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Recent results from LHCb

NEW 

Measurement of the forwardZ
boson production cross-section
in pp collisions at

!
s = 7TeV

JHEP08(2015)039 arXiv:1505.07024 

Measurement of the forwardW
and Z boson production
cross-sections inpp collisions at
!

s = 8TeV
LHCb-PAPER-2015-049 

First observation of top quark
production in the forward region

Phys.Rev.Lett. 115,112001(2015) arXiv:1506.00903 

Measurement of the
forward-backward asymmetry in
Z / ! " # µ+µ$ decays and
determination of the effective
weak mixing angle

arXiv:1509.07645 

Measurement of the exclusive!
production cross-section inpp
collisions at

!
s = 7TeV and

8TeV
JHEP09(2015)084 arXiv:1505.08139 

Marek Sirendi (Cambridge) 2 / 24



LHCb detector JINST3 (2008) S08005 arXiv:1412.6352 arXiv:1504.07670 

¥ Single arm spectrometer optimised for the study ofB and D
decays;

¥ Limited to %4% of the solid angle;

¥ Corresponds to 2< " < 5, " & $ ln
!
tan

"!
2

#$
' y;

¥ The uncertainty onL is 1.7% (7 TeV) and 1.2% (8 TeV).

¥ " p
p = 0.4%@5GeV and

0.6%@100GeV;

¥ # (IP) = 20µm;

¥ $track > 96%;

¥ $PID (µ) %97% with
MisID(%# µ)%1$ 3%.
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Motivation arXiv:0808.1847 

Electroweak measurements
in the forward region

¥ probe pQCD and electroweak
theory in a novel region of
(x,Q2) phase space;

¥ constrain PDFs at
low x and highQ2.
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Figure 2: The uncertainties on cross-section ratios and total cross-sections at the LHC.

than for W production. In particular the large uncertainty on R± for high y reßects that
on the high-x down quark distribution. Similarly for total cross-sections we have

! W + ! u(x1) ød(x2), ! W ! ! d(x1)øu(x2), (1)

! Z ! Au u(x1)øu(x2) + Add(x1) ød(x2), ! �� ! 4/ 9u(x1)øu(x2) + 1 / 9d(x1) ød(x2).

The uncertainty on ! Z and ! W + at high y is dominated by the valence up quark and the sea
quarks for x " 0.0001, both of which are limited to a few percent, hence the small uncertainty
in Figure 2. The uncertainty on ! W ! is dominated by the down quark for largex1, as for
A± . For the virtual photon, x1,2 = ( M � / 14, 000 GeV) exp (±y), so if M � # 20 GeV, x2 can
be # 0.00001 andx1 stays away from the valence uncertainty at high x. The increased
uncertainty when these extremely smallx values are probed is evident in the Þgure.

2 Potential results from LHCb

Depending on the cross-section under investigation, earlydata can either reduce the uncer-
tainty on PDFs or test the validity of the order-by-order per turbative expansion. With 1fb ! 1

of data LHCb [3] expects to obtain data for Z $ µ+ µ! for 1.8 < y < 4.9 with " 1% preci-
sion (ignoring luminosity uncertainty) if presented in bin s of width 0.1. This is sensitive to
the small-x quarks and gluon distribution for x < 0.001, but the most precise data will be in
the range where HERA data [4] already provide very good constraints. However, if the data
are a di! erent shape to the prediction they can highlight problems with Þxed order calcula-
tions. Illustrated in Figure 3 is pseudo-data shifted by a mulitplicative factor 0 .05(y %3.4)
compared to the current NLO prediction. The lower (blue) line shows the result of a new
Þt. It is not possible to obtain good agreement, i.e." 2 = 103/ 30. Hence, this type of result
could imply that small- x resummations are important, or that higher twists/saturat ion is
contaminating the current extraction of small-x PDFs from HERA data.

DIS 2008

¥ PDF uncertainties become
particularly large at forward
rapidities (Thorne et al.);

¥ LHCb ideally placed to
contribute.
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Motivation $ NNPDF3.0 arXiv:1410.8849 

The impact of our early
(37pb$1) W # µ& (JHEP06
(2012) 58) and Z # ee
(JHEP02 (2013) 106)
measurements is clearly visible.
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Results
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Inclusive Z @7TeV $ results JHEP08(2015)039 
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# Z # µ+µ$ cross-section at 7TeV is measured to be

# Z # µ+µ$ = 76.0± 0.3(stat .) ± 0.5(syst.) ± 1.0(beam)± 1.3(lumi.)pb

¥ Results are given at Born-level;

¥ Theory prediction is
from FEWZ at NNLO;

¥ A selection of NNLO PDF
sets are used;

¥ Results are consistent with
the measurement of
Z # ee and Z # '' .

pµ
T > 20GeV

2.0 < " µ < 4.5

60 < M µ µ < 120GeV
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Inclusive Z @7TeV
differential cross-sections

JHEP08(2015)039 
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 = 7 TeVsLHCb, 

The measured cross-sections are in agreement with NNLO predictions
using different PDF sets. Correlation matrices are provided.
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Inclusive W
analysis strategy

JHEP12 (2014) 079 JHEP08(2015)039 

¥ The signal yield is determined from a Þt topµ
T ;

¥ Signal and electroweak templates are taken from simulation;

¥ The decay in ßight,K / %# µ&, component ßoats freely in the Þt
with a template determined from data;

¥ Purities are determined to be%77%.
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Inclusive W and Z @7TeV JHEP08(2015)039 
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W and Z ratios @ 7TeV JHEP08(2015)039 
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Inclusive W and Z @8TeV$ results LHCb-PAPER-2015-049 
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Figure 3: LHCb measurements of electroweak boson production cross-sections compared to
NNLO pQCD as implemented by the Fewz generator using various PDF sets. The shaded
(yellow) bands indicate the statistical and total uncertainties on the measurements, which are
symmetric about the central value.

the uncertainty on the determination of the trigger e�ciency cancels. The luminosity274

uncertainty completely cancels in the ratio, as do the correlated components of the GEC275

e�ciency uncertainty. The uncertainties on the tracking and muon identiÞcation partially276

cancel in the ratios ofW and Z bosons, as do the uncertainties due to the proton beam277

energy. The uncertainties on the purities of theW and Z boson selections are uncorrelated278

and the FSR uncertainties are taken to be uncorrelated. The sources of uncertainty279

contributing to the determination of the ratios are summarised in Table 2. The dominant280

uncertainties on the ratios are due to the purity and the size of the sample. The correlation281

coe�cients used in the uncertainty calculations are tabulated in Appendix D.282

The W to Z boson cross-section ratio is measured as

RW Z = 20.14± 0.06± 0.10± 0.04,

where the Þrst uncertainty is statistical, the second is systematic and the third is due to283

