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Nonperturbative dynamics inside proton 
and hadronization at LHCb
• Precision measurements, proton structure, and hadronization are main parts of QCD/EW program 

at LHCb.  
• ! mass, " production, quark PDFs (light- and heavy-quarks, transverse momentum dependent 

(TMD) distributions) … 
• Jet substructure, jet fragmentation functions (JFFs) for light- and heavy-quarks, and resonances. 

à This talk presents new results in the following topics:

q Intrinsic charm in " + $
q Angular coefficients in DY
q Multi-differential TMD JFFs for different charged hadrons in " + jet
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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 Decay time resolution 45 fs
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
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Physics at LHCb : 
• Matter-antimatter symmetry
• CP Violation and rare decays of beauty and charm hadrons
• QCD, Electroweak and exotica ...

JINST 3 (2008 S08005)
Int. J. Mod. Phys. A 30 (2015) 1530022
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Is there charm in the proton?
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Intrinsic
: |""#$ ̅$ > component allowed in 

the proton wave function .

: Both valance-like and sea-like charm 

possible.

Extrinsic
: Perturbative charm content via gluon 

radiation ' → $ ̅$ . 

: Charm pairs created from DGLAP evolution.

: Charm PDF will resemble gluon PDF, and 

decrease sharply at large ).

pp

$
̅$

̅$
$
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Intrinsic charm at LHCb
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• ! + # production at forward rapidity 
requires one initial parton to have large 
momentum fraction $.

• ! + # requires large momentum transfer 
& above EW scale, hence small nuclear 
and hadronic effects.

• ! + # to ! + ' ratio to reduce 
sensitivities to experimental and 
theoretical uncertainties. 

Leading order !# production via
gc → !# scattering at LHCb

Phys. Rev. D 93 (2016) 074008
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• Light Front QCD: Non-perturbative IC manifests as valence-like charm content in 
the parton distribution functions (PDFs) of the proton at large !. 

• Perturbative charm content via gluon radiation " → $ ̅$ is expected to be 
suppressed at large !, at forward rapidity.

• A percent-level valence-like IC contribution would produce a clear enhancement 
in &'( for large (more forward) values of ) rapidity, y()).

Phys. Rev. Lett. 128 (2022) 082001
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• Three scenarios, assuming no IC, IC allowed and valence-like IC (BHPS).

• A sizable enhancement at forward ! rapidities, consistent with the effect 
expected if the proton wave function contains the |##$% ̅% > component. 

• LHCb results rules out no IC prediction from global analysis performed by 
NNPDF group at 3( deviation level, supporting existence of IC.

• Consistency between prediction and the measurements indicates success 
of DGLAP evolution from low ) in DIS to EW scale at LHC. 

Phys. Rev. Lett.128
(2022) 082001
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Our determination of intrinsic charm can be compared to theoreti-
cal expectations. Subsequent to the original intrinsic charm model of 
ref. 1 (BHPS model), a variety of other models were proposed5,35–38 (see  
ref. 2 for a review). Irrespective of their specific details, most models 

predict a valence-like structure at large x with a maximum located 
between x ≃ 0.2 and x ≃ 0.5, and a vanishing intrinsic component for 
x ≲ 0.1. In Fig. 1 (right), we compare our result to the original BHPS 
model and to the more recent meson/baryon cloud model of ref. 5.
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Fig. 2 | Intrinsic charm and Z + charm production at LHCb. Top left, the 
LHCb measurements of Z-boson production in association with charm-tagged 
jets, j

cR , at s = 13 TeV, compared with our default prediction, which includes 
an intrinsic charm component, as well as with a variant in which we impose  
the vanishing of the intrinsic charm component. The thicker (thinner) bands  
in the LHCb data indicate the statistical (total) uncertainty, while the theory 
predictions include both PDFU and MHOU. Top right, the correlation 
coefficient between the charm PDF at Q = 100 GeV in NNPDF4.0 and the LHCb 
measurements of R j

c for the three yZ bins. The dotted horizonal line indicates 

the maximum possible correlation. Centre, the charm PDF in the 4FNS (right) 
and the intrinsic (3FNS) charm PDF (left) before and after inclusion of the LHCb 
Z + charm (c) data. Results are shown for both experimental correlation models 
discussed in the text. Bottom left, the intrinsic charm PDF before and after 
inclusion of the EMC charm structure function data. Bottom right, the 
statistical significance of the intrinsic charm PDF in our baseline analysis, 
compared to the results obtained also including the LHCb Z + charm (with 
uncorrelated systematics) or the EMC structure function data, or both. The 
dotted horizontal line indicates the 3σ threshold.
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DY neutral current process
• Rich physics encoded in angular 

distribution of muons from !∗/$ →
&'&( decay in the forward region.

