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Determination of the Strange-Quark Density of the Proton from ATLAS Measurements
of theW ! ‘� and Z ! ‘‘ Cross Sections
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(Received 19 March 2012; published 5 July 2012)

AQCD analysis is reported of ATLAS data on inclusiveW� and Z boson production in pp collisions at

the LHC, jointly with ep deep-inelastic scattering data from HERA. The ATLAS data exhibit sensitivity

to the light quark sea composition and magnitude at Bjorken x� 0:01. Specifically, the data support the

hypothesis of a symmetric composition of the light quark sea at low x. The ratio of the strange-to-down

sea quark distributions is determined to be 1:00þ0:25
�0:28 at absolute four-momentum transfer squared Q2 ¼

1:9 GeV2 and x ¼ 0:023.

DOI: 10.1103/PhysRevLett.109.012001 PACS numbers: 12.38.Qk, 13.38.Be, 13.38.Dg, 14.20.Dh

Little is known about the strange-quark distribution in
the proton. Flavor SUð3Þ symmetry suggests that the three
light sea quark distributions are equal. However, the
strange quarks may be suppressed due to their larger
mass. The nucleon strange density plays an important
role for a number of physics processes, ranging from
measurements at proton-proton colliders of W boson pro-
duction associated with charm jets [1] and of the W boson
mass [2], to the formation of strange matter [3] and neu-
trino interactions at ultrahigh energies [4].

Knowledge of the parton distribution functions (PDFs)
of the proton comes mainly from deep-inelastic lepton
proton scattering experiments covering a broad range of
Q2, the absolute four-momentum transfer squared, and of
Bjorken x. The PDFs are determined from data using
perturbative quantum chromodynamics (pQCD). The re-
gion x & 0:01 is primarily constrained by the precise mea-
surement of the proton structure function F2ðx;Q2Þ at
HERA [5], which determines a specific combination of
light quark and antiquark distributions. However, the flavor
composition of the total light sea, x� ¼ 2xð �uþ �dþ �sÞ,
has not been determined at these x values.

The strange-quark distribution has been accessed in
charged current neutrino scattering through the subpro-
cesses Wþs ! c and W� �s ! �c. This measurement has
been made by the NuTeV [6] and CCFR [7] experiments,
providing information on the strange and antistrange den-
sity at x� 0:1 and Q2 � 10 GeV2. However, the interpre-
tation of these data is sensitive to uncertainties from charm
fragmentation and nuclear corrections. The analyses
of Refs. [8–11] suggest strangeness suppression, with
�s= �d & 0:5, whereas the analysis of Ref. [12] is consistent

with �s= �d ’ 1 (unsuppressed strangeness). Recent
HERMES kaon multiplicity data [13] point to a strong
x dependence of the strange-quark density and a rather
large value of xðsþ �sÞ at x ’ 0:04 and Q2 ’ 1:3 GeV2.
However, the interpretation of these data depends on the
knowledge of the fragmentation of strange quarks to K
mesons at low Q2.
In the present Letter it is shown that the differential

measurements of the inclusive W� and Z boson cross
sections at the LHC, recently performed by the ATLAS
collaboration using 35 pb�1 of pp collision data recorded
in 2010 [14], provide new constraints on the strange-quark
distribution at high scale, Q2 �M2

W;Z, which imply con-

straints at lowQ2 through pQCD evolution. Because of the
weak couplings of the quarks involved, complementary
information to F2 is provided which also constrains x�.
A quantity of special interest is the ratio of the (Wþ þW�)
and Z cross sections which is sensitive to the flavor com-
position of the quark sea [12,15,16] and is rather insensi-
tive to the influence of higher order pQCD corrections [17].
The inclusive electromagnetic and weak Drell-Yan scatter-
ing process is theoretically well understood [18,19]. The
parton distribution analysis is performed here in next-to-
next-to leading order (NNLO) QCD using the ATLAS data
jointly with inclusive deep-inelastic scattering data from
HERA.
The combined e�p cross-section measurements of H1

and ZEUS [5] cover a kinematic range of Q2 from near
1 GeV2 to above 104 GeV2 and of x from �0:6 down to
10�4. The ATLAS data access a kinematic range pre-
scribed by the boson masses, MW;Z, and the proton beam

energy, Ep ¼ 3:5 TeV, corresponding to Q2 ’ M2
W;Z and

an x range 0:001 & x & 0:1, with a mean x ¼ MZ=2Ep ¼
0:013 for the Z boson. The W� and Z boson differential
cross sections have been measured [14] as functions of the
W decay lepton (e, �) pseudorapidity, �l, and of the Z
boson rapidity, yZ, respectively, with an experimental pre-
cision of typically ð1–2Þ% in each bin. The absolute nor-
malization of the three cross sections is known to within
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3.4%. Many systematic uncertainties on the measurements
of the W� and Z boson cross sections are fully correlated.
These correlations are taken into account in the analysis.

