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Motivation
Proton-lead collisions at

√
sNN = 5 TeV recorded by LHCb⇒ 1.6 nb−1

– Reference for
nucleus-nucleus collisions

– Study of QCD in a yet
barely explored regime

– Study of cold nuclear
matter effects and their
disentangling from QGP
effects

– Input for the determination
of nuclear PDF y L
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80 CHAPTER 9. THEORY OF Z PRODUCTION IN PA/AP COLLISIONS

There are several nPDFs at next-to-leading order (NLO) available. The latest ones are EPS09 [67],
HKN07 [87], DSSZ [60] and nCTEQ [91, 92, 109]. These sets di↵er by the baseline free proton PDF
(CTEQ6 set or MSTW08 and its predecessors). The data used in the PDF fits are from deep inelastic
scattering (DIS) of lepton or proton and nuclei, in particular deuteron. Also neutrino-nuclei DIS as
well as deuteron-gold scattering at the Relativistic Heavy Ion Collider serve in some sets as input data.
Table 9.1 summarizes the status of the di↵erent nPDF sets.
The nuclear modification factor RA

a (x, Q2 ) shows – independently on the actual nPDF set – the same

Table 9.1: Summary of nuclear PDF properties and data included in the PDF fits (adapted from Refs [91]
and [101])

Property nCTEQ DSSZ HKN07 EPS09

Neutral current DIS `+ A/`+ d 3 3 3 3
Drell-Yan DIS p + A/p + d 3 3 3 3
RHIC ⇡0 d + Au/p + p 3 3
⌫-A DIS 3

Q2 cut in DIS 4 GeV2 1.69 GeV2 1 GeV2 4 GeV2

Basline free proton PDF CTEQ6M MSTW08 MRST98 CTEQ6.1
Heavy quark treatmenta GM-VFNS GM-VFNS ZM-VFNS ZM-VFNS
a ZM-VFNS: Zero Mass - Variable Flavour Number Scheme considers also c and b quarks as massless while the number
of light quark flavours increases with scale if µF > mb,c

GM-VFNS: General Mass - Variable Flavour Number Scheme considers the quarks as massive at low energy, but coincides
with the ZM-VFNS at high scale for µF � mb. So it can be considered as a merging of ZM-VFNS and a Fixed Flavour
Number Scheme (FFNS) where the later has the problem of treating only light quarks (u, d, s) and gluons as constituents
of the proton.

features as a function of x (cf. Fig. 9.1): At small-x values R is lower than 1 (Shadowing). This e↵ect can
be interpreted as quantum-mechanical interference between scattering amplitudes with di↵erent number
of nucleon interactions [76, 82,89].
R is negative also for x values between about 0.4 and 0.8 which corresponds to the EMC-e↵ect. This e↵ect
has been first observed in DIS of muons on iron and deuteron nuclei by the European Muon Collaboration
and is still yet not understood [25,119].
At x values close to one R is above one as a result of the Fermi motion, so the quantum mechanical
motion of nucleons inside their nucleus.
Between the regimes of Shadowing and EMC-e↵ect there is interval in x (x ⇡ 0.1) where R is also positive.
This e↵ect is called Anti-Shadowing. It is not associated to any particular dynamical e↵ect, but rather
to the sum rule of the PDF [42]. Figure 9.1 also reveals to other features about nPDFs: First they are
very poorly constrained especially at small-x values due to the existing data. Therefore measurements
on QCD processes in the forward direction as they can be done at LHCb would serve as input for nPDFs
fits at small-x values, similar to the impact of the corresponding measurements with pp data in LHCb.
As LHCb is able to measure Z production up to a rapidity y of about 4.5 in the lab frame, there is a
sensitivity in x down to

