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INTRODUCTION LHCb

LHCb at P8
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INTRODUCTION LHCb

LHCb

LHCb: a single-arm forward spectrometer at the LHC.

Optimized for heavy flavor physics in pp collisions.
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Complementary to ATLAS
and CMS.
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INTRODUCTION LHCb

LHCb detector
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INTRODUCTION EARLY 2015 MEASUREMENTS

EARLY 2015 MEASUREMENTS TASK FORCE

LHC’s
√

s = 13 TeV operation opens a new regime for
production measurements!

LHCb created the Early 2015 Measurements Task Force to coordinate
analysis and calibration activities to ensure the rapid exploitation of the
LHCb data to be taken in 2015, specifically for production
measurements at the new collision energy.

The task force coordinates most aspects of the operational and
analysis planning for the data collected at

√
s = 13 TeV,

Collision conditions,
Special triggers,
Data processing,

Luminosity calibration,
Measurements of PID and
tracking efficiency,

Physics measurements!
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INTRODUCTION EARLY 2015 MEASUREMENTS

DATA COLLECTION

ML

V1.7

 

Jan Feb  Mar

Wk 1 2 3 4 5 6 7 8 9 10 11 12 13

Mo 29 5 12 19 26 2 9 16 23 2 9 16 23

Tu

We  

Th  

Fr

Sa

Su  

 

   

Apr May June

Wk 14 15 16 17 18 19 20 21 22 23 24 25 26

Mo 30 6 13 20 27 4 11 18 25 1 8 15 22

Tu

We

Th

Fr

Sa

Su

   
July Aug  Sep

Wk 27 28 29 30 31 32 33 34 35 36 37 38 39

Mo 29 6 13 20 27 3 10 17 24 31 7 14 21

Tu

We
1

Th
 

Fr

Sa
1

Su

 
Oct Nov   Dec

Wk 40 41 42 43 44 45 46 47 48 49 50 51 52

Mo 28 5 12 19 26 2 9 16 23 30 7 14 21

Tu  

We  

Th  

Fr   

Sa

Su

 

Technical Stop Machine development

Recommissoning with beam Special physics runs (indicative - schedule to be established)  

Scrubbing  

September 11, 2015

G. Friday

LHC Schedule 2015
Approved by the Research Board, December 2014

Powering tests 

Xmas

MD 1

TS1

End physics
[06:00]

Te
ch

ni
ca

l
st

op

Scrubbing for 25 ns 
operation

Intensity ramp-up
with 50 ns beam

Intensity ramp-up
with 25 ns beam

MD 2

MD 3

IONS (Pb-Pb)

TS2

Scrubbing for 50 ns 
operation

Ions
setup

M
ac

hi
ne

ch
ec

ko
ut

Recommissioning with beam

Sector

test

23

78-67

Sp
ec

ia
l p

hy
sic

 ru
n

(d
at

e 
tb

c)

TS3

Controls
maintenance

1st May

Ascension

Easter Mon Whit

Sp
ec

ia
l p

hy
sic

 ru
n

Jeune G

Start LHC commissioning 
with beam

Injector TS

Leap second

Vd
M

MD
date tbc

ML

V1.7

 

Jan Feb  Mar

Wk 1 2 3 4 5 6 7 8 9 10 11 12 13

Mo 29 5 12 19 26 2 9 16 23 2 9 16 23

Tu

We  

Th  

Fr

Sa

Su  

 

   

Apr May June

Wk 14 15 16 17 18 19 20 21 22 23 24 25 26

Mo 30 6 13 20 27 4 11 18 25 1 8 15 22

Tu

We

Th

Fr

Sa

Su

   
July Aug  Sep

Wk 27 28 29 30 31 32 33 34 35 36 37 38 39

Mo 29 6 13 20 27 3 10 17 24 31 7 14 21

Tu

We
1

Th
 

Fr

Sa
1

Su

 
Oct Nov   Dec

Wk 40 41 42 43 44 45 46 47 48 49 50 51 52

Mo 28 5 12 19 26 2 9 16 23 30 7 14 21

Tu  

We  

Th  

Fr   

Sa

Su

 

Technical Stop Machine development

Recommissoning with beam Special physics runs (indicative - schedule to be established)  

Scrubbing  

September 11, 2015

G. Friday

LHC Schedule 2015
Approved by the Research Board, December 2014

Powering tests 

Xmas

MD 1

TS1

End physics
[06:00]

Te
ch

ni
ca

l
st

op

Scrubbing for 25 ns 
operation

Intensity ramp-up
with 50 ns beam

Intensity ramp-up
with 25 ns beam

MD 2

MD 3

IONS (Pb-Pb)

TS2

Scrubbing for 50 ns 
operation

Ions
setup

M
ac

hi
ne

ch
ec

ko
ut

Recommissioning with beam

Sector

test

23

78-67

Sp
ec

ia
l p

hy
sic

 ru
n

(d
at

e 
tb

c)

TS3

Controls
maintenance

1st May

Ascension

Easter Mon Whit

Sp
ec

ia
l p

hy
sic

 ru
n

Jeune G

Start LHC commissioning 
with beam

Injector TS

Leap second

Vd
M

MD
date tbc

ML

V1.7

 

Jan Feb  Mar

Wk 1 2 3 4 5 6 7 8 9 10 11 12 13

Mo 29 5 12 19 26 2 9 16 23 2 9 16 23

Tu

We  

Th  

Fr

Sa

Su  

 

   

Apr May June

Wk 14 15 16 17 18 19 20 21 22 23 24 25 26

Mo 30 6 13 20 27 4 11 18 25 1 8 15 22

Tu

We

Th

Fr

Sa

Su

   
July Aug  Sep

Wk 27 28 29 30 31 32 33 34 35 36 37 38 39

Mo 29 6 13 20 27 3 10 17 24 31 7 14 21

Tu

We
1

Th
 

Fr

Sa
1

Su

 
Oct Nov   Dec

Wk 40 41 42 43 44 45 46 47 48 49 50 51 52

Mo 28 5 12 19 26 2 9 16 23 30 7 14 21

Tu  

We  

Th  

Fr   

Sa

Su

 