The present QCD analysis uses the HERAFITTER frame-
work [5,20,21]. The light quark coefficient functions are
calculated to NNLO as implemented in QCDNUM [22]. The
contributions of heavy quarks are calculated in the general-
mass variable-flavor-number scheme of Refs. [23,24]. The
electroweak parameters and corrections relevant for the W
and Z boson production processes are determined follow-
ing the procedure described in Ref. [14], and the results are
cross-checked between the FEWZ [19] and the DYNNLO [18]
programs. The HERAFITTER package uses the APPLGRID

code [25] interfaced to the MCFM program [26] for fast
calculation of the differentialW and Z boson cross sections
at NLO and a K-factor technique to correct from NLO to
NNLO predictions. The data are compared to the theory
using the �2 function defined in Refs. [27–29].

The evolution equations yield the PDFs at any value of
Q2 given that they are parametrized as functions of x at an
initial scale Q2

0. In the present analysis, this scale is chosen

to be Q2
0 ¼ 1:9 GeV2 such that it is below the charm mass

threshold m2
c. The heavy quark masses are chosen to be

mc ¼ 1:4 GeV and mb ¼ 4:75 GeV. The strong coupling
constant is fixed to �SðMZÞ ¼ 0:1176, as in Ref. [5]. A
minimum Q2 cut of Q2

min � 7:5 GeV2 is imposed on the

HERA data.
The quark distributions at the initial scale are repre-

sented by the generic form

xqiðxÞ ¼ Aix
Bið1� xÞCiPiðxÞ; (1)

where PiðxÞ denotes polynomials in powers of x. The
parametrized quark distributions, xqi, are chosen to be
the valence quark distributions (xuv, xdv) and the light
antiquark distributions (x �u, x �d, x�s). The gluon distribution

is parametrized with the more flexible form xgðxÞ ¼
Agx

Bgð1� xÞCgPgðxÞ � A0
gx

B0
gð1� xÞC0

g , where C0
g is set

to 25 to suppress negative contributions at high x. The
parameters Auv and Adv are fixed using the quark counting

rule and Ag using the momentum sum rule. The normal-

ization and slope parameters, A and B, of �u and �d are set
equal such that x �u ¼ x �d at x ! 0. Terms are added in the
polynomial expansion PiðxÞ only if required by the data,
following the procedure described in Ref. [5]. This leads to
one additional term, PuvðxÞ ¼ 1þ Euvx

2.

Two types of NNLO fit, termed epWZ, are performed
with different treatments of strangeness. First, the strange-
quark distribution is fully coupled to the down sea quark
distribution and suppressed by fixing �s= �d ¼ 0:5 at the
initial scale Q2

0 (‘‘fixed �s fit’’) as suggested by

Refs. [5,8–11]. In a second fit, x�s is parametrized as in
Eq. (1), with P�s ¼ 1 and B�s ¼ B �d, leaving two free
strangeness parameters, As andCs (‘‘free �s fit’’). By default
it is assumed that xs ¼ x �s.

Both fits result in good overall �2=NDF values of
546:1=567 with 13 free parameters, for fixed �s, and of
538:4=565 with 15 free parameters, for free �s. For the fixed
�s fit, the partial �2 of the ATLAS data is 44.5 for 30
data points. This improves significantly to 33.9 for the fit
with free �s. This fit determines the value of rs¼0:5ðsþ �sÞ= �d
to be

rs ¼ 1:00� 0:20 exp�0:07modþ0:10
�0:15par

þ0:06
�0:07�S � 0:08th;

(2)

at Q2
0 and x ¼ 0:023, the x value, which corresponds to

x ¼ 0:013 at Q2 ¼ M2
Z as a result of QCD evolution. The

combined result is rs ¼ 1:00þ0:25
�0:28.

