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fragmentation in e*e” annihilation

@ single-inclusive hadron production, B, i)
e‘e” > hX A )
o i + R
@® D; fragmentation fctn. WT e’e T““’
Pyt , Tip
@ Dit spontaneous transv. pol. &
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fragmentation in e*e” annihilation

@ single-inclusive hadron production, Thrust (axis):
e'e” > hX omax 3y [PEMS - )
> on IPEM

@ D; fragmentation fctn.

@ Ditt spontaneous transv. pol.

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

@ product of FFs

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

@ single-inclusive hadron production, Thrust (axis):
e'e” > hX omax 3y [PEMS - )
> PR

@ D; fragmentation fctn.

@ Ditt spontaneous transv. pol.

@ inclusive "back-to-back"” hadron
pairs, e'e” 2 hih2X

@ product of FFs

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

@ inclusive same-hemisphere hadron
pairs, e'e” = hih2X

@ dihadron fragmentation e
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e*e” annihilation at Belle

@ KEKB: asymmetric beam-energy

e*e” collider near/at
Y (4S) resonance (10.58 GeV)

@ large azimuthally symmetric
geometric acceptance

@ particle ID -> x, K, p results
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from hadron yields to cross sections

@ hadron yields observed undergo series of corrections

particle (mis)identification [e.g., not every identified pion was a pion]
smearing unfolding [e.g., measured and true momentum might differ]

non-qq processes [e.g., fwo-photon processes, T -> BB, ...]

"4x" correction [selection criteria and limited geometric acceptance]

QED radiation [initial-state radiation (LSR)]

optional: weak-decay removal (e.g., “prompt fragmentation”)
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from hadron yields to cross sections

@ example: single-hadron cross sections

@ cumulative effect of correction steps

— PID/ raw
---- Smear / raw
non-qq / raw
-.= Acclll / raw
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@ largest effect for mesons from acceptance and ISR correction

@ larger PID correction for protons than for mesons
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single-hadron production

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

@ limits analysis of evolution and gluon

fragmentation

@ limited information in kinematic
region often used in semi-inclusive DIS
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single-hadron production  wix_ [ o]

@ before 2013: lack of precision data 10" o Taatil
at (moderately) high z and at low /s

@ limits analysis of evolution and gluon
fragmentation

/o, do/dx x c(Vs)

@ limited information in kinematic 0L RS M,
region often used in semi-inclusive DIS 100z BT e e

1

0 ] P e e
0 0.102030405060.70809 1

X

@ by now, results available from Belle and BaBar:

@ Belle Collaboration, Phys. Rev. Lett. 111 (2013) 062002: n*, K*
@ Belle Collaboration, Phys. Rev. D92 (2015) 092007: =n*, K*, p+p

@ BaBar Collaboration, Phys. Rev. D88 (2013) 032011: =*, K*, p+p
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single-hadron production”

@ very precise data for charged
pions and kaons

@ Belle data available up to very
large z (2<0.98)

@ included in recent DEHSS fits
[e.g. PRD 91, 014035 (2015)]
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http://dx.doi.org/10.1103/PhysRevD.91.014035
http://dx.doi.org/10.1103/PhysRevD.91.014035

single-hadron production "y e L'

@ very precise data for charged
pions and kaons

@ Belle data available up to very
large z (2<0.98)

@ included in recent DEHSS fits

@ slight tension at low-z for
BaBar and high-z for Belle
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single-hadron production] == Ll

@ very precise data for charged i $oL
pions and kaons o'l

@ Belle data available up to very il 10 :SI;S;” _
large z (2<0.98) 04 fh e
. . . Og g_e?.m? W{ﬁ //F_g

@ included in recent DEHSS fits b S WW;
[e.g. PRD 91, 014035 (2015)] R

@ radiative corrections undone in

EPJC 77 (2017) 516, NNFF1.0
FF fits : (2017) ]

In the case of the BELLE experlment we multiply all
data_points by a factor 1/c, with ¢ = 0.65 for charged
TN ST (T

)| and with ¢ a unctlon"of z for pro-
tons/antiprotons [53]. This correction 1s required in order
to treat the BELLE data consistently with all the other SIA
measurements included in NNFF1.0. The reason 1is 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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single-hadron production’; == rei
@ very precise data for charged ' 10
pions and kaons ol ]|
@ Belle data available up to very “’ _ :SI;S;” _
large z (2¢0.98) o4 B
0 :?W T O : 0'55: ...........
@ included in recent DEHSS fits aE .Wﬂwéﬁi - 1
[e.g. PRD 91, 014035 (2015)] VoM ;e e s
@ radiative corrections undone in 108%’
FF fits 1072
@ new: data for protons and anti-protons gz 10
@ not (yet) included in DEHSS, but in ER
NNFF 1.0 10
@ similar z dependence as pions 10°