Technical Stop Machine development

Recommissoning with beam Special physics runs (indicative - schedule to be established)  

Scrubbing  

September 11, 2015

G. Friday

LHC Schedule 2015
Approved by the Research Board, December 2014

Powering tests 

Xmas

MD 1

TS1

End physics
[06:00]

Te
ch

ni
ca

l
st

op

Scrubbing for 25 ns 
operation

Intensity ramp-up
with 50 ns beam

Intensity ramp-up
with 25 ns beam

MD 2

MD 3

IONS (Pb-Pb)

TS2

Scrubbing for 50 ns 
operation

Ions
setup

M
ac

hi
ne

ch
ec

ko
ut

Recommissioning with beam

Sector

test

23

78-67

Sp
ec

ia
l p

hy
sic

 ru
n

(d
at

e 
tb

c)

TS3

Controls
maintenance

1st May

Ascension

Easter Mon Whit

Sp
ec

ia
l p

hy
sic

 ru
n

Jeune G

Start LHC commissioning 
with beam

Injector TS

Leap second

Vd
M

MD
date tbc

The July 50 ns intensity ramp was used for primary data collection
Calibration and full system validation with the June first collisions,
Luminosity calibration with Beam Gas imaging also in June,
Smaller collision rate⇒ low-pT triggers,
Luminosity leveling⇒ consistent collision conditions.
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INTRODUCTION EARLY 2015 MEASUREMENTS

DATA COLLECTION

Dedicated data set to support a broad program of production
measurements

Soft QCD and strangeness production,
Forward energy flow,
Charged particle multiplicity,
Total inelastic cross-section,

K 0
S production cross-section,
φ production cross-section,
Λ production and V 0 production ratios.

Production of cc and bb bound states (J/ψ , Υ (nS), etc.)
Measurements of b-hadron cross-sections and production
fractions,
Open charm production cross-sections.

Total ∼5.7 pb−1 of data collected in the 50 ns intensity ramp.

The first results of the effort were shown at EPS, within a week of the
conclusion of data collection.
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INTRODUCTION EARLY 2015 MEASUREMENTS

LUMINOSITY CALIBRATION WITH SMOG

The LHCb SMOG system injects
gas into the beam pipe around the
interaction region.

Beam-gas interactions allow the
beam profiles to be imaged,

+ beam currents from LHC
instruments⇒ absolute
luminosity,
Used to calibrate scalars for
the full dataset. Details in JINST 9 (2014) 12, P12005.

In LHC Run 1, the combination of SMOG beam-gas imaging and Van
der Meer scans gave luminosity measurements with 1.1% precision.

For the earliest Run 2 measurements, Van der Meer scan calibration is
unavailable, beam-gas imaging alone gives 3.8% precision.
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INTRODUCTION HEAVY FLAVOR PRODUCTION

HEAVY FLAVOR PRODUCTION

Production measurements of heavy flavor hadrons
can be vital to improved understanding of QCD,

Test precise cross-section predictions,
Provide empirical fragmentation functions,
Probe proton structure.

Necessary for MC generator tuning,

Simulation inputs to precision flavor physics
measurements,
Long term program planning,
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determines the invariant cross section as follows, 

The functions E;; are the number densities of light partons (gluons, light quarks and 
antiquarks) evaluated at a scale p. The symbol a^ denotes the short-distance cross 
section from which the mass singularities have been factored. Since the sensitivity to 
momentum scales below the heavy quark mass has been removed, a^ is calculable as 
a perturbation series in as(p2). The scale p is a priori only determined to be of the 
order of the mass m of the produced heavy quark. The corrections to eq. (2) are 
suppressed by powers of the heavy quark mass. 

The first terms in the perturbation series which contribute are O(CI~). At this 
order there are contributions to a^ due to gluon-gluon fusion and quark-antiquark 
annihilation, 

s+S-Q+-Q 

g+g+Q+Tj. (3) 

The diagrams contributing to the lowest order cross section are shown in figs. 1,2. 
The invariant matrix-elements squared and the cross sections for these processes 
have been available in the literature for some time [l-4]. Predictions for the 
hadronic cross sections are obtained by inserting these parton cross sections into eq. 
(2). The theoretical justification for the use of eq. (2) in heavy quark production has 
been discussed in refs. [5-71. 

The phenomenological consequences of the lowest order formulae can be sum- 
marised as follows. The average transverse momentum of the heavy quark or 

Fig. 1. Lowest order Feynman diagram for heavy quark production q + Cj + Q + q 

Fig. 2. Lowest order Feynman diagrams for heavy quark production g + g -+ Q + a. 
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New experiment design.

Standard Model backgrounds for New
Physics searches,

Absolute rates of SM processes
must be known precisely.
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INTRODUCTION HEAVY FLAVOR PRODUCTION

HEAVY PRODUCTION AND PROTON STRUCTURE

Heavy flavor forward production in LHC proton-proton collisions primarily
through gluon-gluon fusion.

LHCb flavor production measurements cover a partonic momentum fraction x
complementary to the HERA DIS data,

HERA: 10−4 < x . 10−1, LHCb: 5× 10−6 < x . 10−4.

Inclusion of LHCb data should improve precision of gluon PDFs at small x ,

Implications for lepton flux calculations in atmospheric showers.