Impact Parameter
The nPDFs describe the fractional momenta xA of the di↵erent parton types inside the protons and

the neutrons of nuclei. Due to the nuclear e↵ects the nPDFs can have significant deviations from the
corresponding bare parton distribution functions (PDF) of the proton, which can be seen in Fig. ??.
So far the available experimental data to determine nPDFs come from nuclear Deep Inelastic Scattering
(DIS). This sample contains in the perturbative region (energy scale of the scatter Q2 > 1 GeV2 ) only
data for xA > 0.01.
The most recent nPDF sets obtained from global fits at NLO to the available data are HKN07 [?],
EPS09 [67], nDS [?] and CT

p
spNsNN  = 5 TeV

Z production
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Freitag, 23. Mai 14Forward acceptance of LHCb allows to test unique phase space region⇒
sensitivity for very low (e.g. xA = O(10−4) for Q2 = M2

Z ) as well as very
high xA-values
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Beam Configuration
Single-arm forward spectrometer⇒ difference in beam configurations

Acceptance: 2 < η < 5

VELO/Tracking System

RICH

ECAL/HCAL Muon System
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Beam Configuration
Single-arm forward spectrometer⇒ difference in beam configurations

p
(Ep = 4 TeV)

Pb
(EN = 1.58 TeV)

Forward:
positive rapidity with respect to the proton yLab − y = +0.47

1.1 nb−1

Proton beam in the direction of the LHCb detector
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Beam Configuration
Single-arm forward spectrometer⇒ difference in beam configurations

p
(Ep = 4 TeV)

Pb
(EN = 1.58 TeV)

Backward:
negative rapidity with respect to the proton yLab − y = +0.47

0.5 nb−1

Lead beam in the direction of the LHCb detector
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J/ψ Production [JHEP 02 (2014) 072]

Measurement in 1.5 < y < 4.0 (forward) and −5.0 < y < −2.5
(backward) as well as pT < 14 GeV/c

Simultaneous fit of

– Invariant dimuon mass m+
µµ
−

– Pseudo proper time tz = (zJ/ψ ,vtx − zPV) ·mJ/ψ /pz ⇒ Discrimination
prompt J/ψ /J/ψ from b decays
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J/ψ Production [JHEP 02 (2014) 072]

Double differential cross-section d2σ/dpTdy in the forward direction
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Factor ∼10 between prompt J/ψ and J/ψ from b⇒ similar to the values
observed in pp collisions at

√
s = 2.76, 7 and 8 TeV

[JHEP 02 (2013) 041], [EPJC (2011) 71 1645], [JHEP 06 (2013) 064]
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J/ψ Production [JHEP 02 (2014) 072]

Nuclear effects depend on kinematics

– Nuclear attenuation factor RpA(y ,
√

sNN) =
1
A

dσpA(y,
√

sNN )/dy
dσpp(y,

√
sNN )/dy

– Forward-backward ratio RFB(y ,
√

sNN) =
dσpA(+|y|,

√
sNN )/dy

dσpA(−|y|,
√

sNN )/dy

Measurement of RpA and RFB in the overlap region of 2.5 < |y | < 4.0

Reference cross-section σpp(
√

s = 5 TeV) for RpA from interpolation of σpp

at
√

s = 2.76, 7 and 8 TeV
[LHCb-CONF-2013-013/ALICE-PUBLIC-2013-002]
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J/ψ Production [JHEP 02 (2014) 072]
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RFB

Predictions based on nPDF at NLO sets and energy loss of initial state
partons
[JHEP 0904 (2009) 65], [Int. J. Mod. Phys. E Vol. 22 (2013) 1330007], [JHEP 1305 (2013) 155]

⇒ significant sign of cold nuclear matter effects

02/06/2014 Heavy Ion LHCb / Christian Elsasser / LHCP 2014 Page 7

http://arxiv.org/pdf/1308.6729v4.pdf
http://arxiv.org/pdf/0902.4154.pdf
http://arxiv.org/pdf/1301.3395v2.pdf
http://arxiv.org/pdf/1304.0901v1.pdf


