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Single hadron fragmentation
e Unpolarized in e+e-, SIDIS and hadron collisions
e Transverse momentum dependent Fragmentation

e Transverse quark spin and momentum dependent
Fragmentation = Collins FF

e Transverse hadron spin =2 A pol
Di-hadron fragmentation

» Unpolarized for mass, z dependence (or for single hadron FFs
in e+e-)
e Transversely polarized = IFF
Nuclear Fragmentation

2/19/2018 FF experimental overview 2 l .

RIK=N



- C X2 ¢ Access.to FFs e
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Relies on unpol PDFs

nucleon P,s_ / quark xP,
eo ' heicity + e Parton momentum known at LO
e Flavor structure directly accessible
— e Transverse momenta convoluted
pp collisions between FF and PDF

nucleon
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e Relies on unpol PDFs
e leading access to gluon FF

nucleo .
P,.s e Parton momenta not directly known
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© 8 o T e No PDFs necessary
‘ ' . e (lean initial state, parton momentum
e ki S\, antiquark known at LO
A e Flavor structure not directly accessible p
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~—— B factom\atah(Q~10%V)//

Babar: Belle:
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High precision pion and kaon data from both B factory
experiments

Precision up to very high z

Lever arm to much higher energy (Q~20 — 200GeV) data allows
for determination of gluon fragmentation over evolution p
@
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http://dx.doi.org/10.1103/PhysRevD.88.032011
http://arxiv.org/abs/arXiv:1301.6183
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P /SI DIS damMPKSS Kaons:

SIDIS requires unFol
PDFs, but generally
well known

Recently published
COMPASS data now
available

HERMES data for
pions and kaons
available already for a
while

Some tension for
kaon data between
experiments
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http://arxiv.org/abs/arXiv:1608.06760
http://arxiv.org/abs/arXiv:1604.02695
http://arxiv.org/abs/arXiv:1212.5407
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~—LHC single hadron cross sections

ALICE:
Hadron collider data

sensitive to gluon % ‘“
fragmentation as quark- ¥ P
gluon and gluon-gluon : |
hard scattering processes "5 N1 - 5
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http://arxiv.org/abs/arXiv:1702.00917

//RHIC cross-sections

(Data-pQCD)/pQCD

pp — °+X [1|<0.35 {s=510 GeV
MSTW, DSS14:u= P,/2,p.. 2P,

PHENIX

10% scale uncertainty

not shown |
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Generally very good agreement of cross
sections with NLO calculations

Most sensitivity to gluon Fragmentation
Also data at forward rapidities
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http://arxiv.org/abs/arXiv:1110.0579
http://arxiv.org/abs/arXiv:0704.3599
http://arxiv.org/abs/arXiv:1510.02317
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—— Pion cross section charge ratio
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At low P gluon
fragmentation
dominates = ratio close
to1

Yield ratio
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.| ® PHENIXPreliminary, [n}<0.35 Possible explanatlon by
“F ® PRL 108 72302(2012) (STAR), [n|<0.5 g
—DSS (OCD NLO) y=p, p,/2and 2p, smaller disfavored
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~—Pion fragmentation
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Light quarks
symmetric

Dominated by

favored

fragmentation
especially at high z

Gluon substantial
but falling oft faster

than quarks

DSS15:

FF experimental overview
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http://arxiv.org/abs/arXiv:1410.6027
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~—Kaon fragmentation

DHESS

o i E e B e T L B Iy B L B
. 1l DX(
Strange quarks are s o st . ] 2D@

. . [ M —-- DSS07 10 Q=10 GeV~
dominating kaon Yy it ]
fragmentation i 1'% ]
Again likely dominated by [ % ..; I
favored fragmentation — “f = T\ T '
At lower z penalty for o R 1t ]
producing ss pair in AN T | N ]
fragmentation (u+T <s+5) [ % T i o]

