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single-hadron™) (TMD) fragmentation functions

*) complemented by rich world of di-hadron FFs

quark pol.
U L T
g U | D, ]{1l ¥ relevant for unpolarized final state
5| L G| Hip } L
= - GfT , H1LT polarized final-state hadrons

polar'izin FF

= FFs act as quark flavor-tagger and polarimeter

FF ... fragmentation function
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e*e- annihilation at BESIII, BaBar & Belle
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® BESIII: symmetric collider (Ee=1..2.4 GeV) =7

® BaBar/Belle: asymmetric beam-energy
e*e- collider near/at Y(4S) resonance

@ different scales (" QCD evolution) and
sensitivities to quark flavor

@ RESIITI below charm threshold closer
to typical SIDIS case
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e*e- annihilation at BESIITI, BaBar & Belle
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e*e- annihilation at BESIITI, BaBar & Belle

@ BESIII: symmetric collider (E.=1..2.4 GeV) =~
Ii 6

® BaBar/Belle: asymmetric beam-energy £
e*e- collider near/at Y(4S) resonance 4

@ different scales (" QCD evolution) and ?
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@ RESIITI below charm threshold closer
to typical SIDIS case
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fragmentation in e*e- annihilation
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fragmentation in e*e- annihilation

Thrust (axis):
@ single-inclusive hadron production, e*e- = hX

> PR

@ D1 fragmentation function

@ (Ditt spontaneous transv. polarization)

@ inclusive "back-to-back” hadron pairs, e*e- = hih2X

@ product of fragmentation functions

@ flavor, transverse-momentum, and/or polarization
tagging
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fragmentation in e*e- annihilation

Thrust (axis):
@ single-inclusive hadron production, e*e- = hX

@ D; fragmentation function

@ (Ditt spontaneous transv. polarization)

@ inclusive "back-to-back” hadron pairs, e*e- = hih2X
@ product of fragmentation functions

® flavor, transverse-momentum, and/or polarization
tagging

@ inclusive same-hemisphere hadron pairs, e*e- = hih2X

@® di-hadron fragmentation

1st axis n
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the collinear case



single-hadron production

@ before 2013: lack of precision data at (moderately) high z
and low /s

@ |imits analysis of evolution and gluon fragmentation

/o, do/dx x c(Vs)

@ |imited information in kinematic region often used in
semi-inclusive DIS

X
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single-hadron production N
1013_‘
@ before 2013: lack of precision data at (moderately) high z 10"
and low /s o
5 10’
@ limits analysis of evolution and gluon fragmentation 5 10° N
S 10"}
@ limited information in kinematic region often used in g o
semi-inclusive DIS 10'fo
10
@ by now also results from BaBar, Belle, and BESIII: e s
1
@ BaBar Collaboration, PRD 88 (2013) 032011: =, K+, p+p 0.1}

X

@ Belle Collaboration, PRL 111 (2013) 062002: w+, K¢
@ Belle Collaboration, PRD 92 (2015) 092007 & 101 (2020) 092004: =+, K+, p+p

@ NEW: BESTIIT Collaboration arXiv:i2211.11253: 70, K2
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@ very precise data for charged pions and kaons A

® Belle data available up to very large z (z<0.98) s\
® included in 2015 DEHSS fits [e.g., PRD91 (2015) 014035] ,, irovirrceiorrborpiecborieoos
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http://dx.doi.org/10.1103/PhysRevD.91.014035

single-hadron production

@ very precise data for charged pions and kaons

@ Belle data available up to very large z (z<0.98)

® included in 2015 DEHSS fits [e.g., PRD91 (2015) 014035]..|

@ slight tension at low-z for BaBar and high-z for Belle ©::
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@ Belle radiative corrections generally "undone” in FF fits

Gunar Schnell 9

[EPJC 77 (2017) 516, NNFF1.0]

In the case of the BELLE experiment we multiply all
data points by a factor 1/c, with ¢ = 0.65 for charged

p10n‘" and k:

tons/antiprotons [33].
ata consistently with all the other SIA

to treat the BELLE d

measurements 1nclud

s [69] and with ¢ a function of z for pro-

This correction 1s required 1n order

led in NNFF1.0. The reason 1s that a

kinematic cut on radiative photon events was applied to the
BELLE data sample in the original analysis instead of unfold-
ing the radiative QED effects. Specifically, the energy scales
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http://dx.doi.org/10.1140/epjc/s10052-017-5088-y
http://dx.doi.org/10.1103/PhysRevD.91.014035

¢ SLD (91.2 GeV)
¢ TASSO (34)
¢ BaBar (10.54)

single-hadron production

(1/Ngyy) dng/dx;

® very precise data for charged pions and kaons i

A
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@ Belle data available up to very large z (z<0.98) I NN :
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® data available for (anti)protons

@ not (yet) included in DEHSS or MAPFF, but, e.g., in
NNFF 1.0 [EPJC 77 (2017) 516]
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@ about ~5 of pion cross sections
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http://dx.doi.org/10.1103/PhysRevD.91.014035
http://dx.doi.org/10.1140/epjc/s10052-017-5088-y

