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Figure 25: The primary vertex resolution (left), for events with one reconstructed primary vertex,
as a function of track multiplicity. The x (red) and y (blue) resolutions are separately shown and
the superimposed histogram shows the distribution of number of tracks per reconstructed primary
vertex for all events that pass the high level trigger. The impact parameter in x resolution as a
function of 1/pT (right). Both plots are made using data collected in 2012.

2.4.1 Primary vertex reconstruction

The primary vertex (PV) resolution is measured by comparing two independent measure-
ments of the vertex position in the same event. This is achieved by randomly splitting the
set of tracks in an event into two and reconstructing the PVs in both sets. The width of
the distribution of the di↵erence of the vertex positions is corrected for a factor

p
2 to

extract the vertex resolution. The number of tracks making a vertex ranges from 5 (the
minimum required by the PV reconstruction) to around 150, and this technique allows
the resolution to be measured using up to around 65 tracks. The PV resolution is strongly
correlated to the number of tracks in the vertex (the track multiplicity). To determine
the vertex resolution as a function of the track multiplicity, only vertex pairs with exactly
the same number of tracks are compared. The result for the resolution in the x and y

direction is shown in Figure 25. A PV with 25 tracks has a resolution of 13µm in the x

and y coordinates and 71µm in z.

2.4.2 Impact parameter resolution

The impact parameter (IP) of a track is defined as its distance from the primary vertex
at its point of closest approach to the primary vertex. Particles resulting from the decay
of long lived B or D mesons tend to have larger IP than those of particles produced at
the primary vertex. Selections on IP and IP �

2 are extensively used in LHCb analyses
to reduce the contamination from prompt backgrounds. Consequently, an optimal IP
resolution and a good understanding of the e↵ects contributing to the IP resolution are of
prime importance to LHCb performance.
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Figure 39: Kaon identification e�ciency and pion misidentification rate as measured using
data (left) and from simulation (right) as a function of track momentum [81]. Two di↵erent
�logL(K� ⇡) requirements have been imposed on the samples, resulting in the open and filled
marker distributions, respectively.

other minimising the misidentification rate.
For each track the likelihood that it is an electron, muon, pion, kaon or proton is

computed. In the first approach it is required that, for each track, the likelihood for the
kaon mass hypothesis is larger than that for the pion hypothesis, i.e. �logL(K� ⇡) > 0.
When averaging over the momentum range 2 – 100 GeV/c one finds the kaon e�ciency
to be ⇠ 95% with a pion misidentification rate of ⇠ 10%. A stricter PID requirement,
�logL(K� ⇡) > 5, reduces the pion misidentifiaction rate to ⇠ 3% at a modest loss in
kaon e�ciency of ⇠ 10% on average. Figure 39 also shows the performance in simulation,
for the same exclusive control channels and PID requirements as above for data. Good
agreement with data is observed for both sets of PID requirements.

The Run I conditions, with multiple interactions per bunch crossing and the resulting
high particle multiplicities, provide an insight into the RICH performance at possible future
higher luminosity running. Figure 40 shows the pion misidentification fraction versus
the kaon identification e�ciency as a function of track multiplicity and the number of
reconstructed primary vertices, as the requirement on the likelihood di↵erence�logL(K�⇡)
is varied. The results demonstrate some degradation in PID performance with increased
interaction multiplicity. However, the performance is still excellent and gives confidence
that the RICH system will continue to perform well during LHC Run II.

4.3 Muon system based particle identification

The identification of a track reconstructed in the tracking system as a muon is based on the
association of hits around its extrapolated trajectory in the muon system [82]. A search
is performed for hits within rectangular windows around the extrapolation points where
the x and y dimensions of the windows are parameterised as a function of momentum at
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Figure 9. Average efficiency eDLL as a function of the pion (a) and kaon (b) misidentification probabilities
for particles with momentum in the range p > 3 GeV/c. The dotted lines show the DLL performance, while
the muon DLL performance is shown with a solid line.
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Figure 10. Muon efficiency eNShared as a function of the pion and proton misidentification probabilities.
The average values, for all particles with p > 3 GeV/c, are shown with a black line, compared to the three
momentum ranges separately, as for figure 7.

The muon efficiency is shown as a function of the pion misidentification probability for corre-
sponding NShared cut in figure 10(a); protons are shown in figure 10(b). Due to similar decay-in-
flight pollution at low momentum, kaons behave as pions. The black solid line shows the average
values integrated over p > 3 GeV/c. The NShared selection is particularly effective at low mo-
menta, with increasing the FOI size.

5.5 Systematic checks

The effect of the trigger and of the method chosen to evaluate the efficiency and misidentificatin
probabilities are investigated. Alternatively to the requirement of the J/y ! µ+µ� sample being
triggered independently of the probe muon, a muon trigger decision based on the tag muon was

– 14 –

LHCb is a forward Spectrometer (2 < η < 5)
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Plan to move to a triggerless-readout system in Run 3!

LHCb Trigger
40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz Rate to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram

Precision measurements benefit greatly 
from using the final (best) reconstruction 
in the online event selection -- need real-
time calibration!

all tracks pT > 0.5 GeV 
(no IP requirements)

same calibration 
constants used online & 

offline

full reconstruction, offline-like 
particle ID, track quality, etc.

Heavy use of machine 
learning algorithms 

throughout the Run 1 
and Run 2 trigger.

V.Gligorov, MW, JINST 
8 (2012) P02013.

JINST 8 (2013) P04022
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Forward Kinematics
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Complimentary kinematical coverage to CMS & ATLAS.

LHCb Detector
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LHCb Physics
Core physics program involves searching for BSM physics in the decays of 
heavy-flavor hadrons -- but their production is also of great interest!
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LHCb probes unique regions of (x,Q) so there are many measurements we 
can (potentially) make that are sensitive to (largely unknown) PDFs*.
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Open Charm

PRODUCTION MEASUREMENTS CHARM MESON CROSS-SECTIONS (arXiv:1510.01707)

D0, D+, D+
s , AND D⇤+ CROSS-SECTIONS

Integrated luminosity of 4.98 ± 0.19 pb�1.

Analysis of HLT2 candidates with Turbo
stream.

Separation of prompt and secondary
charm with log(IP�2) distribution,

p
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Figure 5: Measurements and predictions for the absolute prompt (top) D0, and (bottom) D+

cross-sections at
p

s = 13TeV. Each set of measurements and predictions in a given rapidity bin
is o↵set by a multiplicative factor 10�m, where the factor m is shown on the plots. The boxes
indicate the ±1� uncertainty band on the theory predictions. In cases where this band spans
more than two orders of magnitude only its upper edge is indicated.
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LHCb-PAPER-2015-041

<x1> ~ 0.05, <x2> ~ 2e-5

Results also published for D+, 
Ds, D* at both 7 and 13 TeV.

σ(cc)[13TeV] shown @ EPS (2015) within a 
week of recording the data; it was measured 
using online-reconstructed data.

Excellent probe of the small-x gluon PDF.

POWHEG+NNPDF [1506.08025], FONLL [1507.06197], 
GMVFNS [1202.0439]
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Figure 1: Invariant mass (left) and pseudo decay time (right) distributions for the kinematic bin
2 < p

T

< 3GeV/c, 3.0 < y < 3.5, with fit results superimposed. The solid (red) line is the total
fit function, the shaded (green) area corresponds to the background component. The prompt
J/ contribution is shown in cross-hatched area (blue), J/ -from-b in a solid (black) line and
the tail contribution due to the association of J/ with the wrong PV is shown in full filled
(magenta) area. The tail contribution is not visible in the invariant mass plot.

example for one (p
T

, y) bin of the invariant mass and the pseudo decay time distributions
is shown in Fig. 1 with the one-dimensional projections of the fit result superimposed.

5 Systematic uncertainties

Systematic uncertainties, most of which apply to both prompt J/ and J/ -from-b mesons,
are summarised in Table 1 and described below.

The uncertainty related to the modelling of the signal mass shape is studied by
replacing the nominal model with a Hypatia function [56], which takes into account the
mass uncertainty distribution. The relative di↵erence of the signal yield is about 1.0%,
which is taken as a fully correlated systematic uncertainty in each bin.

Due to the presence of bremsstrahlung in the J/ ! µ+µ� decay, a fraction of J/ 
events fall outside the mass window used in this analysis. The e�ciency of the mass
window selection is determined from simulation, and based on a detailed comparison
between the radiative tails in simulation and data, a value of 1.0% of the yield is assigned
as the systematic uncertainty.

To calibrate the muon identification e�ciency determined from simulation, the single-
track muon identification e�ciency is measured with a J/ ! µ+µ� data sample using
a tag-and-probe method. In this method, the J/ candidates are reconstructed with
only one track identified as a muon (“tag”). The single muon identification e�ciency
is measured as the probability of the other track (“probe”) to be identified as a muon,
in bins of momentum, p

µ

, and pseudorapidity, ⌘
µ

of the probe track. The single-track
muon identification e�ciency obtained in data is weighted with the (p

µ

, ⌘
µ

) distribution
of the muons from J/ mesons in simulation. The resulting e�ciency is divided by that

5
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The pseudo-lifetime distribution of J/ψ’s is fitted to determine both the prompt 
and “from b” content.  LHCb has also measured production of many open-
beauty meson and baryon species separately. 

Open Beauty
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Figure 3: Double di↵erential cross-section for J/ -from-b mesons as a function of p
T

in bins of y.
Statistical and systematic uncertainties are added in quadrature.
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Figure 4: Fractions of J/ -from-b mesons in bins of J/ p
T

and y. Statistical and systematic
uncertainties are added in quadrature.

8TeV [13, 18]. A measurement of the non-prompt J/ production fraction at
p
s =13TeV

has also been performed by the ATLAS collaboration [60].
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σ(bb)[13TeV] also shown at EPS, and previously measured at lower energies.

LHCb-PAPER-2015-037: JHEP 10 (2015) 172

pp collisions are generated using Pythia 6 [46] with a specific LHCb configuration [47].
Decays of hadronic particles are described by EvtGen [48], in which final-state radiation
is generated using Photos [49]. The prompt charmonium production is simulated in
Pythia with contributions from both the leading order colour-singlet and colour-octet
contributions [47,50], and the charmonium is generated unpolarised. The interaction of the
generated particles with the detector, and its response, are simulated using the Geant4

toolkit [51] as described in Ref. [52].

3 Selection of J/ candidates

The J/ candidates are selected in the second step of the software trigger. Each event
is required to have at least one primary vertex (PV) reconstructed from at least four
tracks found by the vertex detector. For events with multiple PVs, the PV which has
the smallest �2

IP

with respect to the J/ candidate is chosen. The �2

IP

is defined as the
change of the primary vertex fit quality when the J/ meson is excluded from the PV fit.
Each identified muon track is required to have p

T

> 0.7GeV/c, p > 3GeV/c, and to have a
good quality track fit. The muon tracks of the J/ candidate must form a good quality
two-track vertex. Duplicate tracks created by the reconstruction are suppressed to the
level of 0.5⇥ 10�3.

The reconstructed vertex of the J/ mesons originating from b-hadron decays tends to
be separated from the PVs, and thus these can be distinguished from prompt J/ mesons
by exploiting the pseudo decay time defined as

t
z

=

�
z
J/ 

� z
PV

�
⇥M

J/ 

p
z

, (1)

where z
J/ 

� z
PV

is the distance along the beam axis between the J/ decay vertex and
the PV, p

z

is the z-component of the J/ momentum, and M
J/ 

the known J/ mass [43].
The J/ candidates with |t

z

| < 10 ps, corresponding to less than 7 times the b-hadron
lifetime, are selected for the fits to the t

z

distribution. To further select good J/ candidates,
the uncertainty on t

z

, which is propagated from the uncertainties provided by the track
reconstruction, is required to be less than 0.3 ps.

