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FRAGMENTATION FUNCTIONS IN A NUTSHELL

For a review see Metz,Vossen. Prog.Part.Nucl.Phys. 91 (2016) 136-202

Based on Collinear Factorization
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Validated by a large set of unpolarized data
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WHY SHOULD WE CARE ABOUT HADRONS!?

Processes with identified hadrons in the final state are instrumenr
decomposition of the proton spin content in helicity PDFs globa

® f,(x, Q%)
q

q

Flavor separation of helicity PDF depends
crucially on SIDIS results

Important constraints from future EIC
measurements
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WHY SHOULD WE CARE ABOUT HADRONS!?

Processes with identified hadrons in the final state are instrumental for the
decomposition of the proton spin content in helicity PDFs global analyses

Flavor separation of helicity PDF depends
crucially on SIDIS results

Important constraints from future EIC
measurements



WHY SHOULD WE CARE ABOUT HADRONS!?

Processes with identified hadrons in the final state are instrumenr

decomposition of the proton spin content in helicity P
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Flavor separation of helicity PDF depends
crucially on SIDIS results

Important constraints from future EIC
measurements



WHY SHOULD WE CARE ABOUT HADRONS!?

Processes with identified hadrons in the final state can probe P

q

Additional information on sea quarks PDFs
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WHY DEWE NEED NNLO SETS OF FFS?

Description of the p, -behaviour deteriorates for
© : :
3 higher c.m.s energies
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WHY DEWE NEED NNLO SETS OF FFS?
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WHY DEWE NEED NNLO SETS OF FFS?
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WHY DEWE NEED NNLO SETS OF FFS?
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Will require knowledge on the FFs up to NNLO
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Parton-to-pion Frs at NNLO accuracy

In collaboration with D. De Florian, R. Sassot, M. Stratmann and W.Vogelsang
Phys.Rev.Lett. 129 (2022) 1,012002



FROM NLO TO NNLO

Parton-to-Pion at NNLO from SIA data

do}! 0 Q°
d_zk — 0-1501): [Dg(za /"’2) ® C%,q (Z, E)
h -1 h h- 2
1 do _ 1 dorr : doy + D! (2, 1?) ®CS (z, Q_z)]
Otot dZ Otot | dZ dz | s 02
T Za(go) Dl,\zTS,q(z’“Q) ® Cl’j’% (z, F

q




FROM NLO TO NNLO

Parton-to-Pion at NNLO from SIA data

1 do" 1 [dol do?”
dz |

Cleanest access to FFs — only non-perturbative quantity

“Easier” higher order corrections — Coefficient Function known up to NNLO
Very precise data




FROM NLO TO NNLO

Parton-to-Pion at NNLO from SIA data

Cleanest access to FFs — only non-perturbative quantity

“Easier” higher order corrections — Coefficient Function known up to NNLO
Very precise data

Probes the combination [D;’ —- Dg] — [imrted flavor separation
Mainly constrain the singlet distribution Dg = D"+ D!+ Df; + Dg +D"+ D"+ ...

Gluon fragmentation suppressed In aS(Qz) — only indirect constraints through scaling violations
VWeak scale dependence
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FROM NLO TO NNLO

Parton-to-Pion at NNLO from SIA data
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Anderle, Ringer, Stratmann. Phys.Rev.D 92 (2015) II, 114017
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Mellin moments of the NNLO coefficient functions available from
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hy, 2 S Q*
|:DS (Z, M ) & (Ck,q (Z, F)

h 2 S Q’
+ D, (z,,u ) ® Cy , (z, ﬁ)]

