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- Vertexing and IP 
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- Unique coverage in η! 
- Initially conceived for b-physics, 
current physics goals have been 
widely extended  
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See also: 
Status and perspectives with 
exotic states at LHCb 
by Dmytro Melnychuk 
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LHCb datasets 

¨  b physics imposes dealing with lower luminosities with 
respect to ATLAS or CMS… pp data taken 

→ 1 fb-1 at √s=7 TeV 
→ 2 fb-1 at √s=8 TeV 
→ 300 pb-1 at √s=13 TeV 
 
¨  Apart from that… bonus data! pPb, PbPb and SMOG data 
 

* As a benefit, very stable 
conditions in terms of 
trigger/luminosity! 

Ebeam (p) p-SMOG pPb/Pbp Pb-SMOG PbPb 

2.5 TeV 69 GeV 

3.5 TeV 

4.0 TeV 87 GeV 5 TeV 54 GeV 

6.5 TeV 110 GeV 69 GeV 5 TeV 

Center-of-mass energies 
(per ion) 
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LHCb datasets 

¨  b physics imposes dealing with lower luminosities with 
respect to ATLAS or CMS… pp data taken 

→ 1 fb-1 at √s=7 TeV 
→ 2 fb-1 at √s=8 TeV 
→ 300 pb-1 at √s=13 TeV 

* As a benefit, very stable 
conditions in terms of 
trigger/luminosity! 

¨ SMOG: System for Measuring the Overlap with Gas 

–  Physics: Strangeness production, cosmic rays physics and 
cosmology,….  

–  Done by injecting noble gas into the 
interaction region: He, Ne, Ar 
(maybe Kr & Xe) 

–  Fixed target physics in pA and PbA 
configurations  

–  Partial sensitivity to -3.5 < η < -1.5! 

Introduction pPb measurements pA measurements Summary and prospects

The LHCb experiment
SMOG: System for Measuring the Overlap with Gas

• Injection of noble gas into the interaction region
• Very simple robust system
• Used for a precise luminosity determination

SMOG can be used for fixed target physics:

• Precise vertexing allows to separate beam-beam and beam-gas contributions
• Possibility to inject different (noble) gases: He, Ne, Ar (maybe Kr and Xe)
• Fixed target physics in pA and PbA configurations

Álvaro Dosil Suárez 02/03/2016 6 / 31
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LHCb datasets 

¨  b physics imposes dealing with lower luminosities with 
respect to ATLAS or CMS… pp data taken 

→ 1 fb-1 at √s=7 TeV 
→ 2 fb-1 at √s=8 TeV 
→ 300 pb-1 at √s=13 TeV 

* As a benefit, very stable 
conditions in terms of 
trigger/luminosity! 

¨ Heavy ions physics! 

Experimental approach

‹ study hadronic collisions
as a function of the centre-of-mass energy
for different beam-target combinations

Heavy Ion Results from LHCb - Introduction M. Schmelling, Bormio, January 27, 2016 3
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Detector complementarity 

¨ LHCb can offer unique coverage at the LHC  
Introduction pPb measurements pA measurements Summary and prospects

The LHCb experiment

Characteristics
• Impact parameter: �IP = 20µm
• Momentum resolution: �p/p = 0.5 ⇠ 0.8% (5 � 100 GeV/c)
• RICH K � ⇡ separation: "(K ! K) ⇠ 95% mis-ID✏(⇡ ! K) ⇠ 5%
• Muon: "(µ ! µ) ⇠ 97% mis-ID✏(⇡ ! µ) ⇠ 1 � 3%
• Acceptance 2 < ⌘ < 5
• Fully instrumented in the forward region

! Heavy Ion physics studies in a unique kinematic area
! Complementary measurements to other LHC experiments

• Forward and backward coverage using p-Pb and Pb-p beams

Álvaro Dosil Suárez 02/03/2016 5 / 31
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LHCb complementarity

⌘ coverage

• LHCb can offer unique coverage at the LHC
• However b physics imposes dealing with lower

luminosities
! 2010: 37 pb�1 at

p
s = 7 TeV

! 2011: 1 fb�1 at
p

s = 7 TeV
! 2012: 2 fb�1 at

p
s = 8 TeV

• As a benefit, very stable conditions in terms of
trigger/luminosity (luminosity leveling)

Observables sensitive to nuclear effects

nuclear modification factor: R

pA

y

1
A

d

pA

dy

d

pp

dy

forward-backward asymmetry: R

FB

y

pA

y

pA

y

positive rapidity in direction of the proton
pp cross-section cancels in R

FB

exploit asymmetric layout of LHCb to measure forward and backward

results from 1 6 nb 1 pPb-data recorded in 2013 ‹

p

Pb

Heavy Ion Results from LHCb - Cold Nuclear Matter Effects M. Schmelling, Bormio, January 27, 2016 22
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QCD physics at LHCb (I) 