4 Cross-section determination

The double di↵erential J/ production cross-section in each kinematic bin of p
T

and y is
defined as

d2�

dydp
T

=
N(J/ ! µ+µ�)

L
int

⇥ "
tot

⇥ B(J/ ! µ+µ�)⇥�y ⇥�p
T

, (2)

where N(J/ ! µ+µ�) is the yield of prompt J/ or J/ -from-b signal mesons, "
tot

is
the total detection e�ciency in the given kinematic bin, L

int

is the integrated luminosity,
B(J/ ! µ+µ�) = (5.961± 0.033)% [43] is the branching ratio of the decay J/ ! µ+µ�

3

See http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html for all LHCb publications.

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
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See also Gauld et al [1511.06346] for updated prompt atmospheric neutrino 
flux predictions for IceCube constrained by LHCb prompt-charm data.

Example Impact
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Figure 12: Left: The NNPDF3.0 NLO small-x gluon, evaluated at Q = 2 GeV, comparing the global
fit result with with the new gluon obtained from the inclusion of the LHCb charm production data. In
the latter case, we show both the reweighted (rwg) and the unweighted (unw) results. Right: comparison
of percentage PDF uncertainties for the NNPDF3.0 gluon with and without the inclusion of the LHCb
data, computed also at Q = 2 GeV, that illustrate the reduction of PDF uncertainties for x ⇠< 10�4.

forward charm data is used in a PDF fit, it is important assess the robustness of the results by
performing a cross-check. Since the PROSA analysis is performed in the FFN nf = 3 scheme, we
have constructed a FFN nf = 3 version of the NNPDF3.0+LHCb NLO set using APFEL [73]. The
results of this comparison are shown in Fig. 13, where we show the gluon PDF at Q2 = 10 GeV2

in the FFN scheme with Nf = 3, In the PROSA case, we show the results both in the HERA-only
fit and in the HERA+LHCb fit.4 The lower panel compares the relative PDF uncertainties
in each case. As can be seen, there is good agreement both between central values (the two
gluons agree within their one-sigma band) and especially between PDF uncertainties, which is
a non-trivial verification of the two analyses.

Finally, let us compare the resulting gluon PDF in this analysis with those of other recent
PDF fits. In Fig. 14 we compare the NNPDF3.0+LHCb gluon PDF at Q2 = 4 GeV2 with the
CT14 [85] and MMHT14 results (left plot), and to the ABM12 [84] and HERAPDF2.0 [86] results
(right plot). In the case of HERAPDF2.0, both the experimental, model and parametrization
uncertainties are included. In the case of ABM12, the nf = 4 set has been adopted. From
Fig. 14 we note that the NNPDF3.0+LHCb central value is close to the CT14 result, but with
much smaller uncertainties, while the MMHT14 gluon is substantially larger at small-x. From
the comparison with ABM12 we find reasonable agreement for x  10�4, while HERAPDF2.0
predicts a much smaller (negative gluon), though consistent with the NNPDF3.0+LHCb result
within the PDF large uncertainties.

4 Predictions for 13 TeV and for the 13/7 TeV ratio

In this section we provide predictions for D and B production within the LHCb acceptance
at 13 TeV. We also provide predictions for the ratio of di↵erential cross-sections between 13
and 7 TeV. Our predictions are have been computed using the POWHEG and aMC@NLO

calculations with the improved NNPDF3.0+LHCb PDF set constructed in Sect. 3, and can be
used to compare with the upcoming Run II measurements at LHCb. Using the theoretical value
of the ratio between inclusive fiducial cross-sections at 13 and 7 TeV, and the LHCb 7 TeV data

4We thank Katerina Lipka for providing us this plot, which compares the PROSA and NNPDF results.

19

Impact of 7 TeV prompt-charm* results on the low-x gluon PDF:

Gauld, Rojo, Rittoli, Talbert [1506.0825]

*LHCb-PAPER-2012-041: Nucl. Phys. B871 (2013) 1
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Figure 5: Cross-section for Z+jet production, di↵erential in the leading jet pseudorapidity,
for (left) pjet

T

> 20 GeV and (right) pjet
T

> 10 GeV. The bands show the LHCb measurement
(with the inner band showing the statistical uncertainty and the outer band showing the total
uncertainty). Superimposed are predictions as described in Fig. 4.
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inner band showing the statistical uncertainty and the outer band showing the total uncertainty).
Superimposed are predictions as described in Fig. 4.
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Jets @ LHCb: anti-kT, R=0.5, particle flow. First LHCb jet paper provides 
differential measurements of Z+jet production: 

LHCb-PAPER-2013-058: JHEP 01 (2014) 33

σ(W+j)/σ(Zj) and σ(W-j)/σ(Zj) also measured integrated over LHCb acceptance 
for pT(j) > 20 GeV; these also agree with NLO SM predictions.  

Run 1 differential W+jet measurements are in preparation. Such measurements 
in Runs 2 & 3 will enable strongly constraining d/u at large-x. 

LHCb-PAPER-2015-021
PRD 92 (2015) 052001

Farry, Gauld [1505.01399]
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Jet Tagging
Use a SV-based algorithm to identify b and c jets (leveraging LHCb VELO):
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Figure 7: Two-dimensional M
cor

versus SV track multiplicity fit results for (top) B+jet, (middle)
D+jet and (bottom) µ(b, c)+jet data samples. The left plots show the projection onto the M

cor

axis, while the right plots show the projection onto the track multiplicity. The highest M
cor

bin
includes candidates with M

cor

> 10GeV.

4.3 E�ciency measurement using highest-pT tracks

To determine the jet-tagging e�ciency, the jet composition prior to applying the SV tag
must be determined. This is necessarily more di�cult than determining the SV-tagged
composition. The �2

IP

distribution of the highest-p
T

track in the jet is used for this task.
For light-parton jets the highest-p

T

track will mostly originate from the PV, while for
(b, c) jets the highest-p

T

track will often originate from the decay of the (b, c) hadron. To
avoid possible issues with modeling of soft radiation, only the subset of jets for which the
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Figure 6: From a b-jet and c-jet enriched data sample of Ref. [11]: (left) SV-tagger BDT
responses observed in data (annotation added here to show roughly where jets of each type
are found); (middle) projection onto the x-axis; and (right) projection onto the y-axis. The
BDT templates shown here were obtained from simulation. This and similar data samples
were used to calibrate the BDT responses for use in physics analyses.

simulation was known to model heavy-flavor hadron decays well, whereas the description of
jet properties had not yet been fully validated using data. Figure 6 shows that despite this
simplified approach, the separation between b-jets, c-jets and light-parton jets is excellent.

For Run 2, we plan to investigate using additional information to improve the perfor-
mance. We also plan to approach this as a true 3-class problem, rather than two 2-class
ones. As part of the jet-tagging development, we will update our bb̄ charge asymmetry mea-
surement [5] and make the first such measurement for cc̄. Recall that Ref. [37] suggested
that �(cc̄)/�(bb̄) provides a good standard candle to use in c-tagging calibration; therefore,
it makes sense to add these dijet measurements into the tagging-development project.

6.2.2 Intrinsic Strangeness and Charm

Whether there is intrinsic (non-perturbative) charm (IC) content in the proton at the ⇡ 1%
level is an open (and hotly debated) question. There is theoretical interest in the role that
non-perturbative dynamics play in the nucleon sea. Furthermore, the presence of IC in
the proton would a↵ect the production cross sections of many processes at the LHC either
directly, by scattering o↵ of a large-x c or c̄; or indirectly, since altering the charm PDF
would a↵ect the gluon PDF via the momentum sum rule. Ref. [44] considers two models
where the IC is valence-like (BHPS1, BHPS2) and two where it is sea-like (SEA1, SEA2).
LHCb has direct sensitivity to IC by measuring Z + c production, which can proceed via
gc! Zc. We performed a preliminary study of how these IC models a↵ect Z + c production
at LHCb. Figure 7 shows the relative increase in Z +c production when IC is included in the
proton. These valence-like models will be easily distinguishable in Run 2 at LHCb, while the
sea-like models may be distinguishable in Run 3. We propose to perform this measurement
using our c-jet tagging algorithm.

Intrinsic strangeness in the proton is well established. The s and s̄ PDFs are typically
assumed to be identical, but they need not be. Figure 7 shows the shift in the W + c
charge asymmetry that LHCb would observe for the charge-asymmetric strangeness PDFs
from Ref. [45] (some of these models may now be ruled out; the point here, however, is that
observably large asymmetries may occur in W + c production). Phil and I measured W + c

example SV feature: “corrected mass”

JINST 10 (2015) P06013
LHCb-PAPER-2015-016

SV features used 
in 2 BDTs

Performance validated & calibrated using large heavy-flavor-enriched jet data 
samples. Two-D BDT distributions fitted to extract SV-tagged jet flavor 
content; c-jet and b-jet yields each precisely determined simultaneously. 
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W+b & W+c
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Figure 3: (left) Our measurement of the forward-central bb̄ asymmetry (Abb̄
FC) compared to

NLO SM calculations from Ref. [37]. The predicted enhancement in the central bin is due
to the Z boson. (right) Results from Ref. [8] on W + b and W + c production compared to
NLO SM predictions obtained using MCFM. The LHCb error bars include both statistical
and systematic contributions.

of the m(�) range, and place the most stringent constraints to date (about two orders of
magnitude more stringent that existing limits) on many theories that predict the existence
of additional low-mass bosons. For example, the limits are O(PeV) on the decay constant
for axion-like scenarios, and are less than 0.5 mrad on the mixing angle between the Higgs
and dark-scalar fields over most of the range from dimuon to ditau threshold.

4.1.3 Beauty Charge Asymmetry

I performed an analysis – published in PRL [5] – with Kostas Petridis (then Imperial College
London, now Bristol) that made the first measurement of the charge asymmetry in beauty-
quark pair production at a hadron collider. Since the LHC employs symmetric p-p beams,
the bb̄ asymmetry is defined using the rapidity di↵erence between the b and b̄. The primary
motivation for making this measurement was that many BSM solutions to the tt̄ charge
asymmetry “puzzle” at the Tevatron also predict observable non-SM-like asymmetries in bb̄
and cc̄ production at the LHC [36]. For example, axigluon models predict striking signatures
in these final states in pp collisions. A secondary motivation was that this measurement
provided an opportunity to study my inclusive b trigger as a b-jet tagger. Figure 3 shows
that our results are consistent with NLO SM calculations [37]. While the tt̄ puzzle is now
to a large extent resolved, Ref. [37] points out that these charge-asymmetry measurements
still provide useful SM tests. Furthermore, the ratio �(cc̄)/�(bb̄) is robust with respect to
higher-order QCD corrections making it a potentially useful calibration tool for c-jet tagging.

4.1.4 Beauty and Charm Jet Tagging

My experience developing the inclusive b trigger [15, 20], and measuring the beauty charge
asymmetry, convinced me that LHCb should be able to e�ciently identify charm jets with

6

Expect ~10x larger stats in Run 2; will be able to probe s vs s-bar PDFs using 
differential measurements of W+c. 

W+charm production probes the strange content of the proton. In the forward 
region, this includes large-x s vs s-bar.

PRD 92 (2015) 052001
LHCb-PAPER-2015-021
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Figure 4: From Ref. [4]: (left) Yield of the W + b final state vs transverse component of the
sum of the muon and b-jet momenta. The SM prediction obtained using MCFM at NLO is
shown with (Wb+top) and without (Wb) a top quark contribution. (right) Comparison of
the measured and SM predicted cross sections for �(top) ⌘ �(tt̄ + t + t̄). The LHCb error
bars include statistical, experimental systematic, and theory uncertainties.

trigger stage one (HLT1). The output rate of HLT1 is about 150 kHz. Finally, the full track
reconstruction is run on events selected by HLT1; this is HLT2. Phil and I re-optimized the
HLT1 single-displaced-track trigger for Run 2 to make it more e�cient for b- and c-hadron
decays – and for many BSM scenarios. We also worked with Tatiana Likhomanenko and
Andrey Ustyuzhanin (Yandex Corporation) to develop a new HLT1 secondary-vertex-based
algorithm that significantly enhances the e�ciency for charm physics. Furthermore, we re-
optimized the inclusive b trigger used in HLT2. The vast majority of LHCb papers produced
using Run 2 data will use our HLT1 trigger(s), while most will use our HLT2 trigger.

