==

5% PR 1A 73 b

INSTITUTE OF NUCLEAR AND PARTICLE PHYSICS

J: @ﬁﬂu?%ﬁﬂ]?ﬁ%i REK =

ai Key Laboratory for Particle Physics and Cosmology

E OF NUCLEAR AND P

t% #INPAC

Global Analysis of Fragmentation Functions to
Light Neutral Hadrons

based on arXiv:2503.21311
with J. Gao, M. Li, X. Shen, H. Xing, Y. Zhao, Y. Zhou

ChongYang Liu
Shanghai Jiao Tong University

FLmeRErhZhEeTEHNFFITE

2024-04-21 & 7



Outline

1. Introduction
1.1 Introduction to FFs
1.2 QCD Factorization Theorem
2. Overview of NPC FFs
2.1 Previous Work: NPC FFs for Charged Hadrons
3. NPC FFs for Neutral Hadrons
3.1 Neutral Light Hadrons
3.2 Datasets
3.3 Parametrization
3.4 Fit Quality
3.5 Delivered FFs
3.6 Applications: Momentum Sum Rule
3.7 Applications: Predictions on LHCb Hadron Production
3.8 Applications: Production Ratio of Ko to K+
3.9 Comparison with Other Groups
4. Summary
4.1 Summary

ChongYang Liu %L BAEERMITLFTTF 6N FHTE 1/23



1. Introduction




1.1 Introduction to FFs

In its simplest form, fragmentation functions (FFs) describe number density of the identified
hadron wrt the fraction of momentum of the initial parton it carries, as measured in single

inclusive hadron production, e.g., from single-inclusive annihilation (SIA), semi-inclusive DIS
(SIDIS), pp collisions
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in STA, SIDIS and pp processes
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1.2 QCD Factorization Theorem

« QCD factorization theorem enables the
separation of the perturbatively calculable
part of the cross section from the non-
perturbative part which involes initial and

final state hadrons. []J. C. Collins, D. E.
Soper, G. Sterman]

experimental

measurements

Hard scattering processes are independent
of hadrons involved. Coefficient functions
are perturbatively calculable.

PDFs/FFs are non-perturbative part that
describe the inner structure of hadrons or
parton-hadron transition. They are
universal and can be fitted from data.

Evolution of FFs w.r.t. scale is governed by
DGLAP equation.

8 .. —_
omQe ' Q) = Z (2,0,(Q) ® D}(2,Q),1,5 = 0,39

Operator definition:

h/q Z/ etk € 0 | W(oo

X (B,,Sp: X | ¢q(0+ 0-,07)W(0%, 00%) | 0)y7])

609, (64,07,07) | By, Sps X)
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2. Overview of NPC FFs




2.1 Previous Work: NPC FFs for Charged Hadrons

LHAPDF 6.

Main page | PDF sets | Class hierarchy | Examples More... |

2070000 | NPC23_Plp_nlo (tarball) (infofile) | 127 1
2070200 |NPC23 KAp_ nlo (tarball) (info file) | 127 1
2070400 |NPC23_PRp_nlo (tarball) (infofile) | 127 1
2070600 | NPC23_PIm_nlo (tarball) (infofile) | 127 1
2070800 |NPC23 _KAm_nlo (tarball) (info file) | 127 1
2071000 |NPC23_PRm_nlo (tarball) (info file) | 127 1
2071200 | NPC23_Plsum_nlo (tarball) (info file) | 127 1
2071400 | NPC23_KAsum_nlo (tarball) (info file) | 127 1
2071600 | NPC23_PRsum_nlo (tarball) (infofile) | 127 1
2071800 | NPC23_CHHAp_ nlo (tarball) (info file) | 127 1
2072000 | NPC23_CHHAmM_nlo (tarball) (info file) | 127 1
2072200 | NPC23 CHHAsum_nlo (tarball) (info file) | 127 1

Figure 1: From https://lhapdf.hepforge.org/

pdfsets.html
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First time including jet fragmentation data.