¨ LHCb EW production 
measurements probe 
two Bjorken x − Q2 
regions  
–  Low x, high Q2 previously 

unexplored  
–  LHCb produces W/Z by 

collisions between low-x 
and high-x partons  

–  Overlap region allows 
direct ATLAS/CMS 
comparison  

Electroweak, top and
exotics physics at

LHCb: present and
future

X. Cid Vidal
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New regions to probe

where

x parton longitudinal
momentum fraction

Q2 momentum transfer

• LHCb EW production measurements probe two
Bjorken x � Q2 regions
! Low x , high Q2 previously unexplored
! LHCb produces W/Z by collisions between low-x

and high-x partons
! Overlap region allows direct ATLAS/CMS

comparison

where 
x parton longitudinal 
momentum fraction 
Q2 momentum transfer 

arxiv:1602.09006 
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where

x parton longitudinal
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• LHCb EW production measurements probe two
Bjorken x � Q2 regions
! Low x , high Q2 previously unexplored
! LHCb produces W/Z by collisions between low-x

and high-x partons
! Overlap region allows direct ATLAS/CMS

comparison

¨  NNPDF down quark PDF and 
uncertainties (normalized so 
central value pre-LHC is unity):  
–  Green: PDF fit using HERA data  
–  Blue: PDF fit using HERA data 

and 7 TeV LHCb data 

Impact of existing LHCb results on PDFs
Many LHCb 7 TeV results on electroweak boson production now
included in PDF fits.
Large impact on pre-LHC PDF knowledge.

Shown here NNPDF down quark PDF and uncertainties (normalised
so central value pre-LHC is unity):

I Green: PDF fit using HERA data
I Blue: PDF fit using HERA data and 7 TeV LHCb data

W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 10 / 52

¨  Similar impact from LHCb b and c 
production papers 
–  Measurement of B meson 

production cross-sections at √s 
= 7 TeV;  JHEP 1308 (2013) 117  

–  Prompt charm production in pp 
collisions at √s=7; TeV 
Nucl.Phys. B871 (2013) 1-20 
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¨ Central exclusive production (CEP) 
–  Experimentally, very empty low pT events! 
–  Rich physics case: Photon-Pomeron, Double-Pomeron, 

Photoproduction, Glueballs, Exotica,… 

Elastic 
Scattering 

Single 
Diffraction 

Double 
Diffraction 
Central Exclusive  
(elastic)  
Central Exclusive  
(inelastic)  

~LHCb coverage 

Taken from arxiv 0806.0883   
http://cern.ch/dde 

CEP events: 
Trigger on and 
reconstruct  
a handful of particles  
(muons, hadrons, 
photons..) 

η

CEP backgrounds: 
reject events with  
additional particles, 
usually very forward 

QCD physics at LHCb (II) 
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CEP events: 
Trigger on and 
reconstruct  
a handful of particles  
(muons, hadrons, 
photons..) 

η

CEP backgrounds: 
reject events with  
additional particles, 
usually very forward 

QCD physics at LHCb (II) 

¨  HeRSCheL: High Rapidity Shower Counters for LHCb 
–  Forward scintillators for selecting rapidity gaps 
–  Up to ±114 m from IP: Full gap size 2 < η < 8  
–  Fully operative from 2015! 

Forward extension of the detector

‹ HeRSCheL: High Rapidity Shower Counters for LHCb

p

T

0 5 GeV/c p

T

1 5 GeV/c

forward scintillators for
selecting rapidity gaps
up to 114 m from IP
central region not covered
gap size 2 8
‹ huge gain for diffractive

physics and central
exclusive production (e.g.
J photoproduction on
the proton in pA)

LHCb simulation results for the
efficiency to see charged pions

Heavy Ion Results from LHCb - The LHCb detector M. Schmelling, Bormio, January 27, 2016 14
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QCD physics at LHCb (III) 

¨ Study of hadronic collisions 

 
 
¨ Other interesting physics…: Test of MC models, Double 

Parton Scattering… 

¨ Will show a selection of results (personal bias, most 
recent results…). For a complete list see  
https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbQEEPublicResults 

J production in fixed target collisions

‹ first look at pNe collisions (2015) and PbNe collisions (2013)
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first (hints) of signal seen, i.e. cross-sections are large
potential for many interesting measurements

Heavy Ion Results from LHCb - Fixed Target Physics M. Schmelling, Bormio, January 27, 2016 31
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W and Z at √s = 8 TeV (I) 

¨ Measurement in muon final states 
–  No missing ET at LHCb…! 
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Figure 1: (left) Template fit to the (left panel) positive and (right panel) negative muon p
T

spectra in the full ⌘µ range for W candidates. Data are compared to fitted contributions from
W ! µ⌫ signal and QCD, electroweak and heavy flavour backgrounds. (right) Invariant mass
distribution of dimuon pairs in the Z candidate sample.
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In this expression the index k runs over all candidates contributing to bin j and "

Z is the
pseudorapidity-dependent muon-reconstruction e�ciency for event k. The matrix U is
determined from simulated data, as described in Section 4.6. The QED final-state radiation
corrections are denoted by f

Z

FSR. The components that are common with the W boson
cross-sections defined in Eq. 2 are the luminosity and the individual muon reconstruction
e�ciencies.