10

The W and Z cross-sections at 8TeV are measured to be

# Z # µ+µ$ = 95.0± 0.3(stat .) ± 0.7(syst.) ± 1.1(beam)± 1.1(lumi.)pb

# W +# µ+# = 1094.1± 2.1(stat .) ± 7.2(syst.) ± 10.9(beam)± 12.7(lumi.)pb

# W $ # µ$# = 819.4± 1.9(stat .) ± 5.0(syst.) ± 7.1(beam)± 9.5(lumi.)pb

¥ Update on the 7TeV measurement
using 2fb$1 of LHCb data;

¥ Results are consistent with
the measurement ofZ # ee;

¥ Cross-section ratios are
measured at sub-percent precision;

¥ The energy evolution is studied:

¥ CoM energy ratios are presented;
¥ Ratios of ratios are presented.

Marek Sirendi (Cambridge) 13 / 24

Preliminary



Inclusive W and Z @8TeV
differential cross-sections

LHCb-PAPER-2015-049 
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Figure 1: Di! erential W + and W � boson production cross-section in bins of muon pseudora-
pidity. Measurements, represented as bands corresponding to the (orange (blue) forW + (W �))
statistical and (yellow (light blue) for W + (W �)) total uncertainty, are compared to (black (blue)
markers for W + (W �), displaced horizontally for presentation) NNLO predictions with di ! erent
parameterisations of the PDFs.
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Figure 2: Di! erential Z boson production cross-section as a function ofyZ compared with
the prediction of Fewz conÞgured with various PDF sets. Di! erent predictions are displaced
horizontally for visibility.
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Figure 1: Di! erential W+ and W� boson production cross-section in bins of muon pseudora-
pidity. Measurements, represented as bands corresponding to the (orange (blue) for W+ (W�))
statistical and (yellow (light blue) for W+ (W�)) total uncertainty, are compared to (black (blue)
markers for W+ (W�), displaced horizontally for presentation) NNLO predictions with di! erent
parameterisations of the PDFs.
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Figure 2: Di! erential Z boson production cross-section as a function of yZ compared with
the prediction of Fewz configured with various PDF sets. Di! erent predictions are displaced
horizontally for visibility.
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W and Z ratios @ 8TeV LHCb-PAPER-2015-049 
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Figure 4: Ratios of electroweak boson production RW+Z , RW �Z , RWZ , RW ± , compared to
various theoretical predictions. The shaded (yellow) bands indicate the statistical and total
uncertainties on the measurements, which are symmetric about the central value.

uncertainties on the muon reconstruction e! ciencies that are uncorrelated between ! bins;296

the uncertainty that arises when correcting for having two muons inside the acceptance297

when measuring the selection e! ciencies of W bosons and the W boson purity estimation.298

The uncertainties reflecting common methods are correlated. These include: the Z299

candidate sample purity estimation; the components of the muon reconstruction e! ciencies300

that are correlated between muon ! bins; the uncertainty that arises when measuring301

selection e! ciencies for W bosons and all aspects of the GEC e! ciency determination.302

The uncertainty due to FSR is taken to be correlated in identical measurement bins303

and uncorrelated between di" erent measurement bins. The beam energy has been directly304

measured for 4 TeV beams with a precision of 0.65%, but not for 3.5 TeV beams [54]. No305

additional uncertainty is expected to enter the energy measurement of 3.5 TeV beams so306

the relative uncertainty is taken to be the same, and thus fully correlated between data307

sets with di" erent centre-of-mass energies.308

The uncertainties entering the luminosity estimates are given in Ref. [25]. For many309

of these uncertainties, the degree of correlation between the luminosity measurements310
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Figure 5: Di! erential W + (W ! ) to Z cross-section ratio in bins ofµ+ (µ! ) pseudorapidity.
Measurements, represented as bands corresponding to the (orange (blue) forRW + Z (RW ! Z ))
statistical and (yellow (light blue) for RW + Z (RW ! Z )) total uncertainty, are compared to (black
(blue) markers for RW + Z (RW ! Z ), displaced horizontally for presentation) NNLO predictions
with di ! erent parameterisations of the PDFs.

at di�erent centre-of-mass energies cannot be known exactly. Instead, each source of311

uncertainty is assigned a correlation coe�cient of 0, 1, [0,0.5], [0.5,1] or [0,1], where the312

latter three represent intervals within which the true correlation is expected to lie. A313

number of pseudo-experiments are performed using correlation coe�cients that are sampled314

from both uniform and arcsin distributions across these intervals. With this prescription,315

the total correlation is estimated to be 0.55 ± 0.06. For the purposes of the analysis316

presented here, a correlation coe�cient of 0.55 is used.317

A summary of the uncertainties on ratios of quantities at di�erent centre-of-mass318

energies is given in Table 3.319

The cross-section ratios at di�erent centre-of-mass energies, measured for the same320

kinematic range as the inclusive cross-sections are321

�8 TeV
W + " µ+ �

�7 TeV
W + " µ+ �

= 1 .246± 0.004± 0.008± 0.001± 0.018,

�8 TeV
W ! " µ! �

�7 TeV
W ! " µ! �

= 1 .189± 0.004± 0.007± 0.001± 0.017,

�8 TeV
Z" µ+ µ!

�7 TeV
Z" µ+ µ!

= 1 .250± 0.006± 0.007± 0.001± 0.018,

where the uncertainties are due to the sample size, systematic e�ects, the beam energy322

13

The differential # W (µ$)/ # Z (µ$) is ßatter than the corresponding
theory predictions.
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Centre-of-mass ratios LHCb-PAPER-2015-049 
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Figure 6: Summary of the W and Z cross-section ratios at di! erent centre-of-mass energies.
Measurements, represented as bands corresponding to the (orange) statistical and (yellow) total
uncertainty, are compared to (black markers) NNLO predictions with di! erent parameterisations
of the PDFs.