Joint determination of FFs to charged pion,
kaon, proton at NLO including estimation
of uncertainties with Hessian sets

Strong selection criteria to ensure validity
of leading twist factorization (E}, /pr j, >
4 GeV,z > 0.01)

We arrive at a best-fit of the charged pion,

kaon and proton FFs (y?/ N, = 0.90 for
1370 points)together with 126 Hessian
error FFs
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2.1 Previous Work: NPC FFs for Charged Hadrons
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Phys.Rev.D 110 (2024) 11, 114019
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High precision determination of FFs for
charged hadrons

4%, 4% and 7% uncertainty for u-quark to
7T, Kt pat z = 0.3, respectively

3%, 4% and 8% uncertainty for gluon to
pion at z = 0.05, 0.1, 0.3, respectively,
mainly due to the jet fragmentation data
from LHC

Heavy quark fragmentation are well
constrained in 2z = 0.1 ~ 0.5

it s 7/ 23



3. NPC FFs for Neutral Hadrons




3.1 Neutral Light Hadrons

Particle Quark Composition Mass (MeV/c?) Lifetime (s) Spin
K? 2= (Ids) — |sd) ) 497.611 +0.013 | 0.8954 x 10710 0
A luds) 1115.683 + 0.006 2.632 x 10710 1/2
0 I (|um) — |dd) —_2|3§>) 547.862 + 0.017 5.0 x 10719 0
70 55 (|um) — |dd)) 134.977 + 0.0005 8.52 x 10717 0

Eur. Phys. J. C 16, 613-634 (2000)
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3.2 Datasets

We include a comprehensive set of data: SIA below Z-pole energy (9.46 GeV ~ 58 GeV), SIA
at Z-pole inclusive, jet fragmentation and tagged data. pp data and SIDIS data (K¢, A only).
Jet fragmentation and SIDIS data are incorporated for the first time.

collaboration | year V's[GeV] final state observable Npt collaboration | year | +/s[GeV| | final state observable Ny
0 s do
TASSO | 1985 14,22 & 34 K3 5 9,6&13 TASSO 1985 | 14, 22 & 34 A %j—” 5487
TASSO | 1990 | 14.8,21.5,34.5, 35 & 42.6 K2 Lo 9,6,13,13 & 13 Tn
s do
TPC 1984 29 KY ﬁd% 3 SLAC 1985 29 A B, 15
0 1 do s do
MARKI | 1985 29 K? e 17 HRS 1987 29 A Fdrs 8
0 s do
HRS | 1987 2 Ks Bdw, 12 CELLO | 1990 35 A L do 7
Boy, dxy,
CELLO | 1990 35 K3 G A 9 T 4
- 1 S0 DELPHI | 1993 91.2 A L. do 7
TOPAZ | 1995 58 K3 o 4 oy dz,
OPAL 1991 91.2 K3 o e 7 ALEPH 1994 91.2 A Uihi_fg 14
OPAL | 1995 91.2 K o e 16 ALEPH | 1998 91.2 A Ll 16
OPAL | 2000 91.2 K9 Ldo 16 : e
bk ALEPH 2000 91.2 A(jet) d—" 13,12 &9
ALEPH | 1998 91.2 K3 ~ e 16 Tjer d€
" 1 d
ALEPH | 2000 91.2 K? é%‘g 14 OPAL 1997 91.2 A ,eThﬁ 12
ALEPH | 2000 91.2 K3 (jet) 011 % 12,13 & 11 SLD 1999 91.2 A UA ;Ta 9
h P
DELPHI | 1995 91.2 Kj Ldo 13
S on dz, SLD (tagged) | 1999 91.2 A(tagged) L do 4&4
SLD 1999 91.2 K —d 9 b o
P 1 A
SLD (tagged) | 1999 91.2 K (tagged) éd%’ 9&9 ZEUS 2012 318 A Nps dz, 53&1
ZEUS 2012 318 K} 1 ey 5,5&2 CMS 2011 900 A& K2 ANy / Wiy 4
Npis dz, dpr dpr
13 TeV 7TeV e .
ALICE | 2021 13000 & 7000 K) WNgg ™ AN 10 ALICE 2021 | 13000 & 7000 A ANZTY  dNTTeY 7
dpp dpr dpp dpr
ALICE | 2021 13000 0 &t Wy aN, 1
Ksam oy | dpy ° Table 3: Data table for A

