
Studies of Jet Fragmentation and 
Hadronisation at LHCb 

Fred Blanc 
EPFL 

on behalf of the LHCb collaboration 

EPS-HEP 
Ghent, Belgium, July 10th – 17th 2019



F. Blanc, EPS 2019

• Many jet-physics results at large rapidity from the LHCb experiment, e.g.: 
- “Study of forward Z+jet production in pp collisions at √s=7TeV”, JHEP 01 

(2014) 33  
→ σZ+jet = 6.3±0.1±0.5±0.2 pb  (pT>20GeV/c and 2<η<4.5)  

- “Measurement of the Z+b-jet cross-section in pp collisions at √s=7TeV in the 
forward region”, JHEP 01 (2015) 064  
→ σZ+b-jet = 128±36±22±5 fb  (pT>20GeV/c and 2<η<4.5)  

- “Measurement of forward W and Z boson production in association with jets in 
proton-proton collisions at √s=8TeV”, JHEP 05 (2016) 131  
→ σZ+jet = 5.71±0.06±0.27±0.07 pb  (pT>20GeV/c and 2.2<η<4.2)  
→ high Z+jet purity of 97.8% 

- “Study of J/ψ production in jets”, Phys. Rev. Lett. 118 (2017) 192001  
→ measured fraction of jet pT carried by the J/ψ  

• Today, present recent results on the study of Z-tagged jet structure and 
hadronisation in pp collisions at 8TeV: 
- Measurement of charged hadron production in Z-tagged jets in proton-proton 

collisions at √s=8TeV, arXiv:1904.08878 (submitted to Phys. Rev. Lett.)
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Jet studies at LHCb

https://link.springer.com/article/10.1007/JHEP01(2014)033
https://link.springer.com/article/10.1007/JHEP01(2014)033
https://link.springer.com/article/10.1007/JHEP01%282015%29064
https://doi.org/10.1007/JHEP05(2016)131
https://doi.org/10.1103/PhysRevLett.118.192001
http://arxiv.org/abs/1904.08878
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• LHCb is a single-arm forward spectrometer  
at the LHC (2 < η < 5) 

• Fully instrumented in the forward region 
- excellent vertex resolution 
- tracking stations before and after 4Tm 

dipole magnet 
- particle identification 

with two ring-imaging 
Cherenkov detectors, 
calorimeters and 
muon detectors 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The LHCb detector

Results presented here based on 
2012 dataset: 2 fb–1 at 8TeV
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Why LHCb?

Joe Osborn (Michigan) 17

• LHCb has unique advantages for

jet physics over other LHC

experiments

• Uniform coverage tracking, PID,

and calorimetry

• Can identify nearly all particles

within a high pT jet

• Also occupy a unique region in

(x ,Q2
)

$4

LHCb vs other LHC experiments

Why LHCb?

Joe Osborn (Michigan) 17

• LHCb has unique advantages for

jet physics over other LHC

experiments

• Uniform coverage tracking, PID,

and calorimetry

• Can identify nearly all particles

within a high pT jet

• Also occupy a unique region in

(x ,Q2
)

Unique (pseudo)rapidity coverage at 
LHCb (2<η<5), with uniform tracking, 
PID, and calorimetry on this range 
⇒ identification of all particles within jets LHCb occupies a unique 

region in (Q2,x) space 
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• Z+jet cross section in the forward direction ≈6 pb at LHC energies 
• The Z+jet topology selects 

preferentially light quark jets, 
while inclusive jets are gluon 
dominated 

• Studies of the jet structure in 
Z+jet events will provide an 
improved understanding of the 
fragmentation functions 
→ input to simulation (e.g. PYTHIA) 

• Experimentally, the clean 
Z→μ+μ– signature allows to 
achieve a high signal-to-noise 
ratio in Z+jet event selection
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Z+jet events in pp collisions
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Observables

z =
pjet · ph
|pjet |2

jT =
|ph ⇥ pjet |

|pjet |

r =
q
(�h � �jet)

2 + (yh � yjet)2

• Measure hadronization observables in

two dimensions

• Longitudinal momentum fraction z

• Transverse momentum jT
• Radial profile r

• Intended to lay the foundation for a

broader hadronization program at

LHCb utilizing

• Particle ID (tracking, RICH,

calorimetry)

