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QCD confinement - hadronization

4 QCD as the fundamental theory of strong interaction

"HIERARCHY" OF FINAL MESONS
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QCD confinement - hadronization

4 The first concept of parton fragmentation functions

INCLUSIVE PROCESSES AT HIGH TRANSVERSE MOMENTUMT

S. M. Berman, J. D. Bjorken and J. B. Kogut
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

ABSTRACT

We calculate the distribution of secondary particles C in processesA+B—C +
anything at very high energies when (1) particle C has transverse momentum P far in
excess of 1 GeV/c, (2) the basic reaction mechanism is presumed to be a deep-
inelastic electromagnetic process, and (3) particles A, B and C are either lepton (£),
photon (vy), or hadron (h). We find that such distribution functions possess a scaling
behavior, as governed by dimensional analysis. Furthermore, the typical behavior
even for A, B and C all hadrons, is a power law decrease in yield with increasing
Prps implying measurable yields at NAL of hadrons, leptons, and photons produced
in 400 GeV pp Eollisions even when the observed secondary-particle Prr exceeds
8 GeV/c. There are similar implications for particle yields from e -e” colliding-

beam experiments and for hadron yields in deep-inelastic electroproduction (or

neutrino processes). Among the processes discussed in some detail are {f — h,

“ yy =h, th—h, yh —~h, yh—4, as well as hh— ¢, hh— 5, hh— W, and W— h, J BJ k 1 934_2024
where W is the conjectured weak-interaction intermediate boson. The basis of the am eS O r en )
calculation is an extension of the parton model. -The new ingredient necessary to
calculate the processes of interest is the inclusive probability for finding a hadron )
emerging from a parton struck in a deep~inelastic collision. This probability is B el" man y B_/ OI" k en 5 K O g LI t, P R D 19 7 1
taken to have a form similar to that generally presumed for finding a parton in an

energetic hadron. We study the dependence of our conclusions on the validity of the 3



Multiple channels to explore parton hadronization

Lepton-lepton colliders

et N\ Y*Z° S
i *
e q ®

BEPC, SuperKEKB

No hadron in the initial-state

Hadrons are emerged from
energy

Not ideal for studying hadron
structure, but ideal for FFs

Hadron-hadron colliders

RHIC, LHC

» Hadrons In the Initial-state
» Hadrons are emerged from

energy

» Currently used for studying

hadron structure and FFs

4+ Indispensable joint efforts from experiments and QCD theory

lepton-hadron colliders

hadrons

HERA, JLab, EIC/EicC

» Hadrons in the initial-state

» Hadrons are emerged from

energy

» Ideal for studying hadron

structure, can also involve FFs



Fragmentation Functions

4 Access to FFs in pp, e "¢~ and ep collisions: universality of FFs
/

h /

 Factorization In single inclusive hadron production in electron-positron collisions

e Te —>hX
e+e —>l

 Large momentum transfer Q > AQCD

 High precision control of ¢

« D: fragmentation function, also called parton decay function, encodes the
information on how patrons produced in hard scattering hadronize into the :
detected color singlet hadronic bound state.



Methodology for global extraction of FFs

Fitting Framework

: 2 2
Construction of v, , from y;

=P | Minimization of )(g21oba1
)(3 Construction

FFs Evolution

FF Parametrization |=» Hessian Matrix Uncertainties
nstru mplin 2 unction
CoefﬁCient fU“Ctions ponstructed sampiing fhe )(gk)balf e PDF eigen vectors set

using Hessian Method

MC Sampling of parameter space: new parameters introduced



4 Comparison of kaon FFs

FF global fitting

0.6

s = K=*

—— NPC23 |
at Q=5GeV NNFF 7

- DSS

u— K=*

—— NPC23 |
---------- NNFF |

- DSS

d— K=*

—— NPC23
NNFF -

05 10

10

05 1.

Gao, Liu, Shen, HX, Zhao, arXiv: 2407.04422

It Is proved that FFs are universal,
why they look different?

> Different selections of experimental
data ( kinematic cut)

> Different parametrization for FFs at
initial scale, NNFF unbiased? DSS
biased?

> Everything else is the same

More measurements are needed to
further constrain the FFs!