4.1.8 Other NSF-Supported Work

QCD Factorization

I worked with two MIT undergraduate students (Aviv Cukierman and Connor Dorothy) to
measure a collection of b-hadron decay ratios involving both b mesons and baryons. This
work – published in PRL [6] – provided a number useful tests of QCD factorization, along
with the most precise measurement of the mass of a b baryon (useful for building/testing
hadronic models).

Z Boson Production

Phil worked with J. Anderson and K. Müller (Zurich), S. Bifani (Birmingham), S. Farry
(Liverpool), and R. Wallace (University College Dublin) to measure the Z boson production
cross section in the forward region at

p
s = 7 TeV [9]. The precision achieved is about 2%

(to our knowledge, this is the most precise cross section measurement made at a hadron
collider), which permits placing important constraints on proton PDFs. The ratio of W
boson to Z boson production cross sections was also measured with a precision of better
than 1%.

8

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-2015-132
LHCb-PAPER-2015-022

August 3, 2015

First observation of top quark
production in the forward region

The LHCb collaboration†

Abstract

Top quark production in the forward region in proton-proton collisions is observed
for the first time. The W+b final state with W ! µ⌫ is reconstructed using muons
with a transverse momentum, pT, larger than 25GeV in the pseudorapidity range
2.0 < ⌘ < 4.5. The b jets are required to have 50 < pT < 100GeV and 2.2 < ⌘ < 4.2,
while the transverse component of the sum of the muon and b-jet momenta must
satisfy pT > 20GeV. The results are based on data corresponding to integrated
luminosities of 1.0 and 2.0 fb�1 collected at center-of-mass energies of 7 and 8TeV by
LHCb. The inclusive top quark production cross-sections in the fiducial region are

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

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

These results, along with the observed di↵erential yields and charge asymmetries,
are in agreement with next-to-leading order Standard Model predictions.

Submitted to Physical Review Letters

c� CERN on behalf of the LHCb collaboration, license CC-BY-4.0.

†Authors are listed at the end of this Letter.

Results for σ(tt+t+t-bar):

Top production in the forward region probes 
the large-x gluon PDF and may be more 
sensitive to BSM.

LHCb made the first observation of forward 
top production in Run 1: <x1> ~ 0.2, <x2> ~ 0.02

PRL 115 (2015) 112001, LHCb-PAPER-2015-022

Expect ~20x more stats in Run 2; will explore separating pair and single-top 
production, and differential measurements. Should reduce the large-x gluon 
PDF uncertainty by ~20% [Gauld, 1311.1810].

Kagan, Kamenik, Perez, Stone [1103.3747]
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Z+c

Boettcher, Ilten, MW [arxiv:1512.06666]

Whether there exists “intrinsic” (non-perturbative) charm content in the proton 
has long been debated.  LHCb can say a lot here in Runs 2 and 3.

Also effects Higgs production by ~2% (more for H+c), direct dark matter 
detection (assuming H exchange), and prompt atmospheric neutrino rates. 
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FIG. 4. Predictions for Zc
j for (left) Run 2 and (right) Run 3. For each IC model prediction, the expected experimental

statistical uncertainty is shown by the error bar, while the expected total experimental uncertainty is given by the shaded box.
The total theory uncertainty is shown as the hashed box around the CT14NNLO-based prediction. The bottom plots show
the relative impact of the various IC PDFs; note the log scale. N.b., the experimental systematic uncertainty is nearly 100%
correlated across y(Z) bins; the IC-model predictions are staggered within in each bin to aid readability.

LHCb has demonstrated the ability to make precise
measurements of Z boson production [35–37]. Here, we
assume only the decay Z ! µµ is used as it provides
the most precise experimental measurements. Follow-
ing Ref. [35], we define the muon fiducial region to be
pT(µ) > 20 GeV and 2 < ⌘(µ) < 4.5 for Run 2. For
Run 3, the ⌘(µ) region is extended to 2 < ⌘(µ) < 5
due to the improved tracking coverage upstream of the
magnet that will be provided by the so-called UT sys-
tem [33]. Z boson candidates are required to satisfy
60 < m(µµ) < 120 GeV. Furthermore, we assume that
quality criteria are imposed on the track and muon, and
take the e�ciency of such requirements from Ref. [35].

Jets are clustered using the anti-kT algorithm [38] with
R = 0.5 as implemented in FastJet [39]. Only visible
final-state particles within LHCb acceptance are clus-
tered. As in Refs. [40–42], jets are required to satisfy
pT(j) > 20 GeV and 2.2 < ⌘(j) < 4.2 to ensure nearly
uniform jet reconstruction and c-jet-identification e�-
ciencies, and only the highest-pT jet in each event is
considered (all other jets are ignored). Ref. [41] demon-
strates that migration of events in and out of this fidu-
cial region due to detector response has negligible im-
pact on the production ratios studied here; therefore,
jet pT resolution e↵ects are not considered in this study.
LHCb applies criteria to remove fake jets with a 96% e�-
ciency [43]; we assume these will also be applied in Runs 2
and 3. LHCb discards very high-occupancy events as part
of its online data-taking optimization. We again assume
that this e↵ect will be the same in the future as it was in
Run 1, and reduce the expected signal yields by 10% [43].

A key aspect of the proposed measurement in this Let-
ter is the ability to e�ciently identify (or tag) c-jets.
LHCb has demonstrated the ability to identify heavy-
flavor-hadron decay vertices in jets with a ⇡ 0.3% fake
rate [40]. Furthermore, LHCb can determine the c-jet
and b-jet yields each with percent-level precision. While
we expect the c-jet identification e�ciency to improve
in future LHCb data taking, here we assume that it is
✏tag(c) ⇡ 25% as it was in Run 1 [40].

The values of ✏tag(c) and ✏tag(b) were measured simul-
taneously by LHCb using heavy-flavor-jet enriched data
samples. No assumptions were made about the e�ciency
values in data, c.f. simulation, which led to a high degree
of anti-correlation between the ✏tag(c) and ✏tag(b) mea-
surements; each was assigned a 10% relative uncertainty.
Ref. [44] shows that the ratio �(cc̄)/�(bb̄) is robust with
respect to higher-order QCD corrections. Therefore, the
ratio ✏tag(c)/✏tag(b) can be precisely measured in a data-
driven way in an analysis similar to Ref. [45], removing
the large anti-correlation e↵ect. In this study, we assume
that a 5% relative uncertainty is achieved on ✏tag(c) in
Runs 2 and 3. Finally, background to Zj events will be
at the sub-percent level [43] and approximately cancels
in the ratios studied here, so is ignored.

EXPECTED SENSITIVITY

Figure 4 shows the expected distributions and preci-
sion on Zc

j versus the rapidity (y) of the Z for each
IC model considered compared to the no-IC prediction.

A direct probe of the intrinsic charm content of the proton

Tom Boettcher,⇤ Philip Ilten,† and Mike Williams‡

Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.

Measurement of Z bosons produced in association with charm jets (Zc) in proton-proton collisions
in the forward region provides a direct probe of a potential non-perturbative (intrinsic) charm
component in the proton wave function. We provide a detailed study of the potential to measure
Zc production at the LHCb experiment in Runs 2 and 3 of the LHC. The sensitivity to valence-like
(sea-like) intrinsic charm is predicted to be hxiIC & 0.3%(1%). The impact of intrinsic charm on
Higgs production at the LHC, including Hc, is also discussed in detail.

INTRODUCTION

Whether the proton wave function contains an intrin-
sic charm (IC) component is a topic of considerable in-
terest (see Ref. [1] for a review). In the absence of IC,
the charm (c) parton distribution function (PDF) arises
entirely due to perturbative gluon radiation; however, a
|uudcc̄i component to the proton wave function is also
possible. There is substantial theoretical interest in the
role that non-perturbative dynamics play in the nucleon
sea [2–4]. Furthermore, the presence of IC in the pro-
ton would a↵ect the cross sections of many processes at
the LHC either directly, from c or c̄ initiated produc-
tion; or indirectly, since altering the c PDF would a↵ect
other PDFs via the momentum sum rule. For example,
Higgs boson production could be a↵ected by a few per-
cent, largely due to changes in the gluon PDF. The cross
sections relevant for direct dark matter detection are sen-
sitive to IC if the interaction is mediated by the Higgs
boson [5]. IC would also a↵ect both the rate and kine-
matical properties of c-hadrons produced by cosmic-ray
proton interactions in the atmosphere. Semileptonic de-
cays of such c-hadrons provide an important background
to astrophysical neutrinos [6, 7].

A number of studies have been performed to deter-
mine if – and at what level – IC exists in the proton.
Measurements of c-hadron production from deep inelastic
scattering (DIS) [8], where the typical momentum trans-
fer is Q ⇡ 1 � 10 GeV, may be suggestive of percent-
level c-content in the proton at large momentum fraction
(x) [9–11]. If the c PDF is entirely perturbative in nature,
much smaller c content at large x is expected; whereas,
valence-like charm content in the proton could explain
the DIS results. However, global PDF analyses tend to ei-
ther provide inconclusive results on IC [12], or claim that
IC is excluded at a level significantly less than 1% [13].
There is tension between some data sets applicable to
such analyses where they overlap kinematically. This has
led to global PDF fitters choosing either which data sets
to consider, or how to handle the inherent tension be-
tween data sets in their studies. Low-energy fixed-target
experiments are in principle sensitive to large-x IC, but
inclusion of such low-Q data requires careful treatment
of hadronic and nuclear e↵ects. Therefore, many au-

thors have chosen to exclude these data. Such choices in-
evitably a↵ect the conclusions drawn about IC. To date,
a consensus has not been reached on whether IC exists
at the percent level [14, 15].

The ideal probe of IC is a high-precision measurement
of an observable with direct sensitivity to the large-x
charm PDF, where Q is large enough such that hadronic
and nuclear e↵ects are negligible. Measurement of the
fraction of Z+jet events where the jet originates from a
c quark, Zc

j ⌘ �(Zc)/�(Zj), in the forward region at the
LHC can provide such a probe. Production of Zc may
proceed via gc! Zc (see Fig. 1); is inherently at large Q
(due to the large Z mass); and at forward rapidities re-
quires one initial parton to have large x, while the other
must have small x (see Fig. 2). Di↵erential measurement
of Zc

j provides direct sensitivity to the process gc! Zc
for the c PDF at large x. The ratio Zc

j is chosen be-
cause it is less sensitive to experimental and theoretical
uncertainties than �(Zc).

In this Letter, we propose a di↵erential measurement
of Zc production in proton-proton (pp) collisions in the
forward region. We show that using data that will be
collected in Runs 2 and 3 of the LHC, the LHCb exper-
iment will be highly sensitive to both valence-like and
sea-like IC. While measurement of �(Zc) in the central
region has previously been proposed to study IC [12],
we will show that the impact of IC is larger in the for-
ward region and that the LHCb detector is best suited
to making a precise measurement of �(Zc). Finally, even
in the absence of discovery of IC content in the proton,
this measurement will provide a useful test of DGLAP
evolution for c quarks from low-Q DIS measurements up
to the electroweak scale.
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INTRODUCTION

Whether the proton wave function contains an intrin-
sic charm (IC) component is a topic of considerable in-
terest (see Ref. [1] for a review). In the absence of IC,
the charm (c) parton distribution function (PDF) arises
entirely due to perturbative gluon radiation; however, a
|uudcc̄i component to the proton wave function is also
possible. There is substantial theoretical interest in the
role that non-perturbative dynamics play in the nucleon
sea [2–4]. Furthermore, the presence of IC in the pro-
ton would a↵ect the cross sections of many processes at
the LHC either directly, from c or c̄ initiated produc-
tion; or indirectly, since altering the c PDF would a↵ect
other PDFs via the momentum sum rule. For example,
Higgs boson production could be a↵ected by a few per-
cent, largely due to changes in the gluon PDF. The cross
sections relevant for direct dark matter detection are sen-
sitive to IC if the interaction is mediated by the Higgs
boson [5]. IC would also a↵ect both the rate and kine-
matical properties of c-hadrons produced by cosmic-ray
proton interactions in the atmosphere. Semileptonic de-
cays of such c-hadrons provide an important background
to astrophysical neutrinos [6, 7].