¢ SLD (91.2 GeV)
¢ TASSO (34)
¢ BaBar (10.54)

single-hadron production

® very precise data for charged pions and kaons i

A

®

@ Belle data available up to very large z (z<0.98) I NN :
@ included in 2015 DEHSS fits [e.g., PRD91 (2015) 014035] | =% R
[PRD 88 (2013) 032011]  \§\ :

@ slight tension at low-z for BaBar and high-z for Belle o o0z o4 06 08

Xp

_ . . " | [PRD 92 (2015) 092007
@ Belle radiative corrections generally "undone” in FF fits

® data available for (anti)protons

@ not (yet) included in DEHSS or MAPFF, but, e.g., in
NNFF 1.0 [EPJC 77 (2017) 516]

@ similar z dependence as pions

do/dz [fb]

@ about ~5 of pion cross sections :
® Belle re-analysis presented in PRD 101 (2020) 092004 %102 03 04 05 06 07 08 09 1
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http://dx.doi.org/10.1140/epjc/s10052-017-5088-y

interlude
about counting




@ cross sections are basically count rates
@ "how to count?” sounds like a simple question, but the devil is in the details
@ what to do with hadrons that have (somewherel) an ISR photon

@ in general, how to deal with events that are assigned to "wrong" kinematic bin due to
instrumental effects [e.g., measured and true momentum might differ]

@ book-keeping of assigning event's contribution to bin's statistical uncertainty
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@ cross sections are basically count rates
@ "how to count?” sounds like a simple question, but the devil is in the details
@ what to do with hadrons that have (somewherel) an ISR photon

@ in general, how to deal with events that are assigned to "wrong" kinematic bin due to
instrumental effects [e.g., measured and true momentum might differ]

@ book-keeping of assigning event's contribution to bin's statistical uncertainty

@ hadron yields also undergo series of other corrections:

@ particle (mis)identification [e.g., not every identified pion was a pion]
@ non-qq processes [e.g., tTwo-photon processes, Y -> BB, ...]
@ "4xn" correction [e.g., selection criteria and limited geometric acceptance]

@ “optional”: weak-decay removal  [e.g., "prompt fragmentation”]
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@ what to do with hadrons that have (somewhere) an ISR photon

@ nothing! — leave it to phenomenology to deal with QED corrections

® however, (uncorrected/corrected) yields are ISR & detector dependent
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@ what to do with hadrons that have (somewhere) an ISR photon

@ nothing! — leave it to phenomenology to deal with QED corrections
® however, (uncorrected/corrected) yields are ISR & detector dependent
@ reject all events that have an isolated photon?
@ detectors almost never fully hermetic, many ISR photons travel down the beam pipe

@ still fully inclusive reaction?
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@ what to do with hadrons that have (somewhere) an ISR photon

@ nothing! — leave it to phenomenology to deal with QED corrections
® however, (uncorrected/corrected) yields are ISR & detector dependent

@ reject all events that have an isolated photon?
@ detectors almost never fully hermetic, many ISR photons travel down the beam pipe
@ still fully inclusive reaction?

@ use some Monte Carlo to estimate event fraction with an ISR photon that carries away more
than x% of total available energy (e.g., 0.5% as in earlier Belle analyses)

@ what is a reasonable choice for x?

® TSR treatment model dependent, indeed depends on annihilation cross section
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@ what to do with hadrons that have (somewhere) an ISR photon

@ nothing! — leave it to phenomenology to deal with QED corrections
® however, (uncorrected/corrected) yields are ISR & detector dependent

@ reject all events that have an isolated photon?
@ detectors almost never fully hermetic, many ISR photons travel down the beam pipe
@ still fully inclusive reaction?

@ use some Monte Carlo to estimate event fraction with an ISR photon that carries away more
than x% of total available energy (e.g., 0.5% as in earlier Belle analyses)

® what is a reasonable choice for x?
® TSR treatment model dependent, indeed depends on annihilation cross section

@ use some Monte Carlo to estimate ratio of hadrons produced in absence of ISR vs. full
QED+QCD simulation

@ again model dependent: number of hadrons produced at given z for different s depends on
dif ferential cross section (e.g., from evolution)
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ISR corrections - PRD 92 (2015) 092007
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@ relative fractions of hadrons as a function of z originating from ISR or non-ISR events

(= energy loss less than 0.5%)

@ large non-ISR fraction at large z, as otherwise not kinematically reachable

(remember z = En / 0.5/ Shominal)

@ keep only fraction of the events -> strictly speaking not single-inclusive annihilation

@ currently used constant 0.65 correction to undo ISR correction is not a constant vs. z
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ISR corrections - PRD 101 (2020) 092004
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@ non-ISR / ISR fractions based on PYTHIA switch MSTP(11)

® PYTHIA model dependence; absorbed in systematics by variation of tunes
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comparison old&new Belle single-hadron cross sections

[PRD 92 (2015) 092007]
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comparison old&new Belle single-hadron cross sections

[PRD 92 (2015) 092007] [PRD 101 (2020) 092004]
I

10°

]

S

@ previous analysis @ updated analysis

doigdzqlf b
2.

