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Motivation

Sookhyun Lee, DIS 2023

• Collinear fragmentation functions for 
identified hadrons well understood

• Spin-spin and spin-momentum correlations 
are key to explaining various transverse 
spin asymmetries

• Multi-differential analysis reveals complex 
structure underlying hadron formation

• Jet TMD fragmentation measurements are 
interesting in their own right as they enable 
us to study the nature of emergent QCD
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Move forward: 1D → 3D

§ Nucleon 1D structure
§ 40+ years’ study: longitudinal motion

§ Nucleon 3D structure
§ both longitudinal + transverse momentum dependent structure
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f(x)

Longitudinal motion only Longitudinal + transverse motion 

Transverse Momentum Dependent parton distributions (TMDs)

f(x, kT )
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• Previously, single inclusive annihilation in 
!"!# and transverse momentum dependent 
cross section and multiplicity in Semi-
Inclusive DIS, and $ − ℎ correlations in ''

• Ambiguity by transverse momenta of two hadrons involved and 
less direct measurements

• Jets and jet substructure measurements 
opened up new ways to access this 
information at RHIC and LHC

• Transversity & Collins FF at STAR 
• TMD Jet FF at LHCb
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How do we access TMD FF at experiments?
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How do we access TMD FF at experiments?
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• Previously, single inclusive annihilation in 
!"!# and transverse momentum dependent 
cross section and multiplicity in Semi-
Inclusive DIS, and $ − ℎ correlations in ''

• Ambiguity by transverse momenta of two hadrons involved and 
less direct measurements

• Jets and jet substructure measurements 
opened up new ways to access this 
information at RHIC and LHC

• Transversity & Collins FF at STAR 
• TMD Jet FF at LHCb
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SIDIS in parton model with intrinsic motion
4⋆ − ' CM frame
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How do we access TMD FF at experiments?
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• Previously, single inclusive annihilation in 
!"!# and transverse momentum dependent 
cross section and multiplicity in SIDIS, and 
$ − ℎ correlations in ''

• Ambiguity by transverse momenta of two hadrons involved and 
less direct measurements

• Jets and jet substructure measurements 
opened up new ways to access this 
information at RHIC and LHC

• Transversity & Collins FF at STAR 
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The LHCb experiment

2 < ! < 5

o General purpose detector in 
the forward region (2 < ! < 5)

o Charged particle 
identification

o Impact parameter resolution 
15+29/"# [GeV]

o Muon reconstruction for 
resonance states

o Full jet reconstruction with 
tracking, ECAL and HCAL + 
Tagging of jets from                
light-quark, c- and b-quark 

Vertexting Tracking PID Muon

JINST 3 (2008) S08005
Int. J. Mod. Phys. A 30 (2015) 1530022

2 < ! < 5Vertexing Tracking PID Muon

Sookhyun Lee, DIS 2023 5
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Jets and their substructure 

• Jet substructure !
- Jet mass
- Jet angularity
- fragmenting jet function (FJF)
- TMD FJF
- …

PRD 81 (2010) 074009, Procura, Stewart
PRD 92 (2015) 054015, Kaufmann, Mukherjee 
JHEP 11 (2016) 155, Kang, Ringer, Vitev
JHEP 1804 (2018) 110,  Kang, Lee, Ringer
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Courtesy by Y-T Chien

Jet substructure

The era of precision jet substructure studies

SCET Chien-Vitev JHEP05(2016)023
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Relate precise jet modifications to medium properties

ATLAS
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PRL 123 (2019) 232001 1D measurements of nonidentified ℎ± in <+jets  

functions to those obtained when hadron-to-lepton (and
vice versa) misidentification probabilities are considered.
These uncertainties are less than 5%, except at large z
where the charged pion-to-electron misidentification prob-
ability becomes larger [32].
Figure 1 shows the distributions of z in three jet pT bins.