Table 2: Data table for Kg
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3.2 Datasets

collaboration | year s|GeV] | final state observable N collaboration | year s|GeV final state | observable N.
y pt y pt
s do 0 s do
ARGUS 1990 | 9.46 n 5 6 ARGUS 1990 | 9.46 i oA 14
do 0 s do
HRS 1988 29 n 5 13 JADE 1985 | 34.4 T ko 10
JADE 1985 34.4 n %j—‘; 2 JADE 1990 35 e %% 9
JADE 1990 35 n %% 3 JADE 1990 44 s %% 6
do 0 s do
CELLO 1990 35 n %m 5 CELLO 1990 35 m deh 15
1 do TASSO 1989 44 0 1 do 6
L3 1992 91.2 n ot 4 @ oy dx,
L3 1994 | 912 0 1 do 10 ALEPH [ 1997 | 912 70 L do 20
' o, dxp, h ™7p
ALEPH 1992 91.2 n L do 8 ALEPH  [2000 | 912 70(jet) %J‘% 8,8&6
O'h Ih €
ALEPH 2000 91.2 0 5:é%% 18 DELPHI | 1996 | 91.2 70 g:égi 17
ALEPH | 2000 | 912 n(jet) S 7,6 &4 DELPHI | 1996 | 912 | n°(b-tagged) ;—hd% 15
jet
1 d 0 1 do
ALEPH | 2002 | 91.2 n L 5 L3 19941 912 i o, do, 12
OPAL 1998 | 912 0 Lg 1 OPAL 1998 | 91.2 70 g:égi 10
PHENIX | 2011 | 200 pan® | Bl Blog [ 1y STAR 2010 | 200 0 e 8
dp3 dp3
0 Ed3c
ALICE 1207 2760 n& 70 %/E‘c{ljgwo 6 PHENIX 2007 200 e dp3 17
4 4 3
PHENIX | 2016 510 0 Ed’o 22
ALICE [ 1202 7000 | n&n® |ZLew Blen | 4 " dy®
= £ ALICE 2017 | 2760 70 Lis 16
ALICE | 1208 | 8000 n&n0 | ZiIn Blom0 | g3 L
EZZ dp ALICE 2012 | 7000 70 b;‘; 2z 13
ALICE 2204 | 13000 &m0 | Bdloy jEd700 14
nen | ALICE | 2018 | 8000 70 o 24

Table 4: Data table for 7 Table 5: Data table for 7°
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3.3 Parametrization
2Dl (2,Qy) = 2 (1 — )P exp

VR

>l 2 2) o 70 FFs are constructed from 7+ FFs by

n

|
o

0

1 + - + - /
D' =< (D +DF +D} + D7 ),q(q) = u(d) or d(u)

parton-to-K ¢ |favored|a,| o B a, q A
w=T x |v| v | v / o1, .
d=1d v lvl=a, v | v Dy =§(DZT + D ),i=g,s,¢,b
§=3§ v ] =a, =84 =0a14 :
c—c x |1/ 7 | v/ p and are tested by 7" production datasets.
b ; b i j ; j ; - K g, A, n fits are performed independently.
parton-to-A | favored|a,| o | B | a  Theoretical calculations are performed
u=u=d=d| / |/| S/ | /| V using the FMNLO framework at NLO
=2 A LA L AN T ! accuracy. Uncertainties are estimated using
c==c X v v v X .
P x /1 7 " Hessian methods [hep-ph/0101032] and
g x |/ 7 Y 7 various combinations of fragmentation and
parton-to-n |favored|aq| a | S a, factorization scales.
- Z:g : ; ; :/% =i5’u _ ;m « For pp process pr;, > 4GeV, and for SIA
c=c=b=b| x |v| v | v X and SIDIS process z > 0.05
g x |v| v | v /