J/ψ Production [JHEP 02 (2014) 072]
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Smaller suppression of J/ψ from b hadrons than on prompt J/ψ

Inclusive J/ψ production: Measurements on inclusive J/ψ production in
agreement with those by ALICE
[ALICE-PUBLIC-2013-002/LHCb-CONF-2013-013]
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Υ Production [arXiv:1405.5152]

Cross-section measurements in 1.5 < y < 4.0 (forward) and
−5.0 < y < −2.5 (backward) as well as pT < 15 GeV/c
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Figure 1: Invariant mass distribution of µ+µ� pairs in the (left) forward and (right) backward
samples of pPb collisions. The transverse momentum range is pT < 15GeV/c. The rapidity
range is 1.5 < y < 4.0 (�5.0 < y < �2.5) for the forward (backward) sample. The black dots are
the data points, the blue dashed curve indicates the signal component, the green dotted curve
represents the combinatorial background, and the red solid curve is the sum of the signal and
background components.

signal yield N cor is then calculated through an event-by-event e�ciency correction ✏i as118

N cor =
X

i

!i/✏i, (3)

where the sum runs over all events. The total signal e�ciency, which depends on the pT119

and y of ⌥ mesons, is the product of geometric acceptance, reconstruction and selection,120

muon identification, and trigger e�ciencies. The product of acceptance, reconstruction121

and selection e�ciency is determined in fine pT and y bins with simulated samples. The122

simulated events are reweighted according to the track multiplicity observed in data and123

further corrected to account for small di↵erences in the track-reconstruction e�ciency124

between data and simulation [41,42]. In the selected rapidity range the e�ciency varies125

between 30% and 81%. The muon identification e�ciency is obtained as a function of126

momentum and transverse momentum by a data-driven tag-and-probe approach using a127

J/ ! µ+µ� sample [41]. For ⌥ candidates this e�ciency is generally larger than 90%.128

The trigger e�ciency determined from the data using a sample of events containing ⌥ (1S)129

mesons, triggered independently of the signal, is around 95%.130

4 Systematic uncertainties131

The systematic e↵ects are studied and the corresponding uncertainties are summarised in132

Table 1. They are added in quadrature to obtain the total systematic uncertainty.133

Due to the finite size of the J/ calibration sample, the systematic uncertainty of the134

muon identification e�ciency obtained from the tag-and-probe approach is 1.3%. The135

4
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Figure 1: Invariant mass distribution of µ+µ� pairs in the (left) forward and (right) backward
samples of pPb collisions. The transverse momentum range is pT < 15GeV/c. The rapidity
range is 1.5 < y < 4.0 (�5.0 < y < �2.5) for the forward (backward) sample. The black dots are
the data points, the blue dashed curve indicates the signal component, the green dotted curve
represents the combinatorial background, and the red solid curve is the sum of the signal and
background components.

signal yield N cor is then calculated through an event-by-event e�ciency correction ✏i as118

N cor =
X

i

!i/✏i, (3)

where the sum runs over all events. The total signal e�ciency, which depends on the pT119

and y of ⌥ mesons, is the product of geometric acceptance, reconstruction and selection,120

muon identification, and trigger e�ciencies. The product of acceptance, reconstruction121

and selection e�ciency is determined in fine pT and y bins with simulated samples. The122

simulated events are reweighted according to the track multiplicity observed in data and123

further corrected to account for small di↵erences in the track-reconstruction e�ciency124

between data and simulation [41,42]. In the selected rapidity range the e�ciency varies125

between 30% and 81%. The muon identification e�ciency is obtained as a function of126

momentum and transverse momentum by a data-driven tag-and-probe approach using a127

J/ ! µ+µ� sample [41]. For ⌥ candidates this e�ciency is generally larger than 90%.128

The trigger e�ciency determined from the data using a sample of events containing ⌥ (1S)129

mesons, triggered independently of the signal, is around 95%.130

4 Systematic uncertainties131

The systematic e↵ects are studied and the corresponding uncertainties are summarised in132