These illustrate that the longitudinal momentum fraction
is approximately constant as a function of jet pT at high z.
At low z the fragmentation functions differ, which is a
kinematic effect due to the requirement that the track
momentum be greater than 4 GeV; therefore, higher pT
jets can probe smaller z. This also reflects that the charged
hadron multiplicity increases with jet pT . Comparing these
forward measurements to inclusive jet measurements at
central rapidity from ATLAS [24] indicates that the
fragmentation functions are not as steeply falling at high
z [47]. This may reflect differences between light-quark
and gluon fragmentation.
Figures 2 and 3 show the jT and r distributions of

charged hadrons within jets. The jT profiles show a
rounded peak at small jT which transitions to a perturbative
tail at larger jT as also seen in Ref. [48]. This is indicative of
an observable that can be treated in the so-called transverse-
momentum-dependent framework [1–3,49], where sensi-
tivity to both a large and small transverse momentum scale
is necessary. The radial profiles show that the number of
charged hadrons at small r is highly dependent on jet pT ;
however, the values are relatively constant as a function of
jet pT at nearly all other values of r. Interestingly, the jT
fragmentation distributions are similar to the central pseu-
dorapidity inclusive jet results; however, these measure-
ments are more collimated in r than the inclusive jet
measurements [47]. This behavior in r is correlated to
the flatter fragmentation in z and may be a reflection of the
different pseudorapidity region or differences in light-quark
and gluon fragmentation. We note that the comparisons
to the measurements by ATLAS should be qualitative in
nature, rather than quantitative, due to the slightly different

kinematic criteria placed on each of the measurements. The
distributions in jT and r offer the opportunity to study the
interplay between perturbative parton shower and non-
perturbative hadronization dynamics. For example, the
steeply falling tail of the jT distributions results from a
combination of perturbative radiation and nonperturbative
hadronization processes.
The fragmentation functions are compared to predictions

from PYTHIA8 Z þ jet events, where the details of the
PYTHIA8 configuration can be found in Ref. [47]. These
comparisons are made since the specific LHCb tune
contains realistic experimental conditions [33] and also
shows that the unfolding procedure is not simply correcting
the measured distributions to the predictions from PYTHIA8.
An example of the comparison as a function of z is shown
in Fig. 4; all of the comparisons described in this text can
be found in Ref. [47]. In general, PYTHIA8 underestimates
the number of charged hadrons at high z; PYTHIA8 also
underestimates the number of charged hadrons at small r.
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FIG. 1. Distributions of the longitudinal momentum fraction of
the hadron with respect to the jet in three bins of jet pT . The bars
(boxes) show the statistical (systematic) uncertainties.
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FIG. 3. Radial profile distributions of hadrons with respect to
the jet axis in three bins of jet pT . The bars (boxes) show the
statistical (systematic) uncertainties.
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TMD FF

YZ → <Z → < + jet

Light quarks fragmenting into a jet



Gluon- vs. quark-initiated jets
• LHCb !+jets (quark jet) vs. ATLAS inclusive jets (gluon jet) 
• Quark-initiated jets are more collimated and take a larger 

partonic momentum fraction than gluon jets
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• Hadrons carrying large momentum fraction along jet axis tend to have large transverse momentum 
w.r.t. jet axis

• Centroid of harder jets shifted towards smaller ! (soft particle production) and larger "# (wider jet)

• Larger "# for given ! in jets with higher $#; consistent with Markov chain fragmentation models, e.g. 
string or cluster models

Sookhyun Lee, DIS 2023 9

TMD JFF for charged hadrons %±
First multi-differential jet substructure measurements

arxiv:2208.11691 (accepted by PRD Lett.)



• Charged hadrons in !–tagged jets
• At small " < 0.02, effects of color 

coherence as well as kinematic cuts 
manifest as a humped-back 
structure

• Harder jets, higher #$ or higher √&, 
produce an excess of soft particles 
per jet; access smaller "

• Scaling behavior at large " > 0.04

• Similar pattern in '$ between √& = 8 
TeV vs 13 TeV
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Light-quark JFF at LHCb



Multi-differential TMD Jet FF 
for !±,$± and %±

• Multidifferential distributions for pions, kaons and protons at 20 < jet &' < 30 GeV/c

• Heavier hadrons produced from harder partons, i.e. larger (' as well as larger )

Sookhyun Lee, DIS 2023 11

arxiv:2208.11691 (accepted by PRD Lett.)