The uncertainty of rs, Eq. (2), is dominated by the
experimental (exp) uncertainty, which is mostly driven
by the statistical and systematic uncertainties of the W
and Z cross-section measurements. The model (mod) un-
certainty includes effects due to variations (1:25<mc <
1:55 GeV and 4:5<mb < 5:0 GeV) of the charm and
beauty quark masses following Ref. [30], of the minimum
Q2 cut value (5<Q2

min < 10 GeV2), and the value of the

starting scale (Q2
0 lowered to 1:5 GeV2). The largest con-

tribution to the model uncertainty of�0:05 comes from the
variation of the charm quark mass. The parametrization
(par) uncertainty corresponds to the envelope of the results
obtained with the polynomials Pi, in Eq. (1), extended by
one or two terms, resulting in somewhat different parton
distributions with similar �2 as for the nominal fit. The
parametrization uncertainty also includes a fit with B �s free.
The �s uncertainty corresponds to a variation of �sðMZÞ
from 0.114 to 0.121. Finally, a theoretical (th) uncertainty
is assessed by comparing the DYNNLO and FEWZ predic-
tions on the Z, Wþ, and W� fiducial cross sections, which
agree at the level of 0.2, 0.5, and 1.0%, respectively. In
addition, remaining missing pure electroweak corrections
may alter the QCD predictions at the per-thousand level.
Both effects are well covered by an uncertainty of 1% on
theW=Z cross-section ratio and this results in a theoretical
uncertainty on rs of 0.08.
The fits impose small shifts, typically much smaller than

1 standard deviation, on the correlated systematic uncer-
tainties of the data. The global normalization is observed to
be shifted upward for both fits by about the size of the
luminosity measurement uncertainty. TheW� and Z cross-
section measurements are compared in Fig. 1 to the NNLO
fit results, after these shifts are applied to the predictions.
Also shown are the ratios of the fits with free �s and with
fixed �s. It is apparent that the enhanced strange-quark
fraction in the free �s fit has no significant effect on the
prediction of the �l distributions for both the Wþ and W�
decay leptons, while it leads to an improvement in the
prediction of the yZ distribution. An improvement is also
observed in the description of the ratio of the (Wþ þW�)
to the Z boson cross sections in the fiducial phase space.
This is predicted to be 11.10 in the fit with fixed �s, while

PRL 109, 012001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
6 JULY 2012

012001-2



the measured value of 10:70� 0:15 is almost exactly
reproduced in the fit with free �s, which gives a value
of 10.74.

In order to check the robustness of the present result for
rs, a series of cross-checks is performed. A fit without
allowing an adjustment of the correlated errors yields a
value of rs ¼ 0:97� 0:26 exp, in good agreement with
Eq. (2). A fit with identical input parameters is repeated
at NLO and also yields a consistent result: rs ¼ 1:03�
0:19 exp. If this NLO fit is performed with a massless
heavy quark treatment then rs ¼ 1:05� 0:19 exp is ob-
tained. In a separate NLO study, the constraint ðx �u�
x �dÞ ! 0 for x ! 0 is relaxed. The x �dðxÞ distribution
is found to be consistent with x �uðxÞ, albeit with large
uncertainties (� 15% at x� 0:01 and Q2

0). The fraction

of strangeness is again consistent with unity, rs ¼ 0:96�
0:25 exp. Finally the data are fitted, to NNLO, with sepa-
rate strange and antistrange normalizations. The resulting
value of rs is consistent with unity and the ratio �s=s is
0:93� 0:15 exp at x ¼ 0:023 and Q2 ¼ Q2

0.

W, Z cross-section measurements performed at the
Tevatron may potentially have sensitivity to rs similar to
that of the ATLAS data. A NLO fit to the HERA with the
CDFW asymmetry [31] and Z rapidity [32] data gives rs ¼
0:66� 0:29 exp at a mean x of about 0.081. This is con-
sistent within uncertainties with both suppressed strange-
ness and with the present result. A NLO fit to the combined
HERA, ATLAS, and CDF data yields rs ¼ 0:95�
0:17 exp.

