

T. Kishimoto,66 D. Kisielewska,37 T. Kittelmann,122 A.M. Kiver,127 E. Kladiva,143b J. Klaiber-Lodewigs,42

M. Klein,72 U. Klein,72 K. Kleinknecht,80 M. Klemetti,84 A. Klier,170 P. Klimek,145a,145b A. Klimentov,24

R. Klingenberg,42 E. B. Klinkby,35 T. Klioutchnikova,29 P. F. Klok,103 S. Klous,104 E.-E. Kluge,57a T. Kluge,72

P. Kluit,104 S. Kluth,98 N. S. Knecht,157 E. Kneringer,61 J. Knobloch,29 E. B. F. G. Knoops,82 A. Knue,53 B. R. Ko,44

T. Kobayashi,154 M. Kobel,43 M. Kocian,142 P. Kodys,125 K. Köneke,29 A. C. König,103 S. Koenig,80 L. Köpke,80
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M. T. Pérez Garcı́a-Estañ,166 V. Perez Reale,34 L. Perini,88a,88b H. Pernegger,29 R. Perrino,71a P. Perrodo,4

S. Persembe,3a V. D. Peshekhonov,64 B. A. Petersen,29 J. Petersen,29 T. C. Petersen,35 E. Petit,4 A. Petridis,153

C. Petridou,153 E. Petrolo,131a F. Petrucci,133a,133b D. Petschull,41 M. Petteni,141 R. Pezoa,31b A. Phan,85

P.W. Phillips,128 G. Piacquadio,29 E. Piccaro,74 M. Piccinini,19a,19b S.M. Piec,41 R. Piegaia,26 D. T. Pignotti,108

J. E. Pilcher,30 A. D. Pilkington,81 J. Pina,123a,c M. Pinamonti,163a,163c A. Pinder,117 J. L. Pinfold,2 J. Ping,32c

B. Pinto,123a,c O. Pirotte,29 C. Pizio,88a,88b R. Placakyte,41 M. Plamondon,168 M.-A. Pleier,24 A. V. Pleskach,127

A. Poblaguev,24 S. Poddar,57a F. Podlyski,33 L. Poggioli,114 T. Poghosyan,20 M. Pohl,48 F. Polci,54 G. Polesello,118a

A. Policicchio,137 A. Polini,19a J. Poll,74 V. Polychronakos,24 D.M. Pomarede,135 D. Pomeroy,22 K. Pommès,29

L. Pontecorvo,131a B.G. Pope,87 G.A. Popeneciu,25a D. S. Popovic,12a A. Poppleton,29 X. Portell Bueso,29

C. Posch,21 G. E. Pospelov,98 S. Pospisil,126 I. N. Potrap,98 C. J. Potter,148 C. T. Potter,113 G. Poulard,29 J. Poveda,171

R. Prabhu,76 P. Pralavorio,82 A. Pranko,14 S. Prasad,56 R. Pravahan,7 S. Prell,63 K. Pretzl,16 L. Pribyl,29 D. Price,60

J. Price,72 L. E. Price,5 M. J. Price,29 D. Prieur,122 M. Primavera,71a K. Prokofiev,107 F. Prokoshin,31b

S. Protopopescu,24 J. Proudfoot,5 X. Prudent,43 M. Przybycien,37 H. Przysiezniak,4 S. Psoroulas,20 E. Ptacek,113

E. Pueschel,83 J. Purdham,86 M. Purohit,24,x P. Puzo,114 Y. Pylypchenko,62 J. Qian,86 Z. Qian,82 Z. Qin,41 A. Quadt,53

D. R. Quarrie,14 W.B. Quayle,171 F. Quinonez,31a M. Raas,103 V. Radescu,57b B. Radics,20 P. Radloff,113 T. Rador,18a

F. Ragusa,88a,88b G. Rahal,176 A.M. Rahimi,108 D. Rahm,24 S. Rajagopalan,24 M. Rammensee,47 M. Rammes,140

A. S. Randle-Conde,39 K. Randrianarivony,28 P. N. Ratoff,70 F. Rauscher,97 M. Raymond,29 A. L. Read,116

D.M. Rebuzzi,118a,118b A. Redelbach,172 G. Redlinger,24 R. Reece,119 K. Reeves,40 A. Reichold,104