Although the beam energy does not enter in Eqs. 2 and 3, a related uncertainty is
assigned to all cross-sections. More details on these individual components are given below.
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W and Z at √s = 8 TeV (II) 

¨ Measurement of cross sections, data driven efficiencies 
 

–  Small (~1%) luminosity uncertainty! 
–  Consistent results with data 
–  Differential measurements also available in the paper 
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Figure 4: Two-dimensional plots of electroweak boson cross-sections compared to NNLO predic-
tions for various parameterisations of the PDFs. The uncertainties on the theoretical predictions
correspond to the PDF uncertainty only. All ellipses correspond to uncertainties at 68.3% CL.
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W and Z at √s = 8 TeV (II) 

¨ Measurement of cross sections, data driven efficiencies 
 

–  Small (~1%) luminosity uncertainty! 
–  Consistent results with data 
–  Differential measurements also available in the paper 
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W+b/c jets with Run I data 

¨  Jets reconstructed with anti-kT, Particle Flow approach 
–  Have developed powerful b/c jet tagging 

–  Measurement at √s = 7 and 8 TeV 

	JINST 10 (2015) P06013 

Phys. Rev. D 92, 052001 (2015) 

W + (b, c)-jet ratios and asymmetries results [PRD92 (2015) 052001]

I A(Wq) = �(W+q)��(W�q)

�(W+q)+�(W�q)
.

I Main uncertainties from heavy flavour fraction determination (5-10%), tagging e�ciency
(10%), isolation fit (4-10%), and for W + b the Top background (13%)

I Predictions @NLO: MCFM[PRD62(00)114012] and CT10 PDF set,[PRD82(10)074024].
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I Data do not support large contribution from intrinsic b-quark in the proton:

! Insu�cient precision to rule out extra contribution at the O(10%) level.
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W+b/c jets with Run I data 

¨  Jets reconstructed with anti-kT, Particle Flow approach 
–  Have developed powerful b/c jet tagging 

–  Measurement at √s = 7 and 8 TeV 
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¨  Theory references: 
–  MCFM[PRD62(00)114012] 
–  CT10 PDF set,[PRD82(10)074024] 
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Top in the forward direction 

¨  Tightening the same selection allowed the discovery of 
the top quark at LHCb! 

–  pT (µ + b) provides discrimination 
between top and W + b-jets. 

–  A(W+b) ~1/3 while A(top) ~0.1, 
mainly from single-t 

–  Look for an excess of µ + b events 
and deviation of A as function of 
pT (µ + b).  

W + b-tag yields and asymmetry

PRL 115 (2015) 112001

I Discrepancy between data and Wb predictions.

I Good agreement with Wb + top predictions.

I Binned likelihood fit of N(top) and A(top).

I Systematic uncertainties treated as Gaussian constraints.

I N(top) and A(top) shapes are fixed. The total yields is allowed to vary.

I Profile likelihood to compare Wb + top and Wb hypotheses

5.4� observation of top production in the forward region.

Victor Coco, on behalf of the LHCb Collaboration Top and W+b/c jets results at LHCb November 4, 2015 12 / 17

PRL 115 (2015) 112001 

5.4σ observation!  
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Top in the forward direction 
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PRL 115 (2015) 112001 

5.4σ observation!  

Cross section measurements

PRL 115 (2015) 112001

I The observed excess above Wb prediction is used to measure �(tt̄ + t + t̄).

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

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

I b-tagging, jet energy scale and isolation fit related uncertainties dominates the
systematics uncertainties.
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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%.

Cross sections at
p
s = 7, 8 TeVare consistant with NLO SM predictions.

Victor Coco, on behalf of the LHCb Collaboration Top and W+b/c jets results at LHCb November 4, 2015 13 / 17
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–  Cross sections in agreement with theory! 
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Exclusive Υ production (I) 

¨ Measurement performed with √s = 7 and 8 TeV LHCb 
datasets 
–  Υ produced by photoproduction! 
–  Relatively clean sample in µµ  
   final state! 

JHEP 1509 (2015) 084 

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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Figure 2: Invariant dimuon mass spectrum for 7TeV and 8TeV data in the rapidity range
2 < y(⌥) < 4.5 (black points). The fit PDF is superimposed (solid blue line). The ⌥(1S, 2S, 3S)
signal components, used to derive weights, are indicated with a long-dashed (red) line, and the
non-resonant background is marked with a short-dashed (grey) line.

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

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

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

⌥(1S) mass ( MeV/c

2) 9452.5 ± 3.3 9453.2 ± 4.3 9452.4 ± 5.6 9452.0 ± 9.0

background and �

b

! ⌥� feed-down decays. These contributions are indistinguishable in
the invariant mass distribution.

The probability density function (PDF) used to model each ⌥(nS) signal peak is a
Gaussian function with modified tails (a double-sided crystal ball function [21]). The mass
di↵erences for the ⌥(2S)�⌥(1S) and ⌥(3S)�⌥(1S) resonances are taken from Ref. [22].
The ratios of the ⌥(2S) and ⌥(3S) resolutions with respect to the ⌥(1S) are fixed to
the ratio of their masses with respect to the mass of the ⌥(1S), following the procedure
used in previous ⌥ measurements using LHCb data [23]. The parameters that govern the
shapes of the tails are taken from simulation, as is the resolution of the ⌥(1S) resonance,
which varies from 35 MeV/c

2 to 57 MeV/c

2 in the di↵erent rapidity ranges. The yields of
the signal components are all free to vary independently.