These ratio measurements are shown in Fig. 7, along with their predictions. The335

uncertainties on the predictions due to the scale,! S and numerical integration uncertainties336

are of similar magnitude. Best agreement is observed for the ratioR8/ 7
RW ! Z

.337

The ratios R8/ 7
RW + Z

, R8/ 7
RW ! Z

are also measured di! erentially as a function of muon" .338

These measurements are displayed in Fig. 8, where results have been displaced vertically by339

± 0.05 for visibility. Only uncertainties due to PDFs are included on the predictions. Good340

agreement between measurement and prediction is observed, especially for theR8/ 7
RW ! Z

341

ratio. The measurement of theR8/ 7
RW + Z

ratio is larger than the predicted values in the342

range 2< " µ < 3. The individual cross-sections are large in this region (see Tables 4, 8343

and Ref. [9]), and have the greatest weight in the integrated ratio shown in Fig. 7.344

The R8/ 7
RW + Z

ratio increases as a function of" µ, while the R8/ 7
RW + Z

ratio decreases345

as a function of " µ. The PDF uncertainties are largest for theR8/ 7
RW + Z

ratio at high346

pseudorapidity, suggesting that these measurements can improve the determination of the347

15

The luminosity is correlated between two years at the level of 0.55
and is accounted for.
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Ratios of ratios LHCb-PAPER-2015-049 
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Figure 7: Summary of the cross-section ratios-of-ratios at di! erent centre-of-mass energies.
Measurements, represented as bands corresponding to the (orange) statistical and (yellow) total
uncertainty, are compared to (black markers) NNLO predictions with di! erent parameterisations
of the PDFs).

PDFs in this region.348

6 Conclusions349

Measurements of forward electroweak boson production cross-sections at
!

s = 8 TeV are350

presented and found in agreement with NNLO pQCD calculations. The large degree351

of correlation between the measurements allows sub-percent precision measurements of352

cross-section ratios.353

Using previous measurements from the
!

s = 7 TeV data set, the evolution of all mea-354

surements with centre-of-mass energy is studied. Good agreement between measurements355

and predictions of cross-section ratios is observed. The experimental uncertainties are356

dominated by luminosity uncertainties of about 1.5%. Ratios-of-ratios of cross-sections357

at di! erent centre-of-mass energy are independent of the luminosity and are thus a more358

precise class of observables, measured with precision between 0.7% and 0.9%. In the359

16

Ratios of ratios indicate mild tension with the theory predictions.
However, they are correlated. The tension stems from the 7TeV
Z cross-section.
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AFB and the determination of the
effective weak mixing angle

arXiv:1509.07645 

¥ The forward-backward charge asymmetry for the process
Z / ! " # µ+µ$ is measured as a function of the invariant mass;

¥ Measured both at 7TeV and at 8TeV, and combined.
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LHCb ¥ Largest background
contributions are:

¥ Semileptonic heavy-ßavour
decays;

¥ MisidentiÞed hadrons;

¥ Hadrons decayed in ßight.

¥ These are estimated using
data-driven techniques.
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AFB and the determination of the
effective weak mixing angle

arXiv:1509.07645 
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Corrections are applied to account for efficiencies, biases in the recon-
structed momenta of the muons and differences in resolution between
simulation and data.
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AFB and the determination of the
effective weak mixing angle
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Ameas
FB is compared to the theoreticalApred

FB for a range of sin2 ( e!
W values

to extract the best-Þt value. This result is in agreement with the current
world average, and is one of the most precise determinations at hadron
colliders to date.
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AFB $ systematics arXiv:1509.07645 

Table 1: Weighted average of the absolute systematic uncertainties forAFB , for di! erent sources,
given separately for

!
s = 7 and 8 TeV.

Source of uncertainty
!
s = 7 TeV

!
s = 8 TeV

curvature/momentum scale 0.0102 0.0050
data/simulation mass resolution 0.0032 0.0025

unfolding parameter 0.0033 0.0009
unfolding bias 0.0025 0.0025

described in Sec. 3. No correction is applied to the measured values ofAFB to account for
the dilution due to imperfect knowledge of the initial quark direction, or to remove FSR
e�ects. Instead, they are compared to predictions made within the same kinematic region
and including FSR, as described in Sec. 5.

The following systematic uncertainties are considered when determiningAFB . The
systematic uncertainty associated with the curvature correction is evaluated by varying
these parameters within their uncertainty. The uncertainties on the calibration factors are
dependent on the sample size, and are therefore larger for the

!
s = 7 TeV dataset. This

is the largest source of systematic uncertainty. An uncertainty of± 0.04% is used for the
momentum scale, determined from measurements of the magnetic Þeld [9]. The bias in the
unfolding procedure is determined from simulation by comparing unfolded samples with the
generated truemµµ distribution. The uncertainty includes the dependence on the number
of iterations used in the training of the unfolding algorithm. This variation has a larger
e�ect in regions where fewer events are simulated. The asymmetry of each background
source does not vary signiÞcantly over the invariant mass range. An uncertainty of 10%
is assigned to the background asymmetry, that covers the ßuctuations observed for each
background source. The e�ect of the uncertainties in the e�ciency corrections applied to
the data is found to be negligible. The systematic uncertainties are determined separately
for each bin of invariant mass and for both datasets. Their average values are summarized
in Table 1.

The resulting measurements ofAFB for
!
s = 7 and 8 TeV data as a function ofmµµ

are shown in Fig. 2 and tabulated in Tables 2 and 3.

5 Determination of sin 2! e!
W

The forward-backward asymmetry as a function of the dimuon invariant mass is compared
with several sets of SM predictions generated with di�erent values ofsin2! e!

W , denoted as
Apred

FB . The predictions are generated usingPowheg-Box with sin2! e!
W values ranging from

0.22 to 0.24 for
!
s = 7 and 8 TeV, and the Z boson mass (MZ ) and the electromagnetic

coupling constant (" EM ) Þxed to the world average values [27]. The PDF set from

5

Table 3: Values for AFB with the statistical and positive and negative systematic uncertainties
for
�

s = 8 TeV data. The theoretical uncertainties presented in this table, corresponding to the
PDF, scale and FSR uncertainties described in Sec. 5, a! ect only the predictions of AFB and the
sin2! e!