evolution:
— pU)
_]l




Parton-to-Pion at NNLO from SIA data

Anderle, Ringer, Stratmann. Phys.Rev.D 92 (2015) | I, 114017

FROM NLO TO NNLO

— — Kretzer NLO

------- DSS 14 NLO
incl. 90% C.L. band

singlet X

llllI

-1
10 7

2

experiment data # data X
type in fit LO NLO NNLO
SLD [40] incl. 23 15.0 14.8 15.5
uds tag 14 9.7 18.7 18.8
c tag 14 10.4 21.0 20.4
b tag 14 5.9 7.1 8.4
ALEPH [41] incl. 17 19.2 128 12.6
DELPHI [42] incl. 15 74 9.0 9.9
uds tag 15 8.3 3.8 4.3
b tag 15 8.9 4.5 4.0
OPAL [43] incl. 13 8.9 4.9 4.8
TpcC [44] incl. 13 5.3 6.0 6.9
uds tag 6 1.9 2.1 1.7
c tag 6 4.0 4.5 4.1
b tag 6 8.6 8.8 8.6
BABAR [10] incl. 41 108.7 54.3 37.1
BELLE [9] incl. 76 11.8  10.9 11.0
NORM. SHIFTS 7.4 6.8 7.1
TOTAL: 288 241.0 190.0 175.2




FROM NLO TO NNLO

Parton-to-Pion at NNLO from SIA data

Anderle, Ringer, Stratmann. Phys.Rev.D 92 (2015) II, 114017
experiment data # data N

type in fit LO NLO NNLO
SLD [40] incl. 23 150 148 155
uds tag 14 9.7 18.7 18.8
c tag 14 104 21.0 20.4
b tag 14 59 7.1 8.4
ALEPH [41] incl. 17 19.2 12.8 12.6
DELPHI [42] incl. 15 74 9.0 9.9
uds tag 15 8.3 3.8 4.3
b tag 15 8.5 4.5 4.0
OPAL [43] incl. 13 8.9 4.9 4.8
TPC [44] incl. 13 53 6.0 6.9
uds tag 6 1.9 2.1 1.7
c tag 6 4.0 4.5 4.1
b tag 6 8.6 8.8 8.6
BABAR [10] incl. 41 1087 543 371
: BELLE 9] incl. 76 11.8  10.9 11.0
— — Kretzer NLO DN NORM. SHIFTS 74 6.8 7.1

DSS 14 NLO .
incl. 90% C.L. band : TOTAL: 288 241.0 1900 175.2
* |mproved description as higher order corrections are
considered
* Perturbative stablility for the FF associated to the singlet

. ) +
combination Dg

: 7Z'+ 7Z'+ 72'+
Weaker constraints D, 7 Dy s and D,




FROM NLO TO NNLO

Parton-to-Pion at NNLO from SIA data Overitting a single data type
Anderle, Ringer, Stratmann. Phys.Rev.D 92 (2015) | I, 114017

experiment data # data x>
type in fit LO NLO NNLO
SLD [40] incl. 23 15.0 14.8 15.5
uds tag 14 9.7 18.7 18.8
c tag 14 104 21.0 20.4
b tag 14 5.9 7.1 8.4
ALEPH [41] incl. 17 19.2 128 12.6
DELPHI [42] incl. 15 74 9.0 9.9
uds tag 15 8.3 3.8 4.3
b tag 15 8.9 4.5 4.0
OPAL [43] incl. 13 8.9 4.9 4.8
TprcC [44] incl. 13 5.3 6.0 6.9
uds tag 6 1.9 2.1 1.7
c tag 6 4.0 4.5 4.1
b tag 6 8.6 8.8 8.6
BABAR [10] incl. 41 108.7 54.3 37.1
RALDN) BELLE [9] incl. 76 11.8 109 11.0
— — Kretzer NLO ) NORM. SHIFTS 74 6.8 7.1

seeeet DSS 14

* |mproved description as higher order corrections are
considered
* Perturbative stability for the FF associated to the singlet

. ) +
combination Dg

' Al A al
Weaker constraints D, 7 Dy s and D,




FROM NLO TO NNLO

Parton-to-Pion at NNLO from SIA data

Bertone, Carraza, Hartland, Nocera, Rojo Eur.Phys.].C 77 (2017) 8,516
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FROM NLO TO NNLO

Parton-to-Pion at NNLO from SIA data

Bertone, Carraza, Hartland, Nocera, Rojo Eur.Phys.].C 77 (2017) 8,516
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FROM NLO 1O NNLO

Approximate NNLO corrections for SIDIS  Dominant contribution associated to soft
Abele, de Florian,Vogelsang. Phys.Rev.D 104 (2021) 9, 094046 gluon emission as x, z ~ 1