G1

| T T TTTH | IIIIIII| | IIIIIIII I IIIIIIIL-:_ﬁ_l;r?'r

S

==
o
-—"l' T TTTT

02 03 04 05 06 07 08 09 1
L 7

Gunar Schnell 16 Sar WorS 2023



comparison old&new Belle single-hadron cross sections

[PRD 101 (2020) 092004]
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single-hadron production: hyperons
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heavier hyperons (a quite
common problem)

basically fails to describe
() production
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https://doi.org/10.1103/PhysRevD.97.072005%5D

single-hadron production: data-MC comparison

pion and(?) kaon data reasonably

well described by Jetset

protons difficult to reproduce,
especially at large z

@ MC overshoots data
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pion fragmentation functions: fit comparisons

@ still large differences in FF fits [PRD 104 (2021) 034007]

@ also in "SIDIS" region, where ¢ MAPFF1.0 (1 = 5.0 GeV)

— MAPFF1.0
needed as flavor tagger ) — JAM20
5 DEHSS14
[PRD 104 (2021) 056019] = I
& 2 2 T —
q - Q° =100 GeV ,f;’-'f'ffer \/_\
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https://doi.org/10.1103/PhysRevD.104.034007
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pion fragmentation functions: fit comparisons

@ still large differences in FF fits

@ also in "SIDIS" region, where
needed as flavor tagger

[PRD 104 (2021) 056019]
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single-hadron production

@ before 2022: lack of precision data at low /s

@ cven B factories somewhat troublesome due
to large charm contribution

/o, do/dx x c(Vs)

\

1070170270304 050607 08 0.9

X

Gunar Schnell 20 Sar WorS 2023



° ® : 2.2324 GeV - 3.0500 GeV §
single-hadron production <\ BT BT (S
@ before 2022: lack of precision data at low Vs 3 s | X

@ cven B factories somewhat troublesome due s

3.6710 GeV

to large charm contribution

@ by now also results from BESIII

@ arXiv:2211.11253 (accepted by PRL)

0. 3:_ 22324 GeV g 3.0500 GeV

BESII

@ “challenge” to current FF parametrizations

Gunar Schnell 21
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Single"hﬂd ron PrOdUCTion [arXiv:2211.11253]

30F .
\s=22324GeV | I's = 3.0500 GeV
@ before 2022: lack of precision data at low /s 20k Weriowio BESII
@ even B factories somewhat troublesome due 10F —arswwo L
to large charm contribution e e e b ]
301 5
@ by now also results from BESITII SN 18- 24000 GeV 1934000 Ge
S |o 20f -
@ arXiv:2211.11253 (accepted by PRL) 1—b§ of I_
@ ‘“challenge” to current FF parametrizations [ .E bocans |
30F -
. . i \'s=2. G [ \'s =3. G
® somewhat surprising for neutral pions as ol FmEEE s=3.6710 GeV
easily related to charge-pion FFs E |
10F \
l- ] “l“.l ".LLD-OI-QI-.-L__“: t{ ] ] .".'I"s_&ln-d.o-d-o-b.J
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single-hadron production

@ before 2022: lack of precision data at low /s

@ cven B factories somewhat troublesome due
to large charm contribution

@ by now also results from BESIIT 4
O
@ arXiv:2211.11253 (accepted by PRL) —

@ “challenge” to current FF parametrizations

@ somewhat surprising for neutral pions as
easily related to charge-pion FFs

@ neutral-kaon FF relation to charged-kaon FFs
more involved
(here: simply charge average as for pions

Gunar Schnell 2
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inclusive hadrons - transverse momentum

@ quasi-inclusive hadron production gives access to
transverse momentum in fragmentation

® fransverse momentum measured with respect to
thrust axis n

@ involves sum over all final-state particles in event

@ event selection and hadron distributions dependent on
thrust value T required max S, [PEMS .

® |ow thrust -> more spherical

® high thrust -> highly collimated

‘@ talks by Andrea & Mariaelena

[L
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inclusive hadrons - transverse momentum

@ quasi-inclusive hadron production gives access to
transverse momentum in fragmentation

® fransverse momentum measured with respect to
thrust axis n

@ analysis performed differential in z & Py, in various
slices in thrust T (= 18x20x6 bins)

@ correction steps similar as for Phr-integrated cross max 3, [PSMS . )

sections S, [PCVS

@ Gaussian fits to transverse-momentum distribution
provided for all hadrons in (z,T)-bins
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thrust distribution: process contributions

[Belle, PRD 99 (2019) 112006]

400 F
© - —data res —data cont s ; 5 x 10
S 350 F[eecC  [MeesS T K"x4 PP
- [lleeut tau

300 - mB'E  mBB
250 - @charm [uds

200
150 |
100 £
50 |
O :I ' 1 I_I - 1 I_I T B
0.6 0.7 0.8 0.9 1 0.6 0.7 0.8 0.9 1 0.6 0.7 0.8 0.9 1
Thrust Thrust Thrust