A number of studies have been performed to deter-
mine if – and at what level – IC exists in the proton.
Measurements of c-hadron production from deep inelastic
scattering (DIS) [8], where the typical momentum trans-
fer is Q ⇡ 1 � 10 GeV, may be suggestive of percent-
level c-content in the proton at large momentum fraction
(x) [9–11]. If the c PDF is entirely perturbative in nature,
much smaller c content at large x is expected; whereas,
valence-like charm content in the proton could explain
the DIS results. However, global PDF analyses tend to ei-
ther provide inconclusive results on IC [12], or claim that
IC is excluded at a level significantly less than 1% [13].
There is tension between some data sets applicable to
such analyses where they overlap kinematically. This has
led to global PDF fitters choosing either which data sets
to consider, or how to handle the inherent tension be-
tween data sets in their studies. Low-energy fixed-target
experiments are in principle sensitive to large-x IC, but
inclusion of such low-Q data requires careful treatment
of hadronic and nuclear e↵ects. Therefore, many au-

thors have chosen to exclude these data. Such choices in-
evitably a↵ect the conclusions drawn about IC. To date,
a consensus has not been reached on whether IC exists
at the percent level [14, 15].

The ideal probe of IC is a high-precision measurement
of an observable with direct sensitivity to the large-x
charm PDF, where Q is large enough such that hadronic
and nuclear e↵ects are negligible. Measurement of the
fraction of Z+jet events where the jet originates from a
c quark, Zc

j ⌘ �(Zc)/�(Zj), in the forward region at the
LHC can provide such a probe. Production of Zc may
proceed via gc! Zc (see Fig. 1); is inherently at large Q
(due to the large Z mass); and at forward rapidities re-
quires one initial parton to have large x, while the other
must have small x (see Fig. 2). Di↵erential measurement
of Zc

j provides direct sensitivity to the process gc! Zc
for the c PDF at large x. The ratio Zc

j is chosen be-
cause it is less sensitive to experimental and theoretical
uncertainties than �(Zc).

In this Letter, we propose a di↵erential measurement
of Zc production in proton-proton (pp) collisions in the
forward region. We show that using data that will be
collected in Runs 2 and 3 of the LHC, the LHCb exper-
iment will be highly sensitive to both valence-like and
sea-like IC. While measurement of �(Zc) in the central
region has previously been proposed to study IC [12],
we will show that the impact of IC is larger in the for-
ward region and that the LHCb detector is best suited
to making a precise measurement of �(Zc). Finally, even
in the absence of discovery of IC content in the proton,
this measurement will provide a useful test of DGLAP
evolution for c quarks from low-Q DIS measurements up
to the electroweak scale.
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matical properties of c-hadrons produced by cosmic-ray
proton interactions in the atmosphere. Semileptonic de-
cays of such c-hadrons provide an important background
to astrophysical neutrinos [6, 7].
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mine if – and at what level – IC exists in the proton.
Measurements of c-hadron production from deep inelastic
scattering (DIS) [8], where the typical momentum trans-
fer is Q ⇡ 1 � 10 GeV, may be suggestive of percent-
level c-content in the proton at large momentum fraction
(x) [9–11]. If the c PDF is entirely perturbative in nature,
much smaller c content at large x is expected; whereas,
valence-like charm content in the proton could explain
the DIS results. However, global PDF analyses tend to ei-
ther provide inconclusive results on IC [12], or claim that
IC is excluded at a level significantly less than 1% [13].
There is tension between some data sets applicable to
such analyses where they overlap kinematically. This has
led to global PDF fitters choosing either which data sets
to consider, or how to handle the inherent tension be-
tween data sets in their studies. Low-energy fixed-target
experiments are in principle sensitive to large-x IC, but
inclusion of such low-Q data requires careful treatment
of hadronic and nuclear e↵ects. Therefore, many au-

thors have chosen to exclude these data. Such choices in-
evitably a↵ect the conclusions drawn about IC. To date,
a consensus has not been reached on whether IC exists
at the percent level [14, 15].

The ideal probe of IC is a high-precision measurement
of an observable with direct sensitivity to the large-x
charm PDF, where Q is large enough such that hadronic
and nuclear e↵ects are negligible. Measurement of the
fraction of Z+jet events where the jet originates from a
c quark, Zc

j ⌘ �(Zc)/�(Zj), in the forward region at the
LHC can provide such a probe. Production of Zc may
proceed via gc! Zc (see Fig. 1); is inherently at large Q
(due to the large Z mass); and at forward rapidities re-
quires one initial parton to have large x, while the other
must have small x (see Fig. 2). Di↵erential measurement
of Zc

j provides direct sensitivity to the process gc! Zc
for the c PDF at large x. The ratio Zc

j is chosen be-
cause it is less sensitive to experimental and theoretical
uncertainties than �(Zc).

In this Letter, we propose a di↵erential measurement
of Zc production in proton-proton (pp) collisions in the
forward region. We show that using data that will be
collected in Runs 2 and 3 of the LHC, the LHCb exper-
iment will be highly sensitive to both valence-like and
sea-like IC. While measurement of �(Zc) in the central
region has previously been proposed to study IC [12],
we will show that the impact of IC is larger in the for-
ward region and that the LHCb detector is best suited
to making a precise measurement of �(Zc). Finally, even
in the absence of discovery of IC content in the proton,
this measurement will provide a useful test of DGLAP
evolution for c quarks from low-Q DIS measurements up
to the electroweak scale.
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Figure 1: Tree-level diagrams for Wb, c production. (a) LO Wq production, which provides a
negligible contribution to Wb production due to CKM suppression. (b) LO Wb production from
gluon splitting. (c) LO Wb production assuming heavy flavor content within the proton. (d)
Equivalent production to (c), but with the initial b from collinear gluon splitting, also an NLO
O(↵s) correction to (b).

selection. The extraction of the signal yields is described in Section 3 while the results are48

presented in Section 5. The systematic uncertainties are provided in Section 6 while the49

final results, including all uncertainties and compared to theory are given in Section 7.50

2 Selection51

The W boson in this analysis is identified by a muon from the decay W ! µ⌫. The52

fiducial Wb, c, j cross-section is defined by the muon requirements pT(µ) > 20GeV and53

2.0 < ⌘(µ) < 4.5, and the jet requirements pT(j) > 20GeV and 2.2 < ⌘(j) < 4.2. Addi-54

tionally, pT(µ + j) > 20GeV is required, where pT(µ + j) is the transverse momentum55

of the summed muon and jet momenta. The fiducial Zj cross-section is defined by the56

same jet requirements and the muon requirements, applied to both muons. The pT(µ+ j)57

requirement is omitted but the muon pair invariant mass must fall within the window58

60 < M(µµ) < 120GeV. A summary of these fiducial definitions is given in Table 1.59
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Measurements in pp̄ collisions at the Teva-
tron [1–6] suggest that (anti)top quarks are
produced along the (anti)proton beam direc-
tion more often than predicted by the Standard
Model (SM) [7]. Many extensions to the SM
have been proposed to explain this discrep-
ancy (for a review, see Ref. [8]) that couple
new particles to quarks in a variety of ways.
Therefore, constraints on quark-antiquark pro-
duction charge asymmetries other than top-
anti-top (tt̄) could discriminate between mod-
els and be used as a probe of non-SM physics.
For example, some theories proposed to ex-
plain the Tevatron results also predict a large
charge asymmetry in bb̄ production [9, 10]. No
measurement has been made to date of the bb
charge asymmetry at a hadron collider.
The symmetric initial state of proton-proton

collisions at the LHC does not permit a charge
asymmetry to be manifest as an observable de-
fined using the direction of one beam relative
to the other. However, the asymmetry in the
momentum fraction of quarks and antiquarks
inside the proton means that a charge asym-
metry can lead to a di↵erence in the rapidity
distributions of beauty quarks and antiquarks.
The bb̄ charge asymmetry in pp collisions is
defined as

Ab

¯

b

C

⌘ N(�y > 0)�N(�y < 0)

N(�y > 0) +N(�y < 0)
, (1)

where �y ⌘ |y
b

|� |y
¯

b

| is the rapidity di↵erence
between jets formed from the b and b̄ quarks.
Measurements of the top-quark charge asymme-
try by the ATLAS and CMS experiments are
consistent with the SM expectations [11–13].
However, the large gg ! tt̄ cross-section at
the LHC dilutes the observable signal of new
physics entering the qq̄ ! tt̄ process that dom-
inates tt̄ production at the Tevatron.
In the SM the only sizable leading-order (LO)

contribution to Ab

¯

b

C

comes from Z ! bb decays.
The contribution of Z ! bb to Ab

¯

b

C

in a re-

gion of invariant mass of the bb system (M
b

¯

b

)
around the Z boson mass is expected to be
about 2% based on simulation. Production of
bb pairs at LO in quantum chromodynamics
(QCD) is symmetric under the exchange of b
and b̄ quarks. At higher orders, radiative cor-
rections to the qq̄ ! bb process generate an
asymmetry in the di↵erential distributions of
the b and b̄ quarks and induce a correlation be-
tween the direction of the b (b̄) quark and that
of the incoming q (q̄) quark. Such higher-order
corrections are expected to be negligible at low
M

b

¯

b

and to increase in importance at larger
M

b

¯

b

. The contribution to Ab

¯

b

C

from higher-order
terms is expected to reach 1% near the Z boson
mass [14]. Precision measurements of Ab

¯

b

C

as a
function of M

b

¯

b

are sensitive probes of physics
beyond the SM.
This Letter reports the first measurement

of the charge asymmetry in beauty-quark pair
production at a hadron collider. The data
used correspond to an integrated luminosity
of 1.0 fb�1 collected at 7TeV center-of-mass
energy in pp collisions with the LHCb de-
tector. The measurement is performed in
three regions of M

b

¯

b

: 40 < M
b

¯

b

< 75GeV/c2,
75 < M

b

¯

b

< 105GeV/c2 and M
b

¯

b

> 105GeV/c2.
This scheme is chosen such that the middle
region is centered around the mass of the Z
boson and contains most of the Z ! bb candi-
dates. The measurement is corrected to a pair
of particle-level jets, each with a pseudorapid-
ity 2 < ⌘ < 4, transverse energy E

T

> 20GeV,
and an opening angle between the jets in the
transverse plane �� > 2.6 rad.
The LHCb detector is a single-arm forward

spectrometer covering the range 2 < ⌘ < 5
designed for the study of particles containing b
or c quarks, described in detail in Refs. [15–18].
The trigger [19] consists of a hardware stage,
based on information from the calorimeter and
muon systems, followed by a software stage,
which applies a full event reconstruction. Iden-

1

b
anti-b

Di-heavy-flavor jet production provides a standard candle measurement, is 
useful for constraining tagging efficiencies, and probes BSM physics.

LHCb-PAPER-2014-023: PRL 113 (2014) 082003.