Table 6: Parameterization for Kg, An
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3.4 Fit Quality

i
=

collaboration year | /s[GeV] x? [N, |x?/N,, collaboration year| /s [GeV] | x* [N, [x*/N.
TASSO 1985 14 565 | 9 | 0.63 TASSO 1985 14 145 | 3 | 048
TASSO 1985 22 587 | 6 | 0.98 TASSO 1985 22 293 | 4 | 073
TASSO 1985 34 16.03 | 13 | 1.23 TASSO 1985 34 395 | 7 | 056
TASSO 1990 14.8 1256 | 9 | 1.40 SLAC 1985 29 19.16 | 15 | 1.28
TASSO 1990 21.5 378 | 6 | 0.63 HRS 1987 29 557 | 8 | 0.70
TASSO 1990 34.5 17.51 | 13 | 135 CELLO 1990 35 349 [ 7 | 050
TASSO 1990 35 14.76 | 13 | 1.14 DELPHI 1993 91.2 958 | 7 | 137
TASSO 1990 42.6 33.60 | 13 | 2.58 ALEPH 1994 91.2 740 | 14 | 053
TPC 1984 29 275 | 8 | 034 ALEPH 1998 91.2 443 |16 | 0.28
MARK II 1985 29 12.65 | 17 | 0.74 ALEPH jet 1 2000 91.2 16.50 | 13 | 1.27
HRS 1987 29 33.16 | 12 | 2.76 ALEPH jet 2 2000 91.2 3.08 | 12| 0.26
CELLO 1990 35 271 [ 9 | 030 ALEPH jet 3 2000 91.2 372 | 9 | 041
TOPAZ 1995 58 029 | 4 | 0.07 OPAL 1997 91.2 5.83 | 12 | 0.48
OPAL 1991 91.2 775 | 7 | 111 SLD 1999 91.2 8.08 | 9 | 0.90
OPAL 1995 91.2 13.63 | 16 | 0.85 SLD c-tagged 1999 91.2 13.96 | 4 | 3.49
OPAL 2000 91.2 8.62 | 16 | 0.54 SLD b-tagged 91.2 075 | 4 | 0.19
ALEPH 1998 91.2 6.39 [ 16 | 0.40
ALEPH 2000 91.2 12.72 | 14 | 091 ZEUS Q? € (160, 640)GeV? 318 1444 | 5 | 2.89
ALEPH jet 1 2000 91.2 1491 | 12 | 1.24 ZEUS Q? € (640, 2560)GeV? 318 126 | 3 | 042
ALEPH jet 2 2000 91.2 8.21 |13 | 0.63 ZEUS Q% € (2560, 10240)GeV?> 318 0.01 | 1 | 001
ALEPH jet 3 2000 91.2 855 | 11| 0.78
DELPHI 1995 91.2 7.55 13 0.58 CMS NA/NKO 900 2.99 4 0.75
SLD 1999 91.2 739 | 9 | 0.82 ALICE NPTV NTTeV 13000 & 7000
SLD c-tagged 1999 91.2 1744 | 9 | 1.94
SLD b-tagged 1999 91.2 1112 | 9 | 1.24
ZEUS Q? € 160,640 GeV? [2012 318 441 | 5 | 088
ZEUS Q? € 640, 2560 GeV? [2012 318 326 | 5 | 065
ZEUS Q? € 2560, 10240 GeV?[2012 318 274 | 2 | 137
ALICE Ny " /Nyo © 2021 (13000 & 7000| 2.88 | 10 | 0.29
ALICE Nyo/N,. 2021 13000 579 | 15| 0.39