Table 1. They are added in quadrature to obtain the total systematic uncertainty.133

Due to the finite size of the J/ calibration sample, the systematic uncertainty of the134

muon identification e�ciency obtained from the tag-and-probe approach is 1.3%. The135

4

Low statistics prevent differential measurement
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Υ Production [arXiv:1405.5152]

Cross-section measurements in 1.5 < y < 4.0 (forward) and
−5.0 < y < −2.5 (backward) as well as pT < 15 GeV/c

σ(Υ (nS))× B(Υ (nS)→ µ+µ−)
Forward Backward

Υ (1S) 380± 35stat ± 19syst nb <295± 56stat ± 27syst nb
Υ (2S) 75± 19stat ± 5syst nb < 81± 39stat ± 17syst nb
Υ (3S) 27± 16stat ± 4syst nb < 39 nb @ 90 % C.L.

Relative suppression factor RnS/1S

Forward Backward

R2S/1S 0.20± 0.05stat ± 0.01syst <0.28± 0.14stat ± 0.05syst

R3S/1S 0.07± 0.04stat ± 0.01syst <0.13 @ 90 % C.L.
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Υ Production [arXiv:1405.5152]

Complementary measurement of cold nuclear matter effect with Υ (1S)
based on RpPb and RFBy
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Figure 2: Nuclear modification factor, RpPb, compared to other measurements and theoretical
predictions. The black dots, red squares, and blue triangles indicate the LHCb measurements
for ⌥ (1S) mesons, prompt J/ mesons, and J/ from b-hadron decays, respectively [18]. The
inner error bars (delimited by the horizontal lines) show the statistical uncertainties; the outer
ones show the statistical and systematic uncertainties added in quadrature. In each plot data
are compared with theoretical predictions for ⌥ and prompt J/ mesons from di↵erent models.
The shaded areas indicate the corresponding uncertainties of the theoretical calculations.

The nuclear modification factor for the ⌥ (1S) meson is determined using the cross-218

section of ⌥ (1S) production in pp collisions at 5 TeV interpolated from previous LHCb219

measurements. It is compatible with predictions of a suppression of ⌥ (1S) production with220

respect to pp collisions in the forward region and antishadowing e↵ects in the backward221

region. The forward-backward production ratio of the ⌥ (1S) is also measured. The results222

are consistent with theoretical predictions. The suppression of excited ⌥ mesons relative223

to the ground state ⌥ (1S) is calculated. Due to the small integrated luminosity of the224

available data sample the measurements presented here have relatively large uncertainties.225

More pPb data are needed for a precise quantitative investigation of cold nuclear matter226

e↵ects in order to establish a reliable baseline for the interpretations of related quark-gluon227

plasma signatures in nucleus-nucleus collisions and to o↵er information to constrain the228

parameterisation of theoretical models.229
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Figure 3: Forward-backward production ratio, RFB, as a function of absolute rapidity. The black
dots, red squares, and blue triangles indicate the LHCb measurements for ⌥ (1S) mesons, prompt
J/ mesons, and J/ from b-hadron decays, respectively [18]. The inner error bars (delimited by
the horizontal lines) show the statistical uncertainties; the outer ones show the statistical and
systematic uncertainties added in quadrature. In each plot data are compared with theoretical
predictions for ⌥ and prompt J/ mesons from di↵erent models. The shaded areas indicate the
corresponding uncertainties of the theoretical calculations.
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Figure 3: Forward-backward production ratio, RFB, as a function of absolute rapidity. The black
dots, red squares, and blue triangles indicate the LHCb measurements for ⌥ (1S) mesons, prompt
J/ mesons, and J/ from b-hadron decays, respectively [18]. The inner error bars (delimited by
the horizontal lines) show the statistical uncertainties; the outer ones show the statistical and
systematic uncertainties added in quadrature. In each plot data are compared with theoretical
predictions for ⌥ and prompt J/ mesons from di↵erent models. The shaded areas indicate the
corresponding uncertainties of the theoretical calculations.
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Cold nuclear matter effects also visible in Υ (1S) production