• Charged hadron 
formation within jets 
predominantly by !±
due to its low mass 
and flavor content of 
initial-state proton

• Hadrons with higher 
mass require a larger z
threshold for their 
formation. Delayed 
scaling behavior shown 
in heavier charged 
particles
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• In lowest jet #$ interval: 
• Proton production relative to kaons clearly suppressed at lower z
• Pythia 8 overestimates %±, #± production relative to !±

arxiv:2208.11691 (accepted by PRD Lett.)
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Light-quark JFF for '±,(± and )±



Heavy quark TMD JFF
• Heavy quark (b and c) mass naturally 

enhances quark fragmentation into 
hadrons
• Collinear fragmentation studies exist from 
!"!# and $$̅
• Heavy-quark jet fragmentation functions 

from pp most recently by ATLAS, CMS and 
ALICE
• &"#, D⋆"#, *+ and Λ-

• Multi-differential analysis will allow for 
direct access to heavy-quark TMD  

Sookhyun Lee, DIS 2023 13
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Figure 1.5: The longitudinal momentum fraction z (left) and transverse momentum
relative to the jet axis prel

T

(right) for fully reconstructed B+/� hadrons in jets. The
data are compared to a variety of di↵erent MC generators and hadronization models
[5].

lays the groundwork for future multi-dimensional studies of single beauty hadron

fragmentation in jets. The ATLAS and CMS experiments have also studied inclusive

B hadronization in jets by tagging b-jets from tt decays [42, 43]. Instead of fully

reconstructing B hadrons in the jets, ATLAS used secondary vertices in the jets as

proxies for the B-hadrons, while CMS used charm hadrons decayed from B-hadrons.

ATLAS measured the z distribution and the fraction of the jet p
T

carried by the

SV in track-based jets, pchg
T,b

/pchg
T,jet

, while CMS measured the fraction of the charged

particle jet p
T

carried by the reconstructed charm hadron, p
T,c

/
P

pchg
T

[42, 43]. All

distributions were strongly peaked towards high fractional values, consistent with the

collinear B-hadron fragmentation functions described above.

1.3.2 Fragmentation to Charm Hadrons

More experimental measurements of fragmentation functions exist for charm hadrons

than for beauty hadrons, primarily because charm is more abundantly produced than

13

Figure 1.8: D0 (left), D+/� (middle), and D⇤+/� (right) fragmentation functions
measured in e+e� collisions [8].

charm FFs peak around an x
p

of 0.6, indicating a hard fragmentation, but not as

hard as the fragmentation observed for B hadrons which predominantly occurs at

higher fractional momentum values.
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Figure 1.9: The longitudinal momentum fraction z of D0 mesons in track-based
jets with a transverse momentum between 5 and 15 GeV (left) and 15 and 30 GeV
(right) [9]

Several charm FFs have also been measured in jets in pp collisions. The collinear

D⇤+/� FF was measured in jets by the ATLAS experiment and found to display a

soft fragmentation spectrum consistent with the D⇤+/� mesons primarily originating

from gluon splittings [47]. The D⇤+/�-in-jet data was recently included in global fits

16

JHEP 08 (2019) 133 [ALICE collaboration]

JHEP 12 (2021) 131 [ATLAS collaboration]



b- and c-jet tagging @ LHCb
• Two classes of BDT 
BDT(bc|udsg) : b/c jets vs. light-quark jets 
BDT(b|c) : b-jets vs. c-jets
• Describe corrected mass and SV track multiplicity 

distributions at 1-2% level

• Efficienty-mistagging performance 
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Figure 4. SV-tagger BDT fit results for the B+jet data sample with 10 < pT(jet) < 100GeV: (top left)
distribution in data; (top right) two-dimensional template-fit result; and (bottom) projections of the fit result
with the b, c, and light-parton contributions shown as stacked histograms.
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Figure 5. Same as figure 4 for the D+jet data sample.
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Figure 3. Efficiencies for SV-tagging a (b,c)-jet versus mistag probability for a light-parton jet from simu-
lation. The curves are obtained by varying the BDT(bc|udsg) requirement.

