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Measurement of the Pseudorapidity and Centrality Dependence of the Transverse Energy

Density in Pb-Pb Collisions at ,/syy = 2.76 TeV
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The transverse energy (Et) in Pb-Pb collisions at 2.76 TeV nucleon-nucleon center-of-mass energy
(/snn) has been measured over a broad range of pseudorapidity () and collision centrality by using the
CMS detector at the LHC. The transverse energy density per unit pseudorapidity (dEr/dn) increases
faster with collision energy than the charged particle multiplicity. This implies that the mean energy per
particle is increasing with collision energy. At all pseudorapidities, the transverse energy per participating
nucleon increases with the centrality of the collision. The ratio of transverse energy per unit pseudor-
apidity in peripheral to central collisions varies significantly as the pseudorapidity increases from n = 0
to || = 5.0. For the 5% most central collisions, the energy density per unit volume is estimated to be
about 14 GeV/fm? at a time of 1 fm/c after the collision. This is about 100 times larger than normal
nuclear matter density and a factor of 2.6 times higher than the energy density reported at ,/syy =

200 GeV at the Relativistic Heavy Ion Collider.

DOI: 10.1103/PhysRevLett.109.152303

The goal of relativistic heavy-ion collisions is to study
the behavior of quarks and gluons under extreme condi-
tions of pressure, density, and temperature, such as those
that existed shortly after the big bang. Similar conditions
can be reproduced in the laboratory by colliding heavy
nuclei at the highest possible energies. Experiments at the
Relativistic Heavy Ion Collider (RHIC) have shown that
at a nucleon-nucleon center-of-mass energy of ./syy =
200 GeV a strongly interacting medium is produced.
This system behaves as an almost perfect quantum fluid
[1-4]. There are also indications from the RHIC experi-
ments that at these energies the initial state of the colliding
nuclei may be a color glass condensate [1,5,6]. The pres-
ence of such a state may affect the spatial distribution of
partons within the nucleus, particularly at high pseudora-
pidity [7,8]. Measuring the distribution of transverse en-
ergy over a wide pseudorapidity range sheds light also on
the longitudinal expansion of the system. In 2010, the
Large Hadron Collider (LHC) accelerated heavy ions to
energies 14 times higher than RHIC in order to produce
matter at energy densities never achieved before. One of
the basic measurements in this new regime is that of the
energy distribution of all the produced particles, which is
connected to the initial energy and entropy densities of the
produced matter. At lower energies, the measured rapidity
distributions of particles are generally well described by
Gaussians. The widths of these distributions are consistent

*Full author list given at the end of the article.
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with the predictions of Landau hydrodynamics, i.e., o, =
/Iny, where 1 is the Lorentz factor of the colliding beams
[9-13]. The rapidity variable y = tanh~!(v_/c), where v,
is the velocity of the particle along the beam direction z,
provides a way to describe the longitudinal distribution of
matter created in these collisions. Calorimeters measure
only the energy deposited at various angles, and therefore
the data are presented in terms of the distribution of energy
in pseudorapidity, . Pseudorapidity is defined as 7 =
— In[tan(0/2)], with 6 the polar angle with respect to the
z axis. When the momentum of a particle is larger than its
mass, its n = y.

The Compact Muon Solenoid (CMS) experiment is a
general-purpose detector designed to study hadron colli-
sions at the TeV scale [14]. In particular, it has almost
hermetic calorimetry that is sensitive to the distribution of
energy over nearly the complete angular range. The trans-
verse energy is defined by Er = Y, E; sinf;, where E; is the
energy seen by the calorimeter for the ith particle, 6; is the
polar angle of particle i, and the sum is over all particles
emitted into a fixed solid angle in an event. The quantity
dEt/dn is an approximately Lorentz invariant measure of
the energy distribution. The transverse energy is studied as
a function of the geometry of the collision, i.e., the central-
ity, of the heavy-ion interaction. Finally, comparisons are
made with lower-energy data and theoretical models.

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 central field volume are
the silicon pixel and strip trackers, lead-tungstate crystal
electromagnetic calorimeter and the brass-scintillator had-
ron calorimeter. These calorimeters are physically divided
into the barrel and end cap regions covering together
the region of |n|<3.0. The hadronic forward (HF)

© 2012 CERN, for the CMS Collaboration
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calorimeters cover || from 2.9 to 5.2. The HF calorimeters
use quartz fibers embedded within a steel absorber. The
CMS tracking system, located inside the calorimeter, con-
sists of pixel and silicon-strip layers covering |n| <2.5. A
set of scintillator tiles, the beam scintillator counters, are
mounted on the inner side of the HF calorimeters to trigger
on heavy-ion collisions and reject beam-halo interactions.
In addition, two zero degree calorimeters are used for
systematic checks. For more details on CMS, see [14].

In 2010, CMS recorded Pb-Pb collision data correspond-
ing to an integrated luminosity of 7.36 ub~!, of which
0.31 wb~! were included in this analysis. This luminosity
selection provided a data sample with negligible statistical
uncertainties. Minimum bias inelastic Pb-Pb collisions
were selected by requiring that either the HF or beam
scintillator counters detected a signal on both sides of the
interaction point. In the analysis at least two reconstructed
tracks were required to form a vertex within =25 cm of the
nominal interaction point along the beam line and within a
radius of 2 cm measured perpendicular to the beam relative
to the average vertex position. Large-multiplicity beam-
background events were removed by requiring the com-
patibility of the observed pixel-cluster lengths with the
hypothesis of a Pb-Pb interaction at the estimated vertex.
Finally, events containing beam-halo muons were elimi-
nated by a timing requirement on the beam scintillator
counters on opposite sides of the interaction point. The
total event selection efficiency of the minimum bias
trigger for hadronic Pb-Pb interactions was found to be
(97 =3)% [15].