® large contribution from BB at lower thrust

® large thrust dominated by uds and charm fragmentation
(at very large T significant © contribution for pions, not visible here)

@ will concentrate mainly on 0.85<T<0.9 bin, though others available as well
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transverse-momentum distributions

107 |=.. 0.10<z<0.15 0.15<z2<0.20 0.20<z<0.25 0.25<z2<0.30
m©

@ |owest T bin -> rather spherical
events

d®o/dz dP_ [fb/GeV/c]
> HO

@ transverse momenta almost o 0.50 < T <0.70
uniformly distributed in
medium-z bins

0.30<z<0.35 0.35<z<0.40 040<z<0.45 0.45<2<0.50

[PRD 99 (2019) 1120061
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@ 0.7<T<0.8 ->particles already

more collimated

@ transverse momenta more
Gaussian distributed

@ large-z region with large

uncertainties

Gunar Schnell

transverse-momentum distributions
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transverse-momentum distributions
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transverse-momentum distributions

0.25<2z<0.30

® 0.85<T<0.9

@ transverse momenta mostly
Gaussian distributed; o
widths narrowing
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transverse-momentum distributions
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transverse-momentum distributions
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transverse-momentum: Gaussian widths

® 0.85<T<0.90

@ fit Gauss to low-P,1 data

@ mostly well described with possible exception

at high z

@ deviation from Gauss at large Ph

@ clear increase of width with z for low values of z

Gunar Schnell
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transverse-momentum: Gaussian widths

@ 0.85<T<0.90
@ fit Gauss to low-Pht data

@ mostly well described with possible exception
at high z

@ deviation from Gauss at large Ph
@ clear increase of width with z for low values of z
@ Gaussian widths as function of z

@ general increase with z with turnover at larger
values of z for mesons

@ protons with smaller width and a more linear rise
with z
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transverse-momentum: Gaussian widths
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hadron-pair production

@ single-hadron production has low discriminating power for
parton flavor

@ can use 2nd hadron in opposite hemisphere to "tag” flavor,
transverse momentum, as well as polarization

@ mainly sensitive to product of single-hadron FFs
@ if hadrons in same hemisphere: dihadron fragmentation
@ alade Florian & Vanni [Phys. Lett. B 578 (2004) 139]

@ ala Collins, Heppelmann & Ladinsky [NPB 420 (1994) 565];
Boer, Jacobs & Radici [PRD 67 (2003) 094003}

@ raises question of defining hemispheres

@ common choices: separation by plane normal to i) thrust axis
or to ii) one of the two hadrons (back-to-back case)

@ alternatively, via relevant kinematic variables it axis 1
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hadron-pair production

@ single-hadron production has low discriminating power for
parton flavor

@ can use 2nd hadron in opposite hemisphere to "tag” flavor,
transverse momentum, as well as polarization

@ mainly sensitive to product of single-hadron FFs

@ various definitions for scaling variable

® traditional z ("std") =00 (=1,)
q
’ " 2P1 " { Pl ¥ P2
@ Altarelli et al. ("AEMP"): Z] = . 2= 5 >
[Nucl. Phys. B160 (1979) 301] :
M2 M? |
@ Mulders & van Hulse ("MVH"): Z] = (P1 - Py Phl. th) = 2 P
[PRD 100 (2019) 034011] P2/ d T M P,

s@
! 1‘;
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https://doi.org/10.1103/PhysRevD.100.034011

® systematics-dominated over
entire kinematic range

relative uncertainties

@ strongly asymmetric
systematics

@ main contribution from
Monte Carlo tune dependence

relative uncertainties relative uncertainties

relative uncertainties

Gunar Schnell

— = e _ _ _ = p— — ==

0.20 <z, < 0.25

upper corr systematic +
== : == |OWer corr systematic

= = = « Upper uncor. systematic
sannas lOwer uncor. systematic

statistical

0.20 <z, <0.25 0.25
: T

== « == |OWer corr systematic 1
= = = : Upper uncor. systematic ‘
------- lower uncor. systematic

RN
o

upper corr systematic

— Statistical

0.75 <z, < 0.80

T T
I ¥
p=ls N it By
I — -
1. J
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light-meson pair production

i [PRD 101 (2020) 092004]
® systematics-dominated over f0feee,, e 030 <z,<035 038 <z,<00

N 10°

S~

entire kinematic range

10*
10°

@ clear flavor dependence

)
—

=, 107}
N .