Good agreement with predictions based on EPS09 NLO nPDF set and
energy loss model of initial state partons
02/06/2014 Heavy Ion LHCb / Christian Elsasser / LHCP 2014 Page 11
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Z Production
Nuclear PDF sets so far mainly constrained by fixed target data⇒ no
constraints at very low and very high xA-values

obtain the bound neutron PDFs (e.g. fn,A
u = fp,A

d ) — an assumption that would need to be revised
once the QED effects are included in the parton evolution [20, 21, 22, 23]. All but hkn07 assume
no nuclear modification for the deuteron, Rdeuteron

i (x,Q2) = 1. Although small, the nuclear effects
in deuteron are still non-zero, and have some importance when the deuteron data are included in
the free proton fits [24].

Different groups use different functions to parametrize RA
i (x,Q

2
0). For example, while eps09

employs a piecewize fit function (as a function of x), dssz uses a single fit function constructed
such that the analytic Mellin transform exists. In the works of nCTEQ, fp,A

i (x,Q2
0) is parametrized

directly with the same fit function as used for their free proton baseline. However, as the free proton
baseline is taken as “frozen”, this is simply another way of parametrizing RA

i (x,Q
2
0).

Most of the data that are used as constraints in the nPDF fits come as nuclear ratios similar to
that shown in Fig. 1. What makes such ratios especially appealing is that they prove remarkably
inert to the higher order pQCD corrections. Also, the dependence of the free proton baseline PDFs
gets reduced. The exception here are the neutrino-nucleus DIS data, included in the dssz fit,
that are only available as absolute cross-sections (or as corresponding structure functions derived
from those). The inclusion of these data also requires using a general-mass variable-flavor-number
scheme (GM-VFNS) for treating the heavy quarks overtaking the zero-mass scheme (ZM-VFNS)
employed in the older fits (eps09, hkn07).

Figure 2: Comparison of up valence and sea quark nuclear modification factors for the lead nucleus at Q2 = 10GeV2.
Blue line with errorband is eps09, green dotted line with errorbars dssz, and purple dashed hkn07.

A comparison of the RPb
uV

(x,Q2 = 10GeV2) (up valence) and RPb
u (x,Q2 = 10GeV2) (up sea)

from the available parametrizations is presented in Fig. 2. The areas with yellow background
are those regions of x where the direct data constraints do not exist or they are very weak. In
these regions the bias due to the assumed form of the fit function and parameter fixing may be
significant. Whereas the RA

uV
from eps09 and hkn07 agree at large x, dssz, strangely enough, is

clearly above at x ! 0.5. This is rather unexpected as in this EMC region there are plenty of data
constraints from DIS experiments. The same behaviour is there already in the dssz precursor,
nds [25], and the probable source of this has been identified as a misinterpretation of the isospin
correction that the experiments have applied to the data1. In eps09 and hkn07 the assumption

1M. Stratmann and P. Zurita, priv.comm.

3

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

0) was made as only one type of data sensitive to the large-x valence quarks
was included in these fits. Indeed, at large x, one can approximate

dσ!+A
DIS ∝

(
4

9

)

uAV +

(
1

9

)

dAV ∝ upV

[

RA
uV

+RA
dV

dpV
upV

Z + 4N

N + 4Z

]

≈ upV

[

RA
uV

+
1

2
RA

dV

]

, (4)

which underscores the fact that these data can constrain only a certain linear combination of RA
uV

and RA
dV

. Despite the lack of other type of data sensitive to the valence quarks, the assumption

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

0) was released in a recent nCTEQ work leading to mutually wildly different

RA
uV

and RA
dV

(see Fig.1 in Ref.[18]). Other type of data sensitive to the valence quarks would
obviously be required to pin down them separately in a more realistic manner. Despite the fact
that some neutrino data (also sensitive to the valence quarks) was included in the dssz fit, the
authors did not investigate the possible difference between RA

uV
and RA

dV
in the paper.