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

The data are fitted in the whole rapidity range and in bins of rapidity. The fit results
are given in Table 1 and the fit in the full rapidity range is shown between 9 GeV/c

2 and
12 GeV/c

2 in Fig. 2.

4

√s = 7 and 8 TeV 
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Exclusive Υ production (II) 

–  Exclusive component subtracted 
with fit to pT

2 distribution! 
(dominant syst. uncertainty) 

–  Υ and photo production 
differential cross section 
measurements performed 
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Figure 3: Fit to the p2
T

distribution of the ⌥ candidates in the full rapidity range.

5 Systematic uncertainties

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

Contributions to the systematic uncertainty arising from the p

2

T

fit are considered:
the uncertainty in the signal p

2

T

distribution as modelled by the SuperChiC generator
and the variation of the exclusive signal PDF expected in the various rapidity bins.
The SuperChiC generator is tuned to reproduce measurements of exclusive J/ meson
production made by LHCb [12]. As no su�ciently precise measurements of the p

2

T

distribution in exclusive ⌥(nS) resonance production exist, an estimate is made following
Ref. [1], where it is argued from Regge theory that the slope b

0

of the proton should be
reduced by 4↵0 log(m

⌥(nS)

/m

J/ 

). A simulated sample is generated accordingly and used
to derive a signal p

2

T

template. Changing b

0

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

2

T

shape on
rapidity is studied by replacing the exclusive signal p

2

T

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

2

T

as a function of mass is considered.
The determination of the exclusive purity, P, is repeated in the dimuon invariant mass
range from 9 to 12 GeV/c

2, and the di↵erence is taken as a conservative estimate of the
systematic uncertainty. In Table 3 these sources contribute to the uncertainty denoted
‘purity fit’.

The uncertainty arising from the p
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shape derived from simulation and used to
describe the feed-down background is considered separately. The feed-down background
PDF is constructed using only contributions from the �
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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.
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Photoprod. as a function 
of γp center of mass (W) 

Exclusive Υ production (II) 
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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
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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
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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.
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Ridge effect in pA collisions (I) 

¨ Measurement of two-particle angular correlations 
performed using:  
–  L = 0.46 nb-1 [p+Pb] ; L = 0.30 nb-1 [Pb+p]  

–  Total function defined as 

 
Where N trig is the amount of particles per bin and 

Table 2: Common absolute activity bins for the p+Pb and Pb+p samples. The activity of
p+Pb events is scaled to match the same activity ranges of Pb+p events, as explained in the
text. For illustration purposes the average number, hN

ch

i
MC

, of prompt charged particles with
p > 2GeV/c, p

T

> 0.15GeV/c and 2.0 < ⌘ < 4.9 is listed for events simulated with the Hijing
event generator. The uncertainties are due to the scaling factor of 0.77 ± 0.08. Statistical
uncertainties are negligible.

Common absolute N hit

VELO-range p+Pb Pb+p
activity bin in Pb+p scale hN

ch

i
MC

hN
ch

i
MC

Bin I 2200� 2400 62.8± 6.6 64.4
Bin II 2400� 2600 68.4± 7.1 67.0
Bin III 2600� 2800 73.7± 7.6 76.4
Bin IV 2800� 3000 79.2± 7.9 82.4
Bin V 3000� 3500 86.7± 8.2 92.9

scaling factor.
The analysis is repeated using an alternative event-activity classification, based on

the multiplicity of selected tracks (Sect. 3) in the range 2.0 < ⌘ < 4.9. In analogy to
the nominal approach using the VELO-hit multiplicity, the same fractions of the full
distribution are used to define relative activity classes for both beam configurations.
Similarly, five common activity bins for the p+Pb and Pb+p samples are defined in the
intermediate to high-activity classes. The results are found to be independent of the
definition of the activity classes.

5 Analysis method

Two-particle correlations are measured separately for events in each activity class. The
track sample containing the selected candidates of primary charged particles is divided into
three p

T

intervals: 0.15� 1.0GeV/c, 1.0� 2.0GeV/c and 2.0� 3.0GeV/c. For each event,
all candidates within a given p

T

interval are identified as trigger particles. By selecting a
trigger particle all remaining candidates within the same interval compose the group of
associated particles. Particle pairs are then formed by combining every trigger particle
with each associated particle. The two-particle correlation function is composed of a signal
part S(�⌘,��), a background part B(�⌘,��), and a normalization factor B(0, 0). The
total function is defined as the associated yield per trigger particle, given by

1

N
trig

d2N
pair

d�⌘ d��
=

S(�⌘,��)

B(�⌘,��)
⇥ B(0, 0), (2)

where N
pair

is the number of particle pairs found in a (�⌘,��) bin. The number of trigger
particles within a given p

