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Outline:

Fragmentation function in e*e™ annihilation

Polarized Fragmentation functions
— Measurement of Collins asymmetries: o
e ete” — qm +X, K +X, and KK +X BESII
* Global fits

Unpolarized Fragmentation functions
— Inclusive production of light hadrons at ~10 GeV %
* wt, K, p/p production
* Global fits |
— Inclusive studies on charmed baryons at ~10 GeV
* Inclusive A, Q_ and E_ spectra

Summary and perspectives
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Fragmentation functions in e*e™ annihilation

The process that transform quarks and gluons into colorless hadrons i1s
referred to as FRAGMENTATION (or hadronization)

-

ElectroWeak _ pQCD | l | Decays R

Hadronization Detector
(Fragmentation Function)

Theory/Phenomenology _ Experiments
-~

—_—
-
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Fragmentation functions in e*e™ annihilation

* Fragmentation functions (FFs) describe the
process of hadronization of a parton

* Non-perturbative objects

* Universal functions

* Depend on the scaled energy of the hadron #4:
x = 2E,As, with\s=Qine*e

Experimentally related to the final-state Parton Fragmentation
single particle energy distribution Function 4
1 do¢ ¢ —hX 1z s T 1

= FM(z,s) = Z / Ci| z,as(un), — = pu O —

o) dx — [  z e )" 2 Vs

L=q.q :
Ao’ g *
oy = Z . (1 e + ) process dependent non-perturbative part
q ' short distance interaction

* D,(z,0°) describes the probability that a parton i fragments into a hadron 4
carrying a fraction z of the parton momentum
* e’*e” annihilation is the cleanest environment to study the fragmentation functions

e parton momenta known, no need of PDFs, but low sensitivity to gluon FF
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Polarized (i.e. spin-dependent) FFs

* Connection between microscopic (quark spin) and macroscopic observables
(angular distributions and/or polarization of produced hadrons)

* Needed to:
* test schemes of factorization and universality among e*e”, (SI)DIS, and pp
* probe evolution as fundamental QCD prediction
* in general test any approach to solve QCD at soft scale

* Spin analyzer for studying the transversity PDF

— 3D structure of the nucleon

* Many FFs defined theoretically, depending on the polarization of the parton
and of produced hadron(s)

* Great improvement in recent years thanks to new high-quality data collected
in the different experimental schemes
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Three players at low-medium Q-

EMC

T T O T ST T T Remaia

* Beijing Electron Positron Collider IT (BEPCIIQ
* Symmetric e*e" collider
* Beam energy: 1-2.3 GeV

* 2008: test run i
* 2009-today: BESIII physics runs

« Luminosity: £ ~ 62 pb! @ 3.65 GeV used
f here (below open charm threshold)

| NIM A614, 345 (2010)

’

M

eV

Drift
CHamber

Silicon Vertex
Tracker

arrye S —— -

* PEP-II storage ring
» asymmetric e*e- collider operating at the
Y'(4S) resonance (Vs=10.58 GeV )
- High Energy Ring (HER): 9.0 GeV e
- Low Energy Ring (LER): 3.1 GeV e*
- c.m.-lab boost, By=0.56
 High luminosity: ./ ~ 468 fb-! used here

NIM A479. 1 (2002).
{ update: NIM A729. 615 (2013)

rord -

Note: Belle results will be covered by Gunar Schnell (today) and Ralf Seidl (tomorrow)
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Collins asymmetries for
charged pions and kaons
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The Collins Fragmentation Function

Polarized FF (Collins FF): dependence on z=2E, Vs, P, and Sq

“Standard” unpolarized FF

|
e DIz PLisy) = Di(zPu) +

P .
- HiLq(zapi)Sq (kg X PL)]

M h
« H, ! is the polarized fragmentation function or Collins FF

* Chiral-odd function

» could arise from a spin-orbit coupling

* leads to an asymmetry in the angular distribution of final state

particles (Collins effect) NPB396,161(1993)

* first non-zero Collins effect observed in SIDIS PRL 94,012002(2005)
NPB 765, 31(2007)

In e*e- annihilation, y* (spin-1) — spin-1/2 q and q

- in a given event, the spin directions are unknown, but they must be parallel

- they have a polarization component transverse to the q direction ~sin’6 (8 wrt the e*e")
» exploit this correlation by using hadrons in opposite jets

e+e_—>qﬁ_)ﬂ:1n:2x (q=ll, ds S) ==> GOCCOS(q)i)Hl'L(Zl) ® HIL(ZZ)’
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Collins effect in hadron-hadron correlation

Detection of hadron pairs with same or opposite charge sensitive to different

combination of favored and disfavored FFs

« favored FF: one of the parent quarks matches a valence quark in the hadron,
1e.. u—=n,d—=mn,s—=K ,...

e disfavored FF: no such match, i.e. d—a’,u—a,s—K,s—n*,...