Events were sorted into different centrality classes. The
centrality of heavy-ion interactions is related to the number
of participating nucleons and hence to the energy released
in the collisions. In CMS, the centrality is defined as per-
centiles of the energy deposited in the HF. The most central
(peripheral) event class, i.e., (0-2.5)%/(70-80)% in this
analysis, has a large (small) number of participants and a
large (small) energy deposit in HF. In order to estimate the
mean number of participating nucleons ({(Np,)) and its
systematic uncertainty for each centrality class, a Glauber
model of the nuclear collision was used [16-18].

The data were corrected for detector acceptance and
inefficiencies using correction factors C(|n|) estimated
from the HYDJET 1.8 [19] Monte Carlo (MC) event gen-
erator coupled to a GEANT4 [20] CMS detector simulation.
These correction factors were calculated as the ratio of MC
predictions at the particle level and the detector level for
each centrality class. The correction factor C(|n|) = 1.6
for |[n| < 2 falls to =1.1 by || = 4 and then rises to 2 at
|| = 5. The nonlinearity of the calorimeter response and
the effect of the magnetic field cause the C(|n|) to depend
upon the pr spectra, the ratio of charged and neutral
particles, and the mixture of mesons and baryons. The
value of C(|n|) increases if the assumed spectra shift to
lower pr or if the ratio of charged to neutral particles is

larger. To estimate the systematic uncertainties in C(|7]),
two tunes of HYDJET (1.6 and 1.8) were used. HYDJET 1.8,
(p1)en = 0.66 GeV/c, was tuned to LHC spectra and par-
ticle yields as measured by the ALICE Collaboration [21]
and successfully tested against a wide range of RHIC
data. HYDJET 1.6, {p1)en, = 0.57 GeV/c, was tuned only
to RHIC data [19]. At central pseudorapidity, the fraction
of Et carried by charged pions, kaons, protons, and anti-
protons is 0.60 for HYDJET 1.6 and 0.62 for HYDJET 1.8. The
results were cross-checked by using data taken with no
magnetic field, and in addition, for B = 3.8 T, data from
tracks with pp > 900 MeV/c were combined with energy
clusters in the calorimeters to identify different types of
particles and measure their energy. Since muons and neu-
trinos carry a negligible fraction of the total transverse
energy and deposit almost no signal in the calorimeters,
they are not considered in this analysis and no correction
factors are applied to account for them. The corrected
transverse energy for N analyzed events is obtained as

dEx > Erjinl)

dn (|77|) = C('”’)Dm,

D
where the sum over j covers all calorimeters cells located
within the 1 range An and E7; is the transverse energy
measured in a particular cell j. Note that for this summa-
tion no threshold is applied to the individual calorimeters
cells. Several sources of systematic uncertainties were
studied, and their effects are summarized in Table I and
described below. Energy scale: All of the calorimeters
were initially calibrated with test beam data and radioac-
tive sources. For the barrel and inner end cap calorimeters,
these calibrations were refined by using isolated charged
hadrons whose momentum was reconstructed in the
tracker. For the HF calorimeter the energy scale was
cross-checked by reconstructing Z — e*e™ in pp colli-
sions where either the positron or the electron was recorded
in the electromagnetic calorimeter and tracker. Symmetry
about 7: For Pb-Pb collisions the corrected dEy/dn
should be symmetric about 7 = 0. The values of

TABLE I. Systematic uncertainties for two |n| regions in
percent for the most central (0-2.5)% ({Np, = 394)) and most
peripheral (70-80)% ((Npu) = 16) collisions.

[n| = 2.65 2.65<|n| =52
(Npar) 16 394 16 394
Energy scale 2 2 10 10
MC model 1.2-12 1.2-4.9 1-6.8 1-2.3
Vertex 2 2 2 2
7 symmetry 0.5 0.5 0.3 0.3
Autocorrel. 1.5 1.5 1.0 1.0
Calo. noise 14-18 03 4-7.3 0.1-0.2
HF MC s s 1.5-9 1.5-9
Centrality 6.7 0.5 6.7 0.5
Total 14-22 3.5-5.9 11-17 10-14
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dEr/dn for positive and negative n were found to differ by
at most 0.5%. This close agreement implies that one can
use the average of the two results as a best estimate of
dEr/dmn. Vertex distribution: The z distribution of the
vertices is Gaussian with o, = 6.1 cm. To test the sensi-
tivity of Et to the position of the interaction vertex along
the beam line, z, the data set was divided into two samples
with |z] <10 cm and 10 cm < |z] <25 cm, respectively.
The Eg distributions of the two samples differ by less than
2%. Autocorrelations: Since HF is used both to calculate
centrality and to measure E for each centrality class, there
is an autocorrelation in the measurement. This effect was
estimated to be less than 1.5% by using a combination of
the zero degree calorimeters and pixel detectors to measure
centrality. Calorimeter noise: The GEANT4 simulation of
the calorimeters included electronic noise. This noise was
measured by studying a sample of events where the trigger
required only the presence of clockwise and anticlockwise
bunches of lead ions simultaneously in CMS. The simula-
tion of the noise was checked by comparing the data to the
simulated signal from a GEANT4 simulation of the most
peripheral events in the data set. Any discrepancy in the
simulation of the noise corresponds to a corrected average
Er per event of less than 5.8 GeV for |n| = 2.65 and
1.2 GeV for 2.65 <|n| = 5.2. This is significant only
compared to the signal for (Np,) = 30. The HF MC
description takes into account different ways of describing
the dead areas of the HF detector. Centrality determination:
The systematic uncertainty related to the centrality deter-
mination is applied only to the results that are normalized
by <N par‘t>-