4 Jet fragmentation function

do’ W do
F(z.. pr) =
@ Pr) dprdndz, | dpydn

New opportunities in probing FFs at LHC
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Chien, Kang, Ringer, Vitev, HX, JHEP (2016)
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Light hadrons work very well



Heavy flavor In jet

4 Jet fragmentation function for D meson
do’™ do
dprandzy, [ dprdn

F(Zha pT) —

Chien, Kang, Ringer, Vitev, HX, JHEP (2016)
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* Failed to describe D meson production in jet using KKKO08 FFs
* | eads to new constraint of heavy flavor FFs using measurement of D in jet ;



Heavy flavor In jet

4 Jet fragmentation function for J/y

do’ /v ) J Iy I ! a’zh
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* Disagreement between default Pythia and data

» New insight into the shower mechanism for J/y production, and new constrain of
LDMEs 1



New opportunities in probing FFs at LHC

4 Inclusive hadron production

Only sensitive to the area of FFs

4 Inclusive hadron production
h

|
— A P
PP IOY = f, @ fip ® 6k ® Giyy J dzD(z)  z,==

P
<h I

a “ Scan the area of FFs with different
C low z limit using jet

b




New efforts from NPC
4 Nonperturbative Physics Collaboration - NPC (SJTU+SCNU+IM

Gao, Liu, Shen, HX, Zhao, PRL, 2024
Gao, Liu, Shen, HX, Zhao, arXiv: 2407.04422

* First time including jet fragmentation
data

* Joint determination of FFs to charge
pion/kaon/proton at NLO

» Strong selection criteria to ensure
validity of leading twist factorization

 “Unbiased” parametrization of FFs

zD¥(z, Qo) = 2% (1 — 2)P exp (Z ai’,n(\/i)”)
n=>0

P)

Experiments Nyt | x° |[x°/Npt
ATLAS 5.02 TeV v+ j 6 9.6 1.61
CMS 5.02 TeV v+ 3 4 11.1 | 2.78
ATLAS 5.02 TeV Z + h 9 222 | 2.47
CMS 5.02 TeV Z + h 11 6.2 0.56
LHCDb 13 TeV Z + j 20 | 30.6 | 1.53
ATLAS 5.02 TeV inc. jet 63 | 67.9 | 1.08
ATLAS 7 TeV inc. jet 103 | 91.3 | 0.89
ATLAS 13 TeV dijet 280 | 191.6 | 0.68
pp hadron in jet sum 496 | 430.5 | 0.87
ALICE 13 TeV 49 | 45.0 | 0.92
ALICE 7 TeV 37 | 36.3 | 0.98
ALICE 5.02 TeV 34 | 37.5 | 1.10
ALICE 2.76 TeV 27 | 31.8 | 1.18
STAR 200 GeV 60 | 42.2 | 0.70
pp inclusive sum 207 | 192.8 | 0.93
H1'T 16 | 12.5 | 0.78
H1 (asy.) | 14 | 12.2 | 0.87
ZEUS T 32 | 65.5 | 2.05
COMPASS 06 (D) 124 | 107.3 | 0.87
COMPASS 16 (p) 97 | 56.8 | 0.59
SIDIS sum 283 | 254.4 | 0.90
OPAL Z — qq 20 | 16.3 | 0.81
ALEPH Z — qq 42 | 31.4 | 0.75
DELPHI Z — qq 39 | 12.5 | 0.32
DELPHI Z — bb 39 | 23.9 | 0.61
SLD Z — qq 66 | 53.0 0.8
SLD Z — bb 66 | 82.0 | 1.24
SLD Z — cc 66 | 76.5 | 1.16
TASSO 34 GeV inc. had. 3 2.7 0.9
TASSO 44 GeV inc. had. 5 4.3 0.86
TPC 29 GeV inc. had. 12 | 11.6 | 0.97
OPAL (202 GeV) inc. had. 7| 17 | 24.2 | 1.42
DELPHI (189 GeV) inc. had.| 9 15.3 | 1.70
SIA sum 384 | 353.8 | 0.92
Global total 1370({1231.5| 0.90

12



New efforts from NPC

4 NPC23 FFs Gao, Liu, Shen, HX, Zhao, PRL, 2024
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* Higher precision determination of
FFs for charged hadron
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Impact from SIA