• Heavy flavor jet tagging

• Resonance production within jets

(�, J/ , ⌥)

• Correlations with flavor ID within

jets

Joe Osborn (Michigan) 19

Z

• The following variables are used to characterise the jet structure: 

- longitudinal momentum fraction: 
  

- momentum transverse to the jet axis: 
 

- radial distribution: 

• These variables are measured 
for each hadron in the jet, 
and normalised distributions 
are obtained
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Observables

z =
~pjet · ~phadron

|~pjet|2

jT =
|~pjet ⇥ ~phadron|

|~pjet|

r =
q

(�jet � �hadron)2 + (yjet � yhadron)2
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• Similar analysis strategy as previously used by ATLAS [EPJC 71 (2011) 1795] 
and LHCb [Phys. Rev. Lett. 118 (2017) 192001] 

• Event selection 
- select clean events with only one pp interaction vertex (no pile-up) 
- Z→μ+μ– selected with 60<Mμμ<120GeV/c2, and muons with pT>10GeV/c and 

2<η<4.5 
- jet reconstruction with anti-kT algorithm (R=0.5), pT(jet)>20GeV/c, and 

2.5<η(jet)<4 
- |Δφ(Z+jet)|>7π/8 
- charged hadrons selected with pT>0.25GeV/c, p>4GeV/c, ΔR<0.5  

• Normalised distributions are constructed for the z, jT and r observables of 
the selected hadrons in the jet 
- present results in 3 jet pT bins: (20<pT<30, 30<pT<50, 50<pT<100GeV/c) 
- the distributions are efficiency and resolution corrected
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Analysis strategy

hard two-to-two partonic scattering. Jets are clustered with the anti-kT algorithm [18]
using a distance parameter R = 0.5 and are measured di↵erentially in pT for pT > 20GeV,
and in the pseudorapidity range 2.5 < ⌘ < 4.2 Charged hadrons within the jet are
required to have pT > 0.25GeV, momentum p > 4GeV, and to lie within the jet cone
such that �R < 0.5, where �R ⌘

p
(�jet � �hadron)2 + (⌘jet � ⌘hadron)2. The distributions

are unfolded to account for the detector response and to facilitate comparisons with
theoretical and numerical predictions. This is the first measurement of charged hadrons
within jets produced in association with a Z boson, as well as the first measurement of
charged hadrons in jets at forward pseudorapidity. This process is primarily sensitive to
light quark jets [19,20]. Thus, these data provide new and complementary information
to previous jet substructure measurements in the inclusive jet channel at midrapidity in
hadronic collisions, which are sensitive to primarily gluon jets [21–26]. Recent results at
midrapidity in the isolated photon-jet channel can also probe fragmentation di↵erences
when a photon, rather than a massive vector boson, is measured opposite the jet [27].

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Refs. [28, 29]. Simulations are used to evaluate the
detector performance with regard to the jet reconstruction, track-in-jet reconstruction, and
to validate the analysis methods. The simulated pp ! Z + jet +X events are generated
using Pythia 8 [20] with a specific LHCb configuration [30]. Decays of hadronic particles
are described by EvtGen [31], and final-state radiation in the simulation is generated
using Photos [32]. Finally, the Geant4 toolkit [33] is used to simulate the interactions
of the particles with the detector, as described in Ref. [34].

This analysis uses the same data set as that in the Z+jet cross section, where events
are selected and Z bosons are measured via their dimuon decay as described in Ref. [35].
Candidate events are required to pass a trigger [36] which selects muons with pT > 10GeV.
Only events that contain two high-pT muons are retained. The muons are required to
satisfy track-reconstruction and muon-identification criteria, as in Refs. [35, 37], and
are also required to fall within the fiducial region of 2 < ⌘ < 4.5, where the detector
performance is well understood. Finally, the dimuon system must have an invariant mass,
Mµµ, within the range 60 < Mµµ < 120GeV.