Figure 1 shows the || dependence of the transverse
energy density for four selected ranges of centrality. For
the most central collisions ((Nyu) = 394), dEr/dn
reaches 2.1 TeV at p = 0. This is much larger than the
value of 0.61 TeV measured at ,/syy = 200 GeV [22]. At
lower center-of-mass energies, the pion multiplicity distri-
butions are reasonably well described by Gaussians in
rapidity with widths that are consistent with Landau-
Carruthers hydrodynamics [23,24]. Since the mean py of
all particle species depends only weakly on rapidity, this
implies that dEy/dy is roughly Gaussian in rapidity at
/SN = 200 GeV. Recently, Wong has improved the for-
mulation of Landau hydrodynamics [25]. This new formu-
lation gives a better description of the 200 GeV RHIC data.
At /syy = 2.76 TeV and for 9| <5.2, the dEt/dn is
consistent with a Gaussian (black solid line) with o, =
3.4 £ 0.1 for the most central collisions. The Gaussian and
Landau curves in Fig. 1 are normalized to the CMS data at
1 = 0. Both the Landau-Carruthers (blue dashed line) and
Landau-Wong (green dotted line) formulations have dis-
tributions that are narrower than the data. Therefore, the
longitudinal expansion of the system is stronger than that
predicted from either model. HYDJET 1.8, shown by the
purple dashed line, has been tuned to LHC data in the small

[frrrprrrrprrrrprrrr [ rrr o[ rrrr T

L CMs

o Npart =394 ----- AMPT central B
[ PbPb\[s\\=2.76 TeV  ( N, =187 — :YDJET 1.8 4
-1 — Gaussian fit
4| | Ldt=031pub N )=53 _|
10 & part ’ === Landau-Carruthers §
(N )=16

----- Landau-Wong

T T TTTTTT
L1l

S .
[0) L
S 100°E "
= = ]
o E e
N eyl ]
o° ==
[ A p A T
102 - A
E A, E
= e, g
- —— ST 4
L e i
1111 l 1111 l 111 | l 111 l 111 l 1111 l 1
0 1 2 3 4 5

FIG. 1 (color online). Transverse energy density versus 7]
distribution for a range of centralities of (0-2.5)%, (20-30)%,
(50-60)%, and (70-80)%. The boxes show the total systematic
uncertainties. The statistical uncertainties are negligible. Also
shown are a Gaussian fit and the predictions of various models
(see the text). The AMPT events are for perfectly central
collisions.

|| region. It gives a good description of dEy/dn at small
|| but overestimates the data at large |7| for central
collisions. The AMPT (a multiphase transport) model
[26,27] (orange dashed line) overestimates dEr/dmn for
central collisions but is in rough agreement with the shape
of dEy/dn. Integrating (dEt/dn)/((Npa)/2) over 7 be-
tween —5.2 and 5.2 gives a total measured Ep per partici-
pant pair of 80 = 4 GeV for the most central events. This
serves as a lower limit for the total transverse energy per
nucleon pair. Extrapolating to the full phase space gives a
total transverse energy per pair of participating nucleons of
91 =5 GeV for the most central events. It is clear from
Fig. 1 that the magnitude of dEt/dn increases rapidly with
the number of nucleons participating in the collision.
Figure 2 shows the evolution of (dEr/dn)/((Npu)/2)
with (N,,.) for several || regions. At all |n| values
(dEt/dn)/((Npar)/2) increases with (Np,). This figure
shows that the (N, dependence of transverse energy
density changes as a function of pseudorapidity. This effect
can be quantified by comparing peripheral (60-70)%
((Npar) = 30) to central (0-2.5)% collisions ((Npar) =
394) at various pseudorapidities. The ratio of peripheral
to central (dEt/7)/((Npyi)/2) changes from 54 + 2%
at =0 to 68*x2% at |yl =5.0. The PHENIX
Collaboration at RHIC has studied transverse energy den-
sity in Au-Au collisions for |n| < 0.35 over a wide range
of centralities and for ,/syy from 19.6 to 200 GeV [22].
At /syy = 19.6 GeV, (dEr/dn)/((Npw)/2) at =0
increases by a factor of 1.25 = 0.17 as (N, increases
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FIG. 2 (color online). Transverse energy density normalized
by ((Npar)/2) versus (Np,) for Pb-Pb collisions at ,/syy =
2.76 TeV at several values of |n|. The bands show the total
systematic uncertainties. The statistical uncertainties are negli-
gible. For = 0, lower-energy PHENIX data and results from
the HYDJET 1.8 model are also shown.

from 63.8 to 336. At /s\y = 2.76 TeV, this factor is
found to be 1.47 = 0.13 for a similar range of (Npu).
At /sy = 2.76 TeV, the HYDJET 1.8 code gives a
good description of the centrality dependence of dE;/dn
at p = 0.

Figure 3 shows the energy dependence of
(dEt/dmn)/((Npa)/2) for central collisions at 7 = 0. For
the top 5% most central events, (dEr/dmn)/((Npa)/2)
reaches 10.5 = 0.5 GeV at ,/syy = 2.76 TeV. The Ep
rises more quickly with the center-of-mass energy than
the logarithmic dependence used to describe data up to
/SN = 200 GeV [22]. For energies between 8.7 GeV and
2.76 TeV, dE1/dmn at n = 0 can be reproduced by a power-
law dependence of the type sy with n = 0.2. A similar
effect has been seen in the measurement of the /sy
evolution of the charged particle multiplicity [18,28].
The (dEt/dn)/((Npa)/2) increases by a factor of 3.07
0.24 from /syy = 200 GeV to 2.76 TeV. This is to be
compared to a factor of 2.17 % 0.15 for the pseudorapidity
density, (dN¢,/dn)/(Npar)/2) [18,21,22]. For the 5%
most central collisions, CMS has measured dN.,/dn =
2007 =100 GeV  and dNg/dn=1612*x55 [I8].
Dividing the measured transverse energy by the observed
charged particle multiplicity for the same centrality gives a
transverse energy per charged particle of 1.25 = 0.08 GeV
at ./syny = 2.76 TeV. This compares to 0.88 £ 0.07 GeV
at /syn = 200 GeV [22].

