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Fragmentation Functions (FFs)

FFs are a fundamental ingredient in the framework
of QCD, to calculate the cross section for any
process that involves the measurement of a hadron
in the final state.
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ALICE ppvs=7TeV
(event multiplicity classes)

Multi-strange Hadrons
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BESIIl Measurements

:;S’ II Beijing Spectrometer(BESIIl) Experiment
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0 (GeV/o) /5 = 2.2324 GoV /5 = 2.4000 GoV /5 = 2.8000 GoV /5 = 3.0500 GoV /5 = 3.4000 GoV /5 = 3.6710 GoV 0.1
0.00 - 0.10 0.025 £ 0.004 £ 0.003 0.013 £ 0.002 £ 0.001 0.013 £ 0.002 £ 0.001 0.016 £ 0.002 £ 0.002 0.013 £ 0.005 £ 0.003 0.017 £ 0.004 £ 0.001 .
0.10 - 0.20 0.108 4+ 0.007 £ 0.010 0.113 £+ 0.008 £+ 0.010 0.098 &£ 0.007 £ 0.009 0.094 £+ 0.004 + 0.007 0.077 £ 0.011 £+ 0.019 0.103 4+ 0.008 + 0.010
0.20 - 0.30 0.179 + 0.009 £ 0.009 0.187 + 0.010 £ 0.014 0.208 £ 0.011 £ 0.015 0.184 4+ 0.006 + 0.019 0.208 + 0.019 £ 0.041 0.171 4+ 0.012 + 0.021
0.30 — 0.40 0.211 + 0.010 £ 0.018 0.230 + 0.011 4 0.029 0.265 4 0.012 £ 0.007 0.244 + 0.007 £+ 0.021 0.286 £+ 0.021 £ 0.049 0.249 + 0.014 £ 0.041
0.40 - 0.50 0.195 + 0.010 £ 0.027 0.214 4+ 0.011 & 0.020 0.254 £ 0.012 £ 0.009 0.246 + 0.007 & 0.009 0.253 £+ 0.019 £ 0.036 0.252 + 0.015 & 0.042
0.50 - 0.60 0.157 £ 0.010 £ 0.005 0.168 + 0.010 £+ 0.017 0.225 4+ 0.012 + 0.029 0.207 + 0.007 £+ 0.011 0.252 £+ 0.021 £ 0.025 0.228 + 0.012 4 0.036
0.60 — 0.70 0.112 + 0.008 £ 0.017 0.128 + 0.009 £ 0.007 0.148 4 0.009 £ 0.006 0.162 + 0.006 + 0.014 0.209 £+ 0.017 £ 0.019 0.221 + 0.012 4 0.034
0.70 — 0.80 0.076 + 0.008 4 0.004 0.088 + 0.007 £ 0.007 0.126 £ 0.009 £ 0.013 0.124 4+ 0.005 + 0.006 0.145 £+ 0.015 £+ 0.011 0.165 + 0.010 + 0.015
0.80 — 0.90 0.095 + 0.010 4 0.006 0.051 £ 0.006 + 0.005 0.076 £ 0.007 £ 0.005 0.102 £ 0.005 % 0.006 0.113 £ 0.012 £+ 0.005 0.114 4+ 0.009 %+ 0.015
0.90 - 1.00 - 0.072 £ 0.007 £ 0.008 0.048 =+ 0.006 £ 0.005 0.068 4+ 0.004 + 0.005 0.062 £+ 0.010 £+ 0.007 0.093 £ 0.007 % 0.005
1.00 =1.10 - 0.043 =+ 0.006 £ 0.005 0.047 4+ 0.003 % 0.008 0.046 £ 0.008 £ 0.009 0.060 % 0.006 + 0.003
1:10 — 1.20 = = 0.019 &£ 0.004 £+ 0.002 0.030 £ 0.003 £ 0.007 0.055 £+ 0.009 £+ 0.014 0.044 £ 0.005 + 0.003
1.20 - 1.30 = - = 0.014 4 0.002 + 0.006 0.020 £ 0.005 £ 0.003 0.026 % 0.004 + 0.002
1.30 — 1.40 = - = = 0.019 £ 0.005 £ 0.004 0.020 % 0.004 + 0.004
1.40 - 1.50 = = - = = 0.018 4+ 0.003 + 0.005