LU B TR Sl S0 R e e s i s e [ el AN U T T M S e e s s s
Charm fragmentation R T e
comparable (what about
weak decays?)
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http://arxiv.org/abs/arXiv:1702.06353

/New addition: single pro
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Default Pythia and current Belle in good agreement with pions and kaons
Protons not well described by any tune

2/19/2018 FF experimental overview 12

RIK=N


http://arxiv.org/abs/arXiv:1509.00563

~——Hyperon '

Belle: Niilyama et. al.
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Hyperons similar to light hadron fragmentation - peaking at low z (x)

2/19/2018 FF experimental overview 13

RIK=N


http://arxiv.org/abs/arXiv:1706.06791

~——Charmed baryon Fragmentation

Belle: Nilyama et
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Also A, measurements by:
BaBar: PRD 75,012003 (2007)
and Cleo

Charmed hadrons carry large
fraction of parton momentum
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http://arxiv.org/abs/arXiv:1706.06791
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Xp
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FF experimental overview
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PRL.95, 142003 (2005)(Babar)
PRD73, 032002 (2006) (Belle)
PRD75, 012003 (2007)(Babar)
PRL 99, 062001 (2007)(Babar)
Heavier particles
generally plotted vs
normalized e

momentum <z, =

P’Iirlba,m
Unlike light hadrons
charmed hadrons
contain large fraction

of charm quark
@

momentum
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Transverse momentum

P
dependence
Aka un-integrated PDFs and FFs

h 2
Dl,q Z?Q 7kt
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Transverse momentum dependent =

() ) D /
fragmentation in SIDIS
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Gaussian, perturbative
region needs additional
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http://arxiv.org/abs/arXiv:1709.07374
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~——Hermes Py dependence™
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K- (all sea) wider

p and d distributions similar = little favored disfavored difference
Full 5 dim data available at:
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http://hermesmults.appspot.com/

/

~—— Unpol TMD FFs from hadron colliders

So far “only” Collins
results from STAR at 200
and 500 GeV

Some unpol results from
LHC?

2/19/2018 FF experimental overview
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~—K; Dependence of FFs i e+e-

Gain also sensitivity into transverse
momentum generated in fragmentation

Two ways to obtain transverse momentum
dependence

e Traditional 2-hadron FF

> use transverse momentum between two hadrons
(in opposite hemispheres)

> Usual convolution of two transverse momenta

e Single-hadron FF wrt to Thrust or jet axis

> No convolution
> Need correction for q@ axis
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~——MC sample for various h
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P RS

Spin dependent single
hadron fragmentation

thj(j_ (Z7 Q27 kt)
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~——Belle C\Hmsﬂsymme%rres 73

Red points : cos(¢, + ¢,) 0012 e
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pairs over sign pion pair oy, . B e W #
ratio : AUt R T L
Green points : cos(¢, + ¢,) 05| —————— [———
moment of Unlike sign pion ool osaar o |
pairs over any charged pion pair " | -_ T
ratio : AU Ll v |
Collins fragmentation is large ol B g u (M@ ¢ +
effect N . A . AL
Consistent with SIDIS 008 e P
indication of sign Change 02 04 06 0802 04 06 08
between favored and disfavored

Collins FF RS et al (Belle), PRL96: 232002

PRD 78:032011, Erratum D86:039905
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Explicit transverse momentum dependence

Phys.Rev. D90 (2014) 5, 052003
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http://arxiv.org/abs/arXiv:1505.05589

Quark transversity via Collins: Kaens

BABAR:

Anselmino et al;
ete s K + X

01 }p
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Addition of kaon Collins
fragmentation strongly

needed for flavor decomposition
of quark transversity

Large amount of potentially
Earticipating FFs well described

y light and “heavy” favored and
disfavored FFs

Allows inclusion of HERMES and
COMPASS kaon asymmetries
(+eventually EIC) in fits