@ about ~Y5 of pion cross sections

gunar.schnell @ desy.de 12

01 02 03 04 05 06 07 08 09 1

FF18 - Feb 20™, 2018


http://dx.doi.org/10.1103/PhysRevD.91.014035
http://dx.doi.org/10.1103/PhysRevD.91.014035
http://dx.doi.org/10.1103/PhysRevD.92.092007
http://dx.doi.org/10.1103/PhysRevD.92.092007

single-hadron production - MC comparison

[Phys. Rev. D92 (2015) 092007]
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@ pion and kaon data reasonably well described by Jetset

@ protons difficult to reproduce, especially at large z: MC overshoots data
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hadron-pair production

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

@ can use 2" hadron in opposite hemisphere

to "tag" flavor

@ 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
[Nucl. Phys. B 420 (1994) 565];
Boer, Jacobs & Radici [Phys. Rev. D 67
(2003) 094003]

gunar.schnell @ desy.de 14

st axis n

FF18 - Feb 20™, 2018



hadron-pair production

no hemisphere selection
[Phys. Rev. D92 (2015) 0920071
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hadron-pair productign

no hemisphere selection A
[Phys. Rev. D92 ;/*/
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no hemisphere selection

------------------------------------
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no hemisphere selection

z, dz, [fb]
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hadron-pairs: weak-decay contributions
@ not all hadrons originate from uds quarks but, e.g., from D decay

@ here: only z1=z> diagonal bins
[Phys. Rev. D92 (2015) 0920071
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hadron-pairs: topology comparison

@ any hemisphere vs. opposite- & same-hemisphere pairs

@ same-hemisphere pairs with kinematic limit at z1=z,=0.5

[Phys. Rev. D92 (2015) 092007]
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hadron-pairs: comparison with PYTHIA

@ generally good agreement at

@ at large z only present Be

low z

le and PYTHIA default tunes satisfactory

[Phys. Rev. D92 (2015) 092007]
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single-hadron FFs from hadron pairs

@ binning in z1 and z2 alone does not discriminate single-hadron from
dihadron fragmentation

@ indeed, at low z substantial contribution from hadrons that
originate from same quark

@ already at NLO, interpretation in terms of [product of] single-
hadron FFs clouded

@ Altarelli et al. advocated different choice of variable set [NPB 160
(1979) 301): z=2P1q/ Q% (=2En/Vs) & u=PiP2/ (P1q)

@ is it necessary to redo analysis? Or live with data available:
@ large-z region kinematically suppresses same-quark fragmentation

@ thrust axis can be used to define hemispheres ... but then cross
sections dependent on thrust value, hence not fully inclusive
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same-hemisphere data: Mnin2 dependence

[Phys. Rev. D96 (2017) 032005]
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same-hemisphere data: Mnin2 dependence

[Phys. Rev. D96 (2017) 032005]
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same-hemisphere data: Mnin2 dependence

[Phys. Rev. D96 (2017) 032005]
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@ unlike-sign pairs with clear decay and resonance structure: Ks, p° ..

@ like-sign pairs with much smoother and smaller cross sections
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same-hemisphere data: Mnin2 dependence

[Phys. Rev. D96 (2017) 032005]

unlike-sign

E .+ 020<z<0.25 0.25 <z <0.30 0.30 <z <0.35 0.35<z < 0,40
hadron pairs - o
X =
i 2
° ° o] r
like-sign = | , . .
: M. < :; -
hadron palrs ; : IIIIIIIIIIIIIIII ", S PN PP PPN WP | PR PP S S PP S e | P A WA PR TP PR | A P PP S PP EPEPEPSS S PP B PP S
8 1ok 0.40 <z < 0.45 0.45 <z < 0.50 0.50 <z < 0.55 0.55 <z < 0.60
B E
=
HEEE e
=5 =:g:-: n'nt Data I
:'-."‘.-*-. - 10~
P e o g
B o) X
. 72 E
. D. T[+TE+ Data ; : |||||||||||||||||||||||||||||
e S ns S 10¢ 0.60 <z < 0.65 0.65 <z <0.70 0.70<2<0.75 0.75 <2< 0.80
ERN
£
3 10~ L
o