T

interval and activity class is denoted by N
trig

. The signal

6

distribution S(�⌘,��) describes the associated yield per trigger particle for particle pairs,
N

same

, formed from the same event, and is defined as

S(�⌘,��) =
1

N
trig

d2N
same

d�⌘ d��
. (3)

Following the approach in Ref. [4], the sum over the events is performed separately for
N

trig

and for d2N
same

/d�⌘ d�� before the ratio is calculated. The background distribution
B(�⌘,��) is defined for particle pairs of mixed events,

B(�⌘,��) =
d2N

mix

d�⌘ d��
, (4)

and describes the yield of uncorrelated particles. The N
mix

pairs are constructed by
combining all trigger particles of an event with the associated particles of five di↵erent
random events in the same activity class, whose vertex positions in the beam direction
are within 2 cm of the original event. As a result, e↵ects due to the detector occupancy,
acceptance and material are accounted for by dividing the signal by the background
distribution, where the latter is normalised to unity around the origin. The factor B(0, 0)
describes the associated yield for particles of a pair travelling in approximately the same
direction and thus having the maximum pair acceptance.

All trigger and associated particles in the signal and background distributions are
weighted with the correction factors ! described in Section 3. Furthermore, alternative
correction factors determined from the large pile-up pp simulation using Pythia are
applied to evaluate systematic uncertainties. The resulting associated correlation yields
agree within 3% with the nominal results. To estimate the influence of the track selection,
the correction factors are also determined with a maximum impact parameter relaxed
to twice the nominal value, and the value of the multivariate classifier used to suppress
fake tracks is varied by ±5%. The resulting di↵erent correction factors are applied
to the measurements which are then compared to the nominal corrected results. The
di↵erence due to the di↵erent prompt selection is negligible, while the alternative fake
track suppression results in a maximum variation of 3%.

6 Results

Two-particle correlation functions for events recorded in the p+Pb configuration are
presented in Fig. 2. The correlation for particles with 1 < p

T

< 2GeV/c is shown for
events of the 50� 100% and 0� 3% class, representing low and very-high event activities,
respectively. Both histograms are dominated by the jet peak around �⌘ ⇡ �� ⇡ 0 which
is due to correlations of particles originating from the same jet-like objects and thus being
boosted closely together. To have a better visualization of additional structures the jet
peak is truncated in all 2D-histograms. The second prominent feature is visible on the
away-side (�� ⇡ ⇡) over a long range in �⌘. The event sample with very high event
activity (Fig. 2, right) shows an additional, less pronounced, long-range structure centred
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¨ Classify events according to 
event activity class, scale to 
allow direct comparison. 
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Figure 1: Hit-multiplicity distribution in the VELO for selected events of the minimum-bias
samples in the (left) p+Pb and (right) Pb+p configurations. The activity classes are defined
as fractions of the full distribution, as indicated by colours (shades). The 0 � 3% class is a
sub-sample of the 0� 10% class.

This scaling factor is determined to be 0.77 ± 0.08 by using the relation between hit
and track multiplicities in the two beam configurations. The uncertainty accounts for
deviations from perfect linearity in the data that are not reproduced in the simulation,
and is propagated into the systematic uncertainties of the results. Five common absolute
activity classes, labelled I – V, are defined in the high-activity region and are listed in
Table 2 with the corresponding average numbers of charged particles from simulation. The
quoted uncertainties in the p+Pb sample are related to the systematic uncertainty of the

Table 1: Relative event-activity classes defined by the VELO-hit multiplicity, N hit

VELO, of an event.
The classes are defined as fractions of the N hit

VELOdistribution for minimum-bias recorded events
in the p+Pb or Pb+p configuration. The 0� 3% class is a sub-sample of the 0� 10% class. For
illustration purposes the average number, hN

ch

i
MC

, of prompt charged particles with p > 2GeV/c,
p
T

> 0.15GeV/c and 2.0 < ⌘ < 4.9 is listed for events simulated with the Hijing event generator.
Statistical uncertainties are negligible.

Relative p+Pb Pb+p

activity class range N hit

VELO hN
ch

i
MC

range N hit

VELO hN
ch

i
MC

50� 100% very low 0� 1200 18.9 0� 1350 29.2
30� 50% low 1200� 1700 30.0 1350� 2000 47.4
10� 30% medium 1700� 2400 42.8 2000� 3000 70.9
0� 10% high 2400�max 63.6 3000�max 106.7
0� 3% very high 3000�max 73.7 3800�max 126.4

5
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Ridge effect in pA collisions (II) 

¨ Confirm ridge in high multiplicity events seen by other 
experiments! 
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Figure 2: Two-particle correlation functions for events recorded in the p+Pb configuration,
showing the (left) low and (right) high event-activity classes. The analysed pairs of prompt charged
particles are selected in a p
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range of 1� 2GeV/c. The near-side peak around �⌘ = �� = 0 is
truncated in the histograms.