@ suppression of kaons g

© 40

@ suppression of like-sign pairs

opp. hemi, T>0.8

@ more pronounced at large z o teeg,, T ]
(stronger flavor sensitivity)

E’E'E':E:E,

2
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B

— ~

o o o — § 108
=, 0.20 <z, <0.25
light-meson pair production__— 10 E ey, |
- , %’106 gggg;;g ...**
o : : %108“ 0.20 <z, <0.25 0.2 o2 10° E"E'-E-g'e'-e-_e_'.’*
systematics-dominated over Softee,, Foy, o SaSeol
o . LT SEEE 00, [oE52E82ey  10°f (@]t S
entire kinematic range Swp _--8zgolte =531 . o =
P SIS 10° ) LA /TR vmK
@ clear flavor dependence * 107

@ suppression of kaons
@ suppression of like-sign pairs

@ more pronounced at large z
(stronger flavor sensitivity)

) 0.3 04 05 06 0.7 08 0.9 _ 0.3 04 05 06 0.7 08 0.9 - 0.3 04 05 06 07 08 0.9 ' 0.3 04 05 06 0.7 08 0.9
2 22 Z

2
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() ° ° . = = § 1 08
=, 0.20 <z, <0.25
llghT-mCSOH pC(l r Pr'OdUC'hOH N'107 i g 1
- S
’ : 2 108; / <z <0. T 2 NB
® systematics-dominated over ] S
. . . 8 10°F Eggg:g; r Egggggg 14
entire kinematic range Swp T9s23%es =2f 19
103 J'IIJT,_ TN = :'.; WO
® clear flavor dependence L 107
@ suppression of kaons

10*

@ suppression of like-sign pairs |

@ more pronounced at large z =
(stronger flavor sensitivity) <«

10
'—c'\|106
S 100

fb]

N B
310

o 108

107
10
)

[
&
\4

"
=

03 04 05 06 0.7 08 0.9
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light-meson pair production

W,/ m'n (AEMP) / ' (std) @] m'n" (AEMP) / " (std)
A ' (MVH)/ ' (std) &) 't (MVH) / n'n’ (std)
® systematics-dominated over e T
. . . S oF [a | ww (MVH)/ ' (std) 35<2,<0.40
entire kinematic range e T e
@ clear flavor dependence ° §s==--=,-:=ii=1:=5:i:"" - ".':feﬁi’ii’ii’-"“’”
@ suppression of kaons
@ suppression of like-sign pairs — §ohgg@¥¥  Cegg¥e o EgEE

@ more pronounced at large z

(stronger flavor sensitivity) 8% . .o E.o b
@ suppression (especially low z)  °of

0.2

for alternative fractional-energy s ..

0.85<2z,<0.90 0.90<2z,<0.95

definitions, more so for MVH | Lisssvesemppipd fomininsimapaifd ins: W@ﬁ# 7
7 0.8 %
© 06 P @"'ﬁ"@-ﬁ.‘#‘ HH

03 04 05 06 0.7 08 0.9 03 04 05 06 0.7 08 0.9 03 04 05 06 0.7 08 0.9 03 04 05 06 0.7 08 0.9
z
2

[PRD 101 (2020) 092004]

@ talk by Charlotte |
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polarization effects

despite unpolarized initial state



_ woww polarizing fragmentation
S \#
s =30F
S Ve
40 O(/s=36 @ large hyperon polarization in unpolarized hadron collision observed
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_ woww polarizing fragmentation
S 7 b
§ <30T ¥
S Ve
40 O(/s=36 @ large hyperon polarization in unpolarized hadron collision observed

I @ .. as well as in inclusive lepto-production
[HERMES, PRD 90 (2014) 072007]

5 0.20
D_C
0.15 } ® H+D, {<0.2
B _ m H+D,(>0.3 |
0.1 * § A Kr+Xe, 0<( <1
0.05} ¢ + * ;
0 . % % % é
-0.05 ﬁ&
G 0.4 = O . B A |
0.2 ] ] ‘ |é .A| ‘ ]

0 02 04 06 08 1 1.2 14
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https://link.aps.org/doi/10.1103/PhysRevLett.122.042001

_ woww polarizing fragmentation
S 7 b
§ <30T ¥
S Ve
40 O(/s=36 @ large hyperon polarization in unpolarized hadron collision observed

I @ .. as well as in inclusive lepto-production
[HERMES, PRD 90 (2014) 072007

- 0.20
0_0.15 ® HiD,C<02 - o
LR | e causedby polaizing PP
0.05
0 % T+ T* lﬁ I é
Ft T
-0.05
04— ' '. —
\r ] A
- 02p e 6 o Ao

0 02 04 06 08 1 1.2 14
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https://link.aps.org/doi/10.1103/PhysRevLett.122.042001

polarizing fragmentation function

@ polarization measured normal to production plane, i.e. o<("Py" x Pa)

n Py

@ reference axis to define transverse momentum:
@ "hadron frame" - use momentum direction of "back-to-back” hadron
@ “thrust frame" - use thrust axis

@ exploit self-analyzing weak decay of A to determine polarization
Gunar Schnell 42 Sar Wor$S 2023



polarizing fragmentation function

[Belle, PRL 122 (2019) 042001]