4 . e’, e, )
. . . . JC = - =
Unlike-sign pion pair = U:  mmmp ;;I I u g u ( ﬁ o+ Mﬂﬂ
¥t (fav x fav)+(dis x dis) fav 4" fav dis & dis
\ ‘e e J
4 N e’ e’ )
. . . . JU T T T —%
Like-sign pion pair =L:  mmmp [ E‘;I I u g u Dﬁ“ﬂ + { u u J'E_}
s (fav x dis)+(dis x fav) fav ¥ dis dis * fav
N\ e ‘e Y
4 LY o N
Charged pion pair = C (U+L): mmmp : ;I l fav+ dli‘ u Di
e (fav + dis)x(fav + dis) U 7~ fav+dis U
n=m* \_ © /
Similarly for Unlike-sign (KT 7 K hl
Kao ... dis g dis or fav g fav
aon pairs: Ms P =~ s o s
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Analysis reference frames

See D. Boer, NPB 806, 23 (2009) All quantifies In e*e- center of mass

RF12 or Thrust RF

* Thrust axis to estimate the qQ direction
* ¢, , defined using thrust-beam plane

* Modulation diluted by gluon radiation, detector acceptance,...

" sin® 0y, | HiL(Zl)I:{%(@)

o~ cos(01 + o
1 + cos? By, ( : 02) D1121:D1222!

RFO or Second hadron momentum RF
» Alternatively, just use one track in a pair

* Very clean experimentally (no thrust axis), less so theoretically
* Gives quark direction for higher pion momentum

.2 L, VL
sin“ 6o ‘HI (21)Hi (22) \
~ 1 2 —
o + [T cos2 0, cos(2¢0)F D1\ D1 (2

Collins effect is measured as a function of the pions fractional energy (z12=2E=/\ls), pions

transverse momentum (pt1,pe2.pro), and as a function of the polar angle of the reference axis (6w, 62)
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Analysis reference frames

thrust axis = n

0.5=T=1

| |
T~05 1-10 GeV* 25 GeV? 100 GeV? T~1

Events in BESIII much more spherical, and the two hemispheres are hardly identifiable
=> only RFO can be used at BESIII, pairing tracks with opening angle 6;,,,> 120°

BaBar
RF12 BaBar RFO Belle
P2 Belle BESIII
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Extraction of asymmetry parameters from data

N(UD(h)/<NIU(¢)> in MC sample * Collins Asymmetries
i A T T — extracted from fit to the normalized
110;: E azimuthal distribution
iF E N(¢
0.95:—\/_: R, = (—O‘) =a-+0b- COS((/J)OA)
osf- MC E < Na >
°.| __ Unlike charge: n** => Ry, | | — unpolarized contribution 1s flat
0.8 . 4+ — = . . . .
orsf | HIK@ charge: i => R, E — Collins FF contained in the cosine moment b
I I S B S .

The MC generator does not include polarized
FF as the Collins FF

NUL($)/<NUY($)> in data sample — observed modulation in MC sample produced
by detector acceptance

115 1 S —

This is the = — correction of these effects with MC would

14

1.05)-

I3 Collins effect! j bring to too large systematic uncertainties
o9 1 < Collins effect not sensitive to electric charge
0.9 —
ossf  Data E — U and L distribution coincident in MC
i T . E — slightly different in data due different
0.75F uL = . .

S T DT S - contribution of favored and unfavored FF
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Double Ratios

*  Double Ratio (DR) of Unlike-sign over Like-sign pion pairs:

< eliminate the acceptance effects and the first order radiative effects

- acceptances and radiative contributions do not depend on the charge
combination of the pion pair;

- approximation holds for small asymmetries.