In the case of RA
u , which here generally represents the sea quark modification, all parametriza-

tions are in a fair agreement in the data-constrained region. This is also true if the nCTEQ results
are considered (Fig.1 in Ref.[18]). Above the parametrization scale Q2 > Q2

0, the sea quark modi-
fications are also significantly affected, especially at large x (x ! 0.2), by the corresponding gluon
modification RA

g via the DGLAP evolution.
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[GeV]

R d
A
u

y=0

Figure 3: Comparison of the gluon nuclear modification factors for the lead nucleus at Q2 = 10GeV2 (left), and the
nuclear modification for inclusive pion production in d+Au collisions at midrapidity.

The largest differences among eps09, hkn07, and dssz are in the nuclear effects for the gluon
PDFs, shown in Fig. 3. The origins of the large differences are more or less known: The DIS and
Drell-Yan data are mainly sensitive to the quarks, and thus leave RA

g quite unconstrained. To
improve on this, eps09 and dssz make use of the nuclear modification observed in the inclusive
pion production at RHIC [26, 27]. An example of these data are shown in Fig. 3. Although the
pion data included in eps09 and dssz are not exactly the same, it may still look surprising how
different the resulting RA

g are. The reason lies (as noted also e.g. in [28]) in the use of different

parton-to-pion fragmentation functions (FFs) Dk→π+X(z,Q2) in the calculation of the inclusive
pion production cross sections

dσd+Au→π+X =
∑

i,j,k

fd
i ⊗ dσ̂ij→k ⊗ fAu

j ⊗Dk→π+X . (5)

4

Ratio of PDFs of (left) valence quark and (right) gluons between lead and bare proton

(from [H. Paukkunen, arXiv:1401.2345]

LHCb sensitive to xA range 2× 10−4-3× 10−3 and 0.2-1 at Q2 = M2
Z .
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Z Production [LHCb-PAPER-2014-022]

Measurement of Z → µ+µ− cross-section in fiducial region
60 < m+

µµ
− < 120 GeV/c2, pT(µ) > 20 GeV/c and 2.0 < η(µ) < 4.5
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preliminary

11 candidates in the forward direction (i.e. p beam into LHCb; 1.1 nb−1)

Sample purity estimated to be ∼ 99.7 %
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Z Production [LHCb-PAPER-2014-022]

Measurement of Z → µ+µ− cross-section in fiducial region
60 < m+

µµ
− < 120 GeV/c2, pT(µ) > 20 GeV/c and 2.0 < η(µ) < 4.5
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4 candidates in the backward direction (i.e. Pb beam into LHCb; 0.5 nb−1)

Sample purity estimated to be ∼ 99.6 %
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Z Production [LHCb-PAPER-2014-022]

Measured cross-sections:

Forward σZ→µ+µ− = 13.5+5.4
−4.0 stat ± 1.2syst nb

Backward σZ→µ+µ− = 10.7+8.4
−5.1 stat ± 1.0syst nb

 [
nb

]
− µ

+ µ
→

Zσ

0

10

20

30

40

forwardbackward

stat.

syst.

FEWZ NNLO + MSTW08

FEWZ NNLO + MSTW08 + EPS09 (NLO)

 = 5 TeVNNsPb p
LHCb preliminary

Predictions from NNLO calculation (FEWZ+MSTW08) with EPS09 NLO:

Forward σZ→µ+µ− = 13.12+0.11
−0.08 theo

+0.27
−0.24 PDF

+0.03
−0.10 nPDF nb

Backward σZ→µ+µ− = 2.61+0.03
−0.03 theo

+0.07
−0.06 PDF

+0.03
−0.08 nPDF nb
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Summary & Outlook