The sum of the transverse energies of all particles
produced in the event depends upon both the entropy
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FIG. 3 (color online). Transverse energy density normalized
by ({Npar)/2) for central collisions at » = 0 versus ,/Syy. The
vertical bar on the CMS point is the full systematic uncertainty.
The statistical uncertainty is negligible. The solid line is a
parametrization of lower-energy data compiled by the
PHENIX Collaboration; see [22,30-37]. The dashed line corre-
sponds to a power-law fit sy for \/syy = 8.7 GeV.

and the temperature of the system. Using geometrical
considerations, Bjorken [29] suggested that the energy
density per unit volume in nuclear collisions could be
estimated from the energy density per unit rapidity. A
commonly used estimate of energy density is given by [22]

| dEy
J > TR
v n dn

2

E =
AcTy

where A is the overlap area of the two nuclei and 7 is the
formation time of the produced system. The Jacobian
J(y, n) depends on the momentum distributions of the
produced particles. In the limit that the rest masses of the
particles are much smaller than their momenta, J(y, ) =
1. The average Jacobian was calculated by using HYDJET
1.8 for |n| <0.35. For central collisions at ,/syy =
2.76 TeV, J(y,n) = 1.09. This compares to 1.25 at
/SN = 200 GeV [22]. For the top 5% most central colli-
sions, this formula gives € = 14 GeV/fm? at a time 7, =
1 fm/c and for a transverse surface of A = 7 X (7 fm)?
[22]. This is a factor of 2.6 times larger than the energy
density calculated at \/syy = 200 GeV [22].

In summary, for the most central Pb-Pb collisions at
/SN = 2.76 TeV, the maximum of the transverse energy
distribution has been found to be 2.1 TeV at n = 0. Even
at a very forward pseudorapidity of |n| = 5.0, dEr/dn
and hence the energy density of the produced system at
the LHC is larger than that measured for n = 0 at RHIC.
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At 2.76 TeV, the shape of dE;/dmn is consistent with a
Gaussian function of width o, = 3.4+ 0.1 for central
collisions. This distribution is wider than the prediction of
Landau hydrodynamics but narrower than that given by
the HYDJET 1.8 simulation. The (dEr/dmn)/((Npa)/2)
increases with (Np,) at all pseudorapidities. The ratio
of transverse energy in peripheral compared to central
collisions increases by a factor of 1.26 = 0.06 from
=0 to |n| =5. The transverse energy density at
n = 0 grows more rapidly with the center-of-mass energy
than the logarithmic scaling with \/syy that describes
lower-energy data. It also grows faster with energy than
the multiplicity, implying a significant increase of the
mean transverse energy per particle compared to lower-
energy data.
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M. Sobron Sanudo,96 I. Vila,96 R. Vilar Cortabitarte,96 D. Abbaneo,97 E. Auffray,97 G. Auzinger,97 P. Baillon,97
A.H. Ball,()7 D. Bamey,97 J.E. Benitez,97 C. Be:rnet,97’g G. Bianchi,97 P. Bloch,97 A. Bocci,97 A. Bonato,97 C. Botta,()7
H. Breuker,”’ T. Camporesi,97 G. Cerminara,”’ T. Christiansen,”’ J. A. Coarasa Perez,”’ D. D’Enterria,”’

A. Dabrowski,”” A. De Roeck,”” S. Di Guida,”” M. Dobson,”” N. Dupont-Sagorin,97 A. Elliott-Peisert,”’ B. Frisch,”’
W. Funk,”” G. Georgiou,”” M. Giffels,”” D. Gigi,’ K. Gill,”” D. Giordano,”” M. Giunta,”” E. Glege,”’

R. Gomez-Reino Garrido,”” P. Govoni,”” S. Gowdy,97 R. Guida,”” M. Hansen,”” P. Harris,”” C. Hartl,”’ J. Harvey,97
B. Hegner,97 A. Hinzmann,97 V. Innocente,97 P1J anot,97 K. Kaadze,97 E. Karawakis,97 K. Kousouris,97 P. Lecoq,97
Y.-J. Lee,”” P. Lenzi,’” C. Lourenco,”” T. Miki,”” M. Malberti,”’ L. Malgeri,”” M. Mannelli,”” L. Masetti,’’