Contains only the Collins effects
RY NV < NY(¢qo) > " i iati
a (¢a)/ (¢a) Py +@ COS ( ¢a) and higher order radiative effects

RL  NE(¢a) < NE(¢a) >

* DR in MC sample (RF12) — DR in data sample (RF12) —

1.05- — 1.05— =

- Vg b L | -
s - I
1““"",""”| s T T Lk o TITTETT T Thy ||L tpbiatidy 1_

0.955— - o.gsf— N
0.95— —_ °-9i— g
0.85%— —E 0485; -
Y S N S T
9.+9, %0,

MC: small deviation from zero Uncorrected Asymmetry

==> assigned as a systematic error
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Analysis strategy

®  Event and track selection

% Construction of spinless hadron pairs
¢ KK. Kn, nn for BaBar
¢ nn for BESIII

% Measure of the azimuthal angles ¢1 and ¢2 in RF12 (BaBar). and ¢o in RFO (BaBar and BESIII)

¢ Construction of the normalized raw distributions for like (L), unlike (U) and charged (C=U+L)
hadron pairs: R=Ni(¢)/<N>

% (Calculation of the ratios of normalized distributions: U/L and U/C
® fit to these distributions with the function b+a-cos(x)

&

Evaluation of background contributions and extraction of the Collins asymmetries

BABAR results: BESIII results:

PRD 90, 052003 => stz pairs PRL 116, 042001 => nirt pairs
AUl and AYC, in RF12 and RF0 « AU and AYC in RFO only

* inbins of (z,,2,), (py.Py) OF Py, $IN°0/(14c0s?0), |« in bins of (z,,2,), p,, and sin26/(1+cos?6)

and 4D-analysis in bins of (z,,2,,p,;,P1p)
PRD 92, 111101(R) => s, Kir, KK pairs
« AUland AYC, in RF12 and RF0
* 1n bins of (z,,z,)
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Collins effect in pion pair production: 4 vs (z,,z,)

Measurement performed by Belle (PRD78, 032011, Erratum PRD 86, 039905) and BABAR
(PRD90, 052003) at Q°~110 GeV?, and by BESIII (PRL 116, 042001) at Q>~13 GeV?

SFEDnea sapgy Feiod o JReesod % <[], Rl T HEes0d %
L 'AIZ.UC 1 RF 1 2 i 10'15— v AO.L'C _§§- RFO -E
10'15— _EE_ ¥? - 4F
L --QA*EE#E --"""-.—*_,_'='=' s EE I . ; -*-_*— T =-='*’""¥ | *‘
o L~ 1 + TR Sl | “**E‘E'
f '_'zi o405 __zll;[c;s'd.f]l AALAARLES _zl =[0.7-09 < L [z1=[0.4-0.5]] ' ' ._zkl;{osl»‘J.] AR ._;1;{0.7.4;.9.] AALARRLAS
cg— —— 10-1:- 4 4k .
107 = —_— eI *,ﬁﬁﬁ*_,_ E —— — .,.:h
F ﬁi* I e ‘F"'EIEH- i = g o =i=+
L ¥ " $* r _‘_*‘* + ** —— *
I M 2L * A q# AL +**
107 ¥ ] 1 F T ++
E - +
- 012 . 014 . 016 . 018 0 ’Ol.?.’ l ‘01,4. l ‘01,6. l ‘0f8l 0 1012.. l 014 l .0f6. l .01.8‘ . OI_..'Z Of4 OI.6 OI.S - IOI.”I I .0I4‘ ' I0I6I I I0I8I o IOI’I I I0I4I I .0I6‘ ' 0I8 I
2 z, z, 2 z, z
« Significant non-zero asymmetries A,,, A, 0.2F oAy RFO BGSI[[ E
* Strong dependence on (z,,z,) seen in all experiments ¢ 45E Eﬁuc orediction E
. . - UL
o AUC < AUL g5 expected. Complementary information  .1E 2 Auc prediction

about favored and disfavored fragmentation 0.05
» BESIII data in agreement with predictions, with 0
exception of the very high z region

e Theory pred. [PRD93, 014009] based on B-factories
results and evolution 02 03 05 0903 05 0905 09 !
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Comparison among measurements

