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Calculating hadronic cross sections

Deep Inelastic Scatering (DIS) e p—e +X

1
e, doerpsp(PQY) = ) / dz fi(z, pF) Geyimp(k" =2 P*, Q% )
0

i=u,,d,d, -
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Calculating hadronic cross sections

Deep Inelastic Scatering (DIS) e p—e +X

1
N 2\ _ A _ 2
€ do-€‘|‘p—>f(P7Q )_ § , / dx fZ(ajnuF) O-e-l-i—>f(k'u_ajplu7Q 7)
i:u7ﬂ7d7J7”' O /\/\/\/\/\/\/\/\/\/\/\/\/\
}
g L Se e, Partonic
. Cross section ettt
B —V" — —~— e v ’ ’
: Leading Order Next to Leading Order NNLO R
. L,O NLO .

4
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Calculating hadronic cross sections

Parton Distribution functions (PDFs)

Deep Inelastic Scatering (DIS) e p—e +X /parton (quark or gluon)

0

fi(ajnuF) 5-e—|—73—>f(]f’u — CI?P'“,sz .o )
/WWW/\/\/\/\M/\/\/\/\/\/\/\

€ doetp—sf (P, Q2) — Z

i=u,,d,d, -

3 N B
g S Se e, Partonic
. Cross section ettt
) M T —~ — v ’ '
: Leading Order Next to Leading Order NNLO R
.. LO NLO i
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Calculating hadronic cross sections
Parton Distribution functions (PDFs)

Deep Inelastic Scatering (DIS) e p—e +X

\I[ parton (quark or gluon)

1 ANNANAN ,\ > P
/ dx —_—la
0

fi(aj7,uF) &e—l—i—>f(k’u — CIZP'“,Q2, .o )
W/\N\/\/\/\/\/\/\/\/\/\/\

€ doetp— (P, Qz) — Z

i=u,,d,d, -

’ / 1.9 MSHT20NNLO, Q* = 10 GeV?

. o
. oo 0 st Partonic . o zf(z,Q°)
. Cross section ettt
I . —~ - “ i '
: Leading Order Next to Leading Order NNLO R
.. LO NLO i
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arXiv: 201204684 - FEur.Phys.J.C 81 (2021) 341
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Calculating hadronic cross sections

Parton Distribution functions (PDEs)

Deep Inelastic Scatering (DIS) € p —e + X

parton (quark or gluon)
e 1 \{
- A0 tp s (P QZ) - Z / dx fi(@, piF) Cetimf (K =z PF, Q% )
€ i=u,a,d,d, " " 7» XV
5 — soft part hard part
= (long distances) (small distances)

MSHT20NNLO, Q% = 10 GeV*

1.2

Vlll T L] LR

Factorization

vf(z,Q%)

Theorem

0.8

0.4

0.0001  0.001 0.01 0.1 1
arXiv: 2012.04684 - FEur.Phys.J.C 81 (2021) 341
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Calculating hadronic cross sections

Parton Distribution functions (PDEs)

Deep Inelastic Scatering (DIS) € p —e + X

parton (quark or gluon)
e 1 \{
- Ao etp—f (P, QZ) — Z / dz fi(T,uF) Cetimp(k =x P, Q27 ) e
€ imu,t,dyd, T Y e CEAR A
>- / / Xg
fo __— soft part hard part
A (long distances) (small distances)

MSHT20NNLO, Q% = 10 GeV*

1.2

Illl T L] LR

PDEs are
process-independent zf(z,Q%)

n

Factorization Universality

Theorem

0.8

0.4

0.0001  0.001 0.01 0.1 1
arXiv: 2012.04684 - FEur.Phys.J.C 81 (2021) 341
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Calculating hadronic cross sections

Deep Inelastic Scatering (DIS)

€

dge+p—>f(P7 QZ) —

2

i:u7ﬂ,d,d,_“ P

e p—e +X

1
0

/ \

soft part hard part

(long distances) (small distances)

Factorization

Theorem

PDEFs are
process-independent

Universality

Y

Proton-Proton collision

- pp —> X

doayp—f(Pa, Pp) = Z

f
a:aPA/ T ab ‘\beB @§
faja(za) foB(Zb) /P

a,b

/

Parton Distribution functions (PDEs)

vf(z,Q%)