F. Meijers,97 S. Mersi,”” E. Meschi,”” R. Moser,”” M. U. Mozer,”” M. Mulders,”” P. Musella,”” E. Nesvold,”’

T. Orimoto,”” L. Orsini,”” E. Palencia Cortezon,”’ E. Perez,”” L. Perrozzi,”’ A. Petrilli,”’ A. Pfeiffer,”” M. Pierini,”’
M. Pimi.éi,97 D. Piparo,97 G. Polese,97 L. Quertenmont,()7 A. Racz,97 W. Reece,97 J. Rodrigues Antunes,97
G. Rolandi,””*#¢ T. Rommerskirchen,”’ C. Rovelli,””™ M. Rovere,”” H. Sakulin,”” F. Santanastasio,”’ C. Schifer,”’
C. Schwick,” I. Segoni,97 S. Sekmen,”” A. Sharma,”’ P. Siegrist,97 P. Silva,”” M. Simon,”’ P. Sphicas,97’ii D. Spiga,97
M. Spiropulu,97’e A. Tsirou,97 G.L Veres,97’t J.R. Vlimant,97 H.K. Wéhri,97 S.D. Worm,97’jj W.D. Zeuner,97
W. Bertl,”® K. Deiters,”® W. Erdmann,”® K. Gabathuler,”® R. Horisberger,()8 Q. Ingram,()8 H.C. Kaestli,”® S. K(‘.‘)nig,g8
D. Kotlinski,”® U. Langenegger,98 F. Meier,”® D. Renker,”® T. Rohe,”® J. Sibille,”®** L. Bini,” P. Bortignon,99
M. A. Buchmann,” B. Casal,”® N. Chanon,”” A. Deisher,”® G. Dissertori,”® M. Dittmar,”” M. Diinser,”” J. Eugster,99
K. Freudenreich,99 C. Glrab,99 D. Hits,g9 P. Lecomte,99 W. Lustermann,99 P. Martinez Ruiz del Arbol,99 N. Mohr,99
F. Moortgat,99 C. Nizigeli,gg’11 P. Nef,”” F. Nessi-Tedaldi,”® F. Pandolfi,” L. Pape,99 F. Pauss,” M. Peruzzi,”’
F.J. Ronga,99 M. Rossini,99 L. Sala,99 A. K. Sanchez,99 A. Starodumov,99’mm B. Stieger,99 M. Takahashi,99
L. T21uscher,99’a A. Thea,99 K. Theoﬁlatos,99 D. Treille,99 C. Urscheler,99 R. Wallny,99 H. A. Weber,99 L. Wehrli,99
E. Aguilo,100 C. Amsler,'® V. Chiochia,'® S. De Visscher,'%° C. Favaro,'°° M. Ivova Rikova,'?° B. Millan Mejias,100
P. Otiougova,100 P. Robmann,'® H. Snoek,'” S. Tupputi,100 M. Verzetti,'® Y. H. Chang,101 K.H. Chen,'"!
C.M. Kuo,'*" S.W. Li,"" W. Lin,'”" Z. K. Liu,'®" Y.J. Lu,'" D. Mekterovic,'”" A.P. Singh,'”' R. Volpe,'*!
S.S. Yu,'°! P. Bartalini,'®® P. Chang,'®* Y. H. Chang,'®* Y. W. Chang,'®® Y. Chao,'” K. F. Chen,'** C. Dietz,'*?
U. Grundler,'® W.-S. Hou,'?? Y. Hsiung,102 K.Y. Kao,'? Y.J. Lei,'? R.-S. Lu,'? D. Majumder,102 E. Petrakou,'??
X. Shi,'% J. G. Shiu,'” Y. M. Tzeng,'** X. Wan,'*> M. Wang,'** A. Adiguzel,'® M. N. Bakirci,'®*"" S. Cerci,'*°
C. Dozen,'” I. Dumanoglu,'®® E. Eskut,'® S. Girgis,'”* G. Gokbulut,'*® E. Gurpinar,'®® 1. Hos,'® E. E. Kangal,'*?
G. Karapinar,' PP A. Kayis Topaksu,'®® G. Onengut,'® K. Ozdemir,'® S. Ozturk,'%**99 A. Polatoz,'** K. Sogut,' %"
D. Sunar Cerci,'**°° B. Tali,'**°° H. Topakli,'®™ L. N. Vergili,'® M. Vergili,'” I. V. Akin,'® T. Aliev,'**

B. Bilin,'** S. Bilmis,'® M. Deniz,'** H. Gamsizkan,'®* A. M. Guler,"* K. Ocalan,'®* A. Ozpineci,'® M. Serin,'**
R. Sever,'” U.E. Surat,'® M. Yalvac,'"™ E. Yildirim,'** M. Zeyrek,'** E. Giilmez,' B. Isildak,'*>** M. Kaya,'*>"
0. Kaya,'%"" S. Ozkorucuklu,'*"" N. Sonmez,'*>""¥ K. Cankocak,'% L. Levchuk,'”” F. Bostock,'® J. J. Brooke,'*®
E. Clement,m8 D. Cussans,108 H. Flacher,m8 R. Frazier,lo8 J. Goldstein,108 M. Grimes,lo8 G.P. Heath,m8
H.F. Heath,'®® L. Kreczko,'?® S. Metson,'%® D. M. Newbold, %% K. Nirunpong,lo8 A. Poll,'®® S. Senkin,'®®
V.J. Smith,'*® T. Williams,'®® L. Basso,'”*" K. W. Bell,'” A. Belyaev,'”"" C. Brew,'” R. M. Brown,'"
D.J. A. Cockerill,lo9 J.A. Coughlan,lo9 K. Harder,lo9 S. Harper,lo9 J. Jackson,109 B. W. Kennedy,109 E. Olaiya,109
D. Petyt,'” B. C. Radburn-Smith,'” C.H. Shepherd-Themistocleous,'” I. R. Tomalin,'®® W. J. Womersley,'®
R. Bainbridge,' 10 G. Ball,''° R. Beuselinck,''* O. Buchmuller,''° D. Colling,l 0N, Cripps,' 10M. Cutajar,' 10
P. Dauncey,''° G. Davies,''” M. Della Negra,''® W. Ferguson,''° J. Fulcher,''” D. Futyan,''° A. Gilbert,'"°
A. Guneratne Bryer,“o G. Hall,''® Z. Hatherell,''° J. Hays.,110 G. Iles,''° M. Jarvis,''° G. K.alrapostoli,110
L. Lyons,''® A.-M. Magnan,''® J. Marrouche,''® B. Mathias,''® R. Nandi,"'* J. Nash,"'® A. Nikitenko,"'*™™
A. Papageorgiou,''® J. Pela,"'*" M. Pesaresi,''° K. Petridis,"'® M. Pioppi,''>** D. M. Raymond,''® S. Rogerson,''°
A. Rose,1 1OM. I Ryan,“o C. Seez,110 P. Sharp,1 10 A Sparrow,110 M. Stoye,“o A. Tapper,“o M. Vazquez Acosta,110
T. Virdee,''* S. Wakefield,''® N. Wardle,''® T. Whyntie,''® M. Chadwick,''! J.E. Cole,'"' P.R. Hobson,""!