1 Introduction
Understanding the nucleon structure is one of the fundamental tasks of modern particle physics. In
quantum chromodynamics (QCD), the structure of the nucleon is described by parton distribution
functions (PDFs), which, in collinear factorisation, represent probability densities to find a parton
of longitudinal fraction x of the nucleon momentum at a factorisation scale µf . The scale evolution
of the PDFs is uniquely predicted by the renormalisation group equations for factorisation [1, 2].
The x-dependence cannot be derived from first principles and must be constrained by experimental
measurements. The precision of the PDFs is of key importance for interpreting the measurements
in hadronic collisions. In particular, the uncertainty of the proton PDFs must be significantly
reduced in order to improve the accuracy of theory predictions for Standard Model (SM) processes
at the LHC.

Deep inelastic lepton-proton scattering (DIS) experiments cover a broad range in x and µf . In
the perturbative regime, a wide x-range of 10−4 < x ! 10−1 is probed by the data of the H1 and
ZEUS experiments at the HERA collider [3]. These measurements impose the tightest constraints
on the existing PDFs. However, additional measurements are necessary for a better flavour separa-
tion and to constrain the kinematic ranges of very small and very high x, where the gluon distribu-
tion is poorly known. A better constraint on the high-x gluon is needed for an accurate description
of the SM backgrounds in searches for new particle production at high masses or momenta. Signif-
icant reduction of the uncertainty of the low-x gluon distribution is important for studies of parton
dynamics, non-linear and saturation effects. Furthermore, precision of the gluon distribution at
low x has implications in physics of atmospheric showers, being crucial for cross-section predic-
tions of high-energy neutrino DIS interaction [4] and for calculations of prompt lepton fluxes in
the atmosphere [5].

gluon momentum fraction x
-610 -510 -410 -310 -210 -110 1

<8 GeV
T

LHCb charm y=2.0, 0<p

<8 GeV
T

LHCb charm y=4.5, 0<p

<40 GeV
T

LHCb beauty y=2.0, 0<p

<40 GeV
T

LHCb beauty y=4.5, 0<p

-210×<5Bj<x-510×, 32<2000 GeV2HERA charm 2.5<Q

-210×<3.5Bj<x-410×, 1.52<600 GeV2ZEUS beauty 6.5<Q

<0.65Bj<x-410×, 4.322<30000 GeV2HERA inclusive DIS 3.5<Q

Figure 1: Kinematic range in x for the gluon density covered by measurements at HERA and
LHCb. For the HERA inclusive DIS data, the x range is indicated, where the gluon PDF uncer-
tainties are less than 10% at µ2f = 10 GeV2. For the LHCb data, the upper (lower) edge of the box
refers to the indicated upper (lower) end of the rapidity, y, range of the heavy-hadron production.

1

PROSA Collaboration, Eur.Phys.J. C75 (2015) 8, 396 (arXiv:1503.04581).
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REAL-TIME ALIGNMENT AND CALIBRATION AND TURBO STREAM SEE 09 OCT 2015 DETECTOR SEMINAR BY B. STORACI

LHCb Run 2 dataflow
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REAL-TIME ALIGNMENT AND CALIBRATION AND TURBO STREAM SEE 09 OCT 2015 DETECTOR SEMINAR BY B. STORACI

REAL-TIME CALIBRATION

It is a matter of precision!

Increased cross-sections and bunch-crossing rate⇒ event rate increase,

HLT software trigger must be more selective than it was in LHC Run 1,

In order to meet LHCb’s need for precision, the event reconstruction in
HLT2 must be as precise as offline reconstruction,

The detector calibration must be done prior to HLT2.

Event Filter Farm has been
significantly upgraded,

∼5 PB disk space,

27k physical cores
(∼55k logical cores),

Nodes added for Run 2 are about 2x more powerful than previous nodes.

Buffering also allows continuous use of farm throughout inter-fill.
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REAL-TIME ALIGNMENT AND CALIBRATION AND TURBO STREAM SEE 09 OCT 2015 DETECTOR SEMINAR BY B. STORACI

ALIGNMENT AND CALIBRATION STRATEGY

Automatic evaluation at regular intervals, e.g., per run (typically ∼1 hr of
data collection) or per fill, depending on task,

Task-specific data samples selected by special triggers,

Evaluated in minutes,

Update alignment and calibration constants only as necessary,

The same constants used in the HLT2 reconstruction and offline
reconstruction.

Aligns ∼1700 detector components and computes almost
∼2000 calibration constants (not including calorimeter

calibrations)
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REAL-TIME ALIGNMENT AND CALIBRATION AND TURBO STREAM SEE 09 OCT 2015 DETECTOR SEMINAR BY B. STORACI

ALIGNMENT AND CALIBRATIONS

VELO alignment and full alignment of tracking system,
Straw-tube tracker drift time origin calibration,
RICH refractive index calibration,
RICH mirror alignment,
Automatic calorimeter PMT voltage adjustment for detector aging,
Muon detector alignment.
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REAL-TIME ALIGNMENT AND CALIBRATION AND TURBO STREAM SEE 09 OCT 2015 DETECTOR SEMINAR BY B. STORACI

ALIGNMENT AND CALIBRATIONS

VELO alignment and full alignment of tracking system,
Straw-tube tracker drift time origin calibration,
RICH refractive index calibration,
RICH mirror alignment,
Automatic calorimeter PMT voltage adjustment for detector aging,
Muon detector alignment.
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REAL-TIME ALIGNMENT AND CALIBRATION AND TURBO STREAM SEE 09 OCT 2015 DETECTOR SEMINAR BY B. STORACI

ALIGNMENT AND CALIBRATIONS

VELO alignment and full alignment of tracking system,
Straw-tube tracker drift time origin calibration,
RICH refractive index calibration,
RICH mirror alignment,
Automatic calorimeter PMT voltage adjustment for detector aging,
Muon detector alignment.