A, vs (z,,z
L os—" (2,7 : : A, s (2),25)
5o F : : = e T ' Ty
— |% BaBar |PRD 90,052003 : : o - = : : i ] 3
<0255_ m Belle | PRD 86,039905 | : < 04} |* Basar | : E
02F[®Beslll_ pRL116,042001 | + 0312 Bf’"°
0.152— : 0.2 : * .
o1 ;_ 0.; = . ‘" e * v x e o
C H HE = ) e
0.05— E J E ST "aaasaana A R e e e BT R e R T e
NS .. S I T S <P }
0.1 . E
o 0lp : : : : : *
2o  [xBaBar |PRD90,052003 : : : : o
<0~08:— = Belle  [PRD 86,039905 0'05; w Tai U *e ! "o '
0.0~ L®Beslll_ PRI 116, 042001 i + o * i '; "" : P A, S
- : : 0 1 2 3 4 5 6 7 8 9 10 (z ll )
0.04— 1"“2bin
0.02F P .
= * ,.} o r) *"+ : * Good agreement between different data sets
O . P « Larger asymmetries measured for BESIII at
zlgozzz{ — s — IS — | — s — | — I highest z-values for A, asymmetries
0.2 0.3 05 09/03 05 0905 09 — consistent with theory predictions [Kang et al.
2571 | | | PRD 93, 014009 (2016)]
0.2 0.3 0.5 09 « Some tension between BABAR and Belle on

. o A, asymmetries, which can be attributed to
BABAR & Belle data falling in the larger experimental features:

BESIII z-bins are averaged taking into _ different thrust axis corrections

account stat. and syst. uncertainties — background corrections

— 2<0.9 for BABAR vs z<1.0 for Belle
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st results and global fits

Extraction of the Transversity PDF and Collins FF combining SIDIS and e*e” data
Anselmino et al: PRD 92 114023 (2015)

Transversity
0.2
Q*=2.4 GeV? o
E
& 01
=
<
N
0
¥ .01
£
g -02}
=
2013 - 9 .03
2015
-0.4

Collins FF @ Q*=2.4 GeV? Collins FF @ Q*=112 GeV?

0.3 (— ' '
02} Q%112GeV?
0.1} ]

0 e ——
0.1}
-0.2

zaN Dyiet(2)

0.1 F
0k
0.1 F
-0.2 |
-0.3 &=

z AN Dy (@

0.2 0.4 0.6 0.8

Comparison between old fit (SIDIS + Belle data) with new fit (BABAR

nre data added)

* Fit uncertainties significantly reduced in the new analysis
» Good consistency for the transversity function
« Differences seen for the Collins FF at Q*=2.4 GeV? mainly due to the

different parametrization used

20 February 2018, Stresa

Fabio Anulli 17



Collins asymmetries vs hadrons transverse momenta
Measurements by BABAR [PRD90, 052003], and BESIII [PRL 116, 042001] but not by Belle

<;—‘ p AP G0] T PAOBS0 GW] T ﬁ
TFadng J  RFR2

004F - : '
o e S

006k v Ay uc
...................

p,=[0.751(GeV) LI I

...................

[N TR AT AR A
0 02 04 06 08 10 02 04 06 08

— P, (GeV) p, (GeV)
*A : .. :
015E A & Besm' Asymmetries increase with p,
0.1 [JAu. prediction 1 ¢ less pronounced for A,,, for which the p,
Ay Prediction determination is subject to large

uncertainties (~100-150 MeV)

* Good data-prediction agreement for BESIII

 pGeV)
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Collins asymmetries vs hadrons transverse momenta

BABAR [PRD90, 052003] and BESIII [PRL 116, 042001] data comparison
+ 0.08,

Eigo * BaBar RFO = RF0
0.1-| ® Beslll 0.06;
. 0.04- Steeper dependence on p,, for BESIII
0.05- + ! e different kinematic regions:
| 0.02} ¢ .
. + A T S Aret 4 4 SZZBEsm ~  <Z7BABAR
5 + * . t#’
0-+'* O-+'*
0 05  lp GeV) 0 05 lp,GeV)
PRD 93, 014009 (2016)
Global fit with TMD evolution . ' —
including BABAR p,, data 0.04 |-
* AUl and AYC asymmetries well described ~ ~, *%®[
« TMD evolution at NLL describes both £ ool
<

e*e” and SIDIS data adequately well 001
* Improvement of theoretical uncertainties
with inclusion of higher orders
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Multi-dimensional asymmetries

BABAR published also the Collins asymmetries measured in 4 dimensions:

(Z5 225 Prps Pro) 10 (4x4x3x3) bins

Despite the limited statistics, some features can be recognized.