η∆
-2

0

2

φ∆

-1
0

1
2

3
4

φ
∆

 d
η

∆
d

N2
d

 
tr

ig
N

1

0.4

0.45

0.5

 = 5 TeVNNs  Pb+pLHCb 

Event class 50-100%

 < 2.0 GeV/c
T

1.0 < p

η∆
-2

0

2

φ∆

-1
0

1
2

3
4

φ
∆

 d
η

∆
d

N2
d

 
tr

ig
N

1 2.05

2.1

2.15

2.2

 = 5 TeVNNs  Pb+pLHCb 

Event class 0-3%

 < 2.0 GeV/c
T

1.0 < p

Figure 3: Two-particle correlation functions for events recorded in the Pb+p configuration,
showing the (left) low and (right) high event-activity classes. The analysed pairs of prompt charged
particles are selected in a p

T

range of 1� 2GeV/c. The near-side peak around (�⌘ = �� = 0) is
truncated in the histograms.

at �� = 0, which is not present in the corresponding low-activity sample. The structure,
often referred to as the near-side ridge, is elongated over the full measured �⌘ range of
2.9 units. This observation of the ridge for particles produced in proton-lead collisions at
forward rapidities, 2.0 < ⌘ < 4.9, extends previous central rapidity measurements at the
LHC.
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at �� = 0, which is not present in the corresponding low-activity sample. The structure,
often referred to as the near-side ridge, is elongated over the full measured �⌘ range of
2.9 units. This observation of the ridge for particles produced in proton-lead collisions at
forward rapidities, 2.0 < ⌘ < 4.9, extends previous central rapidity measurements at the
LHC.
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at �� = 0, which is not present in the corresponding low-activity sample. The structure,
often referred to as the near-side ridge, is elongated over the full measured �⌘ range of
2.9 units. This observation of the ridge for particles produced in proton-lead collisions at
forward rapidities, 2.0 < ⌘ < 4.9, extends previous central rapidity measurements at the
LHC.
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Figure 2: Two-particle correlation functions for events recorded in the p+Pb configuration,
showing the (left) low and (right) high event-activity classes. The analysed pairs of prompt charged
particles are selected in a p
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range of 1� 2GeV/c. The near-side peak around �⌘ = �� = 0 is
truncated in the histograms.
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at �� = 0, which is not present in the corresponding low-activity sample. The structure,
often referred to as the near-side ridge, is elongated over the full measured �⌘ range of
2.9 units. This observation of the ridge for particles produced in proton-lead collisions at
forward rapidities, 2.0 < ⌘ < 4.9, extends previous central rapidity measurements at the
LHC.

8p+Pb Pb+p 

Lo
w

 a
ct

iv
ity

 
H

ig
h 

ac
tiv

ity
 

Near side + 
short range 

structure: Jets 

Away side 
structure: 

Momentum 
conservation 

Near side 
long range 
structure: 

Ridge! 

arXiv:1512.00439 



28/32 March 8th 2016 Xabier Cid Vidal – QCD results in the forward 

Particle multiplicities 

¨ Minimum bias measurement with √s = 7 TeV 
–  2< η <4.8, p> 2 GeV/c, pT>0.2 GeV/c 
–  Allows comparison with different MC generators! 

Eur. Phys. J. C (2014) 74:2888 
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Particle multiplicities 

¨ Minimum bias measurement with √s = 7 TeV 
–  2< η <4.8, p> 2 GeV/c, pT>0.2 GeV/c 
–  Allows comparison with different MC generators! 

Eur. Phys. J. C (2014) 74:2888 
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¨  Theory references: 
–  CTEQ collaboration, Eur. Phys. J. C12 (2000) 375 
–  PHOJET: R. Engel, Z. Phys. C66 (1995) 203. 
–  Pythia 8.1: T. Sjostrand, S. Mrenna, and P. Skands, 

Comput. Phys. Commun. 178 (2008) 852. 
–  Herwig++: Eur. Phys. J. C58 (2008) 639 
–  Herwig++ 2.7, arXiv:1310.6877 
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Inelastic pp cross-section  

¨ Measured inelastic proton-proton collisions, with at 
least one particle with pT>0.2 GeV/c ; 2.0<η<4.5 
–  Measurement done at √s = 7 TeV 
–  Uncertainty dominated by systematics (luminosity) 

–  Extrapolation to full acceptance with Pythia 

JHEP 1502 (2015) 129 
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Figure 2: Inelastic cross-section measured by LHCb compared to the existing data on the
total [26] and inelastic cross-sections [27] in pp and pp̄ collisions as a function to the centre-
of-mass energy. The full (dashed) line is a phenomenological fit [28] of the energy dependence
of the inelastic (total) cross-section. The main plot only shows the LHCb measurement. The
inset is a zoom, comparing all inelastic cross-section measurements by the LHC experiments
ALICE [7], ATLAS [8, 9], CMS [10] and TOTEM [11, 12]. The horizontal line represents the
value of the phenomenological fit at

p
s = 7TeV. The error bars give the total uncertainties of the

measurements. When an inner error bar is shown, it represents the experimental uncertainties
added in quadrature, while the full error bar also covers an extrapolation uncertainty.