This energy range is not well-covered by previous experimental data.
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Experimental Data

Experiment Reference /s GeV Zmvin Zrnaa
BESIII [23] 2.2324 0.013 0.8
BESIII [23] 2.4 0.013 0.8
BESIII (23] 2.8 0.013 0.9
BESIII [23] 3.05 0.013 0.9
BESIII (23] 3.4 0.013 0.9
BESIII [23] 3.6710 0.013 0.9
TASSO [27] 14 0.013 0.9
TASSO (28] 14.8 0.013 0.9
TASSO [28] 21.5 0.013 0.9
TASSO [27] 22 0.013 0.9
TPC [30] 29 0.013 0.9
MARKII [31] 29 0.013 0.9
TASSO [27] 34 0.013 0.9
TASSO [28] 34.5 0.013 0.9
TASSO [28] 35 0.013 0.9
CELLO [32] 35 0.013 0.9
TASSO [28] 42.6 0.013 0.9
TOPAZ [33] 58 0.013 0.9
ALEPH [34] 91.2 0.013 0.9
DELPHI (35] 91.2  0.013 0.9
OPAL 36] 91.2 0.013 0.9
SLD total (37] 91.2 0.013 0.9
SLD uds [37] 91.2 0.013 0.9
SLD charm [37] 91.2 0.013 0.9
SLD bottom [37] 91.2 0.013 0.9
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Theoretical Setup

Inclusive production of single hadrons
Quarks and hadrons are massless
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Hadron Mass Corrections i

l0p————————
Hadron mass effects are introduced by employing light-cone
coordinates and can be taken into account by using a modified i
scaling variable 1 instead of z % 0.8

‘n:

DO | W

) ‘ Hadron mass - 91.2

0.6

IIII L L L L IIIII L L L L L1111
102 101 10°

With this change of variables we can express the cross section as

z
/
do _ Z / da:a daa (l’ M) Ratio 1/z as a function of z at five representative
dz  1—m2/sn? /8772 Zq \d:l?a/ Zaq values of Q.
/ theory predictions
of this work More details about deriving the formulas:

Differential cross section of the hard sub-

: . Eur.Phys.J.A 52 (2016) 10, 316
process with parton a, calculated in pQCD
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Hidden

Neural Network Parametrization e ()

,«":p‘ \j\“
th 5 . _ //f_.-' . '\\ " Chatpat
_ . . RS ; Ry Y Y
ZD1 (Z, Qo) = (N@'(Z, 9) — Ni(L 9)) — 0N\ A .\'|_\\.
NS ...rl'k N
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KO K? K° K9 K© K? + __ ~ x IEN S N NN
D quS ’ D d+sa D S+Sa D C+S7 D b+sa D g ° q = q—l_q h \ /?‘:.:;-t._f’ A \
f"/} \\,--:-: ?,'-.__\ /}.-I -
T '-._\ —_ Iy /_)f
\ p
S, T
V' 1 node in the input layer which is the value of z ' o~
V' 1 hidden layer, and we pick 25 nodes B (1-25-6)
v 6 output nodes, one for each combination of FFs : 206 parameters
to be fitted to the data

We use the open source framework
MontBlanc in all the analyses performed === h¢(ns.//oithub.com/MapCollaboration/MontBlanc
in this work
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Experimental data and our predictions

¥ T 1 x
FRRE
1 | s i i i,
I | i Iy i i
1E E 1E E i
R )
bl i 3 t i S8 ok ii E
e i ~le i ~16 {
0LF § TASSO 148 GeV K° } & 01F § TASSO 14 GeV K? I = I BESIIL3.671 Hnj K° i¥
I FF24-K} I FF24-KY I FF24-K9
1 ]
S } » } £ 0.01
£ sk T 1 t { 4 E § 13
] Byt R NEEES P
2 pwk 1 fo7 i forE
Z 07 ’ I g 1 ] a
01 1 01 1 01 0.2 0.3 04 05 0.6 0.70.80.9
z z z
1 1 1 .
I ; i i § BESII3.05Hm K i1 I BESII28Hm K N
i i I FF24-K} By s I FF24-KY iag i
i y i X
n K S|
< = f 4 |8 L 4 =Is
1T 01 H St w i; 5oy L i} i
{ BESIL34Hm K ii { ;
I FF24-KY
» 001 £ 0.01 p 13 T
HIEY § 13E g i
g 1“1‘ rlgi;;:lr!il¥ H l‘f 1:;;;::2¥}¥I g1 1£};£;£i1t
§ o1 Ny 5 uf LE4 I I A i
a a a E ]
1 0.2 03 04 05 06070809, o1 0.2 03 04 05 06070809, 01 0.2 0.3 04 0.5 0.60.70.80.9;
z 2 z
1 1
1 BESHI24Hm K{ 1 BESIIL2 2324 Hm K?
1 FF24-KY 1 FF24.KY i
YR i b N i
<= R L 3|
BN i Sie % L
i {
0.1 | {I—
b 1138 : » 013
H H
i 111111l i RSB R
- ;I;;::I g FPTEYET
& o7 T g o7t =
Mot 0.2 03 04 05 060.70.80.9, o1 032 03 04 05 06070809,