With two order of magnitude more data expected at Belle 2, these multi-dimensional
asymmetries could be of paramount importance for global fits.

PRD 90, 052003 (2014) .
e T P | ZEECE %

] RF12 5
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= aa F T T T T T T ] T T T T T ] O« r - - [ e ]
22 Mits0s) 1[7i=05-11] 1 Z5ofz1=03051] =051 + ]

i %%w(§%%WW%ﬁ%ﬁ% eeeeee ~~~~~ ++++++

(=]

I
F }%{h
Fo—
i
e
B
S
2 o

X (p,p)=10.02510.025] @ (b, p,)=[0.02510250.51 N\ (b p)=[0.025][>0.5]
V ¢,p)=[0250510.025] () (b,p)=[02505]102505] 4 (b p)=[0.250.5][>0.5]

D (ptl,plz)=[>0.5][0.,0.25] ED:. (ptl,plz)=[>0.5][0.25,0.5] >‘< (pll,p‘2)=[>0.5][>0.5]
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Collins asymmetries for sr, K, KK pairs

Measured Collins asymmetries reported in (z,,z,) bins
(performed only by BABAR until now) | prp 92, 111101(R) (2015)

RF12 ﬁ RFO
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C u ] I i = i - a E
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7 0.9/0.15 0.9/0.15 0.9/0.15 7 0.9/0.15 0.9/0.15 0.9/0.15
1] | I | | 1] | | | |
0.15 0.2 0.3 05 09 0.15 0.2 03 0.5 09

- Asymmetries rise as a function of z: more pronounced for U/L
- AYL KK asymmetry slightly higher than pion asymmetry for high z
- KK asymmetry consistent with zero at lower z

» Tt results consistent with previous BABAR analysis
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Extraction of the Collins FF from BABAR kaon data

Fitted function superimposed to BABAR data

ete’ s K + X

017

[0.15<2,<0.2]

[0.2<2,<0.3]

2

22

02 04 06 08 02 04 06 08

01 7

ete’ 5 KK + X

Anselmino et al.
PRD 93, 034025 (2016)

]

* It uses the pion fav. and disfav.
Collins FF extracted in PRD 92

[0.15<2,<0.2]

[0.2<2,<0.3]

114023 (2015)
 Extract the corresponding kaon
Collins FFs.

02 04 06 08 02 04 06 08

22

Z3

Test universality of Collins FF: Calculate SIDIS single spin asymmetries from the fitted
function and compare with data =» good agreement observed
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Inclusive hadronic particle
spectra

20 February 2018, Stresa Fabio Anulli
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Inclusive Particle Spectra at Q~10 GeV

* Unpolarized cross sections, integrated
over angles and p

* Precise measurements of IPS at
different energies needed to:

* better comprehend fragmentation
processes

* check consistency with a number of
fragmentation models

* test scaling violation
* test QCD predictions
* Most of data collected at LEP energies

* Limited precision measurements at
low-energy before B-factories

20 February 2018, Stresa

» Inclusive Spectra measured by B4BAR:
> 3 light mesons ( 7#, K=, 1)

> 1 light baryon (p/p)
> 4 Heavy baryons (A, E, Z'. Q_)

> Measurements performed both at
vs=10.54 GeV and at Y(4S) mass peak

Fabio Anulli 24



Inclusive light hadrons production

 Data sample: 0.9 fb"! @Y (4S) and 3.6 fb! at 10.54 GeV.

* Measured both conventional and prompt hadrons cross
sections:

* prompt: primary hadrons or products of a decay chain

where all particles have a lifetime shorter than 10-!ls

* conventional: includes weak decay products of K¢ and

strange baryons

* Scaled momentum distribution: x, = 2p"/E,

« Coverage: 0.2 <p"<5.27 GeV/c
* Syst. uncertainties from ~2% to ~10% 1in the
highest momentum bins, dominate the full error
* Data consistent with ARGUS and Belle data,
with some deviation at the highest momenta
* Consistency of pion and kaon data with models
within ~10%, but significant differences in shape
* Poor description of proton data

20 February 2018, Stresa Fabio Anulli

Phys. Rev D88, 032011 (2013)
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10

JT + SLD (81.2 GeV)
= TASSO (34)
e BaBar (10.54)

L G S B B e [ S B S S SN SN B B S B S e e |

+ SLD (91.2 GeV)
= TASSO (34)
e BaBar (10.54)

......................
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Scaling properties

@ Hadronization should be scale invariant except
for “small” effects of hadron masses, running of

Ay, ...