SIDIS at COMPASS: up — 7t X

2.4 | | | | | | | 0.8 | | | | | | |
2.2 | ol _ o |
oL — NNLO:LP+NLP ] | LO e Significant corrections
----- NNLO:LP X NLO
full NLO , 0.4 | mws= NNLO - for large 7
Sizable NLP

contribution
e Reduction of the scale
dependence for z 2 0.3

o(u)—o(Q)

0.8 | | | | | | |
0.2 0.4 0.6 0.8 . .
, . Analytical moments of
Surtable for numerical implementation in Mellin space PDFs (NNPDF4.0)
aM Ak dN » HR HF\ z
]:h Ly 2, ? =/ _.Z_M D'(M’H’F) _.x_N yy (NaMaas ) ) )fNa
) ( Q ) o Irri ; f en 2 f'f (”‘R) Q Q ( H‘F)
MELLIN FIT PRECALCULATED GRIDS
INVERSION
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FROM NLO 1O NNLO

2(1 —y)

2F1[—I(CB7ZH7Q2)—|— FII:I(xazHaQZ)

dot? 2T [1 + (1 —y)?

/ dr dQ? dzy - xs()? Yy
” 1
%7 (e Q) = 2 Y

D,(z,Q%) Effective charge

PDFs act as effective charges — allows for flavor and charge separation
Different targets and x can be used
Probe lower values of Q% — improve constraints on Dgf’

Approximate NNLO corrections

Dependence on the PDFs
Gluon fragmentation suppressed in aS(Qz) — only Indirect constraints through
scaling violations
Additional corrections at small Q??




EXPERIMENTAL DATA

experiment data

type

TPC 29 GeV incl.

uds, c, b tag

SLD 91.2 GeV incl.

uds, c, b tag

ALEPH 91.2 GeV incl.

DELPHI 91.2 GeV incl.

uds, b tag

OPAL 91.2 GeV incl.

u,d, s,c,b tag

BABAR 10.54 GeV incl.

BELLE 10.52 GeV incl.
SIA data (sum)

HERMES - (p-Q?)

7T+ ,7T (d-Qz)

7T+ ,71' (p—il?)

nto~  (d-z)

COMPASS T (d-z)

SIDIS data (sum)

102_: ORI GO0 @ 00 G CUS. 060 080 O & O

®© © 00000000000
A A A A A Aa,
s 4 44 “‘:gf
REERERIIYI T
L alh ad A
NN ENEY ;
s A AAiAA ¢

e SIA iA Aiﬁ Af A A

A  SIDIS

10! 100

Z

0.075 < zga < 0.95
Qdiprs > 1.5 GeV?




DSS FRAMEWORK

Parametrization for Dl.h (2, Q30) at input scale @

At Inrtial scale

Qg =1 GeV? uds
Qg = mg c,b

Df'(z. pg) = N;2° Z y;ii(1 — 2)li —
J

Disscard redundant parameters
D* = D™
D;:_d Nd+d DLH‘M
= Df" = N,z Df
}/g2 — yg3 =0

(Simpler parametrization for Df+ and Dg+ )

Change parameters

Fvolve to the relevant scale using DGLAP Equations

Calculate y?

sets points eXP ‘/V] GjelXP 2 1 — ‘/Vj 2
c=L X () Zlow)

j J

¥? minimum? No

Yes

[ Optimum set of parameters j

+ Prescription for uncertainties
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DSS FRAMEWORK

Parametrization for Dl.h (2, Q30) at input scale @

At Inrtial scale

Qg =1 GeV? uds
Qg = mg c,b

Df'(z. pg) = N;2° Z y;ii(1 — 2)li —
J

Disscard redundant parameters
D* = D™
D;:_d Nd+d DLH‘M
= Df' = N, 2% Df
}/g2 — yg3 =0

(Simpler parametrization for Df+ and Dg+ )

Change parameters

Fvolve to the relevant scale using DGLAP Equations

Calculate y?

sets points eXP ‘/V] GjelXP 2 1 — ‘/Vj 2
c=L X () Zlow)

j J

Extension of PEGASUS libraries to
evolve FFs (solved in N-space)

ag from LHAPDEF libraries
(MSHT20 / NNPDF4.0 )