W determination, and do not apply to the uncertainties on the measuredAFB.

mµµ (GeV) AFB stat. syst. + syst. � theoretical
60� 72 �0.217 0.014 0.015 0.014 0.025
72� 81 �0.154 0.012 0.004 0.004 0.011
81� 86 �0.046 0.010 0.003 0.002 0.005
86� 88 �0.004 0.010 0.003 0.004 0.005
88� 89 �0.002 0.011 0.003 0.007 0.005
89� 90 0.016 0.008 0.006 0.002 0.005
90� 91 0.040 0.006 0.005 0.003 0.005
91� 92 0.053 0.006 0.004 0.002 0.005
92� 93 0.075 0.008 0.004 0.006 0.006
93� 94 0.104 0.011 0.003 0.006 0.009
94� 98 0.166 0.010 0.005 0.006 0.009
98� 120 0.280 0.012 0.006 0.002 0.014

120� 160 0.412 0.027 0.005 0.009 0.026

Table 4: Weighted average of the absolute systematic uncertainties forApred
FB , for the di! erent

sources of theoretical uncertainty. The value quoted for the PDF uncertainty corresponds to the
68% conÞdence range, while for the others the maximum and minimum shifts are given. The
correlations among the invariant mass bins are not taken into account.

Uncertainty average! |Apred
FB |

PDF 0.0062
scale 0.0040
! s 0.0030

FSR 0.0016

prediction, and the spread of the measuredsin2" e!
W values agrees with the uncertainties

in the values of the 7 and 8TeV samples. A combination of these results, taking into
account the correlation between systematic uncertainties for each centre-of-mass energy as
well as the invariant mass bins, is obtained by calculating the full covariance matrix for
the statistical, systematic and theoretical uncertainties. This yields

sin2" e!
W = 0.23142± 0.00073± 0.00052± 0.00056,

where the Þrst uncertainty is statistical, the second systematic and the third theoretical.

8
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Top quark production at LHCb Phys.Rev.Lett. 115,112001(2015) 
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# top is measured in theW (# µ&)+b Þnal state to be

# top [7TeV] = 239± 53(stat .) ± 33(syst.) ± 24(theory)fb

# top [8TeV] = 289± 43(stat .) ± 40(syst.) ± 29(theory)fb

¥ A signiÞcance of 5.4#
is achieved;

¥ Results are consistent
with SM predictions;

¥ Test of BSM theories and
N(N)LO calculations;

¥ Is sensitive to the gluon PDF.

pµ
T > 25GeV

2.0 < " µ < 4.5

50 < pb$jets
T < 100GeV

2.2 < " b$jets < 4.2

pµ+b$jets
T > 20GeV
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Exclusive ! production JHEP09(2015)084 

Using 2.9fb$1 of 7TeV and 8TeV data, exclusive! (1S) and
! (2S) cross-sections are measured to be

# (pp # p! (1S)p) = 9.0± 2.1(stat .) ± 1.7(syst.)pb

# (pp # p! (2S)p) = 1.3± 0.8(stat .) ± 0.3(syst.)pb

¥ Results are consistent
with SM predictions;

¥ An upper limit is set on
the ! (3S) cross-section;

¥ Measurement is sensitive to
differences in (N)LO predictions,
and theoretical modelling;

¥ Constrains the gluon PDF.

2.0 < y(! ) < 4.5

2.0 < " µ < 4.5
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Summary and outlook

¥ LHCb continues to build on past successes in its electroweak
program:

¥ Most preciseW and Z cross-section ratios at the LHC;
¥ Novel centre-of-mass ratios are presented;
¥ A precise determination of sin( W ;
¥ First observation of top quark production.

¥ Our measurements are seen to have an impact on PDFs;

¥ The higher energies of Run II will allow us to

¥ probe lower values ofx;
¥ continue to investigate the energy evolution of electroweak

boson production.
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LHCb phase space

While ATLAS&CMS are largely limited to" ( 2.5 (with Bjorken-x
in the range of 10$3 ( x ( 0.1), LHCb detects W and Z
daughters in 2< " < 5. These are formed in a highly boosted
system with respect to the lab frame with one parton atxa %0.1
and the other at xb %10$4.

yW (Z ) = ln
!
xa

xb

" 1
2

=) xa,b =
MW (Z )

!
s

e±yW (Z )
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Motivation $ ABM12 Phys. Rev. D 89 (2014) 054028 
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Figure 3.3:The same as in Fig. 3.2 for the variants of ABM12 Þt including separate LHC DY data sets
(sold line: LHCb [15], dots: LHCb [17], dashes: CMS [16], dashed dots: ATLAS [14]).

charm data and improvements in the heavy-quark electro-production description, cf. Ref. [33] for
details. At the same time the ABM12 quark distributions di! er from the ABM11 ones at most
due to the LHC DY data. This input contributes to a better separation of the non-strange sea and
the valence quark distributions. As a result, at the factorization scaleµ = 3 GeV andx ! 0.2 the
non-strange sea goes down by somewhat 15%, while the totald-quark distribution goes up by
some 2%, cf. Fig. 3.2. In turn, this improvement allows for a better accuracy of both, the sea
and the valence distributions, in particular, of thed-quark one. This improvement is particularly
valuable since the accuracy of the latter is limited in the case of DIS data due to the uncertainty
in the nuclear correction employed to describe the deuterium-target data. The LHCb data onW+

andW" production [15] provide the biggest impact on the PDFs as compared to other LHC data,
cf. Fig. 3.3, due to the forward kinematics probed in this experiment. It is also worth noting that

15

Early LHCb data of W pro-
duction provide the largest im-
pact on valence d and sea light
quark PDFs.
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Flavour decomposition of W Eur. Phys. J. C 14 (2000) 133 
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Figure 5: Parton decomposition of the W+ (solid line) and W � (dashed line) total cross sections
in pp̄ and pp collisions. Individual contributions are shown as a percentage of the total cross

section in each case. In pp̄ collisions the decomposition is the same for W+ and W �.

18

¥ # W is sensitive to the
ßavour composition of the
quark sea;

¥ Can be used in
constraining the strange
PDF.
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Charge asymmetry Phys. Rev. D 69 (2004) 094008 

Figure 11: The W charge asymmetry at Run II of the Tevatron. Included are the LO, NLO, and
NNLO results. The bands indicate the variation of the renormalization and factorization scales in
the range M W / 2 ! µ ! 2M W . As the charge asymmetry is rather insensitive to QCD corrections,
the three bands are almost completely degenerate.

positive half of the rapidity range is shown for W + , and the negative half for W ! . The
charge asymmetry is positive for all rapidities, but is particularly striking around Y = 3.
The behavior of the perturbation series is very similar to that discussed previously forZ
production at the LHC. Again the NNLO scale-variation bandw idths are extremely narrow
for central rapidities, ranging from " 0.6% for Y < 2, to 1.5% at Y = 3, to 3% at Y = 4.