Expect much larger stats in Run 2; plan to also measure AC(cc), along with 
σ(bb) and σ(cc) differentially. 

y



1 Introduction

Central exclusive production (CEP) of ⌥(nS) (n = 1, 2, 3) resonances in pp collisions is
thought to occur by photoproduction through the exchange of a photon and a pomeron (a
colour-singlet system) between two protons, as illustrated in Fig. 1. Since the protons do
not dissociate, typically only a small component of momentum transverse to the beam
direction (p

T

) is exchanged in the interaction. The photoproduction of ⌥ resonances at
LHCb can be computed using perturbative quantum chromodynamics (QCD), given the
high photon-proton centre-of-mass energy, W , and the cross-section depends on the square
of the gluon parton-density function, g(x), where Bjorken-x is the fraction of the proton’s
momentum carried by the gluon [1]. Measurements of the production cross-sections for the
⌥(nS) resonances in the forward region covered by the LHCb detector are sensitive to g(x)
in the region of small x down to approximately 1.5⇥ 10�5, where the knowledge of g(x) is
limited. Furthermore, predictions for the ⌥(nS) cross-sections at leading order (LO) and
next-to-leading order (NLO) in the strong-interaction coupling di↵er greatly for the values
of W probed in ⌥(nS) resonance production, and there are significant variations depending
on the models used to describe the ⌥ wave function and the t-channel exchange [1–3].

Quarkonia photoproduction has been studied in exclusive production at HERA [4–9],
the Tevatron [10] and the LHC [11–13]. At LHCb, exclusive production is associated
with the absence of significant detector activity apart from that associated with the
exclusive candidate. The background from proton dissociation occurring outside the
detector acceptance is characterised as having a value of ⌥ candidate p

T

which is larger
than that for exclusive production.

In this article, the exclusive production cross-section of ⌥(nS) resonances is measured in
the µ

+

µ

� final state where both muons lie in the pseudorapidity (⌘) range 2 < ⌘(µ±) < 4.5
and the ⌥(nS) candidate is reconstructed in the rapidity (y) range 2 < y(⌥(nS)) < 4.5.
The pp data correspond to an integrated luminosity of 0.9 fb�1 at a pp centre-of-mass
energy of

p
s = 7 TeV and 2.0 fb�1 at

p
s = 8 TeV. Given the limited statistical precision,

the data sets are combined to measure the production cross-sections. The LHCb detector
and the simulated event samples are outlined in Sect. 2. In Sect. 3 selection criteria
are discussed, which exploit the absence of detector activity other than that associated
with the ⌥(nS) candidate. The signal e�ciency and the various sources of background

Pomeron

�

p

p

⌥(nS)

Figure 1: Leading Feynman diagram for photoproduction of ⌥(nS) states, where the photon-
pomeron interaction is indicated by the shaded grey circle.
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Quarkonia
LHCb has published detailed differential measurements of ψ, ϒ, ηc, xc,b states. 
One of the more unique ones is via Central Exclusive Production:
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Figure 4: Measurements of exclusive ⌥(1S) photoproduction compared to theoretical predictions.
In (a), the ⌥(1S) cross-section in bins of rapidity is shown, compared to LO and NLO predictions.
The LHCb measurements are indicated by black points with error bars for uncorrelated errors,
and solid rectangles indicating the total uncertainty. In (b), the photon-proton cross-sections
extracted from the LHCb results are indicated by black points, where the statistical and
systematic uncertainties are combined in quadrature. The entire W -region in which these LHCb
measurements are sensitive is indicated. Measurements made by H1 and ZEUS in the low-W
region are indicated by red and blue markers, respectively [4, 5, 7]. Predictions from Ref. [1] are
included, resulting from LO and NLO fits to exclusive J/ production data. The filled bands
indicate the theoretical uncertainties on the 7 TeV prediction and the solid lines indicate the
central values of the predictions for 8 TeV. In (b) predictions from Ref. [2] using di↵erent models
for the ⌥(1S) wave function are included, indicated by ‘bCGC’.

The absorptive corrections and photon fluxes are computed following Ref. [1].
The three bins of ⌥(1S) rapidity chosen in this analysis correspond to ranges of W

for the W

+

and W� solutions. The contribution to the total cross-section from the W�
solutions is expected to be small and is therefore neglected. The dominant W

+

solutions
are therefore estimated assuming that they dominate the cross-section, and are shown in
Fig. 4b. The magnitude of the theoretical prediction for the W� solutions is added as
a systematic uncertainty. The good agreement with the NLO prediction seen in Fig. 4a
is reproduced. The LHCb measurements probe a new kinematic region complementary
to that studied at HERA [4,5, 7], as seen in Fig. 4b, and discriminate between LO and
NLO predictions. In Fig. 4b, the LHCb data are also compared to the predictions given in
Ref. [2] using models conforming to the colour glass condensate (CGC) formalism [28] that
take into account the t-dependence of the di↵erential cross-section. All agree well with the
data. The solid (black) and dotted (blue) lines correspond to two di↵erent models for the
scalar part of the vector-meson wave function.

11

LHCb-PAPER-2015-011: JHEP 09 (2015) 084

LHCb has also measured associated production of J/ψ + open charm and 
double open charm (c-c and c-cbar); these data are qualitatively consistent with 
double-parton scattering. LHCb-PAPER-2012-003: JHEP 01 (2013) 90

LHCb-PAPER-2015-046
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Figure 2: Nuclear modification factor, R
pPb

, 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 [28]. 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. The data are compared
with theoretical predictions for ⌥ and prompt J/ mesons from di↵erent models, one per panel.
The shaded areas indicate the uncertainties of the theoretical calculations.

6 Conclusions

The production of ⌥ mesons is studied in pPb collisions with the LHCb detector at a
nucleon-nucleon centre-of-mass energy

p
sNN = 5TeV in the transverse momentum range

of p
T

< 15GeV/c and rapidity range �5.0 < y < �2.5 and 1.5 < y < 4.0.
The nuclear modification factor for the ⌥ (1S) meson is determined using the cross-

section of ⌥ (1S) production in pp collisions at 5TeV interpolated from previous LHCb
measurements. It is compatible with predictions of a suppression of ⌥ (1S) production with
respect to pp collisions in the forward region and antishadowing e↵ects in the backward
region. The forward-backward production ratio of the ⌥ (1S) is also measured, and the
result is consistent with existing theoretical predictions, where the nuclear shadowing
e↵ects are taken into account with the EPS09 parameterisation, or a coherent energy loss is
considered. A first measurement of the production ratios of excited ⌥ mesons relative to the
ground state ⌥ has been performed. Due to the small integrated luminosity of the available

8

Cold nuclear matter effects studied in Pb-p vs p-Pb, each compared to 
reference p-p data, show a large suppression in the forward region:

Pb-p vs p-Pb
LHCb-PAPER-2014-015: JHEP 07 (2014) 094
LHCb-PAPER-2013-052: JHEP 02 (2014) 72

LHCb recently took Pb-Pb data too and we expect our heavy-ion program to 
continue to expand in the coming years.

L=1.6/nb

Ref [3] is Albacete et al [1301.3395]
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SMOG

In fixed-target mode, LHCb is a central-backward detector that probes energy 
densities between that of the SPS and RHIC.  Data collected: p-He, p-Ne, p-
Ar and Pb-Ne, Pb-Ar.

LHCb developed the System for Measuring the Overlap with Gas to obtain a 
high-precision (1%) luminosity measurement by injecting a noble gas into the 
VELO to profile the beams -- but also permits running in fixed-target mode!

Fixed Target Physics with LHCbFixed Target Physics with LHCb

03.10.2015 G.Manca, QM 2015 9

SMOG/can/be/used/for/fixed/target/physics:
" precise/vertexing allows/to/separate/beam#beam/and/beam#gas/contributions
" strong/acceptance/effects/as/a/function/of/the/z"position

� injection of noble gas into 
interaction region

� very simple robust system 
� used for a precise luminosity 

determination
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3.4. pA Collisions130

The new high statistics data that we would collect in pPb collisions will be essential to study the CNM131

e↵ects and to disentangle them from those associated with QGP formation in PbPb collisions. The LHCb132

forward geometry provides coverage over two independent rapidity ranges in the centre-of-mass frame when133

the p and Pb beams are inverted: 1.5 to 4.0 for pPb collisions and �5.0 to �2.5 for Pbp collisions. The results134

should show a dramatic improvement in precision, since we plan to record 10 times more statistics than in135

the old measurements performed in 2013.136

The p�GAS data will be collected in a dedicated run of one week per year (corresponding to 1.5 pb�1)137

during the special LHC runs, while the Pb�GAS collisions can be recorded in parallel with the PbPb collisions138

(24 days or roughly 0.7 nb�1 per year).139

In 2015 LHCb already collected samples of collisions of protons with Argon (with proton beams of the140

two di↵erent energies), Neon and Helium, and lead with Argon.
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Fig. 4: J/ ! µ+µ� invariant mass distribution for the (left) pNe and (right) PbNe data samples.

141

Fig. 4 shows the J/ particle reconstructed in its dimuon decay channel in the sample of proton-Neon142

interactions at
p

s=110 GeV and lead-Neon at
p

s=54.4 GeV, collected in 2015 and 2013 respectively.143

Analyses are currently ongoing to extract the J/ and open charm production cross sections from the 2015144

data.145

3.5. AA/AB Collisions146

The AA/AB collisions, will be pursued in two ways.147

a) In the SMOG setup we will reach a range of energies new for the LHC and address similar physics148

questions as with PbPb collisions, but with lower multiplicities due to the lower energy. Although the149

gas injected by SMOG in Run I was Neon, any noble gas can be used and any of them would be of150

interest. Preliminary studies showed that interactions with an Argon (Ar) gas target are particularly151

interesting as they reproduce the energy densities close to the transition phase from cold to hot nuclear152

matter, the same obtained by the NA50 experiment at CERN where the first hints of QGP were153

observed [10]. In 2015 LHCb already collected a sample of PbAr interactions at the centre of mass154

energy of 110 GeV.155

b) The LHCb detector will operate during the PbPb collisions expected in delivered by the LHC. These156

collisions have already been successfully recorded at the end of 2015 for the first time at
p

s = 5.1 TeV157

and the data are currently being analysed. PbAr collisions have been recorded at the same time during158

about half of the PbPb collisions period. The analysis of these data will be pivotal to refine the running159

and trigger strategies for the second PbPb run expected for 2018, maximising its e�ciency.160

E(CM)=110 GeV (~20 hours of running)



Summary

LHCb is a general-purpose detector in the forward region.





22

Jet Tagging

JINST 10 (2015) P06013
LHCb-PAPER-2015-016

)udsg|bcBDT(
-1 -0.5 0 0.5 1

)c|b
B

D
T(

-1

-0.5

0

0.5

1

LHCb simulation

-jetsb

)udsg|bcBDT(
-1 -0.5 0 0.5 1

)c|b
B

D
T(

-1

-0.5

0

0.5

1

LHCb simulation

-jetsc

)udsg|bcBDT(
-1 -0.5 0 0.5 1

)c|b
B

D
T(

-1

-0.5

0

0.5

1

LHCb simulation

-jetsudsg

Figure 1: SV-tagger algorithm BDT(b|c) versus BDT(bc|udsg) distributions obtained from
simulation for (left) b, (middle) c and (right) light-parton jets.

3.3 Performance in simulation

Figure 1 shows the SV-tagger BDT distributions obtained from simulated W+jet events
for each jet type. The distributions in the two-dimensional BDT plane of SV-tagged b, c,
and light-parton jets are clearly distinguishable. The full two-dimensional distribution
is fitted in data to determine the jet flavor content. However, to aid in comparison to
other jet-tagging algorithms, a requirement of BDT(bc|udsg) > 0.2 is applied to display
the performance obtained from simulated events in Fig. 2. This requirement is about 90%
e�cient on SV-tagged (b, c) jets and highly suppresses light-parton jets. The (b, c)-jet
e�ciencies are nearly uniform for jet p

T

> 20GeV and for 2.2 < ⌘ < 4.2, but are lower for
low-p

T

jets and for jets near the edges of the detector. The misidentification probability of
light-parton jets is less than 0.1% for low-p

T

jets and increases to about 1% at 100GeV.
Figure 3 shows the (b, c)-jet e�ciencies versus the mistag probability of light-parton jets
obtained by increasing the BDT(bc|udsg) cut.