T>0.8

llllllllllllllllllllllllllllllllllllllll

= _F ... ...F 0 .  ae=lF e s F oo
© SR
Q 10 0.80<z<0.85 0.85<z<0.90 090<z<0.95 ﬁh ' Data 095<z<1.00
Z12 > 3
' ° \5 1
£ 0| a*n* Data
o]
S o
= 10
©
n_Jc ............
e

040608 112141618 2 22040608 1 12141618 2 22040608 1 12141618 2 22040608 112141618 2 22
= [GeV] m,. [GeV] m,, [GeV] m,, [GeV]

@ cross sections after (MC-based) removal of weak-decay contributions

@ relies on good description of those channels in Pythia
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same-hemisphere data: Mnin2 dependence
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@ decomposition based on PYTHIA simulation
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@ clear differences in invariant-mass dependence between MC and data
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same-hemisphere data: Mnin2 dependence
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@ decomposition based on PYTHIA simulation
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@ though no strong resonance structure still clear MC/data discrepancy
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same-hemisphere data: Mnin2 dependence

[Phys. Rev. D96 (2017) 032005]
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@ unlike-sign 7K pairs with clear K* and increased D-decay contributions
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same-hemisphere data: Mnin2 dependence

[Phys. Rev. D96 (2017) 032005]
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@ unlike-sign kaon pairs with (again) a decay structure (e.g. ¢ and D)

@ like-sign kaon pairs strongly suppressed at larger z
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some more details



same-hemisphere data: Mnin2 dependence

[Phys. Rev. D96 (2017) 032005]
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same-hemisphere data: Mnin2 dependence

[Phys. Rev. D96 (2017) 032005]
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@ thrust very useful experimentally o suppress BG and to define
hemispheres

@ potentially difficult to incorporate in phenomenology (unlike thrust axis?)
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same-hemisphere data: Mnin2 dependence

[Phys. Rev. D96 (2017) 032005]

Llnl | k@"Slgn E 50;— 4+ 0.20<z<0.25 0.25<2<0.30 0.30 <z <0.35 0.35 <z <0.40
S s €
. .E.‘ 40__ P
hadron pairs : Y
© 30F c=
N o -+
2 ook e
[ ] L] D s
like- % S
. F =
had r|o n pal r.s ; ...........................
8 0.40<z<0.45 0.55 <z <0.60
S
fffff =
SRR ; £
22923 n'n” Data 5
gt e s e g
L N L
[
- %o
Bk W n'n* Data = :
Ceizw T e E 8 6 0.60 <z <0.65 0.65<z<0.70 0.70<z<0.75 _ 0.75<z<0.80
S F
= 5 E
£ 4 3
N E
© 3 3
o) ; i £
T>0.8 1 - + |
%‘ ) TUT T 3 1 1 1 1 I p—
> O 1 Q g 0.80<z<0.85 0.85<z<0.90 . 0.90<z<0.95 [ Q 7 Data 0.95<z<1.00
zl ’ 2 ° g 0.8 C C
1= L 0| a*n* Data
S 0.6 = =
©
S 0.4 - C
he
0.2 C o
o0.4 0608 112141618 2 22040608 1 12141618 2 22040608 1 1.21.41.61.87”2 22040608 112141618 2 2.2
m,,. [GeV] m,,. [GeV] m,,. [GeV] m,,. [GeV]

@ experimental constraints on individual z restricts phase space of hadron
pairs, however, not easy to avoid (detection requirementsl)

@ among others leads to mixing of partial-wave contributions [6S, QCDE'17]
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same-hemisphere data: Mnin2 dependence

[Phys. Rev. D96 (2017) 032005]
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@ large correction to 4n (red) ™ large systematic uncertainties (>stat.unc.)