Also: pion Collins at lower
scale(BESIII) consistent with
TMD evolution

Also: unpolarized kaon
multiplicities from COMPASS

27 AIK=N


http://arxiv.org/abs/arXiv:1507.06824
http://arxiv.org/abs/arXiv:1506.05864
http://arxiv.org/abs/arXiv:1512.02252

~—STAR Collins asymmetris

500 GeV:

0<T|Je1<1 '1<T1. <0 0<T|jel<1 _1<n1e1<0
T oof o UGET L e ; -
5('5 % ol ; $ % i% g -%('5 r % i %r E
ot 46 %q,w% et T T A e S S e
¥ i i ®
-0.05[ - _0_05:_ L §
o e il J T L
[ o raw r LS
g dest H%mmug rree T oeere 1
-o.osi— — 70_05; f :2
0.052— T 0.0sF s
t } 8 : £
o w8 Tt |
005/ 005t i TL L 5
107720 30 40 50 1I%art|28|e 13e0t o 4[ G;V /] —53 04 55 02 04 06 Z
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http://arxiv.org/abs/arXiv:1708.07080

Kang, Prokudin, Ringer, Yuan:

Little indication of STAR 200: Int.J.Mod.Phys.Conf.Ser. 40
evolution efects (2016)H160005D

T 0.08
e 9‘[,_TAR PRELIMINARY p' p— (jet n¥) X
N - s =500 GeV, {p.)=31.0 GeV
g5 006— 7T Vs = 200 GeV. (p’) = 12.9 GeV
< m 7, {s=500GeV"
0.04 — 0w, Vs =500 GeV
° nf, Vs = 200 GeV
0.02 — o =, Vs=200GeV _—
b,
0
i
—0.02 —
0<n<1
-0.04 — (ip=13GeV
—0.06 —  without TMD evolution
—0.08 | | | | | |
0.1 0.2 0.3 04 0.5 0.6
7y
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http://arxiv.org/abs/arXiv:1707.00913

/(

= . Yy —
~—— Single A polarization measurements

Fragmentation counterpart
to the Sivers Function:

unpolarized parton
fragments into
transversely polarized

baryon with transverse

momentum wrt to
parton direction

Reconstruct A, its transverse
momentum and polarization

2/19/2018 FF experimental overview

YingHui Guan (Indiana/KEK):

0.1
o.0ak2a binning [D.;’E.ﬂ.%_ﬁ.d.ﬂ.ﬁ-.ﬂ.?’.ﬂ.g]

0.06} 1
0.04 antl-A

0.02 A anti-A data ratio

Polarization

N S e
-0.02 X
-0.04f . . 1
-0.0B[ '
=0 QR

04702 03 04 05 06 07 08 08 1
Z
AFA
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http://arxiv.org/abs/arXiv:1611.06648

. /
~—Spin transfer D, my

Jincheng Mei (STAR) at DIS 2017

dATU(pr%H'LX) x Z f dxa dxbd26fa(xa)fb (xi_;)dA',T‘a-(aJ"bACJ"d)A'['D'gf (Z) Xu, Liang, Sichtermann. Drr
Phys.Rev. D73 (2006) 077503 . =
abcd / | N s.F STAR Preliminary
 transversity | pOCD - transversely polarized E 1z 0
distribution l calculation ! fragmentation function 0.0/~

ui_#**ii %+ #

Potentially access to
transverSity Via pOIarized OE_ +A 3.4% beam polarization uncertainty included

CowA feed-down contribution included

fragmentation function ]
H, 3

Spin transfer is the single ﬂ }
. %H‘iﬂiﬁ'—{} 1 I
spin asymmetry '

—————
- -

D

STAR Preliminary

o

At present COHSiStent mé_ +é 3.4% beam polarization uncertainty included

+A feed-down contribution included

with zero B LI S e
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~Di-hadrons -

Single inclusive hadron multiplicities (e+e-->hX) sum
over all available flavors and quarks and antiquarks:

do(ete™ = hX)/dz < Y e2(D} ,(2,Q%) + Di 4(2,Q%)
Especially distinction between favored (ieu>n*) and
disfavored (T - =*) fragmentation would be important