A. Khan,''' P. Kyberd,] D, Leslie,'"! W. Martin,!'! I. D. Reid,'!' P. Symonds,l "1, Teodorescu,''! M. Turner,'"!

152303-9



week ending

PHYSICAL REVIEW LETTERS 12 OCTOBER 2012

PRL 109, 152303 (2012)
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T. Bose,''* C. Fantasia,''* A. Heister,''* J. St. John,''* P. Lawson,''* D. Lazic,''* J. Rohif,''* D. Sperka,1 14
L. Sulak,114 J. Alimena,115 S. Bhattacharya,115 D. Cutts,115 A. Ferapontov,115 U. Heintz,115 S. Jabeen,115
G. Kukartsev,'"> E. Laird,'"® G. Landsberg,115 M. Luk,'"> M. Narain,'"> D. Nguyen,115 M. Segala,115
T. Sinthuplrasith,115 T. Speer,115 K. V. Tsang,115 R. Breedon,''® G. Breto,!'® M. Calderon De La Barca Sanchez,''®
S. Chauhan,1 16 M. Chertok,l 167, Conway,l 16R, Conway,l 16p T, Cox,1 167, Dolen,1 16R. Erbacher,1 16 M. Gardner,1 16
R. Houtz,''® W. Ko,''® A. Kopecky,''® R. Lander,"'® T. Miceli,''® D. Pellett,''® B. Rutherford,''® M. Searle,''®
J. Smith,''® M. Squires,116 M. Tripathi,116 R. Vasquez Sierra,''® V. Andreev,!'” D. Cline,''” R. Cousins,'!”
J. Duris,l 173, Erhan,] 7p Everaerts,1 17 c, Farrell,l 177. Hauser,1 7M. Ignatenko,l 17 c, Plager,l 17aG. Rakness,l 17
P. Schlein,''”* J. Tucker,'"” V. Valuev,"'” M. Weber,''” J. Babb,''® R. Clare,''®* M. E. Dinardo,''® J. Ellison,''®
J.W. Galry,118 F. Giordano,''® G. Hanson,''® G. Y. Jeng,“&yy H. Liv,''® O.R. Long,118 A. Luthra,''® H. Nguyen,118
S. Paramesvaran,118 J. Sturdy,118 S. Sumowidagdo,1 18R, Wilken,l 183, Wimpenny,1 18 w. Andrews,119
J.G. Branson,119 G.B. Cerati,119 S. Cittolin,119 D. Evams,119 F. Golf,119 A. Holzner,119 R. Kelley,119
M. Lebourgeois,119 J. Letts,'* 1. Macneill,'* B. Mangano,119 S. Padhi,''® C. Palmer,''® G. Petrucciani,''®
M. Pieri,"'® M. Sani,"'® V. Sharma,''® S. Simon,'"® E. Sudano,''® M. Tadel,''"® Y. Tu,'"® A. Vartak,'"
S. Wasserbaech,!'># F. Wiirthwein,'* A. Yagil,119 J. Yoo,'" D. Barge,120 R. Bellan,'*° C. Campagnari,lzo
M. D’ Alfonso,'?° T. Danielson,'?° K. Flowers,'?° P. Geffert,'?° J. Incandela,'?° C. Justus,'?° P. Kalavase,'%°
S.A. Koay,120 D. Kovalskyi,120 V. Krutelyov,]20 S. Lowette, > N. Mccoll,'?° V. Pavlunin,'?° F. Rebassoo,'*°
J. Ribnik,120 J. Richman,120 R. Rossin,120 D. Stuart,120 W. T0,120 C. West,120 A. Apresyan,121 A. Bornheim,121
Y. Chen,"*! E. Di Marco,'?! J. Duarte,"*' M. Gataullin,"*' Y. Ma,'*! A. Mott,'*' H. B. Newman,'*' C. Rogan,'*'
V. Timciuc,'?! P. Traczyk,121 J. Veverka,'?! R. Wilkinson,"*' Y. Yalng,121 R.Y. Zhu,'?! B. Akgun,122 R. Carroll,'*?
T. Ferguson,122 Y. Iiyama,]22 D.W. Jang,]22 Y.F. Liu,'?* M. Paulini,'?*> H. Vogel,]22 L. Vorobiev,'?? J. P. Cumalat, '
B.R. Drell,'** C.J. Edelmaier,'*® W.T. Ford,'*® A. Gaz,'** B. Heyburn,'*® E. Luiggi Lopez,'* J. G. Smith,'*
K. Stenson,'?® K. A. Ulmer,'** S.R. Wagner,123 J. Alexander,'** A. Chatterjee,124 N. Eggert,124 L.K. Gibbons,'**
B. Heltsley,124 A. Khukhunaishvili,]24 B. Kreis,124 N. Mirman,124 G. Nicolas Kaufman,124 J.R. Patterson,124
A. Ryd,124 E. Salvati,124 W. Sun,124 W.D. Teo,124 J. Thom,124 J. Thompson,124 J. Vaughan,124 Y. Weng,124
L. Winstrom,'* P. Wittich,'** D. Winn,'® S. Abdullin,'?® M. Albrow,'? J. Anderson,'?° L. A. T. Bauerdick,*¢
A. Beretvas,'?° J. Berryhi11,126 P.C. Bhat,'?° 1. Bloch,'?® K. Burkett,'?® J. N. Butler,'?® V. Chetluru,'?®
H. W. K. Cheung,'?® . Chlebana,'?® V. D. Elvira,"*® I Fisk,'?® J. Freeman,'*° Y. Gao,"?® D. Green,'?® O. Gutsche,'*®
J. Hanlon,'?® R. M. Harris,'?° J. Hirschauer,?® B. Hooberman,'?® S. Jindariani,'?® M. Johnson,'?® U. Joshi,'?®
B. Kilminster,'?° B. Klima,'?® S. Kunori,'*® S. Kwan,'?® C. Leonidopoulos,126 D. Lincoln,'? R. Lipton,126
J. Lykken,'zf’ K. Maeshima,126 J.M. Marrafﬁno,126 S. Maruyama,126 D. Mason,126 P McBride,126 K. Mishra,'zé
S. Mrenna,'?® Y. Musienko,'?%** C. Newman-Holmes,'*® V. O’Dell,'?° O. Prokofyev,126 E. Sexton—Kennedy,126
S. Sharma,'?® W. J. Spalding,'?° L. Spiegel,'*® P. Tan,'?° L. Taylor,'*° S. Tkaczyk,'?® N. V. Tran,'?° L. Uplegger,'*®
E. W. Vaandering,126 R. Vidal,'?® J. Whitmore,'?® W. Wu,'*° F, Yang,126 F. Yumiceva,'?® J. C. Yun,'?° D. Acosta,'*’
P. Avery,'?” D. Bourilkov,'?” M. Chen,'?” S. Das,'*” M. De Gruttola,'?” G.P. Di Giovanni,'*’ D. Dobur,'?’
A. Drozdetskiy,127 R.D. Field,'?’ M. Fisher,"*’ Y. Fu,'*’ I.K. Furic,'? J. Gartner,'?” J. Hugon,127 B. Kim,'?’
J. Konigsberg,'?” A. Korytov,'?” A. Kropivnitskaya,'?’ T. Kypreos,'?’ J.F. Low,'?’ K. Matchev,'?’
P. Milenovic,127’bbb G. Mitselmakher,127 L. Muniz,127 R. Remington,127 A. Rinkevicius,127 P. Sellers,127
N. Skhirtladze,'?” M. Snowball,'*” J. Yelton,'?” M. Zakaria,'?” V. Gaultney,128 L.M. Lebolo,'?® S. Linn,'*8
P. Markowitz,'?® G. Martinez,'*® J. L. Rodriguez,128 T. Adams,'?® A. Askew,'?® J. Bochenek,'*® J. Chen,'?’
B. Diamond,129 S.V. Gleyzer,129 J. Haas,129 S. Hagopian,129 V. Hagopian,129 M. Jenkins,129 K.FE Johnson,129
H. Prosper,129 V. Veerauragh.awam,129 M. Weinberg,129 M. M. Baarmand,'*° B. Dorney,130 M. Hohlmann,'*°
H. Kalakhety,]30 I. Vodopiyanov,]30 M.R. Adams,"?! I. M. Anghel,13 'L. Apanasevich,]31 Y. Bai,"!
V.E. Bazterra,131 R.R. Betts,m 1. Bucinskaite,131 J. Callner,131 R. Cavanaugh,131 C. Dragoiu,131 0. EVdokimOV,131
L. Gauthier,"*! C.E. Gerber,'*! D.J. Hofman,'?! S. Khalatyan,131 F. Lacroix,'*! M. Malek,'*! C. O’Brien,'?!
C. Silkworth,"' D. Strom,"*' N. Varelas,"*' U. Akgun,"?? E. A. Albayrak,'** B. Bilki,'**“*“ W. Clarida,'**
F. Duru,'?? S. Griffiths,'*? J.-P. Merlo,'** H. Mermerkaya,132"101‘]l A. Mestvirishvili,'*? A. Moeller,'*? J. Nachtman, '*?
C.R. Newsom,"*? E. Norbeck,'*? Y. Onel,'** E. Ozok,'** S. Sen,'*? E. Tiras,'** J. Wetzel,'** T. Yetkin,'** K. Yi,"**
B. A. Barnett,'*® B. Blumenfeld,'** S. Bolognesi,133 D. Fehling,133 G. Giurgiu,133 A. V. Gritsan,'>® Z.J. Guo,'*?
G. Hu,'*® P. Maksimovic,'* S. Rappoccio,133 M. Swartz,'*® A. Whitbeck,'** P. Baringer,134 A. Bean,'?*
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G. Benelli,'** O. Grachov,'** R. P. Kenny Lii, 3% M. Murray,134 D. Noonan,'** S. Sanders,'** R. Stringer,134
G. Tinti,’** J. S. Wood,"** V. Zhukova,'** A. F. Barfuss,'*> T. Bolton,'** 1. Chakaberia,'* A. Ivanov,'*> S. Khalil,'*
M. Makouski,'®> Y. Maravin,'*> S. Shrestha,'*> 1. Svintradze,'*> J. Gronberg,136 D. Lange,136 D. eright,136
A. Baden,"*” M. Boutemeur,"*” B. Calvert,"*” S.C. Eno,"*” J. A. Gomez,"*” N.J. Hadley,137 R.G. Kellogg,137
M. Kim,"*’ T. Kolberg,137 Y. Lu,"*” M. Marionneau,"*’” A.C. Mignerey,137 A. Peterman,'” A. Skuja,137
J. Temple,137 M. B. Tonjes,137 S.C. Tonwar,"*” E. Twedt,'*” G. Bauer,'*® J. Bendavid,'*® W. Busza,'*® E. Butz,'*®