In addition to the study of resonant production of electroweak gauge bosons, both
the Tevatron and the LHC use high-invariant-mass Drell-Yan production of lepton pairs
to search for new gauge bosons and lepton-quark contact interactions. Although these are
primarily inclusive searches, rapidity cuts are required because of experimental constraints.
We therefore examine the NNLO QCD corrections to o! -shell (Z, ! " ) production at large
invariant masses. We present below the rapidity distribution for M = 250 GeV (Z, ! " )
production at the LHC in Fig. 14, and for M = 200 GeV at Run II of the Tevatron in
Fig. 15. The scale dependences are signiÞcantly smaller forM = 250 GeV than for resonant
Z production at the LHC. The LO scale variation is 12% at central rapidities and 4% at
Y = 3. Both the NLO and NNLO scale variations are much less than 1% for all values
of rapidity. The magnitude of the higher-order corrections is much larger, however. The
NLO result increases the LO prediction by nearly 35% at central rapidities; this correction

Ð 37 Ð

The charge asymmetry is given as

A(" $) &
d%W +

d" !
$ d%W $

d" !

d%W +

d" !
+ d%W $

d" !

'
u$ d
u+d

'
uval $ dval

uval +dval +2usea

¥ A(" $) is almost completely
insensitive to higher order
QCD corrections;

¥ several experimental
uncertainties also cancel;

¥ a measurement of this
quantity is a powerful
probe of PDFs.
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Inclusive Z $ systematics JHEP08(2015)039 

JH
E

P
08(2015)039

Source Uncertainty (%)

Statistical 0.39

Trigger e! ciency 0.07

IdentiÞcation e! ciency 0.23

Tracking e! ciency 0.53

FSR 0.11

Purity 0 .22

GEC e! ciency 0.26

Systematic 0.68

Beam energy 1.25

Luminosity 1.72

Total 2 .27

Table 1. Contributions to the relative uncertainty on the total Z boson cross-section.

and Herwig using thePowheg matching scheme. The correction is on average about 2%
as a function of pT,Z , while it is signiÞcantly less as a function of! !

Z . Only the pT,Z and
! !
Z distributions are unfolded. SinceyZ is well measured, no unfolding is performed andU

is the identity matrix in this case.

4.5 Systematic uncertainties

Sources of systematic uncertainty and their e" ect on the total cross-section measurement
are summarised in table1.2 The measured cross-sections as a function ofpT,Z and ! !

Z have
additional systematic uncertainties due to unfolding.

The systematic uncertainty associated with the trigger, identiÞcation and tracking ef-
Þciencies is determined by re-evaluating all cross-sections with the values of the individual
e! ciencies increased or decreased by one standard deviation. The full covariance matrix
of the di" erential cross-section measurements is evaluated in this way for each source of
uncertainty separately. The covariance matrices for each source are added and the diagonal
elements of the result determine the total systematic uncertainty due to reconstruction ef-
Þciencies. These vary between 0.5 and 2.0% on the di" erential cross-section measurements.

The systematic uncertainty on the FSR correction is the quadratic sum of two compo-
nents. The Þrst is due to the statistical precision of thePythia and Herwig++ estimates
and the second is half of the di" erence between their central values. The latter dominates,
with the uncertainties on the di" erential cross-sections varying between 0.3 and 3%.

The systematic uncertainty on the purity is determined from the number of candidate
and background events. In addition, an uncertainty based on the assumption that the
purity is the same for all variables and bins of the analysis is evaluated by comparing to

2Many of the systematic uncertainties quoted here have a statistical component. The statistical uncer-
tainty quoted on the measurement is due to the number of observed Z candidates. In the case of unfolded
measurements, the statistical uncertainty is provided by the covariance matrix returned by RooUnfold.

Ð 7 Ð

JH
E

P
08(2015)039

Source Uncertainty (%)

RWZ RW + Z RW ! Z RW

Statistical 0.45 0.48 0.50 0.38

Trigger e! ciency 0.15 0.16 0.13 0.07

IdentiÞcation e! ciency 0.12 0.12 0.12 0.03

Tracking e! ciency 0.24 0.23 0.26 0.08

FSR 0.16 0.21 0.17 0.21

Purity 0 .41 0.49 0.55 0.62

GEC e! ciency 0.27 0.28 0.29 0.18

Systematic 0.60 0.67 0.72 0.69

Beam energy 0.26 0.19 0.34 0.15

Total 0.79 0.85 0.94 0.80

Table 2. Contributions to the relative uncertainty on the electroweak boson cross-section ratios.

These measurements are in good agreement with the predictions of NNLO pQCD, as shown
in Þgure 7. Using the Z boson cross-section from section5.1, electroweak boson cross-
section measurements and theoretical predictions, with di" erent parameterisations of the
PDFs, are compared in Þgure8, with contours corresponding to the 68.3% conÞdence level.

The W to Z boson cross-section ratio is measured as

RWZ = 20.63± 0.09± 0.12± 0.05,

where the Þrst uncertainty is statistical, the second is systematic and the third is due to
the beam energy. The chargedW to Z boson cross-section ratios are measured as

RW + Z = 11.56± 0.06± 0.08± 0.02,

RW ! Z = 9 .07± 0.05± 0.07± 0.03,

while the W boson cross-section ratio is measured as

RW = 1 .274± 0.005± 0.009± 0.002.

These measurements, as well as their predictions, are displayed in Þgure9. For RWZ

and RW + Z , the data are well described by HERA1.5 and JR09, while the values from
CT10, MSTW08, NNPDF3.0 and ABM12 are larger than those measured. All PDF sets
show good agreement forRW ! Z . As previously reported [10], all PDF sets except ABM12
show good agreement forRW . The RWZ and RW ratios are measured with a fractional
uncertainty of 0.8%, which is similar both to the precision due to the PDFs on the individual
theoretical predictions and to the spread between the predictions. Considering the spread
in the di" erent predictions, the experimental measurements are in good agreement with
SM predictions and can be used to improve the determination of the PDFs.