Drift time origin (t0) calibration

• From Run I calibration: Larger effect is due to a global offset, due to the 
synchronization between the OT time and collision time

Real-time calibration and offline calibration

(A global shift of 0.5ns leads to tracking inefficiency ~0.25%)

⇒ real-time global t0 calibration: developed and commissioned with first 2015 data

⇒ offline per-OTIS constants calculated for Run II (used since after EM data)

• Different offsets for each module (actually each chip) 
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REAL-TIME ALIGNMENT AND CALIBRATION AND TURBO STREAM SEE 09 OCT 2015 DETECTOR SEMINAR BY B. STORACI

ALIGNMENT AND CALIBRATIONS

VELO alignment and full alignment of tracking system,
Straw-tube tracker drift time origin calibration,
RICH refractive index calibration,
RICH mirror alignment,
Automatic calorimeter PMT voltage adjustment for detector aging,
Muon detector alignment.

RICH mirror alignment

RICH mirror alignment

Two RICH detectors
Cherenkov photons focused on photon-detector plane by spherical and
flat mirrors
An imaginary track reflected through the RICH mirrors should be in
the center of the Cherenkov ring
The distribution of the �⇥ against � results in a sinusidal
distribution in case of misalignment of the mirrors
Fit the distribution to calculate alignment constants

Giulio Dujany (Manchester) VERTEX 2015 5 June 2015 15 / 19
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REAL-TIME ALIGNMENT AND CALIBRATION AND TURBO STREAM SEE 09 OCT 2015 DETECTOR SEMINAR BY B. STORACI

TURBO STREAM

Since the HLT2 reconstruction is offline-quality, use it in analysis directly!

Complete event reconstruction in HLT2.

Reconstruction 3x faster than Run 1.

Triggers can be exclusive
reconstructions of final states of
interest.

In the Turbo stream, keep limited
information,

Reconstructed candidates,
Additional information for specific
measurements.

More data and greater physics reach
for the same computing resources! See LHCb-PROC-2015-013.
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PRODUCTION MEASUREMENTS INTRODUCTION AND IMPACT

HISTORY: LHCb in 2010

When the LHC delivered the first
√

s = 7 TeV physics in 2010, production
measurements were naturally among the first scientific products,

Measurement of charged particle multiplicities in pp collisions at
√

s = 7 TeV. . . ,
Eur.Phys.J. C72 (2012) 1947, 3 million events.

Measurement of V 0 production ratios in pp collisions at
√

s = 0.9 and 7 TeV,
JHEP 1108 (2011) 034, 1.8 nb−1.

Measurement of J/ψ production in pp collisions at
√

s = 7 TeV,
Eur.Phys.J. C71 (2011) 1645, 5.2 pb−1.

Prompt charm production in pp collisions at
√

s = 7 TeV,
Nucl.Phys. B871 (2013) 1-20, 15 nb−1.

Measurement of σ(pp → bbX ) at
√

s = 7 TeV in the forward region,
Phys.Lett. B694 (2013) 209-216, 15.1 nb−1.

Measurement of b-hadron production fractions in
√

s = 7 TeV pp collisions,
Phys.Rev. D85 (2012) 032008, 3 pb−1.
and more. . . .

The Early Measurements Task Force expands on this program for√
s = 13 TeV and facilitates and speeds analysis.
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PRODUCTION MEASUREMENTS INTRODUCTION AND IMPACT

PROSA PDF FITS

PROSA collaboration incorporates
LHCb production measurements into
proton PDF fits.

Two approaches

Fit absolute measured
cross-sections, d2σ

dpTdy ,

Fit normalized cross-sections, dσ
dy /

dσ
dy0

.

Significant improvement in precision at
small x and small Q2.

Much smaller theory uncertainties in fit
to normalized values,

Absolute normalization subject to
large uncertainties estimated by
pQCD scale variation,
Rapidity shape is largely scale invariant.
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Figure 4: The gluon (top left), the sea-quark (top right), the u-valence quark (bottom left) and the
d-valence quark (bottom right) distributions represented at µ2f = 10 GeV2, as obtained in the QCD
analysis of the HERA only data (light shaded band) and HERA and LHCb measurements and their
relevant uncertainties. The sea-quark distribution is defined as Σ= 2 ·(ū+ d̄+ s̄). The results of the
fit using absolute or normalised LHCb measurements are shown by different hatches. The widths
of the bands represent the total uncertainties.
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PROSA Collaboration, Eur.Phys.J. C75 (2015) 8, 396.

Incorporates LHCb D (Nucl.Phys. B871 (2013) 1-20) and
B (JHEP 1308 (2013) 117) 7 TeV cross-section measurements.
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PRODUCTION MEASUREMENTS INTRODUCTION AND IMPACT

CHARM AND ASTROPHYSICAL NEUTRINOS

Atmospheric charm production and decay is a dominant source of
background for ultra-high-energy neutrino astrophysics. 4

FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of
all backgrounds. Muons (red) are computed from simulation
to overcome statistical limitations in our background mea-
surement and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are de-
rived from previous measurements of both the ⇡/K and charm
components of the atmospheric ⌫µ spectrum [9]. A gap larger
than the one between 400 and 1000 TeV appears in 43% of
realizations of the best-fit continuous spectrum.

A purely atmospheric explanation for these events is
strongly disfavored by their properties. The observed
deposited energy distribution extends to much higher en-
ergies (above 2 PeV, Fig. 2) than expected from the ⇡/K
atmospheric neutrino background, which has been mea-
sured up to 100 TeV [9]. While a harder spectrum is ex-
pected from atmospheric neutrinos produced in charmed
meson decay, this possibility is constrained by the ob-
served angular distribution. Although such neutrinos
are produced isotropically, approximately half [27, 28]
of those in the southern hemisphere are produced with
muons of high enough energy to reach IceCube and trig-
ger our muon veto. This results in a southern hemisphere
charm rate ⇠50% smaller than the northern hemisphere
rate, with larger ratios near the poles. Our data show no
evidence of such a suppression, which is expected at some
level from any atmospheric source of neutrinos (Fig. 3).