¥? minimum? No

Yes

[ Optimum set of parameters j

+ Prescription for uncertainties
|7



DSS FRAMEWORK

Parametrization for Dl.h (2, Q30) at input scale @

At Inrtial scale

Qg =1 GeV? uds
Qg = mg c,b

Df'(z. pg) = N;2° Z y;ii(1 — 2)li —
J

Disscard redundant parameters
D* = D™
D;:_d Nd+d DLH‘M
= Df' = N, 2% Df
}/g2 — yg3 =0

(Simpler parametrization for Df+ and Dg+ )

Change parameters

Fvolve to the relevant scale using DGLAP Equations

Calculate y?

sets points eXP ‘/V] GjelXP 2 1 — ‘/Vj 2
c=L X () Zlow)

j J

Extension of PEGASUS libraries to
evolve FFs (solved in N-space)

ag from LHAPDEF libraries
(MSHT20 / NNPDF4.0 )

¥? minimum? No
Yes Fast evaluation in Mellin N-space

[ Optimum set of parameters j

+ Prescription for uncertainties
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DSS FRAMEWORK

Parametrization for Dl.h (2, Q30) at input scale @

At inrtial scale

Qg =1 GeV? uds
Qg = mg c,b

Df'(z. pg) = N;2° Z y;ii(1 — 2)li —
J

Disscard redundant parameters
D* = D™
D;:_d Nd+d DLH‘M
= Df' = N, 2% Df
}/g2 — yg3 =0

(Simpler parametrization for Df+ and Dg+ )

Change parameters

Fvolve to the relevant scale using DGLAP Equations

Calculate y?

sets points eXP ‘/V] GjelXP 2 1 — ‘/Vj 2
c=L X () Zlow)

j J

Extension of PEGASUS libraries to
evolve FFs (solved in N-space)

ag from LHAPDEF libraries
(MSHT20 / NNPDF4.0 )

¥? minimum? No
Yes Fast evaluation in Mellin N-space

[ Optimum set of parameters J

— _— sz Monte-Carlo sampling to
+ Prescription for uncertainties estimate FFs uncertainties
|17




X 3

7t (NLO)
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+
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7t (NLO)
d

0

M
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M

X 3

7t (NLO)
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g
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RESULTS - SIDIS FIT QUALITY

Experiment

Q* > 1.5GeV~

#data NLO NNLO

SIA

288 1.05 0.96

COMPASS 510 0.98 1.14
HERMES 224 2.24 2.27
—f1 r r 11 —T1 r r 171 —f1 r r 11
2 _ 135 0004 <z<0.01 [ 02 — 01 < 2<0.02 [ 02 — 0.02 < x<0.03
s {L.Q. :..24,;4%—0_7% ......... SEsh2 d . T bt _
Q2=1&¢_¢_5 I S L@ =1 1L.Q*=28 . |
i 000y QT 11 é%"‘:’<>c><><:><:>¢!>{> 1L 00000, |
i % L Q2=125. °_¢=T ......... B RO 1. p— N _
21 | oeeetty | IO Y
[ Q2 =107 ... &= Jl.e@2=130 . S
[ NLO i i ¢—v 3 ¢ ¢ ¢ 1 o ¢
|~ NNLOQ™ > 1.5GeV 1L L Q=210 g
0 I NNLO Q? > 3GeV? ? $
R I B 1 | | ' | | [ R TR NN TN TN T TR N T S SN TR RN S
T — 1 r ] T ™1 T —r 1 1 11 rrrrrrrrr
2 _ 0.03 < z < 0.04 2 _ £ 90 0.04 < z < 0.06 0% — 12, 06 <z <0.1
P it CHLE R Jb@l=590 00052000 . L Q21280 052500 _
Q* = 3,90 U o Q> =50 ’ Q* = 8,40
o 2 ........... OW(_)W ..................... 2 ........... WQ¢Q¢¢6# ................... 2 ........... W_oﬁ¢6o¢¢_r ...........
o [.92 =200 ré ......... Ne=smey 1 IINCEEE T ]
i $P 0060090 w¢¢¢¢¢-—¢ 600006009
QI =180 .. ] | Q2 =260 e [ Q2=420 — RS
- AR A RSN 2 §30007 7 g 2 $00006%0
) PO D S5 S—— L Qo= 182 6_¢_¢_¢1 ........ b Qu=300 S S—
AR 5
I L (R I T T T S | |¢| a1 ] | | T T T TR N B [ TS T TN NN T T T S | |¢| a1 ¢| ]
—r 1 1 11 rrrrrrrrr T T 1 —r 1 r 1 rr 11
2 _ 9Q.1<z<0.14 0.14 < z < 0418 018 <z 040 ]
4 _Q ..... —2$,&)_¢_.—.% ...... e e i - % iy — -
Q2=1W ................. ] QQ:lM Q236M ....................... :
I 2 _ 1 2 _ + 2 _ L
P e e N | e 2 —
I 000 | 600979 0006790 934
Q=630 . 0.l =840 .. . l.er=am30. ———
_ 0000607 1L s ) Q
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RESULTS - Sl