1.2

0.8

dre dxy fo(Ta, pr) fo(Ty, pr) dGarb— (o Pa, v6 PB)

soft part hard part
(long distances) (small distances)
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\l[ parton (quark or gluon)

kM = o PH

0<zx<l1

Proton

MSHT20NNLO, Q% = 10 GeV*

g/10

lll]

u ‘r

d

u d

—

0.0001 0.001 0.01

sl
0.1

1
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Scale evolution of PDFs (and F'Fs)

' =
The scale evolution is | (/

L
’ > As the energy scale increases,
} the gluon density generally

calculable using pQCD

Dokshitzer—Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations (1970s)

MSHT20NNLO, Q? = 10 GeV?

1+ 22
j?ﬂw)ZE:/%gp(?>f@ )«/////a Pune) = Cr 7= Pagla) = T [a® + (1 — )"
M@/,LZ 71U/ - N € 1] f 2 7ILI,

KC\A\‘\C increases

The kernels are calculated using pQCD

1+ (1 —x)?
X

Pylw) =+

MSHT20NNLO, Q% = 10* GeV?

]..2 T 1-2 |
v f(z,Q?) zf(z, Q%)
0.8 - 0.8 - . N
e DGLAP | B
\> A uwr = 100 GeV
uy
0.4 : 0.4 | _
F d. |
ij d
0.0001 0.001 0.01 0.1 1 0.0001 0.001 0.01 0.1 1

arXiv: 2012.04684 - FEur.Phys.J.C 81 (2021) 341
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Processes with hadrons in the final state

.o e q €
Fragmentation Functions for Pions
—_—e—e—,ee—,ee—,ee—eee—eee—eee— e e e e e e e e e e e — —— — — — 2 DT (2) —— THIS FIT |
Q =10GeV

1.5+

Partonic P .
C ti

HORE BECLIOH : parton hadron \,
| |

| > |

O S od S 1 | p:u P:u — Zp:u |

\ !

N~ V4

0.0 bt

10° 1071 10°

Z

arXiv: 2110.14015 - Phys.Rev.D 105 (2022) 3
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Processes with hadrons in the final state

Fragmentation Functions for Pions

i_ —————————————————————————— - 2D () —— THIS FIT -
1 | | Q = 10GeV '
N 1.5F
| do(Q) = Z/ dz6i(Q/pr) Di(z, pr) | |
| i Y |
| &é Fragmentation Functions (FFs) |
| Partonic P . |
| Cross sectio \
| ' oH : parton hadron | :
| |
: . 7
I N L L / I
| J
Scale evolution described by 0 Ldc¢ T .0 S L 1
eale evoluion described | i Die =Y [ P (7)) Dl G e
¢ Altarclii—rarisl equations 5z arXiv: 2110.14015 - Phys.Rev.D 105 (2022) 3
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How do we determine e.g. Experimental data from ¥ Vs =10 GeV
— L |
fragmentation functions from data? ole +e” > h+X) TD/5=230GeV

prediction of
perturbative QCD
Sl /Z
—_—

pQCD calculation of * } }
the cross section.

Functlon to be
minimized

Df,;(Z,,u()) — Nz Zaz(l — 2)57’

Aw&wt {'ﬁ "H\L :H:S
Oj—?n'n"fouq 60(&6 }.Lo
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| h could be any hadron |

Typical observables involving hadron production | 0 % ot o |
h=mn",7m", K's, 777]?,/\ y T

do = Z Ji ® [; ®doijk @ Dy

1,7,k

L .
et +e” - h+ X e +p—e +h+X p+p—>h+X
TSt T B 1 1
| Sensitiveto ¢ + @ combinations | | Sensitive to different quark flavors | | Sensitive to gluons |
| |
| , | | o | | ho
I et | I | P ==>_—J\):

1 _ | \ |
| | | | | |
| e q | | >—— h | | \ |
| + ) h | | % 1 | : p =$'_—J\/: |
| | | \ iR |
| | | | | |
| | | | | |
| | | | | |
. | | ! .
| | | | |

\

\
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Our Work...

C. A. Aidala, D. A. Loomis, R. T. Martinez, R. Sassot, M. Stratmann ()

arXiv: 2507.04887v1
Phys. Rev. D 113, 092012 (2026)

Ramiro Tomas Martinez, University of Buenos Aires &
University of Tiibingen
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Our Work...