As in [11], we quantify these arguments using a likeli-
hood fit in arrival angle and deposited energy to a com-
bination of background muons, atmospheric neutrinos
from ⇡/K decay, atmospheric neutrinos from charmed
meson decay, and an isotropic 1:1:1 astrophysical E�2

test flux, as expected from charged pion decays in cos-
mic ray accelerators [30–33]. The fit included all events
with 60 TeV < Edep < 3 PeV. The expected muon
background in this range is below 1 event in the 3-year
sample, minimizing imprecisions in modeling the muon
background and threshold region. The normalizations of
all background and signal neutrino fluxes were left free
in the fit, without reference to uncertainties from [9],

FIG. 3. Arrival angles of events with Edep > 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by the expected backgrounds and a
hard astrophysical isotropic neutrino flux (gray lines). Col-
ors as in Fig. 2. Variations of this figure with other energy
thresholds are in the online supplement [29].

for maximal robustness. The penetrating muon back-
ground was constrained with a Gaussian prior reflecting
our veto e�ciency measurement. We obtain a best-fit
per-flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties from a profile like-
lihood scan. This model describes the data well, with
both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-fit
atmospheric-only alternative model, however, would re-
quire a charm normalization 3.6 times higher than our
current 90% CL upper limit from the northern hemi-
sphere ⌫µ spectrum [9]. Even this extreme scenario is
disfavored by the energy and angular distributions of the
events at 5.7� using a likelihood ratio test.

Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E�2 ansatz, an unbroken E�2 flux
at our best-fit level predicts 3.1 additional events above
2 PeV (a higher energy search [10] also saw none). This
may indicate, along with the slight excess in lower en-
ergy bins, either a softer spectrum or a cuto↵ at high
energies. Correlated systematic uncertainties in the first
few points in the reconstructed spectrum (Fig. 4) arise
from the poorly constrained level of the charm atmo-
spheric neutrino background. The presence of this softer
(E�2.7) component would decrease the non-atmospheric
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Energy of IceCube observed events with predictions of atmospheric sources
and overall fit.
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PRODUCTION MEASUREMENTS INTRODUCTION AND IMPACT

NEUTRINOS FROM ATMOSPHERIC CHARM

LHC measurements relevant to neutrinos from atmospheric charm production,
pp at

√
s = 7 TeV (13 TeV) corresponds to

incoming cosmic ray of E = 26 PeV (90 PeV).

Gauld et al. performed a PDF improvement
similar to PROSA,

NNPDF3.0 NLO set reweighted to match
LHCb charm cross-sections at 7 TeV.

Significant improvement in precision at small x .

Improved PDF set used in POWHEG and other
MC generators,

Charm production cross-sections in LHC√
s = 13 TeV collisions,

Atmospheric charm production in
high-energy cosmic ray interactions.

See also Bhattacharya et al., JHEP 06 (2015) 110.
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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.

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
(R13/7), we also provide predictions for B and D mesons in fiducial cross-sections at 13 TeV. A
tabulation of our results is provided in Appendix A, and predictions for di↵erent binning choices
and other meson species are available from the authors on request.

4.1 Forward heavy quark production at 13 TeV

First of all, we provide theory predictions required to compare with the upcoming LHCb data
on charm and bottom production which will be collected at 13 TeV. Our results are presented
according to the binning scheme adopted in the 7 TeV measurements [33,34], with the exception
that a slightly finer binning for the charm predictions is chosen at low pT and the high pT range
is slightly extended. For all predictions, the uncertainty due to scales, PDFs, and the heavy
quark mass is provided as a sum in quadrature.

In Fig. 13, the double di↵erential distributions for D0 mesons at 13 TeV are shown for
both a central and a forward rapidity bin within the LHCb acceptance. The central value and
total uncertainty of both POWHEG and aMC@NLO calculations are provided. This comparison
demonstrates that there is good agreement between the two calculations, both in terms of central
values and in terms of the total uncertainty band — agreement also holds for other D mesons
and rapidity regions, which are not shown here. Thanks to using the improved NNPDF3.0 PDFs
with 7 TeV LHCb data, PDF uncertainties turn out to be moderate even at 13 TeV, with scale
variations being the dominant source of theoretical uncertainty.

The corresponding comparison for B0 mesons is shown in Fig. 14. As in the case of the
charm, there is excellent agreement between the POWHEG and aMC@NLO calculations within
the LHCb acceptance.

The tabulation of the results shown in Figs. 13 and 14 are provided in Appendix A, in
particular in Tables 3 (for D0 mesons) and 4 (for B0 mesons).
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NNPDF3.0 NLO small-x gluon with LHCb
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Figure 19: The dependence on the incoming cosmic ray energy E of the prompt neutrino production
cross-section d�/dE⌫ , plotted as a function of z ⌘ E⌫/E, Eq. (17), which allows to compare calculations
for di↵erent values of E. Results are shown for E = 103 and E = 106 GeV (both central values and total
theoretical uncertainty) and then for E = 108 and E = 109 GeV (only central values). The cross-sections
fall steeply as one approaches the kinematical boundary z ! 1.

and total theoretical uncertainty) and then for E = 108 and E = 109 GeV (only central values).
Note how the cross-sections fall steeply as one approaches the kinematical boundary, z ! 1.

Note that in pQCD, the correct expression for representing the dependence of E of the
prompt neutrino production cross-section is given by Eq. (17), shown in Fig. 19. Previous
works, for example [13], present their calculations of the charm production cross-section as
d�/dxc, where xc = Ec/E, the ratio of produced charm quark energy over the incoming proton
energy. However, the charm quark energy is only well defined at leading order, beyond which
this is not true, and moreover is not accessible experimentally. Therefore, a robust comparison
of theoretical calculations should always be presented at the level of the physical D production
cross-section. Alternatively, one might rescale by the charm branching fraction as in Eq. (10),
but this approximation is only valid for relatively inclusive observables.