Kingdom); NSF (USA). The Tier1 computing centres are supported by IN2P3 (France),
KIT and BMBF (Germany), INFN (Italy), NWO and SURF (The Netherlands), PIC
(Spain), GridPP (United Kingdom). We are indebted to the communities behind the
multiple open source software packages on which we depend. We are also thankful for
the computing resources and the access to software R&D tools provided by Yandex LLC
(Russia). Individual groups or members have received support from EPLANET, Marie
Sk lodowska-Curie Actions and ERC (European Union), Conseil général de Haute-Savoie,
Labex ENIGMASS and OCEVU, Région Auvergne (France), RFBR (Russia), XuntaGal
and GENCAT (Spain), Royal Society and Royal Commission for the Exhibition of 1851
(United Kingdom).
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Fully systematic 
uncertainty, statistical 

tiny in comparison! 

5 Results

The cross-section for inelastic pp collisions at a centre-of-mass energy
p
s = 7TeV, yielding

one or more prompt long-lived charged particles in the kinematic range p

T

> 0.2 GeV/c
and 2.0 < ⌘ < 4.5, is

�

acc

inel

(p
T

> 0.2 GeV/c, 2.0 < ⌘ < 4.5) = 55.0 ± 2.4 mb ,

with an uncertainty that is almost completely systematic in nature. The purely statistical
uncertainty is two orders of magnitude smaller.

The measurement within the limited kinematic range above is scaled to full phase space
with an extrapolation factor, s

extr

, which is given by the ratio of all inelastic interactions
to the number of inelastic interactions within the kinematic acceptance. The Pythia 6
simulation used in the e�ciency determination [2, 17] gives s

extr

= I

MC

/I

acc

MC

= 1.2168 ±
0.0001, where the uncertainty is statistical.

The extrapolation to full phase space is necessarily model dependent. To estimate
its uncertainty, di↵erent soft QCD tunes provided by Pythia 8.201 (see Ref. [25] and
references therein) have been considered: 4Cx, a tune derived from the 2C-tune to
CDF data and adapted to LHC; Monash 2013, a tune based on both e

+

e

� and LHC
data; A2-CTEQ6L1, A2-MSTW2008LO, AU2-CTEQ6L1 and AU2-MSTW2008LO, minimum bias
and underlying event tunes by the ATLAS collaboration using the CTEQ 6L1 and the
MSTW2008 LO parton densities; and CUETP8S1-CTEQ6L1, an underlying event tune by
the CMS collaboration. Table 3 summarizes some average properties of those tunes for
non-di↵ractive, single-di↵ractive and double-di↵ractive interactions. Mean values and
standard deviations are given for n, the zero-suppressed average multiplicity of prompt
long-lived charged particles in the kinematic acceptance, for the visibility v, defined by
the probability that at least one charged particle is inside the kinematic acceptance, and
for the fraction f of each interaction type. For any mix of interaction types, extrapolation
factor and visibility are related by s

extr

= 1/v.
The extrapolation factor, converting the inelastic cross-section in the kinematic ac-

ceptance to the total inelastic cross-section, is a function of the visibilities and the frac-
tions of non-di↵ractive, single-di↵ractive and double-di↵ractive interactions. Since the
interaction-type fractions are only weakly constrained by experiment (see e.g. Ref. [7]),
the values of f given in Table 3 are not used in the following. To determine an estimate
for the uncertainty of the extrapolation factor, a Monte Carlo approach is used. Multi-
plicities and visibilities are generated according to Gaussian densities with parameters as
given in Table 3. The interaction type fractions that go into the extrapolation factor are
then determined subject to the constraints that each of them lies between zero and one,
that they sum to unity, and that the zero-suppressed average multiplicity of the mix is
consistent with the generator level average multiplicity of the Pythia 6 simulation, 10.93,
which provides a good description of the data. The distribution of the average multiplicity
is modelled according to a Gaussian function with this mean value and standard deviation
0.5.

The method yields a distribution for s
extr

with an average of 1.17 and a standard devi-

6
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Inelastic pp cross-section  

¨ Measured inelastic proton-proton collisions, with at 
least one particle with pT>0.2 GeV/c ; 2.0<η<4.5 
–  Measurement done at √s = 7 TeV 
–  Uncertainty dominated by systematics (luminosity) 

–  Extrapolation to full acceptance with Pythia 
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total [26] and inelastic cross-sections [27] in pp and pp̄ collisions as a function to the centre-
of-mass energy. The full (dashed) line is a phenomenological fit [28] of the energy dependence
of the inelastic (total) cross-section. The main plot only shows the LHCb measurement. The
inset is a zoom, comparing all inelastic cross-section measurements by the LHC experiments
ALICE [7], ATLAS [8, 9], CMS [10] and TOTEM [11, 12]. The horizontal line represents the
value of the phenomenological fit at

p
s = 7TeV. The error bars give the total uncertainties of the

measurements. When an inner error bar is shown, it represents the experimental uncertainties
added in quadrature, while the full error bar also covers an extrapolation uncertainty.
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Labex ENIGMASS and OCEVU, Région Auvergne (France), RFBR (Russia), XuntaGal
and GENCAT (Spain), Royal Society and Royal Commission for the Exhibition of 1851
(United Kingdom).