Bl >
1</ D
C BELLE
O O.1 -
= 0.2<z,<0.3 0.3<z,<0.4 0.4<z,<0.5
qv] [ —3 [
N g —
— OffFz=-mnmmmnmme- [o=apaggo--=----=-=--- ++—'% -----------------------------
m -— -‘_:—6—- — '_{I”_' §—: X
—_ L - —$— —4— ~9—
O | e — + — 1
A -0.1}
_02 P [ T N T NN | | | | | | | | | | | | | | I | I | I | I
04 0.0 0.8 04 06 0.8 04 06 0.8 04 06 0.8
Zn+(7t') Zn*(n') Zn*(n') Zn*(n')
' > +
= (ay =A+K
— T (C) w A+ K
O %7 0.2<z,<0.3 [ 0.3<z,<0.4 0.4<z,<0.5 | 0.5<z,<0.9
© 4! ' ]
1
E O'}E“F """""" 4:“*“—'1'—*— ' 1l : IR P = ~F+—“
C_U . —— N . e
D? 0.1 L . I
_02 A | A | A | A | | | | | | | | | | | | | | | | | | | | |
04 0.0 0.8 04 06 0.8 04 06 0.8 04 06 0.8
Gunar ZKH(K) ZK*(K) ZK*(K) 26+ (K)

@ flavor tagging through hadrons
in opposite hemisphere:

® |arge-zn hadrons tag quark
flavor more efficiently

= enlarges differences between
oppositely charged hadrons

by,
Z p—
SWNEYD
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https://link.aps.org/doi/10.1103/PhysRevLett.122.042001

hadron pairs: angular correlations

@ angular correlations between nearly back-to-back hadrons used to tag transverse quark
polarization -> Collins fragmentation functions

@ RFO: one hadron as reference axis -> cos(2do) modulation

@ RF12: thrust (or similar) axis -> cos(¢p1+¢2) modulation

RFO

@ RFO and RF12: different convolutions over transverse momenta
@ debatable: MC used to "correct” thrust axis to qq axis
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hadron pairs: angular correlations

@ challenge: large modulations even without Collins effect

(e.g., in PYTHIA MC)

Gunar Schnell

45

1.1 | I I I I

1.05 -

R12
[

[Phys. Rev. D90 (2014) 052003]

0.95: _
09 g
(a) 0 +0,_ (rad)
N L B
"data o %
1.05 — ﬁm% N
i éﬁ‘ 0
g ?,

like-sign pairs
unlike-sign palr's

%3%

| -1 0 1
0 +0, (rad)

2
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http://dx.doi.org/10.1103/PhysRevD.90.052003

hadron pairs: angular correlations

[Phys. Rey. D90 (2014) 052003]

1.04 e
I c & |
@ challenge: large modulations even without Collins effect 1L i ‘—'
(e.g., in PYTHIA MC)
%(\l
@ construct double ratio of normalized-yield =T :
distributions Rz, e.g. unlike-/like-sign: 098 -
S0y \ U A T T —
R?Z N 1 <1+C0829th>G COS(¢1 + ¢2) (2) +0,
Riz 14 (528G cos(y + )
Sin26’th I
= 1 GY — G* |
+ <1 coszé’th>{ }cos(¢ + ¢») 102:

@ suppresses flavor-independent sources of modulations

0.98

@ (GY/L: specific combinations of FFs

® remaining MC asymmetries w systematics e
(b) ¢ +0_ (rad)
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hadron pairs: angular correlations

@ challenge: large modulations even without Collins effect
(e.g., in PYTHIA MC)

@ construct double ratio of normalized-yield
distributions Riz, e.g. unlike-/like-sign:

sin’6,
RY 1+ (i) GY cos(y + o)
YG* cos(

o =~

2
SIn“ By,
14-cos?6y,

3
Ry, 14 |+ b))

e —

@ suppresses flavor-independent sources of modulations
@ (GY/L: specific combinations of FFs
@ remaining MC asymmetries = systematics

Gunar Schnell 46

U pL
12/R12

R

(a)

U pL
12/R12

R

(b)

1.04

1.02
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1.04

1.02
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_ [Phys. Rev. D90 (2014) 0520031
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Collins asymmetries (RFO)

D>

® first measurement of Collins asymmetries by 0012 Z Z z
Belle [PRL 96 (2006) 232002, PRD 78 (2008) o1 [ M i
032011, PRD 86 (2012) 039905(E)] N T
@ significant asymmetries rising with z 0012 Z Z |
@ used for first transversity and Collins FF .fc;; ) o _
extractions L —— e ——
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Collins asymmetries (RFO)

D>

® first measurement of Collins asymmetries by 0012 Z Z z
Belle [PRL 96 (2006) 232002, PRD 78 (2008) o1 [ M i
032011, PRD 86 (2012) 039905(E)] N T
@ significant asymmetries rising with z 0012 Z Z |
@ used for first transversity and Collins FF .fc;; ) o _
extractions L —— e ——
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https://doi.org/10.1103/PhysRevD.93.014009
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@ BaBar results [PRD 90 (2014) 052003]
consistent with Belle
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Collins asymmetries - going further

[PRD 90

(2014) 052003]

| -ha

@ p7 dependence for charged pions from BaBar & BESIIT

047171

@ ftypical rise with pt; turnover around 0.8 GeV

[ 12 14
" aA. e 1B
0.15F % BESI 18
- *Auc :g
0.1k | ]Ay. prediction 19
" [ [JAuc prediction 1
i 1o
0.05 R — + . :;
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Collins asymmetries - going further

[PRD 90 (2014) 052003 ]
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@ pr dependence for charged pions from BaBar & BESIII

@ typical rise with pt; turnover around 0.8 GeV
® .