z

Comparison between the production cross section calculated at NNLO accuracy and
experimental data from different experiments. The lower panels show the data/theory
ratios.

Experiment Reference /s GeV  zmin Zwas Xiwo/#data  Xpyo/#data
BESIII [23] 2.2324 0.013 0.8 0.92 0.94
BESIII [23] 2.4 0.013 0.8 0.14 0.20
BESIII [23] 2.8 0.013 0.9 2.55 2.18
BESIII [23] 3.05 0.013 0.9 1.37 1.39
BESIII [23] 3.4 0.013 0.9 0.84 0.85
BESIII [23] 3.6710 0.013 0.9 0.55 0.56
TASSO [27] 14 0.013 0.9 0.68 0.63
TASSO [28] 14.8 0.013 0.9 1.60 1.55
TASSO [28] 21.5 0.013 0.9 1.19 1.07
TASSO [27] 22 0.013 0.9 1.2 1.17
TPC [30] 29 0.013 0.9 0.23 0.22
MARKII [31] 29 0.013 0.9 0.37 0.33
TASSO [27] 34 0.013 0.9 2.04 1.83
TASSO [28] 34.5 0.013 0.9 1.27 1.21
TASSO [28] 35 0.013 0.9 0.92 0.85
CELLO [32] 35 0.013 0.9 0.40 0.35
TASSO [28] 42.6 0.013 0.9 1.19 1.15
TOPAZ [33] 58 0.013 0.9 0.34 0.32
ALEPH [34] 912 0.013 0.9 0.35 0.32
DELPHI (35] 91.2  0.013 0.9 0.70 0.73
OPAL [36] 91.2 0.013 0.9 0.90 0.88
SLD total [37] 91.2 0.013 0.9 0.93 0.93
SLD uds [37] 91.2 0.013 0.9 0.65 0.73
SLD charm [37] 91.2 0.013 0.9 0.64 0.66
SLD bottom [37] 91.2 0.013 0.9 1.64 1.46
Total #data
Total XQ/#data 346 0.91 0.87




Comparison between the production cross section calculated at NNLO accuracy and
experimental data from different experiments. The lower panels show the data/theory ratios.
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Comparison FFs

Q = 91.2 GeV Q = 91.2 GeV Q = 91.2 GeV
0.6 — T e 0.8 — ———— 0.8 ] A —
NLO [ NLO NLO
0.5 BE== FF24 L = FF24 E= FF24
E= SAK20 ] 0.6 - E= SAK20 0.6 E== SAK20 |
S 0.4 E=Dpssir] o [ E==Dpssir ] o E= DSS17 |
N —-- AKKOS N —-— AKKO8 - N
23, 0.3 d .5, 04 o s, 04
Qo2 ] R
0.2 0.2
0.1
0.0 0.0 L 1 0.0 -- e
102 107t 10° 102 10~ 10° 10~2 10t 10°
z z z
Q = 91.2 GeV Q = 91.2 GeV Q = 91.2 GeV
0.6 — T —t—r———rrr 0.6 [ S — 0.6 S —— T
NLO E NLO NLO
0.5 B FF24 0.5 E=4 FF24 - 0.5 B FF24
. B SAK20 | B sAK20 1 E=S SAK20 ]
o 0.4 E= DSS17 o 0.4 E= DSS17 o 04 E=S DSS17
3“/0 5 —.- AKKOS ] 3“0 g —-- AKKOS ] 3“0 3 —-— AKKO8 ]
we, U- ] ns, U. ] o =
) 3 >
% 0.2 ‘i 0.2 % 0.2
0.1 0.1 0.1
0.0 0.0 0.0 - — ]
1072 1071 10° 1072 10~ 10° 102 101t 10°