– Successful participation of LHCb in proton-lead data taking

– Measurement of J/ψ and Υ production⇒ cold nuclear matter effects
visible in J/ψ and Υ (1S) production

– First observation of Z production in proton-nucleus collisions
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Summary & Outlook

– Successful participation of LHCb in proton-lead data taking

– Measurement of J/ψ and Υ production⇒ cold nuclear matter effects
visible in J/ψ and Υ (1S) production

– First observation of Z production in proton-nucleus collisions

– Other ongoing measurements in proton-lead collisions

– All presented measurements limited by statistics⇒ benefit from
larger data samples after the restart of LHC (anticipation of 10×
more data in 2015)
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Summary & Outlook

– Successful participation of LHCb in proton-lead data taking

– Measurement of J/ψ and Υ production⇒ cold nuclear matter effects
visible in J/ψ and Υ (1S) production

– First observation of Z production in proton-nucleus collisions

– Other ongoing measurements in proton-lead collisions

– All presented measurements limited by statistics⇒ benefit from
larger data samples after the restart of LHC (anticipation of 10×
more data in 2015)

Only a small part of LHCb’s potential
in proton-lead collisions so far utilised
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Back-up



Data Taking
Data in both beam configuration taken with both magnet polarities
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Forward:
1.1 nb−1

Backward:
0.5 nb−1

B ↓ B ↑ B ↓

Instant. luminosity: L = 5× 1027 cm−2s−1

Low pile-up: 1 primary vertex per (non-empty) bunch crossing
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Track Multiplicity [LHCb-CONF-2013-008]

As expected larger (track) multiplicity in the backward than in the forward
sample

track multiplicity
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No difference between the magnet polarities
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Interpolation of Cross-sections
Interpolation of Onia cross-sections to

√
sNN = 5 TeV tested with

– Linear:
σ(
√

s) = a0 +
√

sa1

(shown in plot)

– Power-law:
(
√

s/a0)
γ

– Exponential:
a0 · (1− exp(−

√
s/λ)
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Systematic Uncertainties J/ψ Production

Source Forward [%] Backward [%]

Muon-ID 1.3 1.3
Trk Eff. 1.5 1.5
Mass fit 2.3 3.4
Luminosity 1.9 2.1
B(J/ψ → µ+µ−) 1.0 1.0

Uncorrelated between bins
Binning 0.1− 8.7 0.1− 6.1
Multiplicity weight 0.1− 3.0 0.2− 4.3
tz fit (J/ψ from b) 0.2− 12.0 0.2− 13.0
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Systematic Uncertainties Υ Production

Forward [%] Backward [%]
Source Υ (1S) Υ (2S) Υ (3S) Υ (1S) Υ (2S) Υ (3S)

Muon-ID 1.3 1.3 1.3 1.3 1.3 1.3
Trk Eff. 1.5 1.5 1.5 1.5 1.5 1.5
Mass fit 1.1 4.9 13.0 1.8 19.0 90.0
Luminosity 1.9 1.9 1.9 2.1 2.1 2.1
Trigger 1.9 1.9 1.9 2.1 2.1 2.1
Binning 2.1 2.1 2.1 5.0 5.0 5.0
Reconstruction 1.5 1.5 1.5 1.5 1.5 1.5

Total 5.5 7.3 14.0 9.8 21.0 90.0
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Systematic Uncertainties Z Production

Source Forward [%] Backward [%]

Muon-ID/Trk/Sel/Rec. Eff. 8.4 8.7
Purity est. 0.5 0.5
GECa 0.0 1.9
Multiplicity weight 1.5 2.0
Luminosity 1.9 2.1

Total 8.7 9.4
a Global event cuts
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Significance of Z Signal

Given the purity estimated from pp collisions reweighted for the different
track multiplicity in pPb collisions, the obtained significance is:

Forward 10.4σ (Expected background yield: 0.028)

Backward 6.8σ (Expected background yield: 0.004)
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