• $-boson cross-section measurements 
at low $ )* (< 0.2 +,) already used 
for global analyses of unpolarized 
TMD PDFs. 

8

JHEP 06 (2020) 137 Scimemi, Vladimirov
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JHEP 07 (2020) 117 Bacchetta et al.



Angular coefficients • Production mechanisms for spin 1 
particles decaying into dileptons 
can be expressed using 8 angular 
coefficients A" ($ =0,… 7).

• Lam-Tung relation A&= A' at LO; 
can be violated by NP effects, e.g. 
Boer-Mulders TMD PDF, or even 
perturbatively at higher order in 
FO as well as resummation pQCD
calculation. 

• A(, A* : V-A structure.
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Lepton angular distribution

Collins-Soper frame
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Phys. Rev. D 16 (1977) 2219 
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TMD PDFs
and DY

Boer-Mulders Fn

: quark spin-momentum correlation
: can be measured via DY angular 
distribution at low !" (cos 2#
modulation) at LHCb.

Sivers

Transversity

Helicity

Worm-gear

Pretzelosity

Worm-gear

Leading Twist PDFs



DY angular coefficients

• New LHCb results!

• Overall agreement in trends 
between data and predictions 
with an exception of Pythia.

• Significant violation of Lam-Tung 
relation observed.

Sookhyun Lee  CIPANP 2022 11

A0 − A2 measurement, the LHCb results are compatible
with zero only in the highest pT interval, but there the
uncertainty is relatively large. Also, most predictions are
not compatible with zero in the high-pT intervals. This
violation of the Lam-Tung relations measured by the LHCb
collaboration is consistent with previous results from the
CMS [24] and ATLAS collaborations [25]. The measured
A0 − A2 results are significantly smaller than the predic-
tions at low pT (<20 GeV=c) and slightly smaller at high
pT (>80 GeV=c), while larger than the predictions in other
pT regions. A summary of the full results, including
measurements in bins of yZ, is provided in the
Supplemental Material [59]. With the exception of A0,
the measured angular coefficients do not vary significantly
as a function of yZ, when the measurement is performed for
the full pT range. There is reasonable agreement between
the measurements and RESBOS calculations for A1−3 and
ΔA4, while for A0 there is tension between the measure-
ments and predictions, especially in the highest yZ region.
The p value between measurements and theoretical pre-
dictions is calculated to be 0.06. The differences between
A0 and the RESBOS predictions in the yZ distribution
indicate that there is a yZ dependence in the QCD
resummation or additional higher-order effects. More
detailed studies on the predictions as a function of yZ

are necessary.

The nonperturbative Boer-Mulders TMD PDF can be
probed with the measurement of A2 in the lower pT region.
Measurements of A2 in the low, middle, and high Mμμ

regions are shown in Fig. 2, where the dimuon pT region is
divided into four intervals from 0 to 20 GeV=c. Despite the
limited sample size with the finer pT intervals, several
observations can be made. In the lowMμμ, the measured A2

value in the lowest dimuon pT region (pT < 3 GeV=c)
deviates significantly from all predictions. It is unclear if
nonperturbative spin-momentum correlations in the proton,
described by the Boer-Mulders distribution, could lead to
such variations as no phenomenological calculations are
available. None of the calculations used in the comparison
include this type of nonperturbative effect. In other pT
regions, reasonable agreement between measurements and
predictions is seen.
In summary, the first measurements of the angular

coefficients of Drell-Yan μþμ− pairs in the forward rapidity
region of p-p collisions are presented. These quantities
provide more information on the Z-boson production
compared with other traditional observables. The measure-
ments, which are given as a function of the Z boson pT and
yZ, in both the Z peak and lower and higher Mμμ regions,
are compared with various predictions. Some tension
between the measurements and the theoretical predictions
appears in the lower Mμμ and low-pT region, and in the yZ

dependence (See the Supplemental Material [59] for further
details). More studies of the theoretical models are needed
to shed light on the apparent discrepancies. This analysis
provides important and unique inputs for future phenom-
enological extractions of spin-momentum correlations in
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FIG. 1. Comparison of the measured angular coefficients with
different predictions, as a function of the Z boson pT , in the
rapidity region of Z boson yZ > 2 and 75 < Mμμ < 105 GeV=c2.
The total uncertainty (shown in the figure) is dominated by the
statistical component. The theoretical predictions correspond to
the same Z-boson pT bins as data and the pT shifts of the
theoretical markers in all plots are for visualization purposes only.
DYTurbo and RESBOS predictions include the theoretical uncer-
tainties.
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FIG. 2. Comparison of the measured angular coefficient A2

with different predictions, as a function of the Z boson pT , in the
rapidity region of Z boson yZ > 2 and 50 < Mμμ < 75 GeV=c2

(left), 50 < Mμμ < 75 GeV=c2 (middle), and 105 < Mμμ <
120 GeV=c2 (right). The total uncertainty (shown in the figure)
is dominated by the statistical component. The horizontal
positions of the theoretical predictions within the bins are
adjusted to increase visibility. DYTurbo and RESBOS predictions
include the theoretical uncertainties.
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• Significant violation of Lam-Tung 
relation observed. 