= necessary to report in 4x or sufficient in accepted range in 0 thryst ?
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ISR corrections - PRD92 (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 = E / 0.5V Snominal)

w Ralf
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ISR corrections - PRD96 (2017) 032005
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non-ISR / ISR fractions based on PYTHIA switch MSTP(11)

@ several PYTHIA tunes used for estimate of systematic uncertainty
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polarization



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(2¢o) 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

@ form double ratios to cancel flavor-independent sources of asymmetries
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@ significant asymmetries rising with z
@ used for first transversity and Collins FF extractions
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@ significant asymmetries rising with z
@ used for first transversity and Collins FF extractions

@ (very) close to release: n° and n asymmetries

@ RF12 asymmetries only, corrected to thrust axis
@ 2d binning (z1, z2) but also in transverse momentum (e.g., z-p+ bins)
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polarizing fragmentation
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polarizing fragmentation function

@ polarization measured normal to production plane, i.e o<("q" x P4)

(note that in figure sign is reversed)

7l is perpendicular to the A production plane. n Pp

A production plane Py
@ need reference axis to define transverse momentum
@ "thrust frame" - use thrust axis
@ "hadron frame" - use momentum direction of "back-to-back” hadron

@ use self-analyzing weak decay of A to determine polarization
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polarizing fragmentation function

@ polarization measured as function of z and p+

0.1 [arXiv:1611.06648]
0.08 ;_Belle Prellmlnaryi_ A + X
- 0.06F - - -
O o004} 02<2,<0.3 | 0.3<z,<0.4 - 0.4<z,<0.5 - 0.5<z,<0.9
< 002} : : :
N 0 besr - - - . SR [ S e e
o [ [ o= [ i
@ -0.02} ] Sl : :
'O -0.04} : S g } 1
all ; e i i =
-0.06 5 5 -+ o I
-0.08} - - - '—I—
_0 13 A TR R B SRR RN R N SR ST ST N S R NS
' 05 1 1.5 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5
p (A)(GeV)

@ strong dependence on both kinematics

@ unexpected/surprising behavior for pt -> 0
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Polarization

Polarization

0.2

0.1

V.2

polarizing fragmentation function

[arXiv:1611.06648]
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40

@ flavor-tagging through hadrons in opposite hemisphere:

@ large-zn hadrons tag
quark flavor more
efficiently

= enlarges differences
between oppositely
charged hadrons

@ MC-based quark-
flavor decomposition
in backup
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summary of future Belle(2) results on FFs

@ production cross sections of hyperons and charmed baryons
(submitted to Phys. Rev. D, arXiv:1706.06791)

@ transverse polarization of inclusively produced A° hyperons
(arXiv:1611.06648)

@ n° and n Collins asymmetries

@ kr-dependent D; FFs w Ralf

@ hadron-to-thrust
@ nearly back-to-back hadrons

@ hadron-pair cross sections and asymmetries revisited: fully
differential and/or differential in other variables?

@ helicity-dependent dihadron fragmentation: G1* (" jet handedness”)

@ /s scan using ISR w Ralf
41
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hadron-pair cross sections relative to pi+pi-

any hemisphere
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hadron-pair cross sections relative to pi+p

any hemisphere

Cross section ratio
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hadron-pairs: subprocess contributions
[Phys. Rev. D92 (2015) 092007 ]
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unlike-sign pi-K cross sections
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like-sign pi-K cross sections
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relative fraction relative fraction relative fraction

relative fraction

unlike-sign di-kaon cross sections
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like-sign di-kaon cross sections
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quark-flavor contributions to Lambda prod.

@ flavor tagging through opposite-hemisphere hadrons

z=[0.2,0.3] z=[0.5,0.9]
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hadron-pairs: angular correlations

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

@ construct double ratio of

L
12

%('\l
normalized-yield distributions Rz, %
e.g. unlike-/like-sign:

sin @,

R_ijz ~ : <1+C0892}éth>GU COS(¢1 T ¢2) @
L sin’ 0, a

Rp 1+ <1+c0392}éth>GL cos(¢y + ¢s)

=1+ GY — Gt} cos(¢py +
(e )G =Gy eos(+
@ suppresses flavor-independent %
sources of modulations

@ AU specific combinations of FFs

@ remaining MC asym.’s: systematics N
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"pitfalls” in dihadron
fragmentation



"appetizer”

@ dihadron FFs: alternative path to extract (collinear) transversity

@ exploit orientation of hadron's relative momentum, correlate with
target polarization

@ complication: SIDIS cross section now differential in 9(1) variables

@ integration over polar angle eliminates, in theory, a number of
contributing FFs (partial waves)

@ experimental constraints limit acceptance in polar angle, most
prominently the minimum-momentum requirements
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simple case study

basic assumptions:

@ dihadron pair with equal-mass hadrons; here: pions

@ e'e annihilation, thus energy fractions z translates directly to
energy/momentum of particles/system as primary energy is "fixed"
(-> simplifies Lorentz boost)

@ without loss of generality, focus on B factory and use primary quark
energy Eo = 5.79GeV

@ minimum energy of each pion in lab frame: 0.1 Eo (i.e., zmin = 0.1)
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application of Lorentz boost

@ can easily apply Lorentz boost using the invariant mass of the
dihadron M and its energy zEo to arrive at condition on 0, e.g., polar

angle of pions in center-of-mass frame:

cosf < ¢~ 2Zmin EoM
VI(zEo)? — M?)(M? — 4m2)

@ as both pions have to fulfill the constraint on the minimum energy:

— 2 min
cos(m —0) = —cosf < i EoM
VI(zEp)? — M?)(M? — 4m?)]