C. A. Aidala, D. A. Loomis, R. T. Martinez, R. Sassot, M. Stratmann ()

Extraction of n-meson fragmentation functions (FFs)
at Next to Leading Order (NLO)

K° K+
Sd — su
\
4 Q
-1 - - - _
— ad A — g —12 Gy L~
il ol )z
N
US ds
K~ K°

n) = |uii) + |dd) — 2|s5)

arXiv: 2507.04887v1
Phys. Rev. D 113, 092012 (2026)

Ramiro Tomas Martinez, University of Buenos Aires & g
University of Tiibingen



# 2010 —> First extraction of n FFs (AESSS) {7
S,

: . ‘PHEﬁI
C. A. Aidala, F. Ellinghauss, R. Sassot, J. P. Seele, M. Stratmann |

X/
%°

+ Phys. Rev. D 83, 034002 (2011) arXiv: 1009.6145v2 S NG

g W S _
+ Used the data available at the time Y

Relativistic Heavy Ion Collider (RHIC)
Brookhaven National Laboratory (BNL)

e+e- data
pp data /s =200 GeV
1 I 1 1 1 1 1 1 1 ] [ 1 1 1 I
N d ¥ i 2
| fr] | - YI - C 1 1 1 I 1 1 1 I 1 1 1 I 1 _ 10 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 I 1 1 1 1
104_ 1 dO ul 1 dO d 104 i 3 . 3 n 10 2 3 n
g d’o Pl s ELY mb/Gev? B e
E O dZ JE O dZ 3 10 E E 3 [IIlb / GeV ] 4 10 3 m € -3 3 [IIl c ]
- ALEPH ’92 tot G tot ] - dp E dp 10 dp
(x 1000) G ]
107 IE o 1000) 310 : 10" } PHENIX data 10" } PHENIX *06 data
; , 1 FJADE "90 : 4 t PHENIX data
- ALEPH °02 e . 10k i ) 5
B (X 100) 1L (X 100) | £ (1’]—>3J‘[3) E 5 (n Y) 10
102 = 3 F 5 10 2 E 1 10 o -6
- ALEPH °00 B 1 FCELLO : i ] 6
L (x 10) 1L (x10) J 10 F 3 10 10 :
M0 = —|5 < 10 - . : : .
£ JE = i : ol | e
EOPAL E E E e -6 THIS FIT L0 Pt 3 £ THIS FIT
MARK II 3 D . E - - i) W Ay =1 uncertainty
1 5_ _§ 5_ 4 _§ 1 - ] Ay"=1 uncertainty l : 2 sk . sz — 1 uncertainty i °r : |
EL(3>< ,0941‘) i 1E HRS . L Ay°=2% uncertainty | : Ay’ = 2% uncertainty 1 10 3 SRt
Ll § o 4 1T (x 0.1) Tl ————+—— —t—t —— — T E———+———+—+—+—+—F—+—+—+—+—F—+—+—+—
10 = = E = 10 . 0.5 — (data - theory) / theory = 0.5 — (data - theory) / theory =
F1.3 92 1k * : [ i | r ]
" (x0.01) $ M . I v S T N S S, SA— S— 4 0 b /!
10 -2__ 4 JADE ’85 ~_ 410 -2 L ] I i L +
E 1E G ? 3 -0.5 + (data - theory) / theory — 0.5 |- -1 05 =
: THIS FIT : : : 1 | 1 1 1 | 1 1 1 | 1 - 1 | T | | L1 L 1 1 1 | 1 1 1 | 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 TR
234k AR F 0 2 4 6 8 4 6 10 12 5 10 15 20
10 Lo | L ] ] ] ] ' 10 pT [GeV] pT [GeV] pT [GeV]
) -1
10 o e 10 e
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After a decade and a half of LHC data...

