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•  Inelastic pp cross-section 
JHEP 06 (2018) 100  
arXiv:1803.10974 

•  J/ψ production in jets 
Phys. Rev. Lett. 118 192001 (2017) 
arXiv:1701.05116 

•  bb correlations 
JHEP 1711 (2017) 030 
arXiv:1708.05994 

•  Bose-Einstein correlations 
JHEP 12 (2017) 025 
arXiv:1709.01769 
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Figure 39: Kaon identification e�ciency and pion misidentification rate as measured using
data (left) and from simulation (right) as a function of track momentum [81]. Two di↵erent
�logL(K� ⇡) requirements have been imposed on the samples, resulting in the open and filled
marker distributions, respectively.

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

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

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

4.3 Muon system based particle identification

The identification of a track reconstructed in the tracking system as a muon is based on the
association of hits around its extrapolated trajectory in the muon system [82]. A search
is performed for hits within rectangular windows around the extrapolation points where
the x and y dimensions of the windows are parameterised as a function of momentum at
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Complementarity of LHCb 

•  Vertex Locator  

•  Low PT triggering 

•  Angular acceptance of LHCb complementary to ATLAS/CMS 

•  2<η<5 

•  Particle ID systems •  8 mm from LHC beam 

•  RICH π/K/p ID 
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Inelastic pp cross-section 
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•  Fundamental observable in pp collisions 
– Accelerators, cosmic rays induced air showers, 

transport of cosmic rays in interstellar medium 
•  Dominant processes in inelastic pp interaction 
 

Soft-QCD Emily Nurse 

What is soft-QCD? 
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Non-Diffractive 

(ND)   σ~49 mb 
Single-Diffractive-Dissociation  

(SD)   σ~14 mb 

Double-Diffractive-Dissociation                  

(DD)   σ~9 mb @ 7 TeV  

Dominant processes in inelastic hadron-hadron interactions : 

|Ρ 
|Ρ 

|Ρ = Pomeron (quantum numbers of the vacuum) 

Elastic interaction:     A(pA) + B(pB)  A(pA
‘) + B(pB

‘)   

Inelastic interaction:  A + B   Σxi (≠ A + B)   

Non-Diffractive (ND) Single-Diffractive (SD) Double-Diffractive (DD) 

•  Measure fraction of non-empty events 

arXiv:1803.10974 
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Method: Inelastic pp cross-section 
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•  Data sample 
– 10.7 nb-1 collected in 2015 at 13 TeV 

•  Unbiased triggers 
–  Random events accepted 

•  Selection 
–  ≥1 long-lived charged particle in acceptance 

 

•  Leading bunches in LHC bunch-trains 
–  Avoid background from previous 

crossing 

 

arXiv:1803.10974 

σ acc =
(µ −µbkg )Nevt

Ltot

•  Fiducial cross-section 

µ: average number of interactions per events 
 
Obtained from fraction of empty events and 
corrected for detector inefficiency and wrongly 
reconstructed tracks 

Supplementary material for LHCb-PAPER-2018-003
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Figure 1: (left) Momentum versus pseudorapidity of reconstructed tracks and (right) transverse and
longitudinal distance of the estimated point of origin from the average PV position. The colour code
indicates the track density in units or tracks per phase space bin. On the left-hand plot the white
rectangle shows the definition of the fiducial region, while on the right-hand plot it illustrates the
selection of prompt tracks.

Figure 2: Probabilities qn to observe n prompt charged tracks from leading bunch crossings in (left)
a low- and (right) a high-pileup run. The insets show a zoom to the low-multiplicity regions. Also
indicated are the values for the fiducial cross-sections with their statistical uncertainty. The run
numbers are (left) 157586 and (right) 157704, the pileup values are µ = 0.56 and µ = 1.26, respectively.
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Figure 1: (left) Momentum versus pseudorapidity of reconstructed tracks and (right) transverse and
longitudinal distance of the estimated point of origin from the average PV position. The colour code
indicates the track density in units or tracks per phase space bin. On the left-hand plot the white
rectangle shows the definition of the fiducial region, while on the right-hand plot it illustrates the
selection of prompt tracks.

Figure 2: Probabilities qn to observe n prompt charged tracks from leading bunch crossings in (left)
a low- and (right) a high-pileup run. The insets show a zoom to the low-multiplicity regions. Also
indicated are the values for the fiducial cross-sections with their statistical uncertainty. The run
numbers are (left) 157586 and (right) 157704, the pileup values are µ = 0.56 and µ = 1.26, respectively.
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Results: Inelastic pp cross-section 
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•  Fiducial cross-section 

•  Extrapolate to full phase-space using simulation 

Agreement with  
ATLAS & TOTEM 
measurements made 
in different η ranges 

σinel = 75.4 ±3.0 (expt.) ±4.5 (extrap.) mb  

σacc = 62.2 ±0.2 (syst.) ±2.5 (lumi.) mb  

7 TeV 
13 TeV 

13 TeV 

13 TeV 

arXiv:1803.10974 
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J/ψ production in jets 
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•  Many NRQCD calculations predict large transverse 
polarisation for J/Ψ that is not observed in data 
– Direct production, leading to largely isolated J/Ψ 
– Could be explained by quarkonium production in 

parton-shower, leading to non-isolated J/Ψ 
•  Utilise prompt and b-hadron decay J/ψ in jets 
•  Measure a proxy for isolation 

•  Studies radiation acompanying quarkonia 
•  First measurement of this quantity in prompt J/ψ 

arXiv:1701.05116 

z(J /ψ) = PT (J /ψ )
PT (Jet containing  J /ψ )

PRL viewpoint 
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Method: J/ψ production in jets  
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•  Prompt and b-hadron decay J/ψ separated 
using a pseudo-decay time in PT(jet), z(J/ψ) bins 
 
. 