• Consistent with measurements 
by CMS and ATLAS.  
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JHEP 08 (2016) 159

,

Phys. Lett. B 750 (2015) 154

! < 1

! < 3.5



Boer-Mulders TMD PDF
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• A" in the low #$ region sensitive to the Boer-Mulders TMDPDF

• At #$(&) < 3 GeV/c, A" measured to be ~ 5 times all 

predictions.

• No phenomenological calculations available.

A0 − A2 measurement, the LHCb results are compatible
with zero only in the highest pT interval, but there the
uncertainty is relatively large. Also, most predictions are
not compatible with zero in the high-pT intervals. This
violation of the Lam-Tung relations measured by the LHCb
collaboration is consistent with previous results from the
CMS [24] and ATLAS collaborations [25]. The measured
A0 − A2 results are significantly smaller than the predic-
tions at low pT (<20 GeV=c) and slightly smaller at high
pT (>80 GeV=c), while larger than the predictions in other
pT regions. A summary of the full results, including
measurements in bins of yZ, is provided in the
Supplemental Material [59]. With the exception of A0,
the measured angular coefficients do not vary significantly
as a function of yZ, when the measurement is performed for
the full pT range. There is reasonable agreement between
the measurements and RESBOS calculations for A1−3 and
ΔA4, while for A0 there is tension between the measure-
ments and predictions, especially in the highest yZ region.
The p value between measurements and theoretical pre-
dictions is calculated to be 0.06. The differences between
A0 and the RESBOS predictions in the yZ distribution
indicate that there is a yZ dependence in the QCD
resummation or additional higher-order effects. More
detailed studies on the predictions as a function of yZ

are necessary.

The nonperturbative Boer-Mulders TMD PDF can be
probed with the measurement of A2 in the lower pT region.
Measurements of A2 in the low, middle, and high Mμμ

regions are shown in Fig. 2, where the dimuon pT region is
divided into four intervals from 0 to 20 GeV=c. Despite the
limited sample size with the finer pT intervals, several
observations can be made. In the lowMμμ, the measured A2

value in the lowest dimuon pT region (pT < 3 GeV=c)
deviates significantly from all predictions. It is unclear if
nonperturbative spin-momentum correlations in the proton,
described by the Boer-Mulders distribution, could lead to
such variations as no phenomenological calculations are
available. None of the calculations used in the comparison
include this type of nonperturbative effect. In other pT
regions, reasonable agreement between measurements and
predictions is seen.
In summary, the first measurements of the angular

coefficients of Drell-Yan μþμ− pairs in the forward rapidity
region of p-p collisions are presented. These quantities
provide more information on the Z-boson production
compared with other traditional observables. The measure-
ments, which are given as a function of the Z boson pT and
yZ, in both the Z peak and lower and higher Mμμ regions,
are compared with various predictions. Some tension
between the measurements and the theoretical predictions
appears in the lower Mμμ and low-pT region, and in the yZ

dependence (See the Supplemental Material [59] for further
details). More studies of the theoretical models are needed
to shed light on the apparent discrepancies. This analysis
provides important and unique inputs for future phenom-
enological extractions of spin-momentum correlations in
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FIG. 1. Comparison of the measured angular coefficients with
different predictions, as a function of the Z boson pT , in the
rapidity region of Z boson yZ > 2 and 75 < Mμμ < 105 GeV=c2.
The total uncertainty (shown in the figure) is dominated by the
statistical component. The theoretical predictions correspond to
the same Z-boson pT bins as data and the pT shifts of the
theoretical markers in all plots are for visualization purposes only.
DYTurbo and RESBOS predictions include the theoretical uncer-
tainties.
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FIG. 2. Comparison of the measured angular coefficient A2

with different predictions, as a function of the Z boson pT , in the
rapidity region of Z boson yZ > 2 and 50 < Mμμ < 75 GeV=c2