Data from the ALICE Collaboration pp —» n+ X

\/5 = 2.76 TeV s =7TeV \/s =13 TeV

P 1011§ T T T T T 1 | I [ I I I 17 | I E g 1012: _ c? 10 I I I T II| I I I I [ I| I I I ‘:\ 10" .I T T I| I I I 11 II| I I I I I_
% s __PYTHIA 82, e % E L T T T T a) E y 10 §— op Vs 8TeV_§ y 10 = ™ ALICE =
¥ 10"0L- Monash 2013 =« 10" - o - - ’ ALICE 1| ¢ - (5 =13 TeV -
3 3 T 1l 3wk 1 3 v pp. V5= 13 ToV
o NLO, PDF: CTEQ6M5 § & 4oL . N o E n—=>v 3§ o s n lyl=0.8 3
o 107 FF: AESSS = S - o 4 2o 4l _=
= - N u=05p - = 109; | £ 1085_ E & = 3
o 18 > T ] - - 1 o F 3 o = E
- u=2p ] ©10 = = 107 = = =

w . T L = = w = = w - -
10 E? N\ ?E .|07;7X'|0-3 7; : ] 1062_ _E

- N ] - 3 10%e- = - .

10°- \ E 10 — = [+ ]Data . 10° =

= O = - s 1oL ™= norm. unc. 2.6% ] = 3

10° N = 10° E = --- TCM fit = 10 [*]Data —
- . 7 100 - 1o'L- Tsallis fit ] = —Norm..unc. 1.58% |
105 op. (5 = 2.76 TeV \ - = - = — PYTHIA 8.2, Monash 2013 = 10° - - TCM fit -
= ALICE \ &l 103 . (oL — PYTHIA 8.2, Tune 4C B = — PYTHIA8 Monash &l
10°m — vy = AE - = NLO, PDF:CTEQ6MS5 - FF:AESSS = 10°g~ - - PYTHIA8 Ropes =
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10°=~ @ Norm. unc. 2.5% = 10 7Tev s3s = = - u=p, =l 105~ NLO, PDF: CT18 - FF: AESSS E

105 ---TCM fit . - 0.9 TeV +5.0%, - 3.9% = 102 u=2pT ml 12_ 0.5 PT<M<2PT Z

= -+ = 1= = =+ —————H = =+ -+ )

-'g 3 | | s - P@Ys=7TeV ©°@Vs=09TeV 1@ Vis=7TeV | -'g - 3= | | ] *g 4 — | | =
(o | — _ 10_1 = combined Spec - Stoat - St-at = siat = o E B J) |8 E 2.5 = =
= ] ™ fit combined = Y = - v - y . =
- ' _ g NLOp=2p - - - oo - B _ 1.5 B

b o[ ® S e = 107ENO p=2p, (BKK) - = i  SEEEIN0 = . oF =

j 9 7 el ° o (o ® ] - | | = B 1 . OF . =

- | o35 — : +| | . Exany | -

o 1_8:_::::::} ——t——t—+———+H —| Z[F30 d) e 1l = ] ——3 = ] ——t———+—++H 3
8| 1sE E | T 1 8k 1| E| est -
n . — - ) E \ /" -7 = (uhE‘l 5__ ] :.\_':' E E
<L |[E=14— — _ P T S ~ L _ =20 Tl -
i + E 20 iseoo--7T o JLER E N\ 185"k E
; 1_032 + + \l\‘\{ + + . ¢*+ ﬁé 15; | ~ _____.;*_’.__ E n>_" B ° + | - ﬁ;—m | §|_1.5:— ...... =
*osE | i AL = 1.00 e e O I e ISt =i 1 E| 10— =
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I T T T T LI B B | T T T T T 1 ]
102 ke KE 1.5
° = \\( O 2
What happens if we ) §\ \ B4g pb/cevt 1 1
107 0.5 ALICE 13 TeV']
f ﬁt N ¢ ALICE |y| < 0.8 . —————————
perform a new T e __
. 10 ........................... :
using the new data? 0.3 'ALICE 8 Tov~
1.5} -
1.0 :
0.5 ALICE 7 TeV']
1.5} .
o 10 I S S S W S s
105 NPT el N B :
W] 05 R — .01  ALICE 2.76 TeV]
4 L || 1 1 1 1
10 1.5
1.0
10° 8 TeV(x102)
1 0.5
5 7 TeV(x101)
10 2.76 TeV(x1) 2
10! L A
Ohrx=0660)  PHENIX 0.2 TeV (06)-
100 2 B 1 1 1 1 1.1 l| — FFS 10_ l l l-
- B PDFs + FFs 1o -
101 1
_9 — THISFIT O =0 660) PHENIX 0. 2 TeV (27)—
N _ Z];sés ('25) 2T | " pT/2 S i < 207
— —1
10 Sk .. NPC23 (377) (2+) ('06) (X107 ) 1 i — = -
104 | | (f<1? | ). (.X.10—3) (><10_2) o 0w = 0.660) . IPHENDIC 0.21 TelV l(3|7r)l-
10° 10 10° 10"
T [GeV] pr [GeV]
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1 E o E LY ph/Gev?
What happens if we N\ 15 pb/GeV?|

p—
ot

—
-

<
o

ALICE 13 TeV']