For the TOPO algorithm, in the trigger a BDT requirement is always applied; the
requirement is looser when the SV contains a muon. In the LHCb measurement of the
charge asymmetry in bb̄ production [23], this same looser BDT requirement was applied to
tag a second jet in the event. Figure 2 shows the performance of the TOPO algorithm,
obtained from simulated events, for both the nominal and loose BDT requirements. The
nominal trigger BDT requirement strongly suppresses c and light-parton jets, with the
misidentification probability of light-parton jets being 0.01% for low-p

T

jets. Such a strong
suppression is required during online running due to output rate limitations.

The jet-tagging performance is measured in simulated events with one pp collision and
two or more pp collisions and found to be consistent. The tagging performance is also
studied in simulation using di↵erent event types, e.g. top-quark and QCD di-jet events,
with only small changes in the tagging e�ciencies and BDT templates observed for (b, c)
jets. The mistag probability of light-parton jets is found to be higher for high-p

T

jets in
events that also contain (b, c) jets. This is discussed in detail in Sec. 5.
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Figure 14: E�ciencies of the SV-tagger algorithm measured in data relative to those obtained
from simulation for 2.2 < ⌘ < 4.2: (top left) results from the (closed markers) highest-p

T

track
and (open markers) muon-jet samples; (top right) the combined results assuming the scale factors
are the same for semileptonic and inclusive (b, c)-hadron decays; and (bottom left) the combined
results for (b, c)-jet using the highest-p

T

-track approach assuming the scale factors are the same
for b and c jets. The absolute e�ciencies corresponding to the combined (b, c)-jet results (bottom
right).

The absolute e�ciencies measured using the TOPO for b jets are: 21± 1% for 10–20GeV;
44± 4% for 20–30GeV; 60± 5% for 30–50GeV; and 66± 6% for 50–100GeV.

5 Light-parton jet misidentification

Light-parton jets contain SVs due to any of the following: (1) misreconstruction of prompt
particles as displaced tracks; (2) decays of long-lived strange particles; or (3) interactions
with material. Type (1) can be studied in data using jets that contain an SV whose
inverted direction of flight lies in the jet cone (referred to as a backward SV). Types (2) and
(3) can be studied using SVs for which the ratio of the SV flight distance divided by the SV
momentum is too large for the decay of a (b, c) hadron (referred to as a too-long-lived SV).
The mistag probability for simulated light-parton jets using backward and too-long-lived
SVs is consistent with the nominal mistag probability at the 20% level (the nominal
mistag probability is shown in Fig. 2). Furthermore, the SV BDT distributions obtained

19

Efficiencies are for 0.3% light-jet mis-tag.
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Figure 4: SV-tagger BDT fit results for the B+jet data sample with 10 < p
T

(jet) < 100GeV:
(top left) distribution in data; (top right) two-dimensional template-fit result; and (bottom)
projections of the fit result with the b, c, and light-parton contributions shown as stacked
histograms.

A simple cross-check on the b, c and light-parton yields is performed by fitting only
two of the BDT inputs: the corrected mass defined in Eq. 1 and the number of tracks in
the SV. The corrected mass provides the best discrimination between c jets and other jet
types due to the fact that M

cor

peaks near the D meson mass for c jets3. The number of
tracks in the SV identifies b jets well since b-hadron decays often produce many displaced
tracks. Figure 7 shows the results of a two-dimensional fit to these two SV properties.
The absolute fractions of b, c and light-parton SV tags agree with the BDT fit results
to within 1–2%. The corrected mass has been previously used in LHCb jet analyses for
determining the c-jet yield [23] and for extracting the b-jet yield [25]. The clear peaking
structure for c jets, which relies on the excellent vertex resolution of the LHCb detector,
makes them easily identifiable.

Figure 8 shows the results of fitting the TOPO BDT distributions in the various data
samples using b, c and light-parton jet template shapes obtained from simulation. The
ratios of SV-tagger to TOPO SV-tagged b, c and light-parton jets are each consistent with
expectations from simulation. Modeling of both the SV-tagger and TOPO SV properties
are su�cient to allow the SV-tagged content to be accurately determined.

3This is true for all long-lived c hadrons when all tracks are assigned a pion mass.
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Figure 7: Two-dimensional M
cor

versus SV track multiplicity fit results for (top) B+jet, (middle)
D+jet and (bottom) µ(b, c)+jet data samples. The left plots show the projection onto the M

cor

axis, while the right plots show the projection onto the track multiplicity. The highest M
cor

bin
includes candidates with M

cor

> 10GeV.

4.3 E�ciency measurement using highest-pT tracks

To determine the jet-tagging e�ciency, the jet composition prior to applying the SV tag
must be determined. This is necessarily more di�cult than determining the SV-tagged
composition. The �2

IP

distribution of the highest-p
T

track in the jet is used for this task.
For light-parton jets the highest-p

T

track will mostly originate from the PV, while for
(b, c) jets the highest-p

T

track will often originate from the decay of the (b, c) hadron. To
avoid possible issues with modeling of soft radiation, only the subset of jets for which the

11

corrected mass in data for 
(top) b-jet enriched and 
(bottom) heavy-flavor 

enriched.
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Figure 3: (left) Our measurement of the forward-central bb̄ asymmetry (Abb̄
FC) compared to

NLO SM calculations from Ref. [37]. The predicted enhancement in the central bin is due
to the Z boson. (right) Results from Ref. [8] on W + b and W + c production compared to
NLO SM predictions obtained using MCFM. The LHCb error bars include both statistical
and systematic contributions.

of the m(�) range, and place the most stringent constraints to date (about two orders of
magnitude more stringent that existing limits) on many theories that predict the existence
of additional low-mass bosons. For example, the limits are O(PeV) on the decay constant
for axion-like scenarios, and are less than 0.5 mrad on the mixing angle between the Higgs
and dark-scalar fields over most of the range from dimuon to ditau threshold.

4.1.3 Beauty Charge Asymmetry

I performed an analysis – published in PRL [5] – with Kostas Petridis (then Imperial College
London, now Bristol) that made the first measurement of the charge asymmetry in beauty-
quark pair production at a hadron collider. Since the LHC employs symmetric p-p beams,
the bb̄ asymmetry is defined using the rapidity di↵erence between the b and b̄. The primary
motivation for making this measurement was that many BSM solutions to the tt̄ charge
asymmetry “puzzle” at the Tevatron also predict observable non-SM-like asymmetries in bb̄
and cc̄ production at the LHC [36]. For example, axigluon models predict striking signatures
in these final states in pp collisions. A secondary motivation was that this measurement
provided an opportunity to study my inclusive b trigger as a b-jet tagger. Figure 3 shows
that our results are consistent with NLO SM calculations [37]. While the tt̄ puzzle is now
to a large extent resolved, Ref. [37] points out that these charge-asymmetry measurements
still provide useful SM tests. Furthermore, the ratio �(cc̄)/�(bb̄) is robust with respect to
higher-order QCD corrections making it a potentially useful calibration tool for c-jet tagging.

4.1.4 Beauty and Charm Jet Tagging

My experience developing the inclusive b trigger [15, 20], and measuring the beauty charge
asymmetry, convinced me that LHCb should be able to e�ciently identify charm jets with
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SV-tagged jets associated with the high-p
T

muon candidate are found to be b jets. This is
due to the large semileptonic branching fraction of b hadrons. In the W+jet signal region
there are significant contributions from both b and c jets.

As a consistency check, the b, c, and light-parton yields are obtained in the
p

T

(µ)/p
T

(j
µ

) > 0.9 signal region from a fit using only two of the BDT inputs, both
of which rely only on basic SV properties, the track multiplicity and the corrected mass,
which is defined as

M

cor

=
q
M

2 + |~p|2 sin2

✓ + |~p| sin ✓, (2)

whereM and ~p are the invariant mass and momentum of the particles that form the SV, and
✓ is the angle between ~p and the flight direction. The corrected mass, which is the minimum
mass for a long-lived hadron whose trajectory is consistent with the flight direction, peaks
near the D meson mass for c jets and consequently provides excellent discrimination
against other jet types. The SV track multiplicity identifies b jets well, since b-hadron
decays typically produce many displaced tracks. In Fig. 4, the distributions of M

cor

and
SV track multiplicity for a subsample of SV-tagged events with BDT(bc|udsg) > 0.2 (see
Fig. 2) are fitted simultaneously. The templates used in these fits are obtained from data
in the same manner as the SV-tagger BDT templates. After correcting for the e�ciency
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332 where M and ~p are the invariant mass and momentum of
333 the particles that form the SV, and θ is the angle between ~p
334 and the flight direction. The corrected mass, which is the
335 minimum mass for a long-lived hadron whose trajectory is
336 consistent with the flight direction, peaks near theDmeson
337 mass for c jets and consequently provides excellent
338 discrimination against other jet types. The SV track
339 multiplicity identifies b jets well, since b-hadron decays
340 typically produce many displaced tracks. In Fig. 4, the
341 distributions of Mcor and SV track multiplicity for a
342 subsample of SV-tagged events with BDTðbcjudsgÞ >
343 0.2 (see Fig. 2) are fitted simultaneously. The templates
344 used in these fits are obtained from data in the same manner

345as the SV-tagger BDT templates. After correcting for the
346efficiency of requiring BDTðbcjudsgÞ > 0.2, the b and c
347yields determined from the fits to Mcor and SV track
348multiplicity and from the two-dimensional BDT fits are
349consistent. The mistag probability for W þ light-parton
350events in this sample is found to be approximately 0.3%,
351which agrees with the value obtained from simulation.
352From the SV-tagger BDT fits, the b and c yields are
353obtained in bins of

ffiffiffi
s

p
, muon charge, and pTðμÞ=pTðjμÞ.

354The pTðμÞ=pTðjμÞ distributions for muons associated with
355b-tagged and c-tagged jets are shown in Figs. 5 and 6.
356These distributions are fitted to determine the W þ b and
357W þ c final-state yields as in the inclusiveW þ jet sample.
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F2:1 FIG. 2 (color online). Two-dimensional SV-tag BDT distribution (top left) and fit (top right) for events in the subsample with
F2:2 pTðμÞ=pTðjμÞ > 0.9, projected onto the BDTðbcjudsgÞ (bottom left) and BDTðbjcÞ (bottom right) axes. Combined data for

ffiffiffi
s

p
¼ 7 and

F2:3 8 TeV for both muon charges are shown.
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384 yields. These results are extrapolated to the inclusive
385 sample using simulation.
386 The top quark background is determined in the dedicated
387 analysis of Ref. [22], where a reduced fiducial region is

388used to enrich the relative top quark content. The yields and
389charge asymmetries of theW þ b final state as functions of
390pTðμþ bÞ are used to discriminate betweenW þ b and top
391quark production. The results obtained in Ref. [22] are
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F4:1 FIG. 4 (color online). Projections of simultaneous fits ofMcor (left) and SV (right) track multiplicity for the SV-tagged subsample with
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W from fits to muon isolation.

Jet flavor from 2-D BDT fits.

Run 1 results agree SM(CT10) 
predictions but stat limited.

Expect much greater stats in Run 2; will be able to probe 
s vs s-bar PDFs using differential measurements.
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Table 2: Systematic uncertainties. Relative uncertainties are given for cross section ratios and
absolute uncertainties for charge asymmetries.