Finally, let us mention that our calculations for Eq. (15), illustrated in Figs. 17 and 18, are
available for a wide range of E and E⌫ values in the format of interpolated tables that can be
used as input for calculations of the prompt neutrino flux at IceCube, and are available from
the authors upon request.

6 Summary and outlook

In this work we have performed a detailed study of charm and bottom production in the forward
region, based on state-of-the-art pQCD with NLO calculations matched to parton showers. Our
motivation was to provide a robust estimate of the theoretical uncertainties associated to the
prompt neutrino flux at neutrino telescopes like IceCube, which is the dominant background for
the detection of astrophysical neutrinos.

Our strategy was based on the careful validation of the pQCD calculations with the LHCb
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Differential cross-section of charm-induced
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PRODUCTION MEASUREMENTS INTRODUCTION AND IMPACT

INTRINSIC CHARM IN PROTONS

Intrinsic charm/beauty are hypothetical cc or bb
contributions to the proton beyond the ‘sea’.

Several potential models have been explored in theory,
including five-quark uudcc states and D0(uc)Λ+

c (udc)
quasi-two-body bound states.
cf. pentaquarks, Phys.Rev.Lett. 115 (2015) 072001.

beauty Λb-baryon and charmed D-meson in pp collisions. The second goal of this
paper is to discuss the possibility of observing the so-called intrinsic quark com-
ponents in pp collisions at the LHC energies [3]-[9] The idea of the intrinsic charm
existence in the proton was first put forward thirty years ago by S.Brodsky with
coauthors [10, 11]. They assumed the 5-quark state uudcc̄ in the proton (Fig. 1).

Figure 1: Schematic presentation of a nucleon consisting of three valence quarks
qv, quark-antiquark qq̄ and gluon sea, and pairs of the intrinsic charm (qc

inq̄
c
in) and

intrinsic bottom quarks (qb
inq̄

b
in).

Later some other models were developed. One of them assumes the quasi-two-body
state D̄0(uc̄)Λ̄+

c (udc) in the proton, see for example [3] and references therein. In
[3]-[5] a probability to find the intrinsic charm in the proton was assumed to be from
1 to 3.5 percent. The probability of the intrinsic bottom in the proton is suppressed
by a factor m2

c/m
2
b ≃ 0.1 [12], where mc and mb are the masses of the charmed

and bottom quarks. Nevertheless, it was also shown that the intrinsic charm in the
proton can result in a sizable contribution to the forward charmed meson production
[13].

When the distribution of the intrinsic charm or bottom in the proton is similar
to the valence quark distribution, then the production of the charmed (bottom)
mesons or charmed (bottom) baryons in the fragmentation region is similar to the
production of pions or nucleons.

However, the amount of this production yield depends on the probability to find
the intrinsic charm or bottom in the proton, but this amount looks too small. In
this paper we continue our study of the forward heavy flavour production in pp
collisions at LHC energies published in [14, 15] and present some estimations for the
contribution of the intrinsic charm and bottom to the inclusive spectra of charmed
and beauty baryons and mesons. In the next section the general formalism based
on the QGSM for the forward hadron production in pp collisions at high energies
is presented briefly. In the first part of the section Results and discussion, we
present the predictions for the Λc and Λb production in pp collisions at the LHC
obtained within the QGSM without inclusion of the intrinsic charm and bottom
in the proton. Then, in the second part of this section some estimations of the
intrinsic charm and bottom contributions to the forward production of heavy mesons

2

nevertheless.
Calculating these spectra within the QGSM [17, 14, 15] at large x and assuming

wbb̄ ∼ 0.3% [5, 12] one can get that the yield of Λb produced hadronically in the
forward direction can increase by a factor 3-5 times due to the intrinsic bottom
quark contribution. It means that the cross section of the forward production of
Λb in pp collisions at LHC energies, which decays into e+e−π−p or e+e−π0n, can
reach a few hundred nb for TOTEM and CMS and few hundred pb for ATLAS. Our
estimations show that the yield of the forward charmed Λ+

c -hyperon production can
be increased by a factor of 10 due to the intrinsic charm quarks. Therefore, the
reaction pp → Λ+

c X → Λ0π+X → nπ0π+X can also be measured at the LHC when
the neutron is emitted in the forward direction. The neutron can be measured by
the ZDC and π+-meson can be detected by the hadron calorimeter. We presented
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Figure 9: The D + D̄0 distributions over the pseudo-rapidity η in pp → (D0 + D̄0)X
at

√
s = 7 TeV and 10 ≤ pt ≤ 25 GeV/c.

the qualitative estimations for the contributions of the intrinsic beauty and charm
to the forward Λb and Λc production at LHC. These spectra were calculated within
the nonperturbative QGSM in which the PDF do not include the intrinsic charm or
beauty contributions. It is not so easy to take into account the intrinsic charm (IC)
contribution at the PDF used in the QGSM [1, 17].

However, there are the PDF used in the perturbative QCD calculations which
include the IC contribution in the proton [3]-[5]. The probability distribution for the
5-quark state (uudcc̄) in the light-cone description of the proton was first calculated
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Europhys.Lett. 99 (2012) 21002 Fig. 9. Predicted
pp → (D0 + D0)X at

√
s = 7 TeV and 10 ≤ pT ≤ 25 GeV/c.

Evidence for intrinsic heavy flavor can
manifest in production spectra.

Enhances forward production,

Up to a factor of 3–10 for forward
Λ0

b or Λ+
c production,

Large enhancements in charmed
meson production in ranges
accessible to LHCb.
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PRODUCTION MEASUREMENTS INTRODUCTION AND IMPACT

CHARM IN HADRONIC COLLISIONS

p
p

D

FS

p
pIP

b

D
FS

Prompt production b decays (B → D(∗)X )

Two major sources of charm:

Prompt: Produced at primary interaction,

Direct production,
Feed-down from higher resonances.