The FF24 at NLO accuracy obtained for various partons at Q = 91.2 GeV. The shaded bands represent estimates derived from
the Monte Carlo method. Results from SAK20 [Phys. Rev. D 102, no.11, 114029 (2020)], DSS17 [Phys. Rev. D 95, no.9, 094019

(2017)], and AKKO8 [Nucl. Phys. B 803, 42 (2008)] at NLO accuracy are also included for comparison. 11



Comparison FFs
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The FF24 at NNLO accuracy obtained for various partons at Q =91.2 GeV. The shaded bands represent estimates
derived from the Monte Carlo method. Results from SAK20 [Phys. Rev. D 102, no.11, 114029 (2020)] and NNFF1.0
[Eur. Phys. J. C 77, n0.8, 516 (2017)] are also included for comparison.
12



SAK20 and FF24-K"

In order to see how the BESIII data affect the
determination of FFs, we compare data with
predictions obtained from both our previous
SAK20 [Phys. Rev. D 102, no.11, 114029
(2020)] FFs and the new FF24-K%at NLO
accuracy .

We observe large differences between data and

SAK?20 predictions over the full range of z and
for all energies.
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Conclusion

‘/Integration of the latest experimental data from BESIII.

‘/Focusing exclusively on SIA observables to accurately determine the quark FF's
of .

‘/Utilizing neural networks to parameterize the fragmentation functions, aiming
to minimize theoretical bias.

v https://github.com/hashamipour/FF24_K0S_LHAPDF
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Backup

F}(2,Q) = ((Q)) |05, (2, u(Q) ® DE(2,Q) + O3 (2, s(Q)) ® Dhs(2,Q)
+ C5, (2,04(Q) ® D)(=.Q)) -

f’!f !’if ,\2
(z,Q) = ZD“" Dig(z,Q) = Z ( @ 1) Dl (z.Q)

Quark and antiquark FFs always appear through the combinations.
Therefore, SIA measurements are not sensitive to the separation
between quark and antiquark FFs.

The leading contribution to the gluon coefficient function C2,gS is O(as),

Hence the gluon FF directly enters the fragmentation structure function
starting at NLO.
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T . .
2 = (T(g(k)) B m(k:)) .c-L. (T(e(k)) B w(k)) K : replica number
0 : set of weights and biases in NN

T: theoretical prediction

(k) : Pseudo-data for replica k
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The short-lived neutral kaon is called the K20_S ("K-short"), decays primarily
into two pions, and has a mean lifetime 8.958x10-11 s.

Kaonl?! K" K’ ds |497611+0013 | % | oo |1/ 0| o &l 8l
ds—sd R =
i 0 = B 1 = " i O A e
) K& Self V2 1497611500137 Y | 0O 1 0 | 0o | (8.954+0.004)x10 9
Short M4)15] m +7
+ ¥
ke =k Ve
aor
+ F
s+sd qIh = +v
Ko . ds+sd = . ) . i I‘l n
Longl® K Self V2 1497611£0013° Y, | 00 |10 | o (5.116 £0.021) x 1078 or
ong [45] 0 0 0
i =3 I
or
+ 0 -
m +mn +m
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To incorporate the hadron mass effects we use a specific choice of scaling
variables. For this purpose, it would be helpful to work with light-cone (L.C)
coordinates, in which any four-vector V is written in the form of

V = (V+7 V—> VT)

VE=(VOLV3)/V2 Vr = (V' V?)

Considering the L.C coordinates, the four-momenta of particles are expressed as

_ (V3 V5 _ g
q_(\/§7\/§70)7 pH_(\/iEHzoaO)a

vy = 2Ey//s  tw =ph/at n=prp/d’

The variable 1 is now a more convenient scaling variable for studying hadron mass effects,
because it i1s invariant with respect to boosts along the direction of the hadron’s spatial
momentum (Z-axis).

Maryam Soleymaninia (IPM)
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While small-z resummation is not explicitly addressed in our present
analysis, we acknowledge its importance and plan to explore it in future
investigations.

We plan to extend our analysis to include data from
the production of K”*0_S particles in proton collisions.
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