(left), 50 < Mμμ < 75 GeV=c2 (middle), and 105 < Mμμ <
120 GeV=c2 (right). The total uncertainty (shown in the figure)
is dominated by the statistical component. The horizontal
positions of the theoretical predictions within the bins are
adjusted to increase visibility. DYTurbo and RESBOS predictions
include the theoretical uncertainties.
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Jet substructure 
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Jet substructure -
- fragmenting jet function 

(FJF)

- TMD FJF

- Jet angularity

- …

Phys. Rev D 81 (2010) 074009

Phys. Rev. D 92 (2015) 054015

JHEP 11 (2016) 155

JHEP 1804 (2018) 110



Accessing TMD FF 
using hadrons in jets

15
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Phys. Rev. Lett. 123 (2019) 232001 1D measurements of nonidentified ℎ± in J+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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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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Gluon- vs. quark-initiated jets
• LHCb !+jets (quark jet) vs. ATLAS inclusive jets (gluon jet) 
• Quark-initiated jets are more collimated and takes a larger 

partonic momentum fraction than gluon jets.

Sookhyun Lee  CIPANP 2022 16

z
2−10 1−10

zddN
je

t
N1

1−10

1

10

210

310

410

510

610

710
+jetZLHCb 

 = 8 TeVs
 < 4.5Zη < 120 GeV, 2 < µµM60 < 

 = 0.5R < 4, jetη2.5 < 
 > 4 GeVhadronp > 0.25 GeV, hadron

T
p

 < 30 GeVjet
T
p20 < 

 < 50 GeV (x10)jet
T
p30 < 

ATLAS inclusive jet
EPJ C71, 1795 (2011)

 = 7 TeVs
 = 0.6R| < 1.2, jetη|

 > 0.5 GeVtrack
T
p

 < 40 GeVjet
T
p25 < 

 < 60 GeV (x10)jet
T
p40 < 

r
0 0.1 0.2 0.3 0.4 0.5

rddN  
+j

et
Z

N
1

1

10

 < 30 GeVjet
T
p20 < 

 < 50 GeVjet
T
p30 < 

 < 100 GeVjet
T
p50 < 

LHCb
 = 8 TeVs

z
2−10 1−10

zddN
+j

et
Z/γ

N
1

1−10

1

10

210

310

410
-jet arXiv:1902.10007γATLAS 

 = 5.02 TeVs
| < 2.37γη < 126 GeV, |γ

TE80 < 
 = 0.4R| < 2.1, jetη < 144 GeV, |jet

T
p63 < 
 > 1 GeVtrack

T
p

-jetZLHCb 
 = 8 TeVs

 < 4.5Zη < 120 GeV, 2 < µµM60 < 
 = 0.5R < 4, jetη < 100 GeV, 2.5 < jet

T
p50 < 

 > 4 GeVhadronp > 0.25 GeV, hadron
T
p

PRL 123, 232001 (2019) - Supplemental materialPRL 123, 232001 (2019) - Supplemental material



JFF at LHCb

Sookhyun Lee  CIPANP 2022 17

• New results at LHCb!

• 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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JFF for !±,$± and %±
• 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 &±.
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Multi-differential TMD JFF 
for charged hadrons !±

• 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 $% for given # in jets with higher &%; consistent with Markov chain fragmentation models, e.g. 
string or cluster models.
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Multi-differential TMD JFF 
for !±,$± 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 ) .
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Summary and outlook
q LHCb QCD/EW program performed precision and jet substructure measurements to advance our understanding 

of nonperturbative dynamics inside proton and hadronization.

q Charm jet to Z jet ratio measurements revealed presence of valence-like intrinsic charm component at large 
momentum fraction x. 

• New LHCb measurements rule out no-IC predictions based on global analysis by NNPDF at 3 ! deviation level.

• Consistency between measurements and predictions indicates successful DGLAP scale evolution from DIS to EW 
scale at LHC. 

q DY angular coefficient measurements saw violation of Lam-Tung relation and hints of NP Boer-Mulders effect for 
the first time.

• Results consistent with CMS and ALTAS results that also saw significant violation of Lam-Tung relation.

• Phenomenological calculations needed to use new results to extract BM fn. 

q Multi-differential TMD JFF measured for charged pions, kaons and protons for the first time.  

• Results shed lights on particle dependent hadronization processes within jets. 

• Hadrons carrying larger jet momentum fraction in longitudinal direction tend to carry larger transverse 
momentum w.r.t. jet axis as well. 

• Heavier hadrons are produced from harder partons.

• Confirm some of features shown in measurements at lower √# = 8 TeV.

q Hadronization in heavy flavor jets, excited resonance states under way. Results expected to come out soon.   
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Thank you!
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