¢ ALICE |y| < 0.8
¥ PHENIX |y| < 0.35

—
ot

perform a new fit

. 1.0
using the new data? 05 ALICE 8 Ty
1.5 | -
1.0 _
: ; 0.5 ALICE 7 TeV~
Result of a new fit using all : R S e
1.5 -
the new data 105 13 TeV 1.0 s o oo S
QD (X 103) O 5 ......... -
(k= 0.912) . ALICE 2.76 TeV']
4 L l l l i
10 1.5 .
1.0
10° 8 TeV(x102) 0.5 S
, 7 TeV(x101) ' N ( 2:5): -
10 2.76 TeV(x1) 2 —
10! L A s _
Ofx=0660) PHENIX 0.2 TeV (’06)
100 2 B 1 1 1 1 LI B B B | — IFFS ]fo- T T T l-
- B PDFs + FFs 1o -
101 1 =
L f T P 0 hx = 0.660) PHENIX 0.2 TeV (27)-
N _ Z];sés ('25) 2T | " pT/2 S i < 207
—3 —1 I |
1072 F ... NPC23 G @y | e (>x1077) Lr = _
—y | | (><1clJ | ). (l><110—3) (><10—2) o ORrx=0660) PHENIX 0.2 TeV .(3.77).'
100 101 100 101
T [GeV] pr |GeV]
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1 E o E LY ph/Gev?
What happens if we R 15 pb/GeV?|

p—
ot

—
-

<
o

ALICE 13 TeV']

¢ ALICE |y| < 0.8
¥ PHENIX |y| < 0.35

—
ot

perform a new fit

. 1.0
using the new data? 05 ALICE 8 Ty
1.5 -
1.0 _
. | 0.5 ALICE 7 TeV~]
Result of a new fit using all : R S e
1.5 -
the new data . wee 1 10 —t
3, 8 . _Rp®»®TY i
N LN e ps | ALICE 2.76 TeV?
4 L l l l i
10 1.5 .
NP —— » ETI——— 103 o TeV(X102) ].O
The new fit gives a sreviioly ] 02 eV (25)7
: g : 2 © —t—
consistent description of the | 10 2.76 TeV(x1) 2 N
data sets over the full 10 I = _
f‘ ) ORr=o0660) PHENIX 0.2 TeV (’06)-
e T R - B PDFs + FFs lo -
101 1 -
B — THIS FIT 0 hx = 0.660) PHENIX 0.2 TeV (ny)-
2L k=1 ’ H
— AESSS 25) 2T pT/2 < i < 27 5
10_3 ....... NPC23 (37‘(‘) (27) ( 06) <X10 ) 1 i - |
(x107%) (x1073) (x1072) 0 Fx = 0.660) PHENIX 0.2 TeV (37)-
10—4 1 1 I T T 1 I T N | 1 1 L g g a1 L L L L1
109 101 109 101
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1012 Ey KE 1.5
: S E 22 [pb/GeV?
What happens if we \~ ap® PP/GeVI] 1 1ot
1011 \ 0.5
f flt SN ¢ ALICE |y| < 0.8 .
per Orm a. neW + PHENIX |y| < 0.35 lopepr~7 oo -
2 10 ........................... -
using the new data? 0.3 'ALICE 8 Tov~
1.5 | .
1.0 _
. : 0.5 ALICE 7 TeV]
Result of a new fit using all : —
th dat o -
€ new data 105 13 TeV 1.0 e — e S
3 NS T e -
W 05K, o0 ALICE 2.76 TeV-
4 . 1 1
10 1.5 |
g : 107 8 TeV(x102) i
The new fit gives a revicroly ] 05
: : . 2 ©
consistent description of the | 10 2.76 TeV(x1) 27
data sets over the full 10! 1 T i _
f‘w . ORr=o0660) PHENIX 0.2 TeV (’06)-
—— T S ) 10 9 |- ] m FFslo o
—— T e ) A : W PDFs + FFs lo -
10~ T -
- — Tlfsl FIT Ohw=o0660) PHENIX 0.2 TeV (2v)-
— ZE?SSS ('25) 2r | PT/2 S Wi S 2PT
° ° —3 —
This is not the 10 F - NPC23  6m  @p | oco 0 LT — _
10—4 | 0 (X107%) (x1073) (x107%) | Opx=o6s0) . PHENIX 0.2 TeV (3m)7
end of QCD :)
pr |GeV] pr |GeV]
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Observables in the forward region