• (µ(b,c)+jet) a displaced high-pT muon which enriches the c-jet and b-jet content of the
test-jet sample;

• (W+jet) a prompt isolated high-pT muon indicative of W+jet events that consists of about
95% light-parton jets.

The first three samples are used to measure the (b,c)-jet identification efficiencies and properties.
The final sample is used to study misidentification of light-parton jets. In all samples the event-tag
and test jet are required to originate from the same PV. The range 10 < pT(jet) < 100GeV is con-
sidered since there are no large enough data samples to measure the efficiency for jet pT > 100GeV.

4.2 Tagged-jet yields

The presence of an SV and its kinematic properties are used to discriminate between b, c and
light-parton jets. As described in section 3, the SV-tagger algorithm uses two BDTs while the
TOPO uses one BDT for each SV. The tagged yields for each algorithm are obtained by fitting to
data BDT templates obtained from simulation for b, c and light-parton jets. In all fits the template
shapes are fixed and only the yields of each jet type are free to vary.

Figures 4–6 show the results of fits performed to the two-dimensional SV-tagger BDT distribu-
tions in the B+jet, D+jet and µ(b,c)+jet data samples. The b and c jets are clearly distinguishable
in the two-dimensional BDT distributions: b jets are mostly found in the upper right corner, while
c jets are found in the center-right and lower-right regions. The light-parton jets cluster near the
origin but are difficult to see due to the low SV-tag probability of light-parton jets. The BDT tem-
plates for b, c and light-parton jets describe the data well. A dedicated study of the modeling of the
light-parton-jet BDT distributions is discussed in section 5.

A simple cross-check on the b, c and light-parton yields is performed by fitting only two of
the BDT inputs: the corrected mass defined in eq. (3.1) and the number of tracks in the SV. The
corrected mass provides the best discrimination between c jets and other jet types due to the fact
that Mcor peaks near the D meson mass for c jets.3 The number of tracks in the SV identifies b jets

3This is true for all long-lived c hadrons when all tracks are assigned a pion mass.
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An important quantity for discriminating between hadron types is the so-called corrected mass
defined as

Mcor =
q

M2 + p2 sin2 q + psinq , (3.1)

where M and p are the invariant mass and momentum of the particles that form the SV and q is
the angle between the momentum and the direction of flight of the SV. The corrected mass is the
minimum mass that the long-lived hadron can have that is consistent with the direction of flight.
The linked n-track SVs are required to have Mcor > 0.6GeV to remove any remaining kaon or
hyperon decays. A few percent of jets contain multiple SVs that pass all requirements; in such
cases the SV with the highest pT is chosen. The fraction of multi-SV-tagged jets is consistent in
data and simulation.

Two BDTs are used to identify b and c jets: BDT(bc|udsg) trained to separate (b,c) jets from
light-parton jets and BDT(b|c) trained to separate b jets from c jets. Both BDTs are trained on
simulated samples of b, c and light-parton jets. The inputs to both BDTs are as follows:

• the SV mass M;

• the SV corrected mass Mcor;

• the transverse flight distance of the two-track SV closest to the PV;

• the fraction of the jet pT carried by the SV, pT(SV)/pT(jet);

• DR between the SV flight direction and the jet;

• the number of tracks in the SV;

• the number of SV tracks with DR < 0.5 relative to the jet axis;

• the net charge of the tracks that form the SV;

• the flight distance c2;

• the sum of all SV track c2
IP.

For jets that contain an SV passing all of the requirements, the two BDT responses are used to
identify the jet as either b, c or light-parton.