E. Reinherz-Aronis,152 A. Reinsch,113 I. Reisinger,42 D. Reljic,12a C. Rembser,29 Z. L. Ren,150 A. Renaud,114

P. Renkel,39 M. Rescigno,131a S. Resconi,88a B. Resende,135 P. Reznicek,97 R. Rezvani,157 A. Richards,76

R. Richter,98 E. Richter-Was,4,aa M. Ridel,77 M. Rijpstra,104 M. Rijssenbeek,147 A. Rimoldi,118a,118b L. Rinaldi,19a

R. R. Rios,39 I. Riu,11 G. Rivoltella,88a,88b F. Rizatdinova,111 E. Rizvi,74 S. H. Robertson,84,j

A. Robichaud-Veronneau,117 D. Robinson,27 J. E.M. Robinson,76 M. Robinson,113 A. Robson,52

J. G. Rocha de Lima,105 C. Roda,121a,121b D. Roda Dos Santos,29 D. Rodriguez,161 A. Roe,53 S. Roe,29 O. Røhne,116

V. Rojo,1 S. Rolli,160 A. Romaniouk,95 M. Romano,19a,19b V.M. Romanov,64 G. Romeo,26 E. Romero Adam,166

L. Roos,77 E. Ros,166 S. Rosati,131a,131b K. Rosbach,48 A. Rose,148 M. Rose,75 G.A. Rosenbaum,157

E. I. Rosenberg,63 P. L. Rosendahl,13 O. Rosenthal,140 L. Rosselet,48 V. Rossetti,11 E. Rossi,131a,131b L. P. Rossi,49a

M. Rotaru,25a I. Roth,170 J. Rothberg,137 D. Rousseau,114 C. R. Royon,135 A. Rozanov,82 Y. Rozen,151 X. Ruan,114,bb

I. Rubinskiy,41 B. Ruckert,97 N. Ruckstuhl,104 V. I. Rud,96 C. Rudolph,43 F. Rühr,6 F. Ruggieri,133a,133b
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R. Zitoun,4 L. Živković,34 V. V. Zmouchko,127,a G. Zobernig,171 A. Zoccoli,19a,19b Y. Zolnierowski,4 A. Zsenei,29

M. zur Nedden,15 V. Zutshi,105 and L. Zwalinski29

(ATLAS Collaboration)

1University at Albany, Albany, New York, USA
2Department of Physics, University of Alberta, Edmonton AB, Canada

3aDepartment of Physics, Ankara University, Ankara, Turkey
3bDepartment of Physics, Dumlupinar University, Kutahya, Turkey

3cDepartment of Physics, Gazi University, Ankara, Turkey
3dDivision of Physics, TOBB University of Economics and Technology, Ankara, Turkey

3eTurkish Atomic Energy Authority, Ankara, Turkey
4LAPP, CNRS/IN2P3 and Université de Savoie, Annecy-le-Vieux, France

5High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois, USA
6Department of Physics, University of Arizona, Tucson, Arizona, USA

7Department of Physics, The University of Texas at Arlington, Arlington, Texas, USA
8Physics Department, University of Athens, Athens, Greece

9Physics Department, National Technical University of Athens, Zografou, Greece
10Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan

11Institut de Fı́sica d’Altes Energies and Departament de Fı́sica de la Universitat Autònoma de Barcelona and ICREA,
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wAlso at Departamento de Fisica, Universidade de Minho, Braga, Portugal.
xAlso at Department of Physics and Astronomy, University of South Carolina, Columbia, SC, USA.
yAlso at KFKI Research Institute for Particle and Nuclear Physics, Budapest, Hungary.
zAlso at California Institute of Technology, Pasadena, CA, USA.
aaAlso at Institute of Physics, Jagiellonian University, Krakow, Poland
bbAlso at Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China.
ccAlso at Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom.
ddAlso at Department of Physics, Oxford University, Oxford, United Kingdom.
eeAlso at Institute of Physics, Academia Sinica, Taipei, Taiwan.

G. AAD et al. PHYSICAL REVIEW D 85, 032004 (2012)

032004-22



ffAlso at Department of Physics, The University of Michigan, Ann Arbor, MI, USA.
ggAlso at DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de l’Univers), CEA Saclay (Commissariat a l’Energie

Atomique), Gif-sur-Yvette, France.
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