Source �(Wb)

�(Wj)

�(Wc)

�(Wj)

�(Wj)

�(Zj)

A(Wb) A(Wc)

Muon trigger and selection � � 2% � �
GEC 1% 1% 1% � �
Jet reconstruction 2% 2% � � �
Jet p

T

2% 2% 1% 0.02 0.02
(b, c)-tag e�ciency 10% 10% � �
SV-tag BDT templates 5% 5% 0.02 0.02
p

T

(µ)/p
T

(j
µ

) templates 10% 5% 4% 0.08 0.03
Top quark 13% � � 0.02
Z ! ⌧⌧ � 3% � � �
Other electroweak � � � � �
W ! ⌧ ! µ � � 1% � �
Total 20% 13% 5% 0.09 0.04

Table 3: Summary of the results and SM predictions. For each measurement the first uncertainty
is statistical, while the second is systematic. All results are reported within a fiducial region
that requires a jet with p

T

> 20GeV in the pseudorapidity range 2.2 < ⌘ < 4.2, a muon with
p
T

> 20GeV in the pseudorapidity range 2.0 < ⌘ < 4.5, p
T

(µ+ j) > 20GeV, and �R(µ, j) > 0.5.
For Z+jet events both muons must fulfill the muon requirements and 60 < M(µµ) < 120GeV;
the Z+jet fiducial region does not require p

T

(µ+ j) > 20GeV.

Results SM prediction
7TeV 8TeV 7TeV 8TeV

�(Wb)

�(Wj)

⇥ 102 0.66± 0.13± 0.13 0.78± 0.08± 0.16 0.74+0.17

�0.13

0.77+0.18

�0.13

�(Wc)

�(Wj)

⇥ 102 5.80± 0.44± 0.75 5.62± 0.28± 0.73 5.02+0.80

�0.69

5.31+0.87

�0.52

A(Wb) 0.51± 0.20± 0.09 0.27± 0.13± 0.09 0.27+0.03

�0.03

0.28+0.03

�0.03

A(Wc) �0.09± 0.08± 0.04 �0.01± 0.05± 0.04 �0.15+0.02

�0.04

�0.14+0.02

�0.03

�(W

+
j)

�(Zj)

10.49± 0.28± 0.53 9.44± 0.19± 0.47 9.90+0.28

�0.24

9.48+0.16

�0.33

�(W

�
j)

�(Zj)

6.61± 0.19± 0.33 6.02± 0.13± 0.30 5.79+0.21

�0.18

5.52+0.13

�0.25

from this method and the nominal method is assigned as a systematic uncertainty from
W boson signal determination. The uncertainty on A(Wb) due to top quark production
is taken from Ref. [22].
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Top
Inclusive W+jet agrees with NLO SM from MCFM.

175 in the fit. Figure 1 shows the fit for all candidates in the data
176 sample. Such a fit is performed for each muon charge
177 separately in bins of pTðμþ jÞ; the differential W þ jet
178 yield and charge asymmetry, defined as ½σðWþjÞ−
179 σðW−jÞ%=½σðWþjÞ þ σðW−jÞ%, are given in Fig. 2.
180 To compare the data to theory predictions, the detector
181 response must be taken into account. All significant aspects
182 of the detector response are determined using data-driven
183 techniques. The muon trigger, reconstruction, and selection
184 efficiencies are determined using Z → μμ events [21,25].
185 The GEC efficiency is obtained following Ref. [21]: an
186 alternative dimuon trigger requirement, which requires a
187 looser GEC, is used to determine the fraction of events that
188 are rejected. Contamination from W → τ → μ decays are
189 estimated to be 2.5% using both simulated W þ jet events
190 and inclusive W data samples [26]. The fraction of muons
191 that migrate out of the fiducial region due to final-state
192 radiation is about 1.5% [26].
193 Migration of events in jet pT due to the detector
194 response is studied with a data sample enriched in b jets
195 using SV tagging. The pTðSVÞ=pTðjÞ distribution
196 observed in data is compared to templates obtained from
197 simulation in bins of jet pT . The resolution and scale for
198 each jet pT bin are varied in simulation to find the best
199 description of the data and to construct a detector response
200 matrix. Figure 2 shows that the SM predictions, obtained
201 with all detector response effects applied, agree with the
202 inclusive W þ jet data.
203 The yields ofW þ c andW þ b, which includes t → Wb
204 decays, are determined using the subset of candidates with
205 a SV-tagged jet and binned according to pTðμÞ=pTðjμÞ. In
206 each pTðμÞ=pTðjμÞ bin, the two-dimensional SV-tagger
207 BDT-response distributions are fitted to determine the
208 yields of c-tagged and b-tagged jets, which are used to
209 form the pTðμÞ=pTðjμÞ distributions for candidates with
210 c-tagged and b-tagged jets. These pTðμÞ=pTðjμÞ distribu-
211 tions are fitted to determine the SV-tagged W þ c and
212 W þ b yields.

213A fit to the pTðμÞ=pTðjμÞ distribution built from the c-
214tagged jets from the full data sample is provided as
215Supplemental Material to this Letter [27]. Figure 3 shows
216that the W þ c yield versus pTðμþ cÞ agrees with the SM
217prediction. Since the W þ c final state does not have any
218significant contributions from diboson or top quark pro-
219duction in the SM, this comparison validates the analysis
220procedures.
221Figure 4 shows a fit to the pTðμÞ=pTðjμÞ distribution
222built from the b-tagged jets from the full data sample. For
223pTðμÞ=pTðjμÞ > 0.9 the data are dominantly from W
224decays. Figure 5 shows the yield and charge asymmetry
225distributions obtained as a function of pTðμþ bÞ. The
226direct W þ b prediction is determined by scaling the
227inclusive W þ jet distribution observed in data by the
228SM prediction for σðWbÞ=σðWjÞ and by the b-tagging
229efficiency measured in data [24]. As can be seen, the data
230cannot be described by the expected direct W þ b con-
231tribution alone. The observed yield is about 3 times larger
232than the SM prediction without a top quark contribution,
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175 in the fit. Figure 1 shows the fit for all candidates in the data
176 sample. Such a fit is performed for each muon charge
177 separately in bins of pTðμþ jÞ; the differential W þ jet
178 yield and charge asymmetry, defined as ½σðWþjÞ−
179 σðW−jÞ%=½σðWþjÞ þ σðW−jÞ%, are given in Fig. 2.
180 To compare the data to theory predictions, the detector
181 response must be taken into account. All significant aspects
182 of the detector response are determined using data-driven
183 techniques. The muon trigger, reconstruction, and selection
184 efficiencies are determined using Z → μμ events [21,25].
185 The GEC efficiency is obtained following Ref. [21]: an
186 alternative dimuon trigger requirement, which requires a
187 looser GEC, is used to determine the fraction of events that
188 are rejected. Contamination from W → τ → μ decays are
189 estimated to be 2.5% using both simulated W þ jet events
190 and inclusive W data samples [26]. The fraction of muons
191 that migrate out of the fiducial region due to final-state
192 radiation is about 1.5% [26].
193 Migration of events in jet pT due to the detector
194 response is studied with a data sample enriched in b jets
195 using SV tagging. The pTðSVÞ=pTðjÞ distribution
196 observed in data is compared to templates obtained from
197 simulation in bins of jet pT . The resolution and scale for
198 each jet pT bin are varied in simulation to find the best
199 description of the data and to construct a detector response
200 matrix. Figure 2 shows that the SM predictions, obtained
201 with all detector response effects applied, agree with the
202 inclusive W þ jet data.
203 The yields ofW þ c andW þ b, which includes t → Wb
204 decays, are determined using the subset of candidates with
205 a SV-tagged jet and binned according to pTðμÞ=pTðjμÞ. In
206 each pTðμÞ=pTðjμÞ bin, the two-dimensional SV-tagger
207 BDT-response distributions are fitted to determine the
208 yields of c-tagged and b-tagged jets, which are used to
209 form the pTðμÞ=pTðjμÞ distributions for candidates with
210 c-tagged and b-tagged jets. These pTðμÞ=pTðjμÞ distribu-
211 tions are fitted to determine the SV-tagged W þ c and
212 W þ b yields.

213A fit to the pTðμÞ=pTðjμÞ distribution built from the c-
214tagged jets from the full data sample is provided as
215Supplemental Material to this Letter [27]. Figure 3 shows
216that the W þ c yield versus pTðμþ cÞ agrees with the SM
217prediction. Since the W þ c final state does not have any
218significant contributions from diboson or top quark pro-
219duction in the SM, this comparison validates the analysis
220procedures.
221Figure 4 shows a fit to the pTðμÞ=pTðjμÞ distribution
222built from the b-tagged jets from the full data sample. For
223pTðμÞ=pTðjμÞ > 0.9 the data are dominantly from W
224decays. Figure 5 shows the yield and charge asymmetry
225distributions obtained as a function of pTðμþ bÞ. The
226direct W þ b prediction is determined by scaling the
227inclusive W þ jet distribution observed in data by the
228SM prediction for σðWbÞ=σðWjÞ and by the b-tagging
229efficiency measured in data [24]. As can be seen, the data
230cannot be described by the expected direct W þ b con-
231tribution alone. The observed yield is about 3 times larger
232than the SM prediction without a top quark contribution,
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Figure 4: From Ref. [4]: (left) Yield of the W + b final state vs transverse component of the
sum of the muon and b-jet momenta. The SM prediction obtained using MCFM at NLO is
shown with (Wb+top) and without (Wb) a top quark contribution. (right) Comparison of
the measured and SM predicted cross sections for �(top) ⌘ �(tt̄ + t + t̄). The LHCb error
bars include statistical, experimental systematic, and theory uncertainties.

trigger stage one (HLT1). The output rate of HLT1 is about 150 kHz. Finally, the full track
reconstruction is run on events selected by HLT1; this is HLT2. Phil and I re-optimized the
HLT1 single-displaced-track trigger for Run 2 to make it more e�cient for b- and c-hadron
decays – and for many BSM scenarios. We also worked with Tatiana Likhomanenko and
Andrey Ustyuzhanin (Yandex Corporation) to develop a new HLT1 secondary-vertex-based
algorithm that significantly enhances the e�ciency for charm physics. Furthermore, we re-
optimized the inclusive b trigger used in HLT2. The vast majority of LHCb papers produced
using Run 2 data will use our HLT1 trigger(s), while most will use our HLT2 trigger.

4.1.8 Other NSF-Supported Work

QCD Factorization

I worked with two MIT undergraduate students (Aviv Cukierman and Connor Dorothy) to
measure a collection of b-hadron decay ratios involving both b mesons and baryons. This
work – published in PRL [6] – provided a number useful tests of QCD factorization, along
with the most precise measurement of the mass of a b baryon (useful for building/testing
hadronic models).

Z Boson Production

Phil worked with J. Anderson and K. Müller (Zurich), S. Bifani (Birmingham), S. Farry
(Liverpool), and R. Wallace (University College Dublin) to measure the Z boson production
cross section in the forward region at

p
s = 7 TeV [9]. The precision achieved is about 2%

(to our knowledge, this is the most precise cross section measurement made at a hadron
collider), which permits placing important constraints on proton PDFs. The ratio of W
boson to Z boson production cross sections was also measured with a precision of better
than 1%.
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233 while the SM prediction including both tt̄ and single-top
234 production does describe the data well.
235 In Ref. [19], W þ b is studied in a larger fiducial region
236 [pTðμÞ > 20 GeV; pTðjÞ > 20 GeV], where the top quark
237 contribution is expected to be about half as large as that
238 of direct W þ b production. The ratio ½σðWbÞ þ
239 σðtopÞ%=σðWjÞ is measured in the larger fiducial region
240 to be 1.17& 0.13 ðstatÞ & 0.18 ðsystÞ% at

ffiffiffi
s

p
¼ 7 TeV and

241 1.29& 0.08 ðstatÞ & 0.19 ðsystÞ% at
ffiffiffi
s

p
¼ 8 TeV. These

242 results agree with SM predictions, which include top quark
243 production, of 1.23& 0.24% and 1.38& 0.26%, respec-
244 tively. This validates the direct W þ b prediction, since
245 directW þ b production is the dominant contribution to the
246 larger fiducial region.
247 Various sources of systematic uncertainties are consid-
248 ered and summarized in Table I. The direct W þ b
249 prediction is normalized using the observed inclusive W þ
250 jet data yields. Therefore, most experimental systematic
251 uncertainties cancel to a good approximation.
252 Since the muon kinematic distributions in W þ jet and
253 W þ b are similar, all muon-based uncertainties are neg-
254 ligible with the exception of the trigger GEC efficiency.