The provision of the full differential cross sections for
both Wþ, W�, and Z boson production, besides the ep
cross sections, is essential for the determination of xs: if
the ATLAS Z cross-section data are fitted together with the
ATLAS W charge asymmetry data, rather than with the
separate Wþ and W� cross-section measurements, a less
precise result is obtained with rs ¼ 0:92� 0:31 exp.

In Fig. 2 the present result for rs is compared with
predictions obtained from four global PDF determinations.

The CT10 (NLO) [12] determination gives a large fraction
consistent with the present result. On the other hand, the
MSTW08 [8] and ABKM09 [9] determinations give a
much lower value of rs ’ 0:5, and the NNPDF2.1 [10,11]
result of rs ’ 0:25 is even lower.
The enlarged fraction of the strange-quark sea leads to a

decrease of the down and up quark sea densities at the
initial scale Q2

0, because x �s, x
�d, and x �u are tied together at

low x by the precise F2 data. In compensation for the
increase of x�s, the x �d and x �u distributions are diminished
by ’ 10%. The total sea, x�, is correspondingly enhanced
by ’ 8%, as illustrated in Fig. 3.
The result on rs, Eq. (2), evolves to

rs¼1:00�0:07exp�0:03modþ0:04
�0:06par�0:02�S�0:03th

(3)

at Q2 ¼ M2
Z and x ¼ 0:013, corresponding to a value of

rsð0:013;M2
ZÞ ¼ 1:00þ0:09

�0:10, which is more than twice as

precise as at the initial scale Q2
0. Uncertainties are smaller

atQ2 ¼ M2
Z because the gluon splitting probability into q �q

pairs is flavor independent, thus reducing any initial flavor
asymmetries. This also causes rs to increase from 0.5 atQ2

0

to a value of about 0.8 at Q2 ¼ M2
Z in the fixed �s fit.

sr
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

ABKM09
NNPDF2.1
MSTW08
CT10 (NLO)

total uncertainty
experimental uncertainty

ATLAS, x=0.0232 = 1.9 GeV2Q sepWZ free 

FIG. 2 (color online). Predictions for the ratio rs ¼ 0:5ðsþ
�sÞ= �d, at Q2 ¼ 1:9 GeV2, x ¼ 0:023. Points: global fit results
using the PDF uncertainties as quoted; bands: this analysis; inner
band, experimental uncertainty; outer band, total uncertainty.
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FIG. 1 (color online). Differential d�=dj�‘þj (left) and d�=dj�‘� j (middle) cross-section measurements forW ! ‘� and d�=djyZj
cross-section measurement for d�=djyZj (right). The error bars represent the statistical and uncorrelated systematic uncertainties
added in quadrature while the theoretical curves are adjusted to the correlated error shifts (see text). The NNLO fit results with free and
fixed strangeness are also indicated, and their ratios are shown in the panels below the cross-section plots.
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In summary, a NNLO pQCD analysis is presented of the
first differential ATLAS W�, Z pp cross sections with
HERA e�p data. The W, Z measurements introduce a
novel sensitivity to the strange-quark density at x� 0:01,
which is exploited here. The ratio of the strange-to-down
sea quark density is found to be rs ¼ 1:00þ0:25

�0:28, at Bjorken

x ¼ 0:023 and the initial scale of the QCD fit Q2
0 ¼

1:9 GeV2. This is consistent with the prediction that the
light quark sea at low x is flavor symmetric. A consequence
of this initial observation is that the total sea, x� ¼ 2xð �uþ
�dþ �sÞ, is enhanced by about 8%, as compared to the result
when the strange quark is suppressed to half the magnitude
of the down sea quark.
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F. Barreiro,79 J. Barreiro Guimarães da Costa,56 P. Barrillon,114 R. Bartoldus,142 A. E. Barton,70 V. Bartsch,148

R. L. Bates,52 L. Batkova,143a J. R. Batley,27 A. Battaglia,16 M. Battistin,29 F. Bauer,135 H. S. Bawa,142,f S. Beale,97

T. Beau,77 P. H. Beauchemin,160 R. Beccherle,49a P. Bechtle,20 H. P. Beck,16 S. Becker,97 M. Beckingham,137

K.H. Becks,173 A. J. Beddall,18c A. Beddall,18c S. Bedikian,174 V.A. Bednyakov,64 C. P. Bee,82 M. Begel,24