ChongYang Liu SR AR SRR ST 65 H L A 13 /23



3.4 Fit Quality

collaboration | year | /s[GeV]| x* [Ny |x*/Ny collaboration | year |/s[GeV]| x* [Ny |x*/Ny ° \Ne arrive at X2 / N . =
ARGUS [1990] 9.46 594 | 6 | 0.99 ARGUS [1990| 9.46 | 2012 [ 14| 1.44 p 0
HRS 1988 29 18.07 | 13 | 1.39 JADE 1985| 34.4 792 |10 | 0.79 f r K A
JADE 1985| 34.4 229 | 2 | 1.14 JADE 1990 35 866 | 9 | 0.96 0977 0797 099 0 S ) 77
JADE 1990 35 329 | 3 | 1.09 JADE 1990 44 730 | 6 | 1.22 respecti el indicatin a
CELLO [1990] 35 347 | 5 | 0.69 CELLO [1990| 35 3131 | 15 | 2.09 p A y’ g
L3 1992 91.2 583 | 4 | 146 TASSO  [1989] 44 166 | 6 | 0.28 f lﬁ
L3 1994 912 10.46 | 10 | 1.05 ALEPH [1997] 91.2 14.85 | 20 | 0.74 Successiu L.
ALEPH [1992] 91.2 148 | 8 | 0.18 ALEPH jet 1 [2000] 91.2 243 | 8 | 030 9 .
ALEPH [2000] 91.2 1839 | 18 | 1.02 ALEPH jet 2 [2000] 91.2 11.69 | 8 | 1.46 . For each Category, X / N ; 1S
ALEPH jet 1 [2000] 91.2 1126 | 7 | 161 ALEPH jet 3 [2000] 91.2 [ 3465 | 6 | 5.77 p
ALEPH jet 2 [2000] 91.2 195 | 6 | 033 DELPHI [1996| 91.2 486 |17 | 029 around 1 as Wel]
ALEPH jet 3 [2000] 91.2 1049 | 4 | 2.62 DELPHI b- [1996| 91.2 9.12 | 15| 0.61
ALEPH [2002] 91.2 1718 | 5 | 3.44 tagged 0 . .
OPAL 1998 91.2 712 | 11| 0.65 L3 1994 912 | 2734 | 12| 228 * T data 1S tested agamst
SIA sum 117.20 [ 102| 1.15 OPAL 1998] 912 273 |10 | 027
PHENIX [2011] 200 761 | 14| 051 SIA sum 184.64 | 156 | 1.18 COI’IS’[I‘U.Cted FFS from 7'(':': FFS
ALICE  [2017]| 2760 537 | 6 | 0.90 STAR  [2009| 200 6.09 | 8 | 0.76 Th d . t. . . 1 f
ALICE  [2012] 7000 126 | 4 | 032 PHENIX [2007| 200 4576 | 17 | 2.69 € deviation 1S pl’ 1mari y rom
ALICE [2018] 8000 | 1264 | 13 | 0.97 PHENIX [2016| 510 66.95 | 22 | 3.04 .
ALICE  [2024] 13000 | 7.11 | 13| o0.51 ALICE [2017] 2760 | 13.98 | 16 | 0.87 the fGW subsets Wlth lar ge
pp sum 34.00 | 50 | 0.68 ALICE  [2012] 7000 | 29.27 [ 13| 2.25 . .
total sum 151.21[152| 0.99 ALICE  [2017| 8000 | 46.42 [ 24| 1.93 dlSCI’ epanc1es.
pp sum 208.47 | 100 | 2.08
total sum 393.11(256| 1.54
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3.5 Delivered FFs

K} FFs at Q =5 GeV
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z

. K FFs are generally well constrained in
z = 0.1 ~ 0.5, In general, the fitted and
constructed FFs of K g do not coincide

with each other. But s-quark

fragmentation is more favored in both
cases. Due to the lack of data, flavor
separation bwtween d, s is made by

theoretical assumptions.

« In A FFs strange quark is clearly more
favored compared to u and d quarks,

despite the fact that they are all
constituent quarks.

K9 . 1 + - /
Dys iso = o (D + Dy )a(d) =

0 1 _
DiKS,iso=§<DiK+—|—DiK ),izg,s,

SrmeE TR s Tem it s

c,b
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3.5 Delivered FFs
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In n FFs, s-quark fragmentaion is more
favored than u, d, consistent with
composition. FFs from heavy quarks are
much less than those of the favored
quarks, except at z ~ 0.1. FFs from gluons
remain poorly constrained in the low 2
region.

7V FFs are well-constrained due to the
comprehensive datasets from charged
hadron production data. In our formalism
D™ = Dr’ = D7’ Dgo, the FFs for
remaining partons are essentially the same
as those of 7+
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3.6 Applications: Momentum Sum Rule

I T I T _ — ‘y - u “(] - u
d d 1 Lap d d ]
Q=100 GeV Q=5 GeV Q=100 GeV
Neutral 1 /N\] 05 7:\ Neutral & Charged |
) 0.5
; 5 ; == 0.0 == ===
s === b — s -0 } — -—= b — == b
c c 1.5 c
0.0 0=5 GeV Q=100 GeV - Q=5 GeV Q=100 GeV
. __L0F C
N 0.4F~ N
0.2 0.5
R (1) I X S R— 008G T T
Zmin Zmin Zmin Zmin
hadron | g (2, = 0.01) | d (2, = 0.01) | u (25, = 0.01) | 8 (250 = 0.01) | € (2 = 0.01) | b (2,5, = 0.01)
neutral |0.35877 007 |0.337010052 | 0.27497 00178 1 0.55047 00437 | 0.4561700%0 | 0.3711100:5%
charged | 0.5068¥0 0133 | 0.5066 003 | 0.5306700150 | 0.7293700118 | 0.65817002% | 0.7033*0 (703
total | 0.8655700500 | 0.84367 00500 | 0.80567 001 | 1.2797 0008 | 1.11427 00010 | 1.074470 1350