Experiment Q* > 1.5GeV~
#data NLO NNLO
SIA 288 1.05 0.96
COMPASS 510 10.98 1.14
HERMES 224 2.24 2.27
TOTAL 1022 1.27 1.33

DIS FIT QUALITY

0? — 135 —0.004 < z < 0.01

—— NNLO Q? > 1.5 GeV?
NNLO Q? > 3GeV?

NLO —
multip

2 I A et

O_

000 025 050 075 0.00 025

Z

050

Z Z

075 000 0.25 050 'l(')875' |

N

IC

+ For Q% > 1.5 GeV?, better fit qua

ity at

NLO overestimation of

- the

ties for lower values of x



RESULTS - SIDIS FIT QUALITY

Experiment|] Q2% > 1.5 GeV? Q2 > 2.0 GeV? Q? > 2.3GeV? Q? > 3.0GeV?
#data NLO NNLO |#data NLO NNLO |#data NLO NNLO |#data NLO NNLO
SIA 288 1.05 096 | 288 091 O0.87 | 288 090 091 | 288 0.93 0.86
COMPASS 510 1098 1.14 | 456 091 1.04 | 446 091 0.92 | 376 0.94 0.93
HERMES 224 224 227 | 160 240 2.08 | 128 2.71 2.35 9 2.75 2.26
TOTAL 1022 1.27 133 | 904 1.17 1.17 | 82 1.17 1.13 | 760 1.16 1.07

02 _o94g  0.01 <z <0.02

For Q% > 1.5 GeV?, better fit quality at
NLO —=NNLO overestimation of the
multiplicrties for lower values of x

—— NNLO Q? > 1.5 GeV?
NNLO Q? > 3GeV?

Progressive NNLO improvement as the
O’-cut is increased

Better NNLO description of data from
0’ > 3 GeV?

0.00 0.25 050 0.75 0.00 025 050 0.75 0.00 0.25  0.50 l()875
Z Z Z




RESULTS - SIDIS FIT QUALITY

Experiment|] Q2% > 1.5 GeV? Q2% > 2.0 GeV? Q? > 2.3GeV? Q? > 3.0GeV?
#data NLO NNLO [#data NLO NNLO |#data NLO NNLO |#data NLO NNLO
SIA 288 1.05 0.96 | 288 0.91 0.87 | 288 0.90 0.91 | 288 0.93 0.86
COMPASS 510 (0.98 1.14 )| 456 0.91 1.04 | 446 091 0.92 | 376 (0.94 0.93
HERMES 224 224 227 | 160 240 2.08 | 128 2.71 235 | 96 2.75 2.26