S. Behar Harpaz,151 P. K. Behera,62 M. Beimforde,98 C. Belanger-Champagne,84 P. J. Bell,48 W.H. Bell,48

G. Bella,152 L. Bellagamba,19a F. Bellina,29 M. Bellomo,29 A. Belloni,56 O. Beloborodova,106,g K. Belotskiy,95

O. Beltramello,29 S. Ben Ami,151 O. Benary,152 D. Benchekroun,134a C. Benchouk,82 M. Bendel,80 N. Benekos,164

Y. Benhammou,152 E. Benhar Noccioli,48 J. A. Benitez Garcia,158b D. P. Benjamin,44 M. Benoit,114 J. R. Bensinger,22

K. Benslama,129 S. Bentvelsen,104 D. Berge,29 E. Bergeaas Kuutmann,41 N. Berger,4 F. Berghaus,168 E. Berglund,104

J. Beringer,14 P. Bernat,76 R. Bernhard,47 C. Bernius,24 T. Berry,75 C. Bertella,82 A. Bertin,19a,19b F. Bertinelli,29

F. Bertolucci,121a,121b M. I. Besana,88a,88b N. Besson,135 S. Bethke,98 W. Bhimji,45 R.M. Bianchi,29 M. Bianco,71a,71b

O. Biebel,97 S. P. Bieniek,76 K. Bierwagen,53 J. Biesiada,14 M. Biglietti,133a H. Bilokon,46 M. Bindi,19a,19b

S. Binet,114 A. Bingul,18c C. Bini,131a,131b C. Biscarat,176 U. Bitenc,47 K.M. Black,21 R. E. Blair,5 J.-B. Blanchard,135

G. Blanchot,29 T. Blazek,143a C. Blocker,22 J. Blocki,38 A. Blondel,48 W. Blum,80 U. Blumenschein,53

G. J. Bobbink,104 V. B. Bobrovnikov,106 S. S. Bocchetta,78 A. Bocci,44 C. R. Boddy,117 M. Boehler,41 J. Boek,173

N. Boelaert,35 J. A. Bogaerts,29 A. Bogdanchikov,106 A. Bogouch,89,a C. Bohm,145a V. Boisvert,75 T. Bold,37

V. Boldea,25a N.M. Bolnet,135 M. Bona,74 V.G. Bondarenko,95 M. Bondioli,162 M. Boonekamp,135 C. N. Booth,138

S. Bordoni,77 C. Borer,16 A. Borisov,127 G. Borissov,70 I. Borjanovic,12a M. Borri,81 S. Borroni,86

V. Bortolotto,133a,133b K. Bos,104 D. Boscherini,19a M. Bosman,11 H. Boterenbrood,104 D. Botterill,128 J. Bouchami,92

J. Boudreau,122 E. V. Bouhova-Thacker,70 D. Boumediene,33 C. Bourdarios,114 N. Bousson,82 A. Boveia,30 J. Boyd,29

I. R. Boyko,64 N. I. Bozhko,127 I. Bozovic-Jelisavcic,12b J. Bracinik,17 A. Braem,29 P. Branchini,133a

PRL 109, 012001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
6 JULY 2012

012001-5

http://dx.doi.org/10.1140/epjc/s10052-009-1128-6
http://dx.doi.org/10.1140/epjc/s10052-009-1128-6
http://dx.doi.org/10.1140/epjc/s2003-01257-6
http://dx.doi.org/10.1140/epjc/s2003-01257-6
http://dx.doi.org/10.1103/PhysRevD.67.012007
http://dx.doi.org/10.1103/PhysRevD.67.012007
http://dx.doi.org/10.1140/epjc/s10052-010-1462-8
http://dx.doi.org/10.1140/epjc/s10052-010-1462-8
http://dx.doi.org/10.1103/PhysRevLett.102.181801
http://dx.doi.org/10.1103/PhysRevLett.102.181801
http://dx.doi.org/10.1016/j.physletb.2010.06.043
http://dx.doi.org/10.1016/j.physletb.2010.06.043


G.W. Brandenburg,56 A. Brandt,7 G. Brandt,117 O. Brandt,53 U. Bratzler,155 B. Brau,83 J. E. Brau,113 H.M. Braun,173