UL/UC
12

A

UL/uC
12

A

0.08

0.06

0.04

0.02

0.1
0.08
0.06
0.04
0.02

. how also from Belle in R12 frame:

1

A?QL with stat. uncertainties

I - A?QL systematic uncertainties

P,,=[0.00,0.15] GeV

PRD 100 (2019) 92008]
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P, [GeV]

02 03 04 05 06
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Collins asymmetries - going further

[PRD 100 (2019) 92008
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@ no significant differences observed O
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Collins asymmetries - going further

0 R(l)ét Sin2(6’)
w212
i, RE, cos(12) 1 + cos2(6)

r5(H1J_,fCVU 4 Hlj_,dz'S) R (HJ_,fafu 4 HJ_,diS) 4 4HJ_,dz's R HJ_,dis \

l,s—=m 1,s—m
L 5(D{" + D{*) @ (D{* + D{*) + 4Dfiz | @ Df’s ) > 1sospin A UL _ AUC
5(H1J_,fcw ) HlJ_,dis HJ_ dis R HJ_ fcw) ZHJ_,diS HJ_,dz's N

l,s—m*"1,s—m

>
5(Df0f0 R Ddzs T Ddzs R DfCL’U) e 2Ddzs R Ddzs ) }

l,s—m l,s—m
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Collins asymmetries - going further

o RV sin?(6)
T ~ 1
2 RL cos(gblg)l cos2(6)
y <r 5(H1J-,fcw 4 Hlj_,dz'S) 2 (HlJ—,fafu 4 HlJ_,diS) 4 4H1J;;CZS7T R [{f;;cis7T \

L 5(D{" + D) @ (D™ + Df*) +4D{is @ Dfiz ) ISOSpin AUL _ pUC
5(H1J_,fcw 2 Hlj_,dz's HlJ_,dis 2 Hlj_,fav) o pyLodis prlidis - T 12 12

l,s—m*"1,s—m

) ) ) ) > .
5(D{CL’U R Diizs T Diizs R D{CVU) e 2Ddzs R Ddzs ) }

1,s—m 1,s—m

0.06 T T T T T g
0.05¢ 0 A - @ consistency between neutral and
0.04¢  Ahis Jﬁ : charged pions
@ OO . : . o
< 0.02F A Jf = @ typical rise with z also seen for
oo1b ¥ b7 E neutral pions
z

0.0 B L L
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Collins asymmetries - going further

0+ o
R = B2 1 con(n) 0
(BT ) @ (BT 4 By A o H O\
| 5(D{™ + Dfi*) @ (D{* + D{i*) + 4D{’s | @ Dfis | ) > Isospin UL _ AUC
S(H'™ @ Hi™ + Hi™ @ Hi ™) + 2H5 Hime R 12 12
5D @ D 4 D= @ DIyt 2D# @Dl | )

[PRD 100 (2019) 92008]
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- A, systematic uncertainties

A}, with stat. uncertainties

o¢

50

@ consistency between neutral and
charged pions

@ typical rise with z also seen for
neutral pions

@ .. while basically flat for eta
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Collins asymmetries - going further

RYy sin”(6)
RT‘_O — —12 ~ ]_
2 RL COS(gblz)l cos2(6)
U ) @ () 4 A ©
L 5(D{™ + Df*) @ (D™ + D) + 4Dfiy, @ D’y )

5(H1J_,fcw 2 HlJ_,dis Hlj_,dis R Hlj_,fav) ZHJ_,diS HJ_,dz's N

l,s—m*"1,s—m

5(D{0f0 ) Diﬂz’s 4 Diiz’s R D{CL’U) 4+ 9 Ddis R Ddis )

1,s—m 1,s—m

@ non-zero n° or n results not direct sign of non-zero nt° or n Collins FFs
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Collins asymmetries - going further
f5(H1L,fcw n Hf,dw) 2 (HL,fafu n HJ_,diS) g dis o ppldis

l,s—m l,s—m

\ 5(D{afu 4 Diizs) R (Dfav 4 Ddzs) _|_4Ddzs R dis )

1,s—m 1,s—m

S(HL™ @ Hi™ 4 Hy™ @ Hi ™) + 2H; 50 T contribution from charged pions
5(Df0f0 R Ddzs T Ddzs R DfCL’U) e 2Ddzs R Ddzs ) .

l,s—m l,s—m

@ non-zero n° or n results not direct sign of non-zero nt° or n Collins FFs

@ double ratio dominated by terms involving charged-pion yields
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Collins asymmetries - going further

Ry sin(6)
R M2 9
12 RfQ COS(¢12.) 1 COSQ((9> . . .
[ BUHR 1 P @ (P + HE™) + 4HES, © HLY, €—— contribution from m0 or n
\ 5(D{av + D) @ (D{a"" + Ddis) 4 4Ddis g Ddis_ )