8

5 Results

The cross-section for inelastic pp collisions at a centre-of-mass energy
p
s = 7TeV, yielding

one or more prompt long-lived charged particles in the kinematic range p

T

> 0.2 GeV/c
and 2.0 < ⌘ < 4.5, is

�

acc

inel

(p
T

> 0.2 GeV/c, 2.0 < ⌘ < 4.5) = 55.0 ± 2.4 mb ,

with an uncertainty that is almost completely systematic in nature. The purely statistical
uncertainty is two orders of magnitude smaller.

The measurement within the limited kinematic range above is scaled to full phase space
with an extrapolation factor, s

extr

, which is given by the ratio of all inelastic interactions
to the number of inelastic interactions within the kinematic acceptance. The Pythia 6
simulation used in the e�ciency determination [2, 17] gives s

extr

= I

MC

/I

acc

MC

= 1.2168 ±
0.0001, where the uncertainty is statistical.

The extrapolation to full phase space is necessarily model dependent. To estimate
its uncertainty, di↵erent soft QCD tunes provided by Pythia 8.201 (see Ref. [25] and
references therein) have been considered: 4Cx, a tune derived from the 2C-tune to
CDF data and adapted to LHC; Monash 2013, a tune based on both e

+

e

� and LHC
data; A2-CTEQ6L1, A2-MSTW2008LO, AU2-CTEQ6L1 and AU2-MSTW2008LO, minimum bias
and underlying event tunes by the ATLAS collaboration using the CTEQ 6L1 and the
MSTW2008 LO parton densities; and CUETP8S1-CTEQ6L1, an underlying event tune by
the CMS collaboration. Table 3 summarizes some average properties of those tunes for
non-di↵ractive, single-di↵ractive and double-di↵ractive interactions. Mean values and
standard deviations are given for n, the zero-suppressed average multiplicity of prompt
long-lived charged particles in the kinematic acceptance, for the visibility v, defined by
the probability that at least one charged particle is inside the kinematic acceptance, and
for the fraction f of each interaction type. For any mix of interaction types, extrapolation
factor and visibility are related by s

extr

= 1/v.
The extrapolation factor, converting the inelastic cross-section in the kinematic ac-

ceptance to the total inelastic cross-section, is a function of the visibilities and the frac-
tions of non-di↵ractive, single-di↵ractive and double-di↵ractive interactions. Since the
interaction-type fractions are only weakly constrained by experiment (see e.g. Ref. [7]),
the values of f given in Table 3 are not used in the following. To determine an estimate
for the uncertainty of the extrapolation factor, a Monte Carlo approach is used. Multi-
plicities and visibilities are generated according to Gaussian densities with parameters as
given in Table 3. The interaction type fractions that go into the extrapolation factor are
then determined subject to the constraints that each of them lies between zero and one,
that they sum to unity, and that the zero-suppressed average multiplicity of the mix is
consistent with the generator level average multiplicity of the Pythia 6 simulation, 10.93,
which provides a good description of the data. The distribution of the average multiplicity
is modelled according to a Gaussian function with this mean value and standard deviation
0.5.

The method yields a distribution for s
extr

with an average of 1.17 and a standard devi-
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¨  References: 
–  ALICE collaboration, arXiv:1208.4968  
–  ATLAS collaboration, arXiv:1104.0326  
–  ATLAS collaboration, arXiv:1408.5778  
–  CMS collaboration, arXiv:1210.6718 
–  TOTEM collaboration, arXiv:1110.1395 
–  TOTEM, Europhys. Lett. 101 (2013) 21004 
–  Particle Data Group, Chin. Phys. C38 (2014) 090001  
–  A. Achilli et al., arXiv:1102.1949  
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Conclusions 

¨ Wide program on QCD physics at LHCb! 

¨ Exploit our unique geometry to complement other 
experiments 

¨ Presented results related to  
–  EW bosons 
–  Central Exclusive Production 
–  Heavy ion physics 

¨ Many data yet to be analyzed and to be taken 
(Herschel, 2015 data…), stay tuned! 
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b/c jet tagging at LHCb 

¨  ParticleFlow jets with anti-kT (R=0.5) 
–  Inclusive 2-body vertexing merged in n-body vertices (SV) 
–  light jet mistag rate < 1%, εb ∼ 65%, εc ∼ 25% 
–  SV properties (displacement, kinematics, multiplicity,...) 

and jet properties  combined in two BDTs. 
–  BDTbc|udsg optimised for heavy flavour versus light 

discrimination.  
–  BDTb|c optimised for b versus c discrimination.  

JINST 10 P06013 

b and c jet tagging @ LHCb
[JINST 10 P06013]

I ParticleFlow jets with anti-kT (R=0.5).

I Inclusive 2-body vertexing merged in n-body vertices (SV):

! light jet mistag rate < 1%, ✏b ⇠ 65%, ✏c ⇠ 25%.

I SV properties (displacement, kinematics, mulitplicity,...) and jet properties
combined in two BDTs.

I BDTbc|udsg optimised for heavy flavour versus light discrimination.
I BDTb|c optimised for b versus c discrimination.
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I Enrichement in a b or c-jets can be obtained from cuts on the BDT distributions.

I Flavour content of a given jet sample can be obtained from 2D fit of the BDT
distributions.
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