Pseudorapidity
y = — In [tan(6/2)]

==
y=—0.95 4 y = 0.5
==/ T2
Y= —3- -y =3
VA Beam axis

LHCb detector

gear HCAL
SPD/PS M3

RICH2 )

s

7 /IRICH]
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Observables in the forward region

Pseudorapidity
y = — In |tan(6/2)]
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Observables in the forward region
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All data included in the
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Extracted n fragmentation functions
Our FF set is publicly available in LHAPDF format.

0.5 F T
I u+u=d+d s+ s

https://github.com/rt-martinez/ALMSS25 ETA nlo

IIIIIJ/III
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0.4 F\
) — THIS FIT
- k=1
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0.3 |

.........
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0.1f \ - .
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L R | :
0.0 B T C ] ] ] I_——_:-__I—--I_. L
1 - 1 1 1 1 I 1 1 1 1 1 1 1 | j—
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0.3 T ]
5 ; 5 B
0.2 - -
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0.1 : :_ .................. _:
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0.5 F ~ 1 - AL EELELELIE | SR - T T T T 1] "] ALMSS25_ETA_nlo_0001.dat added FFs for eta meson 3 months ago
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0.4 JE ] (] ALMSS25_ETA_nlo_0002.dat added FFs for eta meson 3 months ago
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0.2 : _ _ _ B ALMSS25_ETA_nlo_0004.dat added FFs for eta meson 3 months ago
01 [ _: :_ ___________________ _ |9 ALMSS25_ETA_nlo_0005.dat added FFs for eta meson 3 months ago
0.0 [ i i Y ALMSS25_ETA_nlo_0008.dat added FFs for eta meson 3 months ago
. . e S ]
3

ALMSS25_ETA_nlo_0007.dat added FFs for eta meson 3 months ago
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Conclusions

“ The previous extraction tended to overestimate the n meson production cross
sections measured by ALICE at high center-of-mass energies.

* By performing a new global fit including all currently available data, this
tension can be significantly reduced.

“ The main change in the new extraction is a softer gluon fragmentation
function, which leads to a better description of the high-energy
measurements.

“ The resulting FF set provides a consistent description of the available data
over a broad range of center-of-mass energies.
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Fit setup and data sets

TABLE I: Data sets, normalizations N;, and the partial and
total y° values obtained in our best fit based on energy de-

Parametrization pendent scale factors x(v/S).
: s - , 7
D!z, ) = N;2%(1 =2 [1+7,(1-2% i=wid g Sp e PR iR
L} £ PHENIX mid y 200 GeV 9 [25] 1.145 12 7.13
P Uy = 1GeV initial scale 3w [25] 1.069 6  4.31
2006 [26] 1.050 25 30.92
510 GeV 20258 (35| =Sl 2e? O w3
PHENIX fwd y 200 GeV [34] 0.796 13  6.76
500 GeV [35] 0.999 18 10.49
ALICE 2.76 TeV [30) 0.994 9  5.79
7 TeV [32 1.027 10 3.84
8 TeV [31] 0.985 22 19.55
13 TeV [32] 0.949 19 54.46
LHCb [33] 5.02 TeV  very fwd 1.021 21  8.76
fwd 1.021 21 11.55
13 TeV very fwd 1.013 21  8.27
fwd 1.013 21 13.48
PP data (sum) 240 192.70
BELLE [39] 10.58 GeV 1.015 30 9.04
MARKII [14] 29 GeV 0.983 7  3.69
HRS [13 20 GeV 0.556 13  26.38
JADE 90 [16]  34.9 GeV e )
CELLO [17] 35 GeV 0.998 4 1.35
ALEPH92 [18]  91.2 GeV .8 195
ALEPHO0 [19]  91.2 GeV _ 18 14.63
ALEPHO02 [20]  91.2 GeV S 603
L3 92 [21] 91.2 GeV ey
L3 94 [22] 91.2 GeV s A
OPAL [23] 91.2 GeV g )
JADES5 [15] 34.4 GeV e D3))
SIA data (sum) 109 170.00
TOTAL: 349 362.70
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Fit setup and data sets