Ð 10 Ð
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Inclusive W $ results JHEP12 (2014) 079 
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totData
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 < 4.5µη2.0 < 
2 < 120 GeV/cµµZ: 60 < M
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 [pb]-µ+µ →Z σ

800 820 840 860 880 900 920 940
 [pb]ν+µ → +Wσ

640 660 680 700 720 740
 [pb]
ν-µ → -Wσ

# W # µ# cross-section at 7TeV is measured to be

# W +# µ+# = 878.0± 2.1(stat .) ± 6.7(syst.) ± 15.0(lumi.)pb

# W $ # µ$# = 689.5± 2.0(stat .) ± 5.3(syst.) ± 11.8(lumi.)pb

The cross-section ratio is measured to be
# W +# µ+#

# W $ # µ$#
= 1.274± 0.005(stat .) ± 0.009(syst.) ± 0.002(beam)

¥ Results are given at Born-level;

¥ Theory prediction is
from FEWZ at NNLO;

¥ A selection of NNLO PDF
sets are used.

pµ
T > 20GeV

2.0 < " µ < 4.5
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Inclusive W $ differential cross-sections JHEP12 (2014) 079 
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Inclusive W $ cross-section ratio
and the charge asymmetry

JHEP12 (2014) 079 
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The measured cross-sections are in agreement with
NNLO predictions using different PDF sets.
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Inclusive W $ comparison to ATLAS JHEP12 (2014) 079 
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InclusiveW / Z cross-sections at LHCb are complementary to
ATLAS (and also to CMS).
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Inclusive W $ systematics JHEP12 (2014) 079 

Table 1: Summary of the systematic uncertainties on the inclusive cross-sections and their ratio.

Source ! ! W +�µ+! [%] ! ! W ! �µ! ! [%] ! RW [%]
Template shape 0.28 0.39 0.59
Template normalisation 0.10 0.10 0.06
Reconstruction e" ciency 1.21 1.20 0.12
Selection e" ciency 0.33 0.32 0.18
Acceptance and FSR 0.18 0.12 0.21
Luminosity 1.71 1.71 Ñ

muon charge as well as other quantities. No biases are observed.

5.3 Selection e ! ciency

The e" ciency to selectW � µ" events,#sel, deÞned as the fraction of events that fulÞl
the requirements used to identify the candidates, is measured using the pseudo-W sample.
Good agreement is observed between pseudo-W data and W � µ" simulation; however,
the larger averagepT of pseudo-W events must be accounted for. Simulation is used to asses
the di#erence due to measuring the selection e" ciency with muons produced inZ instead
of W boson decays, which on average amounts to about 2%. The statistical uncertainty
of the data-driven determination and of the simulation-based correction are summed in
quadrature. The e" ciency is found to vary as a function of the muon pseudorapidity.
No dependence on the lepton charge is observed except for the most forward$ bin. The
measured#sel ranges between 61.9% and 70.0% in the central bins with an uncertainty of
about 0.5%, but decreases to 49.0% in the Þrst pseudorapidity bin. The e" ciency to select
W + and W� in the range 4.0 < $ < 4.5 is (34.1 ± 0.8)% and (29.3 ± 0.7)%, respectively.

5.4 Final state radiation

The FSR correction, f ±
FSR , is evaluated usingPhotos interfaced to Pythia as the

ratio of the number of generated events that after photon radiation fail the kinematic
requirements to the number of generated decays that beforeFSR satisfy the same criteria.
The correction in bins of muon pseudorapidity is reported in Appendix B (Table 2).

5.5 Systematic uncertainties

The contributions to the systematic uncertainty considered in the analysis are the shape
and the normalisation of the templates used in the Þt, the reconstruction and the selection
e" ciencies, the acceptance and theFSR corrections, and the luminosity determination.
A summary of the systematic uncertainties on theW + and W� cross-sections and their
ratio is given in Table 1.
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Source Uncertainty (%)
! W + ! W � ! Z

Statistical 0.19 0.23 0.27
Purity 0 .28 0.21 0.21

Tracking 0.26 0.24 0.48
IdentiÞcation 0.11 0.11 0.21

Trigger 0.14 0.13 0.05
GEC 0.40 0.41 0.34

Selection 0.24 0.23 Ñ
Acceptance 0.08 0.08 Ñ

FSR 0.14 0.11 0.13
Momentum scale 0.05 0.12 Ñ

Systematic 0.65 0.62 0.67
Beam energy 1.00 0.86 1.15
Luminosity 1.16 1.16 1.16

Total 1.67 1.59 1.79

Table 1: Summary of the uncertainties on the W +, W ! and Z cross-sections. “—” indicates
that the uncertainty is negligible or does not apply.

of the di! erential cross-section measurements is evaluated in this way for each source of229

uncertainty separately. The covariance matrices for each source are added and the diagonal230

elements of the result determine the total systematic uncertainty due to reconstruction231

e" ciencies. The total uncertainty on theW+ (W ! ) and Z boson integrated cross-section232

due to reconstruction e" ciencies is 0.32% (0.29%) and 0.53%.233

The GEC e" ciency for events containing aZ boson is"Z
GEC = (93.00± 0.34)%. The234

di! erence between this e" ciency for W+, W ! and Z events is small, and it is thus235

accounted for with additional systematic uncertainties, as explained in Ref. [9]. The values236

used for the measurements ofW boson cross-sections are"W +

GEC = (93.00± 0.40)% and237

"W �
GEC = (93.00± 0.41)%.238

The uncertainties due toW boson selection e" ciencies result in uncertainties on the239

W+ (W ! ) integrated cross-section of 0.24% (0.23%). These include the uncertainties that240

arise due to the di! erence inW and Z boson muonpT spectra and the correction that241

accounts for the fact that two muons are required inside the LHCb acceptance in theZ242

boson data sample.243

As an estimate of the uncertainty due to the acceptance correction, half the di! erence244

between the corrections evaluated using the two generators is taken. This results in an245

uncertainty on the W+ (W ! ) integrated cross-section of 0.06% (0.09%).246

The systematic uncertainty on the FSR correction is the quadratic sum of two com-247

ponents. The Þrst is due to the statistical precision of thePythia8 and Herwig++248

estimates and the second is half of the di! erence between their central values, where the249
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Source Uncertainty (%)
RW ± RW+Z RW �Z RWZ

Statistical 0.30 0.31 0.33 0.36
Purity 0 .25 0.28 0.21 0.22

Tracking 0.06 0.22 0.24 0.23
IdentiÞcation 0.01 0.11 0.11 0.11

Trigger 0.04 0.10 0.09 0.09
GEC 0.13 0.21 0.22 0.21

Selection 0.10 0.24 0.23 0.23
Acceptance 0.11

0.21 0.19 0.17
FSR 0.18

Momentum scale 0.07 0.05 0.12 0.08
Systematic 0.38 0.55 0.52 0.50

Beam energy 0.14 0.15 0.29 0.21
Total 0.50 0.65 0.68 0.65

Table 2: Summary of the systematic uncertainties on theRW ± , RWZ , RW+Z and RW �Z cross-
section ratios.

the beam energy. The chargedW to Z boson cross-section ratios are found to be284

RW+Z = 11.52± 0.04± 0.06± 0.02,

RW �Z = 8.63± 0.03± 0.04± 0.03,

while the W boson cross-section ratio is measured as

RW ± = 1.335± 0.004± 0.005± 0.002.