Idea: Use di-hadron fragmentation, preferably from
opposite hemispheres and access favored and
disfavored combinations:

i _ t o r
wi — e X o Du fav(zla Qz) u fav(z27 Q ) + Du dzs('zla Q2) u dzs(zZu Qz)
ul — T Tt X Du fcw(zla Qz) gdzs(z% Q ) 2 Du dzs(zl Q ) u fav(Z% Q2)

Also: unpol baseline for interference fragmentation
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~_—Ratios to opposite-chargeptonpairs
R~ DdiS(Zl)Df(L’U(ZZ) + Df(w(zl)Ddz's(ZQ) K
chw (Zl)chw(ZQ) + Ddis(zl)Ddis(ZQ)

; 3 0.20<z,<0.25 025<2,<030 |[f 030<z,<035 | 0.35 < z, < 0.40
=S b THH
L 1 1 1 1 L C 1 1 1
< z‘ -

n*n* comparable to
n*tn at low z,

cross section ratio
S, mgﬂ .

decreaSIng 2 ‘f [l “+“+ 'II.“.'.“- o ol.45¢I 0s0 | 0.50 <z, <055 ol.ss 0.60
towards high z: .
%’ EEW@ wﬂ@% w%@ w@@%@m
- Favored and o - p
dISfaVOred g ‘: 0.60 o.lsa : e olasqlz, 0.70 : cln.-mql 0.75 : s <o.lao
fragmentation ;s
similar atlow z  £... o | BT S

> Disfavored A e n i D s .

-% "‘5_ 0.80 085 | 0.85 oso | 090<z <095 | 0.95 <z, <1.00
much smaller at § = 3 5 5
B 0.8 - E E
o oE)
h h o) 0_63_]% e r
Ig Z § F =300 %@@ Hh{H
g 04 o - Toa o - : g
0.2r Vom T | B | oS,

0.2 03 04 05 06 07 08 0.9% 0.3 04 05 086 0.7 08 0.922 03 04 05 06 07 08 0.9% 0.3 0.4 05 06 0.7 08 U.QZ’!
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http://arxiv.org/abs/arXiv:1509.00563

J:Iemlsphere\egmposmorw/

----------- sphere contribution drops rapidly: Consistent with LO assumption of
Same hemisphere: single quark - di-hadron FF: (z,+z, <1)
Opposite hemisphere: single quark—=>single hadron FF

—

o

~
TTTII T

Diagonal
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bins

a—y
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T T
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Belle: RS et.al., PRD92 (2015) 092007
Sl¥stema ic uncertainties not displayed
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http://arxiv.org/abs/arXiv:1509.00563
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.

IFF related asymmetries
extracted by Belle in 2011

(PRL107:072004(2011))
SIDIS (JHEP 0806
(2008),PLB713 (2012))
and RHIC (PRL 115
(2015) 242501) IFF

asymmetries published

Global fits currently
missing unpolarized di-
hadron FF baseline

FF experimental overview

Explicit'di-hadron mass
~—  dependence

NS )

=» Belle to the rescue

Use same hemisphere di-
hadrons for this analysis

16 z bins between 0.2 — 1

100 mass bins between
0.3 - 2.3 GeV

38
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http://arxiv.org/abs/arXiv:1504.00415

— —"Di-hadron mass dependence

- Similar analysis in same hemisphere and mass — combined z
binning. Important input for IFF based transversity global analysis

Belle: RS et.al.
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http://arxiv.org/abs/arXiv:1706.08348

Mass dependence comparisons-to-
~— Pythia tunes

Magnitude and z dependence reasonable in Pythia 6.4 default,
Intermediate mass structure better described by LEP tunes (higher spin mesons)

020<z<0.25 | 025<2<030 | 030<2<0.35 | 0.35 < z < 0.40
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Q
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b= T,