B. Brelier,157 J. Bremer,29 R. Brenner,165 S. Bressler,170 D. Britton,52 F.M. Brochu,27 I. Brock,20 R. Brock,87

T. J. Brodbeck,70 E. Brodet,152 F. Broggi,88a C. Bromberg,87 J. Bronner,98 G. Brooijmans,34 W.K. Brooks,31b

G. Brown,81 H. Brown,7 P. A. Bruckman de Renstrom,38 D. Bruncko,143b R. Bruneliere,47 S. Brunet,60 A. Bruni,19a

G. Bruni,19a M. Bruschi,19a T. Buanes,13 Q. Buat,54 F. Bucci,48 J. Buchanan,117 N. J. Buchanan,2 P. Buchholz,140

R.M. Buckingham,117 A. G. Buckley,45 S. I. Buda,25a I. A. Budagov,64 B. Budick,107 V. Büscher,80 L. Bugge,116
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G. Mikenberg,170 M. Mikestikova,124 M. Mikuž,73 D.W. Miller,30 R. J. Miller,87 W. J. Mills,167 C. Mills,56

A. Milov,170 D.A. Milstead,145a,145b D. Milstein,170 A.A. Minaenko,127 M. Miñano Moya,166 I. A. Minashvili,64
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D. Schouten,158a J. Schovancova,124 M. Schram,84 C. Schroeder,80 N. Schroer,57c G. Schuler,29 M. J. Schultens,20

J. Schultes,173 H.-C. Schultz-Coulon,57a H. Schulz,15 J.W. Schumacher,20 M. Schumacher,47 B.A. Schumm,136

Ph. Schune,135 C. Schwanenberger,81 A. Schwartzman,142 Ph. Schwemling,77 R. Schwienhorst,87 R. Schwierz,43

J. Schwindling,135 T. Schwindt,20 M. Schwoerer,4 W.G. Scott,128 J. Searcy,113 G. Sedov,41 E. Sedykh,120 E. Segura,11

S. C. Seidel,102 A. Seiden,136 F. Seifert,43 J.M. Seixas,23a G. Sekhniaidze,101a K. E. Selbach,45 D.M. Seliverstov,120

B. Sellden,145a G. Sellers,72 M. Seman,143b N. Semprini-Cesari,19a,19b C. Serfon,97 L. Serin,114 L. Serkin,53

R. Seuster,98 H. Severini,110 M. E. Sevior,85 A. Sfyrla,29 E. Shabalina,53 M. Shamim,113 L. Y. Shan,32a J. T. Shank,21

Q. T. Shao,85 M. Shapiro,14 P. B. Shatalov,94 L. Shaver,6 K. Shaw,163a,163c D. Sherman,174 P. Sherwood,76

A. Shibata,107 H. Shichi,100 S. Shimizu,29 M. Shimojima,99 T. Shin,55 M. Shiyakova,64 A. Shmeleva,93

M. J. Shochet,30 D. Short,117 S. Shrestha,63 E. Shulga,95 M.A. Shupe,6 P. Sicho,124 A. Sidoti,131a F. Siegert,47

Dj. Sijacki,12a O. Silbert,170 J. Silva,123a Y. Silver,152 D. Silverstein,142 S. B. Silverstein,145a V. Simak,126

O. Simard,135 Lj. Simic,12a S. Simion,114 B. Simmons,76 M. Simonyan,35 P. Sinervo,157 N. B. Sinev,113 V. Sipica,140

PRL 109, 012001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
6 JULY 2012

012001-11



G. Siragusa,172 A. Sircar,24 A.N. Sisakyan,64 S. Yu. Sivoklokov,96 J. Sjölin,145a,145b T. B. Sjursen,13 L. A. Skinnari,14
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82CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France

83Department of Physics, University of Massachusetts, Amherst Massachusetts, USA
84Department of Physics, McGill University, Montreal Quebec, Canada

85School of Physics, University of Melbourne, Victoria, Australia
86Department of Physics, The University of Michigan, Ann Arbor Michigan, USA

87Department of Physics and Astronomy, Michigan State University, East Lansing Michigan, USA
88aINFN Sezione di Milano, Italy

88bDipartimento di Fisica, Università di Milano, Milano, Italy
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iiAlso at Fermilab, Batavia IL, USA.
jjAlso at Institute of Physics, Jagiellonian University, Krakow, Poland.

PRL 109, 012001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
6 JULY 2012

012001-17