TOTAL 1022 1.27 133 | 904 1.17 1.17 | 82 1.17 1.13 | 760 1.16 1.07

....................... _ B P For Q% > 1.5 GeV?, better fit quality at
. il 2 - 2 Q-UTW ........... : l l -:_
oo oy S oy NLO —NNLO overestimation of the
2 2 |}t 07 f N @ =130 T multlp cities for lower values of x
— NNLO Q" > 1.5GeV dL Q*=110
NNLO Q? > 3GeV? : :
""""""""" Progressive NNLO improvement as the
................................................................................................................................................................................ QZ_CL.t < increased
........................................... Be-t-ter NNLO descrlptlon Of da-ta from
..................................................................... Q2 > 3 Ge\/2
.............................................. + ; a5 [ ] Power corrections!
Qle ................. : Ql% ........... : QSé-?,O-o:%o:q—:ﬁ:i\ ........... : Extrapol ation of PDFs beyond the data-
_z ..... E..Z:.Z.z....wwdx: ......... _ _Z ...... = ..22;.2....W¢ _ ¢ ......... _ _z ..... :izoéﬁo 5 5 3 ﬁ ......... _ Constramed reg|on
.............. :_# T Y e Lo T DO ¢_¢_¢ R . .
o :450“"‘%1 P A MM SRRRLIN Extrapolation of the approximate NNLO
N T T ¢|¢| L I¢| L 1 N e ¢|¢|¢|-I¢| L N T T T | I
0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75 COI”I”eC’EIOﬂS tO |OW X

Z Z Z | 8
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RESULTS - SIDIS FIT QUALITY

M=
l!"l

L} LA

[~~~ NNLO Q? > 3GeV?

— ot

W

Experiment|| Q2 > 1.5GeV? Q2% > 2.0GeV? Q? > 2.3GeV? Q? > 3.0GeV?
#data NLO NNLO [#data NLO NNLO |#data NLO NNLO |#data NLO NNLO

SIA 288 1.0 096 | 288 091 0.87 | 288 0.90 0.91 288 0.93 0.86

COMPASS 510 098 1.14 | 456 091 1.04 | 446 0.91 0.92 376 0.94 0.93

HERMES 224 2.24 2.27 160 2.40 2.08 128 2.71 2.35 96 2.75 2.26

TOTAL 1022 1.27 1.33 904 1.17 1.17 862 1.17 1.13 760 1.16 1.07

Q* =59 R ¢003$z5004l“=31 | For Q2 > 1.5 Ge\/z, better fit quality at

R T b & i m— =2 NLO —NNLO overestimation of the
L @*=26 RS (A multiplicrties for lower values of x
: FRIGL L0 9 T
L QiEl Progressive NNLO improvement as the
[ — NNLO Q> 1.5GeV? Qz—cut IS Increased

Better NNLO description of data from

Q2

> 3 GeV?

Power corrections!
Extrapolation of PDFs beyond the data-

constrained region
Extrapolation of the approximate NNLO
corrections to low X
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RESULTS - SIDIS FIT QUALITY

M=
l!"l

L} LA

[~~~ NNLO Q? > 3GeV?

— ot

W

Experiment|| Q2 > 1.5GeV? Q2% > 2.0GeV? Q? > 2.3GeV? Q? > 3.0GeV?
#data NLO NNLO [#data NLO NNLO |#data NLO NNLO |#data NLO NNLO

SIA 288 1.05 096 | 288 091 087 | 288 0.90 0.91 288 0.93 0.86

COMPASS 510 098 1.14 | 456 091 1.04 | 446 091 0.92 376 0.94 0.93

HERMES 224 2.24 2.27 160 2.40 2.08 128 2.71 2.35 96 2.75 2.26

TOTAL 1022 1.27 1.33 904 1.17 1.17 | 82 1.17 1.13 760 1.16 1.07

LN ¢°'°3 st§4[a=3] ‘ For Q2 > 1.5 GeV? bettler ﬂ.t quality at

R T b & i m— =2 NLO —NNLO overestimation of the
[ @*=26 RS (A multiplicrties for lower values of x
: FFTE g 0087
L QiEl Progressive NNLO improvement as the
[~ NNLO @7 > 1.5Gov? O?-cut is increased

Better NNLO description of data from

Q2

> 3 GeV?