Secondary: Produced in the decay of a b-hadron.

Separate the prompt and secondary components,

For J/ψ measurement, used to measure b-production cross-section,
Secondary treated as background for D meson cross-sections.
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PRODUCTION MEASUREMENTS INTRODUCTION AND IMPACT

DIFFERENTIAL CROSS-SECTIONS

Differential production cross-sections of J/ψ and D mesons (Hc),

d2σi(Hc)

dpTdy
=

1
∆pT ∆y

· Ni(Hc → f + c.c.)
εi,tot(Hc → f ) · B(Hc → f ) · Lint

in bins of pT and y with respect to the collision axis.

Ni(Hc → f + c.c.): signal yield in bin i ,
εi,tot(Hc → f ): total signal efficiency

Factorized into components, e.g., track reconstruction efficiency,
PID efficiency, selection efficiency, etc..
Components evaluated in independent data samples where
possible,
Estimated from simulation when not possible.

Lint: integrated luminosity of sample,
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PRODUCTION MEASUREMENTS J/ψ CROSS-SECTIONS (arXiv:1509.00771)

HISTORY: LHCb and J/ψ forward production

LHCb has previously studied forward J/ψ production cross-sections in several
collision environments,

Enabled LHCb’s excellent muon detection.

Measurement of J/ψ production in pp
collisions at

√
s = 2.76 TeV,

JHEP 1302 (2013) 041, 71 nb−1.

Measurement of J/ψ production in pp
collisions at

√
s = 7 TeV,

Eur.Phys.J. C71 (2011) 1645, 5.2 pb−1.

Production of J/ψ and Υ mesons on pp
collisions at

√
s = 8 TeV,

JHEP 1306 (2013) 064, 18 pb−1.

J/ψ mass peak in
√

s = 7 TeV pp collisions
LHCb, Eur.Phys.J. C71 (2011) 1645.

]2c [MeV/µµM
3000 3100 3200 3300

2
c

 c
an

d
id

at
es

 p
er

 5
 M

eV
/

ψ/
J

0

500

1000

1500

2000

2500

3000

3500

4000

4500 LHCb  < 3.0y2.5 < 

c < 4 GeV/
T

p3 < 

Study of J/ψ production and cold nuclear matter effects in pPb collisions at√
sNN = 5 TeV,

JHEP 1402 (2014) 072, 1.6 nb−1.
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PRODUCTION MEASUREMENTS J/ψ CROSS-SECTIONS (arXiv:1509.00771)

J/ψ CROSS-SECTIONS

Integrated luminosity of
3.05± 0.12 pb−1.

Analysis of HLT2 candidates with
Turbo stream.

Separation of prompt J/ψ and J/ψ
form b with pseudo-decay time

tz =
(zJ/ψ − zPV)MJ/ψ

pz

Double differential cross-sections

d2σi(Hc)

dpTdy

for both prompt J/ψ and J/ψ from b.
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PROMPT J/ψ CROSS-SECTIONS
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Double differential cross-sections, d2σi/dpTdy , of prompt J/ψ vs. pT.

Integrated over the acceptance of the analysis

σ(prompt J/ψ ,pT < 14 GeV,2.0 < y < 4.5) = 15.30± 0.03± 0.86µb.
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PROMPT J/ψ CROSS-SECTIONS
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Differential cross-sections, dσi/dpT, integrated over 2.0 < y < 4.5 and
compared to NRQCD calculations (Shao et al., JHEP 1505 (2015) 103).
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J/ψ -FROM-b CROSS-SECTIONS
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Double differential cross-sections, d2σi/dpTdy , of J/ψ -from-b vs. pT.

Integrated over the acceptance of the analysis

σ(J/ψ -from-b,pT < 14 GeV,2.0 < y < 4.5) = 2.34± 0.01± 0.13µb.
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J/ψ -FROM-b CROSS-SECTIONS
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Differential cross-sections, dσi/dpT, integrated over 2.0 < y < 4.5 and
compared to FONLL calculations (Cacciari et al., arXiv:1507.06197).
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FORWARD J/ψ CROSS-SECTION AS A FUNCTION OF
√

s

Prompt J/ψ production cross-sections
integrated over LHCb fiducial region:
σ(prompt J/ψ ,LHCb, 13 TeV) =

15.30± 0.03± 0.86µb.
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σ(J/ψ -from-b,LHCb, 13 TeV) =
2.34± 0.01± 0.13µb.

Using a model based on PYTHIA6,
extrapolate to a total 4π bb cross-section:
σ(pp → bbX , 4π, 13 TeV) = 515±2±53µb.
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COMPARISON WITH 8 TeV: PROMPT J/ψ
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COMPARISON WITH 8 TeV: J/ψ -FROM-b
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D0, D+, D+
s , AND D∗+ CROSS-SECTIONS

Integrated luminosity of 4.98± 0.19 pb−1.

Analysis of HLT2 candidates with Turbo
stream.
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charm with log(IPχ2) distribution,
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D0, D+, D+
s , AND D∗+ SIGNALS

m(K−π+) [MeV/c2]

1800 1850 1900

C
an

di
da

te
s
/
(1

M
eV
/

c2 )

0

50

100

150

×103

D0 data
Fit
Sig. + Sec.
Comb. bkg.

LHCb√
s = 13TeV

m(K−π+π+) [MeV/c2]

1850 1900

C
an

di
da

te
s
/
(1

M
eV
/

c2 )

0

50

100

×103

D+ data
Fit
Sig. + Sec.
Comb. bkg.

LHCb√
s = 13TeV

m(K+K−π+) [MeV/c2]

1900 1950 2000

C
an

di
da

te
s
/
(1

M
eV
/

c2 )

0

2000

4000

6000

8000
D+

s data
Fit
Sig. + Sec.
Comb. bkg.