These measurements, as well as their predictions, are displayed in Fig. 4. The data are285

well described by all PDF sets.286

The chargedW boson to Z boson ratios,RW+Z and RW �Z , are also measured dif-287

ferentially as a function of muon�. These measurements are displayed in Fig. 5. Good288

agreement between measured and predicted values is observed. It is noted that the289

measuredRW �Z ratio is a more constant function of�µ than predicted.290

5.3 Ratios at di ! erent centre-of-mass energy291

The following assumptions are made when evaluating cross-section ratios at di! erent292

centre-of-mass energies.293

The uncertainties due to statistically independent samples are uncorrelated. These294

include uncertainties due to: the number of candidates in each measurement bin; the295
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Source Uncertainty (%)

R8/ 7
W + R8/ 7

W ! R8/ 7
Z R8/ 7

RW Z
R8/ 7

RW + Z
R8/ 7

RW ! Z
R8/ 7

RW ±

Statistical 0.30 0.37 0.49 0.55 0.58 0.62 0.48
Purity 0.41 0.45 — 0.29 0.41 0.45 0.65

Tracking 0.33 0.27 0.53 0.24 0.23 0.26 0.09
Identification 0.07 0.07 0.13 0.07 0.07 0.06 0.03

Trigger 0.27 0.25 0.09 0.17 0.19 0.16 0.08
GEC 0.15 0.14 0.09 0.08 0.09 0.09 0.07

Selection 0.12 0.17 — 0.16 0.17 0.17 0.04
Acceptance/FSR 0.05 0.06 0.04 0.06 0.07 0.07 0.08
Momentum scale 0.05 0.12 — 0.08 0.05 0.12 0.07

Systematic 0.64 0.64 0.56 0.47 0.55 0.60 0.66
Beam energy 0.06 0.05 0.10 0.05 0.04 0.05 —
Luminosity 1.45 1.45 1.45 — — — —

Total 1.61 1.62 1.63 0.73 0.80 0.86 0.82

Table 3: Contributions to the relative uncertainty on the electroweak boson cross-section ratios
at di ! erent centre-of-mass energies. ÒÑÓ indicates that the uncertainty is negligible or does not
apply.

and the luminosity. The measurements and predictions are in agreement. Compared to323

Figs. 3, 4, the variation in the predictions in Figs. 6, 7 is reduced, as the sensitivity to the324

PDF is smaller in these ratios. The fact that there is very little spread in their central325

value indicates that the uncertainty due to the PDF is very much reduced, which is also326

reflected in the calculated uncertainties on the individual PDF predictions. The remaining327

uncertainties on the predictions due to the PDF, scale, �S and numerical integration are328

similar in size.329

Even more precise tests can be obtained through the following ratios-of-ratios of330

cross-sections that are insensitive to the luminosity uncertainty331

R8/ 7
RW

=
R8 TeV

W

R7 TeV
W

= 1.048 ± 0.005 ± 0.007,

R8/ 7
RW + Z

=
R8 TeV

W + Z

R7 TeV
W + Z

= 0.996 ± 0.006 ± 0.005,

R8/ 7
RW ! Z

=
R8 TeV

W ! Z

R7 TeV
W ! Z

= 0.951 ± 0.006 ± 0.006,

R8/ 7
RW Z

=
R8 TeV

W Z

R7 TeV
W Z

= 0.976 ± 0.005 ± 0.004,

where the first uncertainty is statistical, the second is systematic and the third is due to332

the beam energy. The largest source of systematic uncertainty on these ratios is due to333

the evaluation of the purity of the W boson sample, which ranges between 0.3% and 0.7%.334
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Table 1: Relative systematic uncertainties. The symbol  denotes an uncertainty that only
applies to the cross-section measurement and not the signiÞcance determination. Only the
luminosity uncertainty depends on

!
s: 2% at 7 TeV and 1% at 8 TeV.

source uncertainty

GEC 2%
pT (µ)/p T (j µ) templates 5%
jet reconstruction 2%
SV-tag BDT templates 5%
b-tag e�ciency 10%
trigger & µ selection 2%†

jet energy 5%†

W " ! " µ 1%†

luminosity 1Ð2%†

Total 14%

Theory 10%

The uncertainties due to the muon trigger, reconstruction, and selection e�ciencies are
taken from the data-driven studies of Refs. [21,25]. The uncertainty due to the jet energy
determination is obtained from the data-driven study used to obtain the detector response
matrix. The uncertainty due to W " ! " µ contamination is taken as the di�erence
between the contamination in simulation versus that of a data-driven study of inclusive
W " µ" production [26]. The luminosity uncertainty is described in detail in Ref. [29].
The total systematic uncertainty is obtained by adding the individual contributions in
quadrature.

The resulting inclusive top production cross-sections in the Þducial region deÞned by
pT (µ) > 25GeV, 2.0 < #(µ) < 4.5, 50 < pT (b) < 100 GeV, 2.2 < #(b) < 4.2, �R(µ, b) >
0.5, and pT (µ + b) > 20 GeV, are

$(top)[7 TeV] = 239 ± 53 (stat) ± 33 (syst)± 24 (theory) fb,

$(top)[8 TeV] = 289 ± 43 (stat) ± 40 (syst)± 29 (theory) fb.

The systematic uncertainties are nearly 100% correlated between the two measurements.
In summary, top quark production is observed for the Þrst time in the forward region.

The cross-section results are in agreement with the SM predictions of 180+51
�41(312+83

�68) fb at
7(8)TeV obtained at NLO using MCFM. The di�erential distributions of the yield and
charge asymmetry are also consistent with SM predictions.
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Figure 2: Invariant dimuon mass spectrum for 7 TeV and 8 TeV data in the rapidity range
2 < y (�) < 4.5 (black points). The Þt PDF is superimposed (solid blue line). The�(1S,2S,3S)
signal components, used to derive weights, are indicated with a long-dashed (red) line, and the
non-resonant background is marked with a short-dashed (grey) line.