L. A. Cali,"*® M. Chan,'*® V. Dutta,'*® G. Gomez Ceballos,'*® M. Goncharov,'*® K. A. Hahn,'*® Y. Kim,'*®

M. Klute,'*® K. K1rajczar,138"3ee W. Li,"*® P.D. Luckey,'*® T. Ma,'*® S. Nahn,'*® C. Paus,"*® D. Ralph,'**

C. Roland,"® G. Roland,'*® M. Rudolph,138 G.S.F Stephans,138 F. Stockli,'*® K. Sumorok, '8 K. Sung,138

D. Velicanu,'*® E. A. Wenger,138 R. Wolf,'*® B. Wyslouch,138 S. Xie,'*8 M. Yang,138 Y. Yilmaz,'*® A.S. Yoon,'*8

M. Zanetti,'*® S. 1. Cooper,139 B. Dahmes,'*® A. De Benedetti,'** G. Franzoni,'* A. Gude,'*® S. C. Kao,'*’

K. Klapoetke,139 Y. Kubota,'** J. Mans,'?® N. Pastika,'*® R. Rusack,'?* M. Sasseville,'** A. Singovsky,139
thm%}”lTmeMf”LA&Cmmm&M%{Km%mmePma&m”{R%m%“ﬁlASmﬁmﬁm
E. Avdeeva,'*! K. Bloom,'*' S. Bose,'*!' J. Butt,!*! D.R. Claes,'*!' A. Dominguez,141 M. Eads,'! J. Keller,'"!