1,s—m 1,s—m

S(HL™ @ Hi™ 4 Hy™ @ Hi ™) + 2H; 50 T contribution from charged pions
5(D{0f0 R Dilis 4 Diiis 2 D{CL’U) 1+ 9Ddis (i Ddis ) '

1,s—m 1,s—m

@ non-zero n° or n results not direct sign of non-zero nt° or n Collins FFs

@ double ratio dominated by terms involving charged-pion yields

@ only numerator of first term related to =0 or 7
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Collins asymmetries - going further

Ry sin(6)
R M2 9
12 RfQ COS(¢12.) 1 COSQ((Q) . . .
[ BUHR 1 P @ (P + HE™) + 4HES, © HLY, €—— contribution from m0 or n
\ 5(D{av + D) @ (D{a"" + Ddis) 4 4Ddis g Ddis_ )

1,s—m 1,s—m

S(HL™ @ Hi™ 4 Hy™ @ Hi ™) + 2H; 50 T contribution from charged pions
5(D{0f0 R Dilis 4 Diiis 2 D{CL’U) 1+ 9Ddis (i Ddis ) '

1,s—m 1,s—m

@ non-zero n° or n results not direct sign of non-zero nt° or n Collins FFs

@ double ratio dominated by terms involving charged-pion yields

@ only numerator of first term related to n° or n

@ non-zero results could, in principle, arise entirely from charged-pion Collins FFs
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Collins asymmetries - going further

[PRD 100 (2019) 92008]

: : . . 0.25 T T :
J C]LIGIITC(TIVZ changes ih 2019 Belle ClﬂC(lYSlS 025_ _ 2,7[0.30,0.50) I 2-050,0.70]
w.r.t. previous Belle analyses: S b o i . :
I : I :
: - : € 01F u|d © u E
@ no correction to qq axis; & o f :
= prather to thrust axis, which is observable N ;
0.25:
@ upper limit on opening angle imposed o2
% 0.155— _f B charm fraction of m
@ no correction for charm contribution; £ o1f i J e
= provide charm fraction S 005p oL
- O ]
. 02 04 06 08
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.092008

the future

@ several analyses still in the pipeline, e.g.,
® krt-dependent D; FFs (back-to-back hadrons)
= Charlotte

® Collins asymmetries:
@ pion update w/ increased statistics

@ kaon & pion-kaon pairs; kr dependence of
Collins asymmetries

@ Collins asymmetries w/o double ratios
@ single-hadron production
® short-lived mesons and resonances

® charged pions and kaon at lower s
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the future

[PRD 104 (2021) 034007]

® several analyses still in the pipeline, e.g., () S VN YR SRS RSOOSR O D O
@® kr-dependent D; FFs (back-to- back hadrons)
ﬂm‘ Charloﬁe .
@ Collins asymmetries: | >
(5 10'F .
@ pion update w/ increased statistics >
@ kaon & pion-kaon pairs; kt dependence of gigls
Collins asymmetries IR oot Lo 1
Y 1 Not fitted o {%gx
@ Collins asymmetries w/o double ratios ey

@ single-hadron production
@ short-lived mesons and resonances

® charged pions and kaon at lower s
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https://doi.org/10.1103/PhysRevD.104.034007

the future

[PRD 104 (2021) 034007]

o SCVCF‘G' GﬂG'YSCS ST'“ |n The p'pellne, 6.9., 102:_ cneteeaIRo0C AA AAAMA MAMMAMAK AAAA 4 A4\ AL AA A A MKAA A /A A_::
® kr-dependent D: FFs (back-to-back hadrons)
@ Charlotte|
@ Collins asymmetries: - 7 _
glo | LM.
@ pion update w/ increased statistics o '
@ kaon & pion-kaon pairs; kt dependence of gfé‘ls
Collins asymmetries Not fitted
® Collins asymmetries w/o double ratios == e
@ single-hadron production
@ short-lived mesons and resonances BESIII region
® charged pions and kaon at lower s ~62pb-1 @3.52 GeV used for Collins asym's

aim at 250pb-! data set
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the future

[PRD 104 (2021) 034007]

o SCVCF‘G' GﬂG'YSCS ST'“ |n The p'pellne, 6.9., 102:_ cneteeaIRo0C AA AAAMA MAMMAMAK AAAA 4 A4\ AL AA A A MKAA A /A A_::
® kr-dependent D: FFs (back-to-back hadrons)
@ Charlotte|
@ Collins asymmetries: - 7 _
glo | ;M‘
@ pion update w/ increased statistics o '
@ kaon & pion-kaon pairs; kt dependence of gfé‘ls
Collins asymmetries Not fitted
® Collins asymmetries w/o double ratios == e
@ single-hadron production
@ short-lived mesons and resonances BESIII region
® charged pions and kaon at lower s ~62pb-1 @3.52 GeV used for Collins asym's
@ new data from Belle II aim at 250pb-1 data set
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https://doi.org/10.1103/PhysRevD.104.034007

the future

Belle Il Online luminosity Exp: 7-26 - All runs

O tegrated TUminosity
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