255The data-driven GEC study discussed above shows that the
256efficiencies are consistent for W þ jet and W þ b, with the
257statistical precision of this study assigned as the systematic
258uncertainty. Mismodeling of the pTðμÞ=pTðjμÞ distribu-
259tions largely cancels, since this shifts the inclusive W þ jet
260and W þ b final-state yields by the same amount, leaving
261the observed excess over the expected direct W þ b yield
262unaffected. The one exception is possible mismodeling of
263the dijet templates, since the flavor content of the dijet
264background is not the same in the two samples. Variations
265of these templates are considered and a relative uncertainty
266of 5% is assigned on the W boson yields.
267The jet-reconstruction efficiencies for heavy-flavor and
268light-parton jets in simulation are found to be consistent
269within 2%, which is assigned as the systematic uncertainty
270for flavor dependencies in the jet-reconstruction efficiency.
271The SV-tagger BDT templates used in this analysis are two-
272dimensional histograms obtained from the data samples
273enriched in b and c jets used in Ref. [24]. Following
274Refs. [19,24], a 5% uncertainty on the b-tagged yields is
275assigned due to uncertainty in these templates. The pre-
276cision of the b-tagging efficiency measurement (10%) in
277data [24] is assigned as an additional uncertainty.
278To determine the statistical significance of the top quark
279contribution, a binned profile likelihood test is performed.
280The top quark distribution and charge asymmetry versus
281pTðμþ bÞ are obtained from the SM predictions. The total
282top quark yield is allowed to vary freely. Systematic
283uncertainties, both theoretical and experimental, are
284handled as Gaussian constraints. The profile likelihood
285technique is used to compare the SM hypotheses with and
286without a top quark contribution. The significance obtained
287using Wilks theorem [28] is 5.4σ, confirming the obser-
288vation of top quark production in the forward region.
289The yield and charge asymmetry distributions versus
290pTðμþ bÞ observed at

ffiffiffi
s

p
¼ 7 and 8 TeV are each

291consistent with the SM predictions. The excess of the
292observed yield relative to the direct W þ b prediction at
293each

ffiffiffi
s

p
is attributed to top quark production, and used to
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F4:1 FIG. 4 (color online). Distribution of pTðμÞ=pTðjμÞ with fit
F4:2 overlaid for all W þ b candidates.
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First observation of top quark
production in the forward region

The LHCb collaboration†

Abstract

Top quark production in the forward region in proton-proton collisions is observed
for the first time. The W+b final state with W ! µ⌫ is reconstructed using muons
with a transverse momentum, pT, larger than 25GeV in the pseudorapidity range
2.0 < ⌘ < 4.5. The b jets are required to have 50 < pT < 100GeV and 2.2 < ⌘ < 4.2,
while the transverse component of the sum of the muon and b-jet momenta must
satisfy pT > 20GeV. The results are based on data corresponding to integrated
luminosities of 1.0 and 2.0 fb�1 collected at center-of-mass energies of 7 and 8TeV by
LHCb. The inclusive top quark production cross-sections in the fiducial region are

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

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

These results, along with the observed di↵erential yields and charge asymmetries,
are in agreement with next-to-leading order Standard Model predictions.

Submitted to Physical Review Letters

c� CERN on behalf of the LHCb collaboration, license CC-BY-4.0.

†Authors are listed at the end of this Letter.

Data requires a top contribution (Wb validated in sidebands):

Results for σ(tt+t+t):
_        _
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Intrinsic Charm

Predicted Zc/Zj results shown above for 
LHCb for Runs (left) 2 and (right) 3.

Potential impact on Higgs production in 
CMS/ATLAS show at right.  For H+c (not 
shown), the effect of intrinsic charm is 
comparable to that of the SM charm 
Yukawa coupling!

4

The expected results from the LHCb experiment after
Runs 2 and 3 of the LHC are each shown assuming the
detector performs as described above. Most experimen-
tal and theoretical uncertainties approximately cancel in
this ratio. The dominant contribution to the experimen-
tal systematic uncertainty comes from how well ✏tag(c)
can be measured in data. There will also likely be ⇡ 1%
contributions from various ratios of e↵ects, e.g., the e�-
ciency of event-occupancy requirements in Zc compared
to Zj events. These can each be studied using data-
driven methods and are not expected to increase the total
systematic uncertainty significantly.

From Fig. 4 one can see that valence-like IC has a
dramatic impact on Zc

j at large y(Z), while sea-like IC
mostly a↵ects Zc

j at small y(Z). Both the shape and
size of the measured Zc

j versus y(Z) distribution can be
used to study IC(x). By the end of Run 3, we estimate
that LHCb will be sensitive to IC of the type found in
BHPS models for hxiIC & 0.3%, and to that found in
SEA models for hxiIC & 1%. The impact of valence-like
IC on Zc

j in the forward region is so large that discovery
of IC will be possible already in Run 2 for hxiIC & 1%.
If such a valence-like IC component is observed, then
it may even be possible in Run 3 to investigate the c
and c̄ PDFs separately by tagging the charge of the c-jet.
Predictions of Zc

j in the central region (probed by ATLAS
and CMS) are provided as Supplemental Material to this
Letter [46]. As expected, the impact of valence-like IC is
greatly reduced, while sea-like IC a↵ects Zc

j in a similar
way as in forward region.

We conclude our discussion on measuring IC by con-
sidering the ratio � (�c) /� (�j), i.e. replacing the Z bo-
son with a final-state photon, which would permit prob-
ing lower values of Q [47–49]. Such measurements have
been made at the Tevatron [50, 51] and are suggestive
of IC [52]. The LHCb calorimeter system is not well
suited to studying high-energy photons; however, LHCb
has demonstrated that it can reconstruct and precisely
measure the properties of � conversions to e+e� [53].
It may be possible to measure �c production using con-
verted photons at LHCb [54]. We encourage studying
this possibility.

For the large valence-like IC scenario, a sizable intrin-
sic beauty (IB) component may also be present. While
IB is expected to be suppressed relative to IC by a fac-
tor of roughly [m(c)/m(b)]2 [55], it may still be possible
to observe a large valence-like IB component by study-
ing Zb production. Given that the jet-tagging algorithm
developed by LHCb simultaneously determines both the
b-jet and c-jet yields, we expect that both Zc

j and Zb
j will

be measured in the same analysis with about the same
precision.

BHPS1 BHPS2 SEA1 SEA2

0.95 1 1.05
 H→gg

CT14NNLO
IC

0.95 1 1.05
 H→VV

0.95 1 1.05
 VH→pp

0.95 1 1.05
Ht t→pp

FIG. 5. Impact of IC models on Higgs production in the
central region. The hashed boxes show the PDF uncertainties.

IMPACT ON OTHER PROCESSES

The IC content of the proton directly a↵ects the pro-
duction cross sections of many processes at the LHC.
For example, valence-like IC content increases W boson
production due to an increased probability for cs ! W
scattering [56]. Similarly, the rate at which the hypo-
thetical charged Higgs boson is produced in pp collisions
is highly sensitive to IC [57]. Furthermore, an increase
in the charm component of the proton must be balanced
by a decrease in the other components. This results in
IC indirectly a↵ecting many production cross sections via
the momentum sum rule.

Figure 5 shows the impact on the major Higgs produc-
tion cross sections within the acceptance of the ATLAS
and CMS detectors, assuming a SM Higgs boson (details
on these calculations are provided in Ref. [46]). Since the
PDF uncertainties do not include a contribution due to
the assumption of no IC in the proton, one should view
the shift due to IC as an additional uncertainty in each
Higgs-production process. Higgs production in the cen-
tral region via gluon fusion (gg! H) is a↵ected by . 1%
by valence-like IC, but by up to ⇡ 2.5% by sea-like IC.
Higgs production via vector boson fusion (V V ! H) is
also a↵ected by sea-like IC by ⇡ 2% but in the opposite
way. This is expected since adding sea-like IC increases
the quark content of the proton while decreasing its gluon
content. Associated production of tt̄H is a↵ected by up
to 1.5% by valence-like IC due to the large Q, hence
large x of one parton, of this gg-initiated process. The
predicted sensitivity to IC at LHCb in Run 3 will be su�-
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FIG. 4. Predictions for Zc
j for (left) Run 2 and (right) Run 3. For each IC model prediction, the expected experimental

statistical uncertainty is shown by the error bar, while the expected total experimental uncertainty is given by the shaded box.
The total theory uncertainty is shown as the hashed box around the CT14NNLO-based prediction. The bottom plots show
the relative impact of the various IC PDFs; note the log scale. N.b., the experimental systematic uncertainty is nearly 100%
correlated across y(Z) bins; the IC-model predictions are staggered within in each bin to aid readability.

LHCb has demonstrated the ability to make precise
measurements of Z boson production [35–37]. Here, we
assume only the decay Z ! µµ is used as it provides
the most precise experimental measurements. Follow-
ing Ref. [35], we define the muon fiducial region to be
pT(µ) > 20 GeV and 2 < ⌘(µ) < 4.5 for Run 2. For
Run 3, the ⌘(µ) region is extended to 2 < ⌘(µ) < 5
due to the improved tracking coverage upstream of the
magnet that will be provided by the so-called UT sys-
tem [33]. Z boson candidates are required to satisfy
60 < m(µµ) < 120 GeV. Furthermore, we assume that
quality criteria are imposed on the track and muon, and
take the e�ciency of such requirements from Ref. [35].

Jets are clustered using the anti-kT algorithm [38] with
R = 0.5 as implemented in FastJet [39]. Only visible
final-state particles within LHCb acceptance are clus-
tered. As in Refs. [40–42], jets are required to satisfy
pT(j) > 20 GeV and 2.2 < ⌘(j) < 4.2 to ensure nearly
uniform jet reconstruction and c-jet-identification e�-
ciencies, and only the highest-pT jet in each event is
considered (all other jets are ignored). Ref. [41] demon-
strates that migration of events in and out of this fidu-
cial region due to detector response has negligible im-
pact on the production ratios studied here; therefore,
jet pT resolution e↵ects are not considered in this study.
LHCb applies criteria to remove fake jets with a 96% e�-
ciency [43]; we assume these will also be applied in Runs 2
and 3. LHCb discards very high-occupancy events as part
of its online data-taking optimization. We again assume
that this e↵ect will be the same in the future as it was in
Run 1, and reduce the expected signal yields by 10% [43].

A key aspect of the proposed measurement in this Let-
ter is the ability to e�ciently identify (or tag) c-jets.
LHCb has demonstrated the ability to identify heavy-
flavor-hadron decay vertices in jets with a ⇡ 0.3% fake
rate [40]. Furthermore, LHCb can determine the c-jet
and b-jet yields each with percent-level precision. While
we expect the c-jet identification e�ciency to improve
in future LHCb data taking, here we assume that it is
✏tag(c) ⇡ 25% as it was in Run 1 [40].

The values of ✏tag(c) and ✏tag(b) were measured simul-
taneously by LHCb using heavy-flavor-jet enriched data
samples. No assumptions were made about the e�ciency
values in data, c.f. simulation, which led to a high degree
of anti-correlation between the ✏tag(c) and ✏tag(b) mea-
surements; each was assigned a 10% relative uncertainty.
Ref. [44] shows that the ratio �(cc̄)/�(bb̄) is robust with
respect to higher-order QCD corrections. Therefore, the
ratio ✏tag(c)/✏tag(b) can be precisely measured in a data-
driven way in an analysis similar to Ref. [45], removing
the large anti-correlation e↵ect. In this study, we assume
that a 5% relative uncertainty is achieved on ✏tag(c) in
Runs 2 and 3. Finally, background to Zj events will be
at the sub-percent level [43] and approximately cancels
in the ratios studied here, so is ignored.

EXPECTED SENSITIVITY

Figure 4 shows the expected distributions and preci-
sion on Zc

j versus the rapidity (y) of the Z for each
IC model considered compared to the no-IC prediction.