L. Kravchenko,'*! J. Lazo-Flores,'*' H. Malbouisson,'! S. Malik,'*! G.R. Snow,'*! U. Baur,'** A. Godshalk,'*?

L. Tashvili,'*? S. Jain,'** A. Kharchilava,'** A. Kumar,'** S.P. Shipkowski,142 K. Smith,'*?* G. Alverson,'*

E. Barberis,'** D. Baumgartel,143 M. Chasco,'® 1. Haley,143 D. Nash,'** D. Trocino,'* D. Wood,'** J. Zhang,143
A. Anastassov,'** A. Kubik,"** N. Mucia,'** N. Odell,'** R. A. Ofierzynski,'** B. Pollack,"** A. Pozdnyakov,'**
M. Schmitt,'** S. Stoynev,144 M. Velasco,'** S. Won,'** L. Antonelli,'*> D. Berry,145 A. Brinkerhoff,'#

M. Hildreth,'* C. Jessop,145 D.J. Karmgard,145 J. Kolb,'* K. Lannon,'* W. Luo,'* S. Lynch,145 N. Marinelli,'*?
D. M. Morse,'* T. Pearson,'*’ R. Ruchti,'*’ J. Slaunwhite,'*> N. Valls,'*> M. Wayne,145 M. Wolf,'* B. Bylsma,146
L.S. Durkin,'#® C. Hill,'** R. Hughes,146 K. Kotov,'*° T. Y. Ling,146 D. Puigh,146 M. Rodenburg,146 C. Vuosalo,'*®
G. Williams,'*® B. L. Winer,'*® N. Adam,'*” E. Belrry,147 P. Elmer,'*” D. Gerbaudo,'*’ V. H.allyo,147 P. Hebda,'’
J. Hegeman,147 A. Hunt,'*” P. Jindal,'*’ D. Lopes Pegna,147 P. Lujan,147 D. Marlow,'*” T. Medvedeva,'*’

M. Mooney,'*’ J. Olsen,"*’ P. Piroué,'*” X. Quan,"*” A. Raval,"*’ B. Safdi,'*” H. Saka,'*” D. Stickland,"*’

C. Tully,147 J.S. Werner,147 A. Zulranski,147 J.G. Acosta,148 E. Brownson,148 X.T. Huang,148 A. Lopez,148
H. Mendez,'*® S. Oliveros,'*® J. E. Ramirez Valrgas,148 A. Zatserklyaniy,148 E. Alagoz,149 V.E. Barnes,'#’

D. Benedetti,'*° G. Bolla,!* D. Bortoletto,'** M. De Mattia,'*° A. Everett,'** Z. Hu,'* M. Jones,'* O. Koybasi,149
M. Kress,'* A.T. Laasanen,'*® N. Leonardo,'*® V. Maroussov,'*’ P. Merkel,'** D. H. Miller,'** N. Neumeister,'*’
1. Shipsey,149 D. Silvers,'*° A. Svyatkovskiy,149 M. Vidal Marono,'*® H. D. Yoo,'* J. Zablocki,'* Y. Zheng,149
S. Guragain,150 N. Parashar,'>® A. Adair,’>' C. Boulahouache,'>! K. M. Ecklund,"! F.J. M. Geurts,"”!

B.P. Padley,>' R. Redjimi,'*" J. Roberts,'! J. Zabel,'>" B. Betchart,'>? A. Bodek,'*? Y. S. Chung,'>* R. Covarelli,'*?
P. de Barbaro,'? R. Demina,'? Y. Eshaq,15 2 A. Garcia-Bellido,'>? P, Goldenzweig,152 J. Han,'>? A. Harel,'%?
D. C. Miner,'>? D. Vishnevskiy,15 2 M. Zielinski,'>? A. Bhatti,'>* R. Ciesielski,'>® L. Demortier,!>* K. Goulianos,'>*
G. Lungu,153 S. Malik,'>3 C. Mesropian,153 S. Arora,"”* A. Barker,'>* J. P. Chou,"™* C. Contreras—Campana,154
E. Contreras—Campana,154 D. Duggan,154 D. Ferencek,154 Y. Gershtein,154 R. Gray,154 E. Halkiadakis,154
D. Hidas,"”* A. Lath,'>* S. Panwalkar,'>* M. Park,'>* R. Patel,'* V. Rekovic,'>* J. Robles,'>* K. Rose,"** S. Salur,'>*
S. Schnetzelr,154 C. Seitz,154 S. Somalwalr,154 R. Stone,154 S. Thomas,154 G. Cerizza,155 M. Hollingsworth,155
S. Spanier,155 Z.C. Yang,155 A. York,'5® R. Eusebi,'>® W. Flanagan,156 J. Gilmore,'>® T. Kamon, >
V. Khotilovich,'>® R. Montalvo,"° 1. Osipenkov,156 Y. Pakhotin,'>® A. Perloff,'>® J. Roe,'>® A. Safonov,!®
T. Sakuma,'® S. Sengupta,156 I. Suarez,'>® A. Tatarinov,'>® D. Toback,'>® N. Akchurin,"” J. Damgov,157
P.R. Dudero,"’” C. Jeong,157 K. Kovitanggoon,157 S.W. Lee,"” T. Libeiro,"” Y. Roh,"” 1. Volobouev, "’

E. Appelt,158 C. Florez,158 S. Greene,158 A. Gurrola,158 W. Johns,158 C. Johnston,158 P. Kulrt,158 C. Maguire,158
A. Melo,"® P. Sheldon,'*® B. Snook,"*® S. Tuo,"*® J. Velkovska,'>® M. W. Arenton,'*® M. Balazs,"*® S. Boutle,'>’
B. Cox,"” B. Francis,'> J. Goodell,"*® R. Hirosky,"”” A. Ledovskoy,'*® C. Lin,"*® C. Neu,"'*® J. Wood,"*®
R. Yohay,159 S. Gollapinni,160 R. Harr,'%° P. E. Karchin,'®® C. Kottachchi Kankanamge Don,'®® P. Lamichhane,'%°
A. Sakharov,'®® M. Anderson,'®! M. Bachtis,'®' D. Belknap,161 L. Borrello,'®' D. Carlsmith,'®' M. Cepeda,161
S. Dasu,'®' L. Glray,161 K.S. Grogg,161 M. Grothe,'®! R. Hall-Wilton,'®! M. Herndon,'®' A. Hervé,'®! P. Klabbers,'®!
J. Klukas,'®' A. Lanaro,'®' C. Lazaridis,'®' J. Leonard,'®' R. Loveless,'®' A. Mohapatra,161 I Ojalvo,161
F. Palmonari,'®' G. A. Pierro,'®! I. Ross,'®! A. Savin,'®' W. H. Smith,'®' and J. Swanson'®’
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