Figure 3: Momentum fraction carried by each parton
from hadrons

Sum rule: ) fol dzzDl'(z) =1

ChongYang Liu
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Momentum fraction carried by
parton ¢ from hadron h with
cutoff 2z is defined as:

@t = [ 422Dl ()

z

min

Definition of FFs will lead to
violation of sum rule. []. Collins
and T. Rogers, (2023),
arXiv:2309.03346]

First data-driven test is reported
in NPC23 charged fit and rescaled
by PYTHIAS. [Gao, C.Liu, Shen,
Xing, Zhao, PRL, 2024]

It is tested again with direct fit
results of neutral hadrons.
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3.7 Applications: Predictions on LHCb Hadron Production
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o Predictions of hadron in jet

production on LHCb Z +
jet process at 13 TeV for 3
different jet p regions and
4 neutral hadrons are
presented.

Scale uncertainties,
Hessian uncertainties and
their relative uncertainties
are shown.

Kinematic bins are taken
from previous LHCb
measurements.
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3.8 Applications: Production Ratio of KJ to K=+

« In /s = 10.52GeV K¢ prediction of FFs
from iso-spin symmetry is better aligned
with experiment. Prediction of FFs from fit

aligns in intermediate region.

« In+/s = 91.2GeV, FFs from iso-spin
symmetry predict neary unity. FFs from fit
give better prediction.
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3.8 Applications: Production Ratio of KJ to K=+
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& 0oF y € (0.3,0.5) T y € (0.3,0.5) ]
< + Predictions of R(2K2/K*) is presented
EEO.SJ_,—f?\““ g following COMPASS kinematic bins
02F + .
 The two curves diverge in the low 2
B region. SIDIS process has the advantage of
| ] - flavor separation
g — this fit —_— tl‘lis fit | ]
fom is0. | from is. | « Future measurements could help better
0.7 Fp 17.33 GeV T Fp 17.33 GeV e . . .
Foof £ (0L11,018) € 015.00) ] contrain the K& FFs and test isospin
L0 y € (0.3,0.5) T y € (0.3,0.5) ; S
S50 symmetry
= osp :
02:—_’_I_'_'7 ~— E
e
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02 EI Ry R A 1 I S B -SRI
Zp Zp

ChongYang Liu S meE TR 53T e EHITE 20/ 23



3.9 Comparison with Other Groups
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= 2
502
2
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FF24 provides Monte Carlo uncertainty,
AKK & AESSS uncertainties unavailable.

Kg: NPC23 and AKK are close in d, s, b,
NPC23 deviates from FF24 except d after
considering uncertainty.

A: NPC23 and AKK FFs from g, s, b agree
in low an high 2 region, c agree in large z
region,AKK is greater in u, d
fragmentation

n: AESS and NPC FFs from u, d agree in
intermidiate and high z region, but differ
significantly for other partons.
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4. Summary




4.1 Summary

o In this talk, the previous work of NPC for charged hadrons is introduced.
« Then we present the FFs for Kg, A, n, 70 in the context of global QCD analysis.

« Data from SIA, SIDIS and pp collisions is incorporated in the analysis. Data from
SIA hadron-in-jet production and SIDIS process is included for the first time,
which gives better gluon fragmentation constraints and flavor separation.

- With the comprehensive species of FFs extracted within the NPC framework, a
test on the momentum sum rule with the light-flavor charged and neutral hadrons
is performed.

o The extracted K g fragmentation functions, together with the K g FFs constructed
from K* FFs via isospin symmetry, are used to test isospin symmetry in kaon
fragmentation.

« Comparison of light neutral hadron FFs with other groups is also presented.
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