3.2 The topological trigger

The topological trigger algorithm uses SVs that satisfy similar criteria to those used in the SV-
tagger algorithm to build two-, three- and four-track SVs. The TOPO SVs are required to have
large pT and significant flight distance from the PV. The TOPO provides an efficient trigger option
for generic b-jet events, as the SV used by the TOPO to trigger recording of the event can also be
used to tag a b jet. The BDT used in the TOPO algorithm uses the following inputs:

• the SV mass;

• the SV corrected mass;

– 4 –



Spontaneous ! hyperon polarization 
• Transverse Λ (#Λ ) polarization measured via 

self analyzing parity-violating decays to p%&
((̅%))

• LO leading twist predicts transverse Λ
polarization *+ suppressed by ,-.//12
served increasing transverse polariz

34
3 567 8 =

4
2 (1 + ,=> *+ cos B)
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FIG. 6. Transverse polarization of ⇤ and ⇤̄ hyperons as a function of (a) xF and (b) pT. The thick error bars represent
statistical uncertainty of the measurements, the narrow error bars are total uncertainties. Data points for ⇤̄ are displaced
horizontally for better legibility of the results.
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baryons is diluted in the decay, the magnitude of the po-
larization at the LHC is expected to be slightly smaller
than that observed by the previous experiments at the
same p

T

and x

F

. In the absence of any new polarization-
producing mechanism that would manifest itself at low
x

F

and high center-of-mass energies, the measured polar-
ization is expected to be consistent with zero; this is so
for the results presented here.

VIII. CONCLUSIONS

Results of the measurement of the transverse polariza-
tion of ⇤ and ⇤̄ hyperons carried out with the ATLAS
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FIG. 8. The ⇤ transverse polarization measured by ATLAS
compared to measurements from lower center-of-mass energy
experiments. HERA-B data are taken from Ref. [5], NA48
from Ref. [4], E799 data from Ref. [3], and M2 from Ref. [2].
The HERA-B results are transformed to positive values of xF

using Eq. (1).

experiment at the LHC in 760 µb�1 of proton–proton
collisions at

p
s = 7 TeV are presented here. The po-

larization is measured for inclusively produced ⇤ hyper-
ons in the fiducial phase space and in three bins of the
transverse momentum with mean p

T

of 1.07, 1.64, and
2.85 GeV and in three bins of the Feynman-x variable
with mean x

F

of 2.8⇥ 10�4, 7.5⇥ 10�4, and 19.3⇥ 10�4.
Average polarizations in the full fiducial volume are mea-
sured to be �0.010± 0.005(stat)± 0.004(syst) for ⇤ and
0.002 ± 0.006(stat) ± 0.004(syst) for ⇤̄ hyperons. In p

T

and x

F

bins, the polarization is found to be less than 2%
and is consistent with zero within the estimated uncer-

PRL 41 (1978) 1689

Analysis at LHCb ⇤ Polarization Measurement

⇤ (uds) Polarization Convention
Di↵erential angular distribution

– Transverse polarization
measured in the direction
normal to the ⇤ hyperon and
beam momentum:
~n = ~pbeam ⇥ ~p⇤

– The distribution of ✓ for
polarized ⇤ is

dN

d cos ✓

=

N

2

(1 + ↵⇤P cos ✓)

↵⇤ = 0.730± 0.014 [16]
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• The probability densities for finding hadrons 
from unpolarized partons is encoded in
Collinear fragmentation functions !"# $
or TMD fragmentation functions !"# $, &'

• The probability densities for finding polarized
hadrons from unpolarized partons is encoded in

TMD polarizing FF !(') $, &'
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Summary and outlook
q Multi-differential TMD JFF measured for charged pions, kaons and 

protons for the first time
• Results shed lights on role of hadron mass and valence quark contents of 

proton in hadronization processes within jets
• Heavier hadrons are produced from harder partons.
• Hadrons carrying larger jet momentum fraction in longitudinal direction tend 

to carry larger transverse momentum w.r.t. jet axis as well. 
• Confirm some of features shown in measurements at lower √" = 8 TeV.
q Hadronization in heavy flavor jet measurements most suitable at LHCb due 

to abundant statistics and heavy-quark tagging capabilities.
• Measurements of charged hadrons in b-tagged and c-tagged jets underway 
• Measurements of fully reconstructed D and B mesons in jets getting started
q Parity-violating Lambda polarization is sensitive to polarizing FF  
• Measurements using pp, pPb and fixed target p-gas data underway 
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Thank you!
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