TABLE I: Data sets, normalizations N;, and the partial and
total y° values obtained in our best fit based on energy de-

Parametrization pendent scale factors x(v/S).
n AT 5O = ﬂi [ ; > 51 P - experiment V'S data N; data x2
D g )="Dz (sl Sl e i =u,i,d, -, g . g
= . PHENIX mid y 200 GeV 9 [25] 1.145 12 7.13
s iy IsGeNER nitialacale 3r[25] 1.069 6  4.31

2006 [26] 1.050 25 30.92
510 GeV 2025 [35] 1.112 22  7.39

PHENIX fwd y 200 GeV [34] 0.796 13  6.76
: 500 GeV [35] 0.999 18 10.49
Light quarks |n) = |uit) + |dd) — 2|s5) ALICE 2.76 TeV [30] 0.994 9 5.79
f 7 TeV [32 [M0Z A2
(s N Py e oY 8 TeV [31 0.985 22 19.55
D, = Dzz < Dd = DJ 13 TeV [32] 0.949 19 54.46
LHCb [33] 5.02 TeV  very fwd 1.021 21 8.76
| D! =D]=N,D] fwd  1.021 21 11.55
13 TeV very fwd 1.013 21  8.27
fwd 1.013 21 13.48
PP data (sum) 240 192.70
BELLE [39] 10.58 GeV 1.015 30 9.04
MARKII [14] 29 GeV 0.983 7  3.69
HRS [13] 29 GeV 0.556 13  26.38
JADE 90 [16]  34.9 GeV R EoE e 03
CELLO [17] 35 GeV 0.998 4 1.35
ALEPH92 [18]  91.2 GeV g,
ALEPHO00 [19]  91.2 GeV S IR G
ALEPHO02 [20]  91.2 GeV B G0
L3 92 [21] 91.2 GeV e 6,32
L3 94 [22] 91.2 GeV B S R
OPAL [23] 91.2 GeV B R D)
JADESS5 [15] 34.4 GeV == 12130
SIA data (sum) 109 170.00
TOTAL: 349 362.70
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Fit setup and data sets

TABLE I: Data sets, normalizations N;, and the partial and
total y° values obtained in our best fit based on energy de-

Parametrization pendent scale factors x(v/S).
n AT 5O = ﬂi [ ; > 51-] P - experiment NE data N; data X2
D g )="Dz (sl Sl e i =u,i,d, -, g . g
o . 22 PHENIX mid y 200 GeV B R T e
P 4y = 1GeV initial scale 37w [25] 1.069 6  4.31

2006 [26] 1.050 25 30.92
510 GeV 2025 [35] 1.112 22  7.39

PHENIX fwd y 200 GeV [34] 0.796 13 6.76
$ 500 GeV [35] 0.999 18 10.49
Light quarks |n) = |uit) + |dd) — 2|s5) ALICE 2.76 TeV [30] 0.994 9 5.79
| 7 TeV [32] 1.027 10 3.84
R ey 8 TeV [31 0.085 22 19.55
D,=D;=D;=D; 13 TeV [32] 0.949 19 54.46
| LHCD [33] 5.02 TeV  very fwd 1.021 21  8.76
| D/ =D!=N;D| fwd  1.021 21 11.55
13 TeV e AL S S
fwd 1.013 21 13.48
PP data (sum) 240 192.70
BELLE [39] 10.58 GeV 1.015 30 9.04
Heavy quarks 15 parameters MARKII [14] 29 GeV 0983 7  3.69
- — . HRS [13) 29 GeV 0.556 13 26.38
D!(z,m,) = DXz, m,) = N, z%D}*(z, m,) to be determined JADE 90 [16]  34.9 GeV s ek
CELLO [17] 35 GeV 0.998 4 1.35
n ) 5 a, yres ALEPHO92 [18 91.2 GeV - 8 1.95
D)z, my) = D L(Z’ my) = Np, 2Dy (z, my) ALEPHO0 [19]  91.2 GeV SR e T o
\ ALEPHO02 [20]  91.2 GeV B s
s el s K+ p rest L3 92 [21: 91.2 GeV - 3 6.32
1 SeS D) S R L R i e L3 94 [22] 91.2 GeV S A
OPAL [23] 91.2 GeV e e o)
JADES5 [15] 34.4 QeV S0
SIA data (sum) 109 170.00
PDFs: MSHT20NLO - Eur.Phys.].C 81 (2021) 341 (2012.04684) TOTAL: 349 362.70
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Extracted n fragmentation functions n/z° ratio prediction
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300 FFs replicas