 

arXiv:1701.05116 

•  Utilises real-time-analysis strategy 
–  Facilitated no pT(J/ψ) requirements 

•  Only one pp reconstructed vertex for resolution 
•  z(J/ψ) corrected for selection efficiencies and unfolded 

for detector response. 
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Results: J/ψ production in jets  
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•  Prompt J/ψ are much less isolated than predicted 
–  High pT J/ψ predominantly produced in parton shower ? 
–  Could explain long-standing transverse polarisation puzzle 

•  B-hadron decay J/ψ in good agreement with Pythia 

arXiv:1701.05116 

Pythia 
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bb correlations 
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•  Kinematic correlations between heavy quark & 
anti-quark probe production mechanism 
–  Gluon splitting,  
    Flavour-creation,  
    Flavour excitation 
–  Previous studies of open charm  
have identified contributions from  
all three processes 

•  Previously measured by CMS & ATLAS 
•  LHCb study in its forward acceptance at 7/8 TeV 

–  Uses bèJ/ψ X decays 
–  Differential cross-section as function of kinematic 

variables, for ranges of J/ψ transverse momenta 

arXiv:1708.05594 

MIT-CTP/4880

Disentangling Heavy Flavor at Colliders

Philip Ilten,1, ⇤ Nicholas L. Rodd,2, † Jesse Thaler,2, ‡ and Mike Williams1, §

1Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.
2Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.

We propose two new analysis strategies for studying charm and beauty quarks at colliders. The
first strategy is aimed at testing the kinematics of heavy-flavor quarks within an identified jet. Here,
we use the SoftDrop jet-declustering algorithm to identify two subjets within a large-radius jet, using
subjet flavor tagging to test the heavy-quark splitting functions of QCD. For subjets containing a
J/ or ⌥, this declustering technique can also help probe the mechanism for quarkonium production.
The second strategy is aimed at isolating heavy-flavor production from gluon splitting. Here, we
introduce a new FlavorCone algorithm, which smoothly interpolates from well-separated heavy-
quark jets to the gluon-splitting regime where jets overlap. Because of its excellent ability to
identify charm and beauty hadrons, the LHCb detector is ideally suited to pursue these strategies,
though similar measurements should also be possible at ATLAS and CMS. Together, these SoftDrop
and FlavorCone studies should clarify a number of aspects of heavy-flavor physics at colliders, and
provide crucial information needed to improve heavy-flavor modeling in parton-shower generators.

I. INTRODUCTION

The production of charm and beauty quarks at the
Large Hadron Collider (LHC) is studied both as a fun-
damental probe of Standard Model (SM) phenomenology,
and as an important component of searches for physics
beyond the SM. For example, heavy-flavor tagging is used
to test the properties of the SM Higgs boson, whose
largest branching fraction is to a pair of beauty quarks [1].
Similarly, identifying large-radius jets with double-flavor-
tagged substructure enables searching for new physics
scenarios involving high-pT Higgs bosons [2–7]. To ad-
dress SM backgrounds in both cases, it is essential to
understand the mechanisms for heavy-flavor production
at the LHC within quantum chromodynamics (QCD). Of
particular importance is the process of gluon splitting to
heavy-quark pairs g ! QQ̄, where Q denotes a b or c
quark, which is challenging to study both theoretically
and experimentally.

In this article, we present two analysis strategies aimed
at testing key features of heavy-flavor production at the
LHC. First, we use a jet-declustering method to study
heavy-flavor kinematics within identified jets, with the
goal of testing the well-known but as-of-yet-unmeasured
massive 1 ! 2 splitting functions of QCD. Second, we
introduce a new jet algorithm designed to enable disen-
tangling the various QCD-production processes for heavy
flavor (see Fig. 1), with an emphasis on studying the con-
tribution from gluon splitting. Both of these analyses can
in principle be performed by any of the LHC experiments.
Here, we focus on the LHCb detector, which covers the
pseudorapidity range ⌘ 2 [2, 5], since its excellent heavy-
flavor-identification capabilities o↵er the best short-term