Power corrections!
Extrapolation of PDFs beyond the data-

constrained region
Extrapolation of the approximate NNLO
corrections to low X




RESULTS - SIDIS FIT QUALITY

W

/M::(';' (NLO) + a) % 3
)

+

pd
o

™

M

+a) x3 (

=+ (NLO)

M4

v/

M

(

Experiment|| Q2 > 1.5GeV? Q2% > 2.0GeV? Q? > 2.3GeV? Q? > 3.0GeV?
#data NLO NNLO [#data NLO NNLO |#data NLO NNLO |#data NLO NNLO
SIA 288 1.05 096 | 288 091 0.87 | 288 0.90 0.91 | 288 0.93 0.86
COMPASS 510 098 1.14 | 456 091 1.04 | 446 091 0.92 | 376 0.94 0.93
HERMES 224 224 227 | 160 240 2.08 | 128 2.71 2.35 96 2.75 2.26
TOTAL 1022 1.27 133 | 904 1.17 1.17 | 82 1.17 1.13 | 760 1.16 1.07

003<z<004 (o5 W o2=s2 a=3 .

Ve For Q% > 1.5 GeV?, better fit quality at

NLO —NNLO overestimation of the
multiplicrties for lower values of x

=N

* Progressive NNLO improvement as the
O?-cut is increased

* Better NNLO description of data from
0’ > 3 GeV?

—— NNLO Q? > 1.5GeV?

=~ NNLO Q* > 3GeV?
NNLO (NLO FFs)

o
"4"

1=

l"lll'

l"l'

voss T won 1l | Power corrections!?

r¢¢¢¢¢¢ S | S - trapolation of PDFs beyond the data-
L ﬂ”“”[:(’] constrained region

S B as ;:” Extrapolation of the approximate NNLO

l'l‘ll

llllllllllllllllllll

corrections to low X




RESULTS - SIDIS FIT QUALITY

Recent set of NNLO FFs (ﬂi &Ki) by the MAP Collaboration * For pions FFs, similar deterioration
Khalek, Bertone, Khoudli, Nocera. arXiv2204.1033 | Of)(z 1< QZ—CUJ[ < lowered. with a
5 05| i Joos steeper increase In the case of
N ~®: NLO (unq NNLO
2 00k . ;:'_ Etg (corr) {9 00 | o) L o
R . o | o * For higher Q~-cut values, similar y
= A ER el at NLO and NNLO
= 1.50 \ 1.50
8.
2 1.25 11.25
[ ]
< 1.00 11.00 .
Power corrections?
0.75 10.75 Extrapolation of PDFs beyond the data-
0.50 0.50 constrained region

Extrapolation of the approximate NNLO
corrections to low x
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RESULTS - SIDIS FIT QUALITY

Experiment|| Q% > 1.5GeV* Q* > 2.0GeV* Q* > 2.3GeV* Q% > 3.0GeV*
#data NLO NNLO |#data NLO NNLO |#data NLO NNLO |#data NLO NNLO
SIA 288 1.05 096 | 288 091 0.87 | 288 0.90 0.91 | 288 0.93 0.86
COMPASS 510 0.98 1.14 | 456 0.91 1.04 | 446 091 0.92 | 376 0.94 0.93
HERMES 224 1224 227 | 160 240 2.08 | 128 2.71 2.35 96 (2.75 2.26
TOTAL 1022 1.27 133 | 904 1.17 1.17 | 82 1.17 1.13 | 760 1.16 1.07

| IW¥ Ilw;lﬁLo | - IIE ; o W+I W+INLOI N IE
(Mg /ME, N w0y (zm) ] (Mg /MG, N+ a) (2,Q2)
kuﬂ]%V' 1t 0.2 < z<0.3;

<o [ » Same pattern of NNLO correction for HERMES

a 0052

.......................... ‘Zoé e Quenss Qe ,éézf e N . . . , 9) . :
i 7 e e oomom ] | ¢ NO significant improvement in y“/d.o.f increasing

O°-cut, since the fit mainly accommodates
COMPASS data

—_ m— (NLO _: _ o T | T INLOI A -
(Mg /MG, N 0y (zm) F (Mz, /Mg, N+ a) (2,Q7)
1t 0.2 < z<0.3;




RESULTS - SIA FIT QUALITY
Experiment|| Q% > 1.5GeV* Q* > 2.0GeV* Q* > 2.3GeV* Q% > 3.0GeV*
#data NLO NNLO |#data NLO NNLO |#data NLO NNLO |#data NLO NNLO
SIA 288 (1.05 096 | 288 091 087 | 28 090 0.91 | 288 (0.93 0.86
COMPASS 510 0.98 1.14 | 456 0.91 1.04 | 446 091 0.92 | 376 0.94 0.93
HERMES 224 224 227 | 160 240 2.08 | 128 2.71 2.35 96 2.75 2.26
TOTAL 1022 1.27 133 | 904 1.17 1.17 | 82 1.17 1.13 | 760 1.16 1.07