Example of a cross-section calculation with uncertainties

1012 -

1011

1010

108

- — nNNPDF3.0

" do
pT

—4.0 < Yyc.m.s. < —3.04}

LHCb pPb —— | b/GeV]{f

. —
LHCb pPb — [pb/GeV]]
dpr 1

2.9 < Yc.m.s. < 3.54

ratio to nNNPDF3.0 1r

LHCDb 8.16 TeV -

LHCDb 8.16 TeV -

3 4 5 6 7 8 910

3 4 5 6 7 8 910
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Key ingredients in the calculation of a cross section

1) The theory Lagrangian Lqcp —  Feynman rules are derived using quantum field theory (QFT)

2) Calculate the relevant diagrams for the process under consideration. e.g. o (6+€_ — X)

2 W / 2 L
efL f{, ef' g{/ Z
o 1
O ~J 0<5 >M(:‘;\/< ,;,O(IS M A" M_P sco + O<5 M‘\»M‘\’ + 6 v«
o 71( o §f
N\ j N— ™ S —~ —
e N N leading ord
Leading order Next to leading order ext to next to leading order .o N3LO
(LO) (NLO) (NNLO)
n n
3) Divergences and the evolution of o
A Running predicted
Perturbative expansion - by pQCD
RGE - Renormalization Group Equations
dozs 2 3
90 ag) = o - o (o) - -
m
p Value to be
g Renormalization determined
ke scale . . ' P UR
LO solution Ho
Reference scale
- s (o)
s(r) = s (1o) p? typically ch
1+ By =2 In L ypically chosen as
u . o =my = 91.2 GeV
. n
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PDG QCD Rev. - Phys. Rev. D110, 030001 (2024)
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_ A renormalization scale is chosen. e.g. g = @ = /s ' ete” Z° pole fit (NPLO) e
B : pp/pp jets (NLO) = 1
BP 2008-16 FO |—1_-I'.-—| gc/n 0.2 F PP top (NN —O) ==
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The non-perturbative nature of FFs

PDFs and FFs at a given scale can, in principle, be calculated using QCD

q

Evolution governed by 8

the Altarelli-Parisi equations

We propose an ansatz
(parametrization)
at an initial scale

w

D (2) x /dx_ e~ 1P /7 Ty YT(0|¥(0) P |H(Py)X){(H(P#)X|P ¥(x)|0)]

It has no perturbative
/b expansion

D(z, po) b D(Z,,LL)Q
po =1 GeV /D@/AQ u =10 GeV
>
/\ﬁ %
° b 0 1z

Di(z, ,u()) — Nz Zai(l — Z)ﬁi

Parameters to
be determined

N;, a;, B
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Dependence of the cross section ¢ on the scales yR, I 510,

At all orders, . .
. = "2 (Qlpr: kp) Zfa pr) @ fo(pr) ® (O) (1F) ® folpr) ® Jé})) Truncated
the cross section AN~ bat;
. \ perturbative
would be independent \ Y——/ ﬂ\(_____) :
series
of uR, uF % LO NLO
Q
Residual %}\\ Q AO\\ Q ]
dependence on - 2& . ‘J _
Q ~
R, uF '
H ’ “’ NNLOJET + RapidiX pp—HX BRH"YY Js= 13 TeV
h h ~ 7
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* s =Y
'Eo 20
S Scale dependence (bands)
= T 1 decreases as the
LO NLO E=3 NNLO E== N3L0 .
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happens if... er | | | | 1 Increases
=R = v
Q <1 <20 Scale uncertainty 8 0.0 AN AN NN\
’ band 2| |
6'6 B | 1 | | ]
0 8.5 1 1.5 2

Iv"l
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