_.
<

o / dzdm [ub/GeV]

-
=
fa

:.I...I...I...I...M..I...I...I...I...I. 'l NS NI S N I A IS I e pﬁ’..l...l... ...I.HI.\.I...I...I...I..'ﬂ.l..f'r\\hul...l...l..Jm
040608 112141618 2 22040608 1 12141618 2 22040608 1 1.214161.8 2 22040608 1 12141618 2 22
m':(?( [ e m':(?( [Gev] m?ﬁ( l e

GeV] m,. [GeV] Gev]
ﬁ mﬂ:ﬂ:

2/19/2018 FF experimental overview 41

RIK=N



2/19/2018 FF experimental overview



/
~_—Belle IFF asymmetries:- {z;x'm ) Binning
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First transversity extraction from =
~—— HERMES, COMPASS and Belle IFF - data

Using Belle IFF and HERMES or COMPASS to extract
transversity compared to Collins FF based global

analysis:

2007 & 2010 proton data
M= LA GeVie™

with sz (0,032

with x< 0.032
Bacchetia, Radici

Courtoy, Bacchetta, Radici:

Phys.Rev.Lett. 107 (2011) 012001 and

latest update

HERMES: JHEP 0806 (2008)
COMPASS: PLB713 (2012),

2/19/2018

FF experimental overview

recent IFF
analysis and
Collins
Transversity
comparable

- CollinsFF
evolution weak?

But many
assumptlons at
this point on
unpol DiFFs

.
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http://arxiv.org/abs/arXiv:1206.1836
http://arxiv.org/abs/arXiv:1503.03495
http://arxiv.org/abs/arXiv:1401.7873

~—STAR IFF results -

STAR 510 GeV:

200GeV:
Now both 200 and 510 GeV o o _
results finalized e oo
Both with substantial b L i
nonzero effects at: °'“H'H'"D';;;;;;; """"""" hf"}"i """" + """""" -t T
. Forward rapdities 570.02:7 \‘I\ IDI‘I rrrrrr ‘b\ms I 7"II\‘\‘\”‘I\HIIIHHIHH_deilIII“I””ﬂ‘.EHHZII‘:Z‘
e Higher Pt oo R “ star
e Masses around 1 GeV t ﬁ% Ly * %TE i t
First theory predictions from o } """ et —
SIDIS+Belle consistent with B e S S
magnitude :
- will help improve )
transversity uncertainties
—>but gluon DIFFs not well i
known A
Radici et al: o5 o
2/19/2018 FF experimental overvievy ®
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http://arxiv.org/abs/arXiv:1710.10215
http://arxiv.org/abs/arXiv:1504.00415
http://arxiv.org/abs/arXiv:1802.05212
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HFFS 10 f E 0 E E
0k { PHENIX 0"k STAR 4
. . d 10 3 0 F prel. (thesis)
+E nFF (uDS) 3 E nFF (uDS) 3
lelte ig SE e nFF’ (@DS) 3 ig SE e uFF (aDS) 3
6f ---- FF(aDS) 6f ---- FF(aDS)
alllountOf O S e O s Y
L L L L L L T T T T
14 | 14 =
data so far
12 | 12 | =
More to come R J |
L Jrnd: { B 1 1
form RHIC pA 1 | L
0.8 . 08 -
and LHC pr o s |1|0| - Illsl | o l - |1|0| — Ills Iﬁl

2/19/2018 FF experimental overview 51



2/19/2018

—_—

/

/

~ Summary and outlook

Several finalized single
hadron FF related
measurements became
available in the past several
years form SIDIS,e+e-,

RHIC and LHC

Kt dpendent FFs
(pol/unpol) so far only
available from SIDIS, soon
to get e+e- data as well

Nonzero Lambda
polarization!

FF experimental overview

Also several other
baryon/hyperon/charmed
baryon cross sections
available now

STAR Collins and IFF
results mostly finalized for
older data, more to come
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