⇤ philten@cern.ch
† nrodd@mit.edu
‡ jthaler@mit.edu
§ mwill@mit.edu

(a) Gluon Splitting (b) Flavor Excitation

(c) s-channel Flavor
Creation

(d) t-channel Flavor
Creation

FIG. 1. Leading diagrams in QCD that contribute to heavy-flavor
production at the LHC: (a) gluon splitting, where a QQ̄ pair arises
from a time-like o↵-shell gluon; (b) flavor excitation, where Q is
excited from an incoming proton; and (c,d) flavor creation, where
the QQ̄ pair originates directly from the hard scattering. The pre-
cise ↵s order at which these diagrams appear depends on whether
one is working in a 3-, 4-, or 5-flavor scheme for parton distribution
functions (PDFs). Note that at higher orders, there is no gauge-
invariant distinction between these categories.

prospects. In the appendices, we also present results for
ATLAS and CMS, which cover ⌘ 2 [�2.5, 2.5]. Qualita-
tively, the results of both proposed analyses are the same
for LHCb and for ATLAS/CMS.

Our jet-declustering method is based on the SoftDrop
algorithm [8] and its precursor, the (modified) MassDrop
tagger [9–11]. Starting from a single large-radius jet, the
declustering method strips away soft peripheral radiation
and forces the groomed jet to have 2-prong substructure.
As shown in Ref. [12], the kinematics of the two resulting
subjets match the famous Altarelli-Parisi 1 ! 2 split-
ting functions for massless QCD [13]. SoftDrop has been
used by CMS [14] and STAR [15] in the context of heavy-
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Results: bb correlations  
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•  |ΔΦ*| difference in azimuthal angle b-hadrons 
•  |Δη*| difference in pseudorapidity b-hadrons 
•  Probe production mechanism 

–  Agreement with Pythia(LO) and POWHEG(NLO), suggests small NLO effects 
–  Unlike charm no large contribution from gluon splitting seen (small |ΔΦ*|) 

arXiv:1708.05594 

Plots down to PT 2GeV  
and range of kinematic  
variables in paper 
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Bose-Einstein correlations 
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•  Enhancement of production of identical bosons 
(like-sign pions) close in phase-space 
– Understand emission volume in hadronization 
– First study in pp forward region 
– Pion identification with RICH 

arXiv:1709.01769 

C2 (Q) =
N(Q)same

N(Q)ref

r1	

r2	

x1 

x2 

Correlations between indistinguishable  
particles emitted from the same volume 

Correlation Function: 

where Q2 is four-momenta difference squared of the two pions 

Same sign pions from same PV 
èBEC Effect 

èNo BEC Effect 
Use pions from different events 
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Method: Bose-Einstein correlations 
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arXiv:1709.01769 

C2 (Q) = N(1+λe
−R⋅Q )× (1+δ ⋅Q)

rd (Q) =
C2 (Q)

Data

C2 (Q)
MC

N: Normalisation 
δ: Long-range correlations 

•  Levy Parametrisation + long-range correlations: 

BEC enhancement 

long range correlations 

R: Radius of source (spherical, static) 
λ: Chaoticity (0-coherent, 1-chaotic) 

•  Double ratio data/simulation  
•  Account for imperfections in reference sample 

•  Perform analysis as a function 
of number of charged particles 
Activity: low, medium, high   
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Results: Bose-Einstein correlations  
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arXiv:1709.01769 

•  Source size increases with activity •  λ decreases with activity 

•  R, λ trends comparable with  
those seen in other experiments 
•  Values appear somewhat lower 
in LHCb forward acceptance than  
in central region of ATLAS 

nch: [8-18]       [19-35]       [36-96] nch: [8-18]       [19-35]       [36-96] 



Chris	Parkes,	ICHEP,	July	2018	

Summary: Recent Soft QCD at LHCb  
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•  Inelastic pp cross-section in LHCb acceptance 
– Good agreement with determinations from 

other rapidity ranges 
•  Prompt J/ψ production 

– Much less isolated than  
Pythia predicts 

•  bb correlations 
– Agreement with  
Pythia/POWHEG 

•  Bose-Einstein correlations 
– Observed in like-sign pions in forward pp 

Psy	is		less	isolated	
than	

Pythia	
predicts	
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Backup 
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Stability: Inelastic pp cross-section at 13 TeV 

Statistical errors only, systematics inferred from spread 
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Luminosity: Inelastic pp cross-section at 13 TeV 
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•  Continuous online monitoring of number of 
interactions with at least two tracks in the vertex 
detector 

 
•  Direct method  
calibration using  
beam-gas imaging 

–  Reconstruct interaction  
vertices of beam and  
gas nuclei 
–  Angles, positions,  
shapes of beams 



Chris	Parkes,	ICHEP,	July	2018	 18	

Mass fit: J/ψ Production in Jets 
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Results: bb Correlations  
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arXiv:1708.05594 
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Results: bb Correlations  
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arXiv:1708.05594 
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Results: bb Correlations  
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Results: bb Correlations  
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Coulomb Effect: Bose-Einstein Correlations 
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•  Coulomb effect not simulated 
•  Corrected by applying Gamov penetration factor 
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Event Multiplicity: Bose-Einstein Correlations 
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•  BEC parameters depend on total multiplicity 
•  VELO track multiplicity (Nch used) 
•  Unfolded to account for acceptance 