94 0.2
1 0.0

104 -

DELPHI | F
SLD [
TPC -
BABAR | [
BELLE w

|
O > > D> @ O |
|

0.0 * Slight improvement of the description of SIA
' data at NNLO

<

» Reduced tension with SIDIS data as higher Q?
-cuts are Imposed

oo

&
theory

data—theory

© O

&

oo o o0
(- DO DO (-} DO DO (-} DO DO () DO DO (- DN DO




RESULTS - NNLO FFS

| | | | | | | i i | I | | | | | | | ]
11 —— NLOQ2 >1.5Gev2 ] L Ratios to NLO (Q* > 1.5GeV?) _ 1.2
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RESULTS - NNLO FFS

—— NLOQ? > 1.5GeV?

=1 NNLOQ? >1.5GeV? 1|

[ Ratios to NLO (Q2? > 1.5 GeV?) _

* Suppression of the distributions
for z 2 0.6 to compensate the
large-z enhancement of the cross
sections.




RESULITS - NNLO FFS

—— NLOQ? > 1.5GeV?

atios to NLO (Q? > 1.5GeV?2)

=5 NNLOQ® > 1.5GeV? | [E54000,,
1 B8\ ’

VAV S AVATE =

- * Suppression of the distributions
. % for z 2 0.6 to compensate the

1E... A bt large-z enhancement of the cross
| I sections.

7 7

O LIGTOEENS | 2 2
RS 72 N e The cut > 3 GeV~ leads to an
N7 02

enhancement of DZ; below 0.6,

PV I A T and a z-iIndependent enhancement
i NLOQC > 3GeVe | R . N
EZA NNLOQ® > 3GeV? 7 | Ong :

! x Similar NNLO & NLO
| L - : — :_ | uncertainties for Q2 > 1.5 Ge\/z.
Using the more strict cut of

0? > 3 GeV? leads to a reduction
in the NNLO uncertainty
compared to the NLO one.

R R R T RIS
oY S
016‘76':9:‘?‘?“A6

= — e n — -




1.75 ¢
1.50 f
125
1.00
»
0.75
0.50 |
0.25
0.00 =
1.752
L50)
1.25 f
1.00 |
0.752
0.50 |
0.25 |

0.00 &
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RESULTS - NNLO FFS

1 [ Ratios to NLO (@2 > 1.5Gev?2) 1.0

NLO Q? > 1.5 GeV?
1 NNLO Q? > 1.5 GeV? I
MAPNNLO Qz > 4G6V2 1 [

e Rather good agreement for Dgi
and D™

Utot

d+d

0..
L]
L]
L 4

o Large difference for Dc’lfi (In DSS,

+ tot
T

‘e
*a
.

g tc:onstrained through partial
to

il - 1s SU(2) symmetry)

...
LA
&N
"
]
"aag
e

* |Larger uncertainties for MAP
(reduced data set & more flexi
barametrization)




SUMMARY

Precise knowledge of FFs is needed to probe the proton spin and flavor

decomposition, and will play an instrumental role for the EIC spin program
NNLO fit of polarized PDFs

N7 3LL determination of TMDs

First “proof-of-principle”
NNLO global analysis of FFs based on SIA and SIDIS data:
Inclusion of NNLO corrections improve the quality of the fit, but after imposing

a lower cut on Q7 of at least 2 GeV?
Suppression of the FFs in the high-z region

Unconstrained gluons — Need for pp NNLO corrections
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THANK YOU
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FROM NLO TO NNLO

Parton-to-Pion at NNLO from SIA data

Anderle, Ringer, Stratmann. Phys.Rev.D 92 (2015) |I, 114017
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FROM NLO 1O NNLO

Jh U NP MAPFF1.0 (1 = 5.0 GeV)
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Khalek, Bertone, Nocera. Phys.Rev.D 104 (2021) 3,034007
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