2 — 2Zmin

EoM
VI(zEp)? — M?)(M? — 4m3)]

thus: | cos | <

@ translates tfo a symmetric range around /2

(can be easily understood because at z/2 the pions will have both the same energy in the

lab and easily pass the zmin requirement, while in the case of one pion going backward in

the CMS, that pion will have less energy m the lab frame ... and maybe too little)
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impact of zmin=0.1 on accepted polar range

@ (again without loss of generality) let's assume M=0.5 GeV (and take
already the cos™):

@ all theta between the purple lines (and the mirror range above the
dashed line) are accepted

® clearly limited, especially at low z
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partial-wave expansion of dihadron FF

@ partial-wave expansion worked out in Phys. Rev. D67 (2003) 094002

@ for the particular case here, use Phys. Rev. D74 (2006) 114007, in
particular Eq. (12), and (later on) Figure 5:

D{(z, cosb, M) = DY | (z, M) + D} ,,(z, M}) cos
+ D{,,(z, M});(3cos*0 — 1), (12)

@ it is the first contribution (D16.) that is used in “collinear extraction”
of transversity (and subject of a current Belle analysis)

@ it is also the only one surviving the integration over 6

@ the D1, contribution vanishes upon integration over 6 as long as the
theta range is symmetric around z/2 (as it is the case here)

@ the D1 term, however, will in general contribute in case of only partial

integration over § — the question is how much?
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D11 contribution to dihadron fragmentation

@ Dy, is unknown and can't be calculated using first principles

@ it can not be extracted from cross sections integrated over 6

@ upon (partial) integration there is no way to disentangle the two
contributions

@ in PRD74 (2006) 114007, a model for dihadron fragmentation was tuned
to PYTHIA and used to estimate the various partial-wave contributions

@ its Figure 5 gives an indication about the relative size of D11 vs. D10

1 —— ——————— . 1T — -
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effect of partial integration

@ as both contributions — D1, and D10, — will be affected by the partial
integration, look at relative size of the D1 to D1, modulations when
subjected to integration:

D choO:(iO_ 9,y dcosf 3 (3 cos® 0 — 1) 1 1 24 D
COS - — CO5 Yo
Dl,oo fcos(i’O—GO) dCOS (9 4 Dl,oo

@ without limit in the polar-angular range (60 =0) -> no contribution from
D1y (sanity check!)

@ the relative size of the partial integrals reaches a maximum of 25%
for z=0.2 (i.e., pions at 90 degrees in center-of-mass system)

@ inorder to estimate the D1 contribution, one " just” needs the
relative size of D1 vs. D10, €.9., Figure 5 of PRD74 (2006) 114007

@ |et's take for that size 0.5 (rough value for M=0.5 GeV)
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effect of partial integration

@ .. D1/ Dioo ~0.5 results in an up to O(10%) effect on the measured

cross section:
0.12r

0.10 F
0.08 F

0.06

D1y contribution

0.04 F

0.02f

0.4 0.6 0.8 1.0
Z

@ depending on the sign of D, the partial integration thus leads to a
systematic underestimation (positive D1)) or overestimation (negative
D1)) of the “integrated” dihadron cross section

@ leads to overestimate/underestimate of extracted transversity
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cross-section reduction

cos O

1,00

cos O
/ dcosOD?(z,cos b, My,) ~ /

os(m—0p) cos(m—0g)

1
d cos 6 [Dq (2, M) + DY (2, Mh)i(g cos® 0 — 1)]

Dq

1,00

1
o cos {1 7 (1 — cos®0) 5 ’ (z, Mp,)

[Phys. Rev. D96 (2017) 032005]
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@ effect very strong [and even present if no p-wave contribution]

gunar.schnell @ desy.de 62 FF18 - Feb 20™, 2018


http://dx.doi.org/10.1103/PhysRevD.96.032005
http://dx.doi.org/10.1103/PhysRevD.96.032005