4 Comparison with SIA data

— Theory

— Exp B Scale Unc

Hessian Unc

[

Exp Unc

1.5

DELPHI 91.2 GeV 7%

ALEPH 91.2 GeV 7=

SLD 91.2 GeV 7=

OPAL 91.2 GeV #*

[ — g o el g 3
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14



Impact from SIA

4 Comparison with SIA data
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Impact from SIA

4 Comparison with SIA data

— Theory ' EXD L | Scale Unc Hessian Unc | Exp Unc
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Impact from SIA

4 Impact of each data set
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Impact from SIA

4 Impact of each data set
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Impact from SIA

4 Impact of each data set
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New efforts from NPC

4 NPC23 vs. others

- — this work Dgi — this work Dgi T — this work Dgi I
A+ + + /77

* (General agreement for u/d quark
to pion

ot —wtenn | — s —wemor | Discrepancies for FFs to kaon/
Coworwse | wne oy Protonand gluon FFs

e Future benchmark works

o = —=._  Involving different groups are
A S needed to clarify the

S R discrepancies

- - DS D ——- DSS Di” | ——- DSS DY? - DSS DY
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New efforts from

LHAPDF 6.4

Main page \ PDF sets ' Class hierarchy | Examples l More... '

'NPC23_PIp_nlo

(info file)

!

|
J

/5070000 (tarball) 127 1

2070200 | NPC23_KAp_nlo (tarball)  (info file) | 127 1
2070400 | NPC23_PRp_nlo (tarball) (info file) | 127 1
2070600 | NPC23_PIm_nlo (tarball) (info file) | 127 1
2070800 | NPC23_KAm_nlo (tarball) (info file) | 127 1
2071000 | NPC23_PRm_nlo (tarball) (info file) | 127 1

1 2071200 | NPC23_Plsum_nlo (tarball) (info file) | 127 1

12071400 | NPC23 _KAsum_nlo (tarball) (info file) | 127 1
2071600 | NPC23_PRsum_nlo (tarball) (info file) | 127 1

‘ 2071800 | NPC23_CHHAp_nlo (tarball) (info file) | 127 1

\ 2072000 | NPC23_CHHAm_nlo (tarball) (info file) | 127 1

\2072200 | NPC23_CHHAsum_nlo (tarball) (info file) | 127 1 J
D000 | nNNPDF10 _nlo_as 0118 NT  (tarball) (infofile) | 251 R
3000300 | nNNPDF10_nlo_as_0118_D2 (tarball) (info file) | 251 1
3000600 | nNNPDF10_nlo_as_0118_He4 (tarball) (info file) | 251 1
3000900 | nNNPDF10_nlo_as_0118_Li6 (tarball) (info file) | 251 1
3001200 | nNNPDF10_nlo_as_0118_Be9 (tarball) (info file) | 251 1
3001500 | nNNPDF10_nlo_as_0118_C12 (tarball) (info file) | 251 1
3001800 | nNNPDF10_nlo_as_0118_N14 (tarball) (info file) | 251 1
3002100 | nNNPDF10_nlo_as_0118_Al27 (tarball) (info file) | 251 1

FFs for charged x, k, p are all available in LHAPDF.




4 momentum sum rule

New efforts from NPC

Gao, Liu, Shen, HX, Zhao, PRL, 2024

g(z > 0.01)
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The impact from future experiments

4 The impact of CEPC based on NPC23

eTe~ annihilation

luminosity (ab™!)

D e

ey o

“vza N

Vs (GeV) final state kinematic cuts | hadrons | Ny
CEPC | FCC-ee | ILC
q ¢) >0 h™~ | 132
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4 The impact of CEPC based on HKNS

The impact from future experiments

ete” annihilation
luminosity (ab™
Vs (GeV) uminosity (ab”) final state kinematic cuts | hadrons | Ny
CEPC | FCC-ee | ILC
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The impact from future experiments

4 The impact of CEPC from each channel Zhou, Gao, 2407.10059
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Summary

4 NPC23 - high precision determination of parton fragmentation in
vacuum from world data

* Works in progress: NPC24 - FFs for neutral hadrons, higher precision at
NNLO

4 High impact of CEPC in constraining Parton FFs

Thanks for your attention!