LHCb√
s = 13TeV

m(K−π+π+
Soft) − m(K−π+) [MeV/c2]

140 145 150 155

C
an

di
da

te
s
/
(0
.0

5
M

eV
/c

2 )

0

2000

4000

6000

8000

D∗+ data

Fit

Sig. + Sec.

Comb. bkg.

LHCb√
s = 13TeV

P. SPRADLIN (GLASGOW) CHARM AND J/ψ CROSS-SECTIONS CERN-LHC 2015.10.07 34 / 46

http://arxiv.org/abs/1510.01707


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

INTEGRATED cc CROSS-SECTION

The measured differential cross-sections
are integrated over the analysis range

pT < 8 GeV
2 < y < 4.5

Integrated cross-sections are combined
with fragmentation fractions measured at
e+e− colliders.

The precise σ(cc) estimates from the D0

and D+ modes are averaged.
0 1000 2000 3000 4000

σ(pp→ ccX) [µb]

POWHEG+NNPDF3.0L (absolute)

POWHEG+NNPDF3.0L (scaled)

FONLL

LHCb average

LHCb D0

LHCb D+

arXiv:1506.08025

arXiv:1506.08025

arXiv:1507.06197

0< pT < 8 GeV/c, 2< y< 4.5 LHCb√
s = 13 TeV

Results are compared to theoretical predictions:
FONLL (Cacciari et al., arXiv:1507.06197),
POWHEG+NNPDF3.0L (Gauld et al., arXiv:1506.08025),
GMVFNS (Kniehl et al., Eur.Phys.J. C72 (2012) 2082).

σ(pp → ccX ,pT < 8 GeV,2 < y < 4.5) = 2940± 3± 180± 160µb.
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PROMPT D0 CROSS-SECTIONS

0 2 4 6 8 10 12 14
pT [GeV/c]

100

101

102

(d
2 σ

)/
(d

yd
p T

)
[µ

b/
(G

eV
c−

1 )
]

LHCb D0
√

s = 13 TeV

2.0< y< 2.5
2.5< y< 3.0
3.0< y< 3.5
3.5< y< 4.0
4.0< y< 4.5

Double differential cross-sections, d2σi/dpTdy , of prompt D0 vs. pT.

Integrated over the acceptance of the analysis

σ(D0,pT < 8 GeV,2.0 < y < 4.5) = 3370± 4± 200µb.
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PROMPT D0 CROSS-SECTIONS
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Double differential cross-sections, d2σi/dpTdy , of prompt D0 vs. pT.

Integrated over the acceptance of the analysis

σ(D0,pT < 8 GeV,2.0 < y < 4.5) = 3370± 4± 200µb.
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PROMPT D+ CROSS-SECTIONS
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Double differential cross-sections, d2σi/dpTdy , of prompt D+ vs. pT.

Integrated over the acceptance of the analysis

σ(D+,pT < 8 GeV,2.0 < y < 4.5) = 1290± 8± 190µb.
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PROMPT D+
s CROSS-SECTIONS
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Double differential cross-sections, d2σi/dpTdy , of prompt D+
s vs. pT.

Integrated over the acceptance of the analysis

σ(D+
s ,1 < pT < 8 GeV,2.0 < y < 4.5) = 460± 13± 100µb.
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PROMPT D∗+ CROSS-SECTIONS
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Double differential cross-sections, d2σi/dpTdy , of prompt D∗+ vs. pT.

Integrated over the acceptance of the analysis

σ(D∗+,1 < pT < 8 GeV,2.0 < y < 4.5) = 880± 5± 140µb.

P. SPRADLIN (GLASGOW) CHARM AND J/ψ CROSS-SECTIONS CERN-LHC 2015.10.07 40 / 46

http://arxiv.org/abs/1510.01707


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

COMPARISON WITH 7 TeV: D0 AND D+
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Ratios of double differential cross-sections, d2σi/dpTdy , between
measurements at

√
s = 13 TeV and at

√
s = 7 TeV (NPB 871 (2013) 1-20).

For each interval, the dash-dotted line represents a ratio of 1.
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COMPARISON WITH 7 TeV: D+
s AND D∗+
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Ratios of double differential cross-sections, d2σi/dpTdy , between
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s = 13 TeV and at
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For each interval, the dash-dotted line represents a ratio of 1.
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RATIOS AT 13 TeV: D+/D0
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measurements at
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s = 13 TeV.

The blue band indicates the ratio of fragmentation fractions from e+e−.
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RATIOS AT 13 TeV: D+
s /D0
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measurements at
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s = 13 TeV.

The blue band indicates the ratio of fragmentation fractions from e+e−.
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RATIOS AT 13 TeV: D∗+/D0

0 2 4 6 8 10 12 14
pT [GeV/c]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
σ

(D
∗+

)/
σ

(D
0 )

LHCb√
s = 13 TeV

f (D∗+)/ f (D0)

2.0< y< 2.5
2.5< y< 3.0

3.0< y< 3.5
3.5< y< 4.0
4.0< y< 4.5
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measurements at
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The blue band indicates the ratio of fragmentation fractions from e+e−.
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SUMMARY

CONCLUSIONS

LHCb’s forward design allows it to probe a unique region of heavy
flavor production at LHC.

Proved the efficacy of real-time alignment and calibration of the LHCb
detector.

The Turbo stream utilizes the real-time alignment and calibration to
provide analysis-ready data directly from the trigger.

More data and greater physics reach for the computing resources!

The Early Measurements campaign is a great success, with two
measurements released and many more in preparation,

arXiv:1509.00771 (submitted to JHEP): J/ψ and bb cross-sections,
arXiv:1510.01707 (submitted to JHEP): D meson cross-sections.
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