Jet reconstruction is performed using a particle flow algorithm [38], where the charged
and neutral particles are clustered using the anti-kT algorithm as implemented in Ref. [39].
Reconstructed jets with pT > 15GeV that lie within 2.5 < ⌘ < 4 are analyzed, where the
range of 15 < pT < 20GeV is included to unfold the detector response. The pseudorapidity
requirement ensures that the full jet cone lies within the fiducial area of the LHCb detector,
and thus provides a constant pT resolution. Selection requirements are placed on the
jets to reduce the rate of jets not associated with a hard scattered parton, which is
already suppressed by the requirement of a single reconstructed primary vertex in the
event. Additionally, the decay muons from the Z boson must not be contained within
the jet cone. Only jets that are on the azimuthal away-side of the Z boson, defined by
��Z�jet ⌘ |�Z � �jet| > 7⇡/8, are analyzed. This requirement selects the highest-pT jet
in all events in the data sample, and thus better identifies signatures of a two-to-two
partonic scattering. The jet energy calibrations are the same as those used in Ref. [35].
Charged hadrons within the jet are identified by the particle flow algorithm utilizing the
particle-identification systems and several track-quality criteria [29]. The charged hadrons

2In this Letter, natural units (c = ~ = 1) are used.
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https://link.springer.com/article/10.1140/epjc/s10052-011-1795-y
https://doi.org/10.1103/PhysRevLett.118.192001
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• At high z, the longitudinal momentum fraction of hadrons in the jet 
are mostly independent of the jet pT  

• At low z, the distributions diverge because of the available kinematic 
phase space within the selection constraints
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Results: longitudinal momentum fraction
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• Transition from nonpertubative shape (low jT) to perturbative tail 
(high jT) is visible 

• The distributions are similar for all jet pT bins
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Results: transverse momentum
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• At small r, the distributions are very dependent on the jet pT  
⇒ multiplicity of hadrons along the jet axis rises sharply with jet pT  

• At large r, the radial distribution is mostly independent of the jet pT  
- indication that nonperturbative contributions are independent of the jet pT?
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Results: radial distribution
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• Comparison with ATLAS γ+jet [arXiv:1902.10007] and inclusive jet [EPJC 
71 (2011) 1795] measurements 

• Only qualitative comparison because of the different kinematics  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Comparison with ATLAS results
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• Transverse momentum distributions show smaller average jT in 
forward Z+jet than in inclusive jets at small jT  

• Radial and longitudinal fraction (previous page) distributions show 
that the Z-tagged jets are more collimated than in inclusive jets
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Comparison with ATLAS results
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• Version: PYTHIA 8.175 + CTEQ6L.1 parton distribution function set 

• PYTHIA underestimates charged hadron production by ∼20%, mostly 
at large z and small r
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Comparison with PYTHIA