Table 1: Results of the invariant mass Þts, within each rapidity interval.

Parameter 2< y < 4.5 2 < y < 3 3 < y < 3.5 3.5 < y < 4.5
! (1S,2S,3S) yield 382 ± 26 146± 16 133± 16 94± 14

! (1S) fraction 0.71 ± 0.03 0.74± 0.05 0.72± 0.06 0.68± 0.07
! (2S) fraction 0.18 ± 0.03 0.16± 0.04 0.15± 0.05 0.26± 0.06

! (1S) mass ( MeV/c 2) 9452.5± 3.3 9453.2± 4.3 9452.4± 5.6 9452.0± 9.0

background and! b ! ! " feed-down decays. These contributions are indistinguishable in
the invariant mass distribution.

The probability density function (PDF) used to model each! (nS) signal peak is a
Gaussian function with modiÞed tails (a double-sided crystal ball function [21]). The mass
di" erences for the! (2S)" ! (1S) and ! (3S)" ! (1S) resonances are taken from Ref. [22].
The ratios of the ! (2S) and ! (3S) resolutions with respect to the! (1S) are Þxed to
the ratio of their masses with respect to the mass of the! (1S), following the procedure
used in previous! measurements using LHCb data [23]. The parameters that govern the
shapes of the tails are taken from simulation, as is the resolution of the! (1S) resonance,
which varies from 35MeV/c 2 to 57MeV/c 2 in the di" erent rapidity ranges. The yields of
the signal components are all free to vary independently.

A background PDF accounting for the non-resonant background is modelled using an
exponential shape where the slope and normalisation are allowed to vary.

The data are Þtted in the whole rapidity range and in bins of rapidity. The Þt results
are given in Table 1 and the Þt in the full rapidity range is shown between 9GeV/c 2 and
12 GeV/c 2 in Fig. 2.
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Figure 3: Fit to the p2
T distribution of the ! candidates in the full rapidity range.

5 Systematic uncertainties

The relative systematic uncertainties for the! (1S,2S,3S) cross-sections in the various
rapidity ranges are summarised in Table 3.

Contributions to the systematic uncertainty arising from thep2
T Þt are considered:

the uncertainty in the signal p2
T distribution as modelled by theSuperChiC generator

and the variation of the exclusive signal PDF expected in the various rapidity bins.
The SuperChiC generator is tuned to reproduce measurements of exclusiveJ/ ! meson
production made by LHCb [12]. As no su" ciently precise measurements of thep2

T
distribution in exclusive ! (nS) resonance production exist, an estimate is made following
Ref. [1], where it is argued from Regge theory that the slopeb0 of the proton should be
reduced by 4" ! log(m! (nS) /m J/ ! ). A simulated sample is generated accordingly and used
to derive a signalp2

T template. Changingb0 from 5.6 to 4.7 produces a relative decrease in
the exclusive yields of 6%, and this change is taken as the systematic uncertainty. For
the di#erential cross-section measurements, the dependence of the signalp2

T shape on
rapidity is studied by replacing the exclusive signalp2

T PDF with those determined in
the smaller rapidity ranges, and the largest change in purity is taken as the uncertainty.
Combining the systematic uncertainties in quadrature yields a total uncertainty for the
exclusive purity, P, between 7.2% and 8.2%. In addition, the possibility for variation in
the shape of the continuum dimuon background inp2

T as a function of mass is considered.
The determination of the exclusive purity,P, is repeated in the dimuon invariant mass
range from 9 to 12GeV/c 2, and the di#erence is taken as a conservative estimate of the
systematic uncertainty. In Table 3 these sources contribute to the uncertainty denoted
Ôpurity ÞtÕ.

The uncertainty arising from the p2
T shape derived from simulation and used to

describe the feed-down background is considered separately. The feed-down background
PDF is constructed using only contributions from the#b1(mP) and #b2(mP) background
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Table 3: Summary of the relative systematic uncertainties, in %.

2 < y < 3 3 < y < 3.5 3.5 < y < 4.5 2 < y < 4.5
! (1S) ! (1S) ! (1S) ! (1S) ! (2S) ! (3S)

Purity Þt 14.2 14.2 14.2 13.7 13.7 13.7
Feed-down b.g. 12.2 12.2 12.3 12.2 14.6 12.5
! � feed-down 4.0 4.3 5.4 4.5 11.1 !
Mass Þt 2.2 2.8 2.9 2.1 2.8 3.6
Luminosity 2.3 2.3 2.3 2.3 2.3 2.3
B(! " µ+ µ�) 2.0 2.0 2.0 2.0 8.8 9.6
Total 19.5 19.7 20.0 19.3 24.8 21.4

change is taken to be the systematic uncertainty. To account for variations as a function of
data-taking time, the variation of the estimated single-interaction fraction is evaluated in
each uninterrupted period of data-taking during which conditions are constant, typically
an hour long, instead of considering each year as a whole, and the change with respect to
the nominal fraction is taken as the systematic uncertainty. Combining the uncertainties
in quadrature yields an overall relative uncertainty for each year of 2.3%. The systematic
uncertainties on the luminosity for each year are assumed to be 100% correlated.

The branching fractions,B, for ! (1S), ! (2S) and ! (3S) to decay to the dimuon
Þnal state are accounted for to determine the! (nS) production cross-section. These
branching fractions are taken from Ref. [22] and, for the! (1S), ! (2S) and ! (3S) states,
carry relative uncertainties of 2%, 9% and 10%, respectively. These are propagated to an
uncertainty on the production cross-section.

6 Cross-section

The cross-section is obtained using

! =
Nexclusive

L # " # B(! (nS) " µ+ µ�)
. (3)

The e" ective integrated luminosity,L , is 580pb�1, taking into account the values off SI

given in Sect. 3 [27].
The quantity " is the e# ciency correction, which is obtained in each rapidity bin and

for each resonance, and which is averaged for 7TeV and 8TeV data according to the
luminosity in each year, andB(! (nS) " µ+ µ�) is the ! (nS) " µ+ µ� branching fraction.
The measured exclusive production cross-sections in the LHCb acceptance are

! (pp " p! (1S)p) = 9 .0 ± 2.1 ± 1.7 pb,

! (pp " p! (2S)p) = 1 .3 ± 0.8 ± 0.3 pb, and

! (pp " p! (3S)p) < 3.4 pb at the 95% conÞdence level,
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