z
2−10 1−10

PY
TH

IA
/D

at
a

0

1 truez
2−10 1−10

zddN  
+j

et
Z

N
1

1

10

210

LHCb
 = 8 TeVs

 < 30 GeVjet
T
p20 < 

PYTHIA

Data

z
2−10 1−10

PY
TH

IA
/D

at
a

0

1 truez
2−10 1−10

zddN  
+j

et
Z

N
1

1

10

210

LHCb
 = 8 TeVs

 < 50 GeVjet
T
p30 < 

PYTHIA

Data

z
2−10 1−10

PY
TH

IA
/D

at
a

0

1 truez
2−10 1−10

zddN  
+j

et
Z

N
1

1

10

210

LHCb
 = 8 TeVs

 < 100 GeVjet
T
p50 < 

PYTHIA

Data

 [GeV]
T
j

1 2 3

PY
TH

IA
/D

at
a

0

1
true
T

j
1 2 3

TjddN  
+j

et
Z

N
1

2−10

1−10

1

10
LHCb

 = 8 TeVs
 < 30 GeVjet

T
p20 < 

PYTHIA
Data

 [GeV]
T
j

1 2 3

PY
TH

IA
/D

at
a

0

1
true
T

j
1 2 3

TjddN  
+j

et
Z

N
1

2−10

1−10

1

10
LHCb

 = 8 TeVs
 < 50 GeVjet

T
p30 < 

PYTHIA
Data

 [GeV]
T
j

1 2 3

PY
TH

IA
/D

at
a

0

1
true
T

j
1 2 3

TjddN  
+j

et
Z

N
1

2−10

1−10

1

10
LHCb

 = 8 TeVs
 < 100 GeVjet

T
p50 < 

PYTHIA
Data

r
0 0.1 0.2 0.3 0.4 0.5

PY
TH

IA
/D

at
a

0

1 truer
0 0.1 0.2 0.3 0.4 0.5

rddN  
+j

et
Z

N
1

10

210
LHCb

 = 8 TeVs
 < 30 GeVjet

T
p20 < 

PYTHIA

Data

r
0 0.1 0.2 0.3 0.4 0.5

PY
TH

IA
/D

at
a

0

1 truer
0 0.1 0.2 0.3 0.4 0.5

rddN  
+j

et
Z

N
1

10

210
LHCb

 = 8 TeVs
 < 50 GeVjet

T
p30 < 

PYTHIA

Data

r
0 0.1 0.2 0.3 0.4 0.5

PY
TH

IA
/D

at
a

0

1 truer
0 0.1 0.2 0.3 0.4 0.5

rddN  
+j

et
Z

N
1

10

210
LHCb

 = 8 TeVs
 < 100 GeVjet

T
p50 < 

PYTHIA

Data

ar
X

iv
:1

90
4.

08
87

8

http://arxiv.org/abs/1904.08878


F. Blanc, EPS 2019

• LHCb studied hadronisation in Z-tagged jets at large rapidities, 
produced in pp collisions at √s=8TeV 

• Observables related to the longitudinal and transverse hadron 
distributions within the jets are measured 

• Results show mostly similar distributions as predicted by PYTHIA, 
and as obtained by ATLAS at central rapidities 
- the remaining differences will allow to study the differences in gluon and 

quark fragmentation 

• Using the unique LHCb capabilities, future studies will allow to study  
hadronisation using particle ID, jet tagging, resonance production, or 
correlations within jets
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Conclusion
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Backup
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PYTHIA settings

Supplemental Material for LHCb-PAPER-2019-012

PYTHIA Comparisons

The Pythia predictions are generated using Pythia 8.175 with the CTEQ6L.1 par-
ton distribution function set and parameter settings displayed in Table 1 and 2. The
comparisons of the charged hadron-in-jet fragmentation distributions to the PYTHIA
event generator are shown for each of the jet pT bins in each of the three fragmentation
observables in Figs. 1, 2, and 3.

Table 1: Settings used in comparisons between Pythia and these measurements.

General Multiparton Interactions
SpaceShower:rapidityOrder = o↵ MultipartonInteractions:bProfile = 1
WeakBosonAndParton:qg2gmZq = on MultipartonInteractions:ecmRef = 7000
WeakBosonAndParton:qqbar2gmZg = on MultipartonInteractions:pT0Ref = 2.88
WeakZ0:gmZmode = 2 MultipartonInteractions:ecmPow = 0.238
23:onMode = o↵
23:onIfAny = 13
SigmaProcess:alphaSorder = 2

1

Table 2: Settings used in comparisons between Pythia and these measurements.

String Flavor
StringFlav:mesonUDvector = 0.6
StringFlav:mesonSvector = 0.6
StringFlav:mesonCvector = 3.0
StringFlav:mesonBvector = 3.0
StringFlav:probStoUD = 0.30
StringFlav:probQQtoQ = 0.10
StringFlav:probSQtoQQ = 0.4
StringFlav:probQQ1toQQ0 = 0.05
StringFlav:mesonUDL1S0J1 = 0.0989
StringFlav:mesonUDL1S1J0 = 0.0132
StringFlav:mesonUDL1S1J1 = 0.0597
StringFlav:mesonUDL1S1J2 = 0.0597
StringFlav:mesonSL1S0J1 = 0.0989
StringFlav:mesonSL1S1J0 = 0.0132
StringFlav:mesonSL1S1J1 = 0.0597
StringFlav:mesonSL1S1J2 = 0.0597
StringFlav:mesonCL1S0J1 = 0.0990
StringFlav:mesonCL1S1J0 = 0.0657
StringFlav:mesonCL1S1J1 = 0.2986
StringFlav:mesonCL1S1J2 = 0.2986
StringFlav:mesonBL1S0J1 = 0.0990
StringFlav:mesonBL1S1J0 = 0.0657
StringFlav:mesonBL1S1J1 = 0.2986
StringFlav:mesonBL1S1J2 = 0.2986
StringFlav:etaSup = 1.
StringFlav:etaPrimeSup = 0.4
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