@ Scaling violations at low x, due to masses are
well known and modeled adequately (here
JETSET 1s shown for comparison)

@ Expect substantial scaling

violations at high x,,:

@ Seen clearly in 7 and K

data; reproduced by
models (within a few %
for o, and 15% for K)

@ Much smaller scaling
violation in proton data
than models predict

Fabio Anulli

+ SLD (91.2 GeV)
= TASSO (34)
e BaBar (10.54)

(1MNgye) dng/dxg

JETSET with P, =

— 91.2 GeV
— 34

.........
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New DSS fit for pion data

de Florian et al.Phys. Rev. D91, 014035 (2015)

1 dd’ Global QCD analysis of parton-to-pion
| fragmentation at NLO
5 => extract D/"(z,Q,); Q,=1GeV

i= u+ii,d+d,s,c D-=D,D=D, D_=D,
w.r.t. previous DSS analysis it uses the
new precise data from BABAR, Belle,

Hermes and COMPASS

Good description of B-factories data

Belle used the entire data set => the precise and fine binning data
up to z~1. The fit seems to overshoot data for z 20.8:
missing logarithmic corrections?

BABAR data extend down to z~0.04. The fit deviate from data already
around z~0.11, due to neglected hadron-mass effects

20 February 2018, Stresa Fabio Anulli 27



Test of MLLA+LHPD QCD predlctlons

In the Modified Leading Logarithmic Approximation
(MLLA) with Local Parton Hadron Duality (LHPD)

ansatz [Azimov, Z.Phyis.C27,65 (1985)]:

- the multiplicity distributions versus & = -In(x,) should

be Gaussian near the peak;

- The peak position £* should decrease esponentially
with increasing hadron mass at a given £

Peak position E* from symmetric gaussian fits

T K~ p/p
Prompt 2.337 =0.009 1.622 *=0.006 1.647 =0.019
Conventional 2.353 = 0.009 1.622 *=0.006 1.604 = 0.013

it is observed &* =

&%
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Test of MLLA+LHPD QCD predictions

E* should increase logarithmically with s for a given hadron type

T
®
o +
* pp

35 —

3.0

B -~
-
2.5_— _-

Peak Position &*

|
P
[ 2

15

—
>
(@)
0]
@)

-

+ i//
-~
// —
)
O

10?

» BABAR and Z' data provide precise determination of the slopes

» All data are consistent with the expected logarithm dependence with

the center-of-mass energy

10°
2 (GeVY)

s=ECN|

> Similar slopes for pions and protons, different for kaons

> possibly due to flavor composition changing with E_ |
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Inclusive production of
charmed hadrons

- Phys.Rev. D75, 012003 (2007) : Inclusive A, production

- Phys.Rev.Lett. 95, 142003 (2005) : Production and decay of =,
- Phys.Rev.Lett. 99, 062001 (2007) : Production and decay of €
- hep-ex/0607086 : E_ production
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Charm production at BABAR

Heavy hadrons produced in e*e™ annihilations provide a laboratory for the
study of heavy-quark jet fragmentation
Relevant quantities are

— Relative production rates for different spin, parity, ...

— Associated momentum spectra

— Differences among mesons and baryons

Measurements at 10.54 GeV, below BB production threshold, are the i1deal
place to study e*e™ — cc reactions, and test charm fragmentation functions,
the charmed hadrons being made of one of the leading quarks

Large amount of data to study b — ¢ decays from inclusive measurements
at the Y(4S):

— B-mesons — charmed mesons/baryons
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Inclusive A, spectrum measurement pro7s, 012003 (2007

9.5 fb~! off-resonance
81 fb~! on-resonance

reconstruct A,"— pK z* from tracks

(*)]
o
o

o\
o
o

(pb / unit)

consistent from originating from

interaction point

evaluate track efficiencies from data
in two-dimensional (p,6 ) bins

weight events according to inverse

efficiency matrix
fit mass peak in each x, bin

400

w
o
o

N
o
o

'oll_-IIIIIIIIIIIIIIIIIIIIIIIIIIIII

100

Differential Cross Section

o o

differential cross-section VS X,

] BaBar o
]
] fﬂ;ii \g
) :
; !
7 .
’ g
I.. i 8
H! 8
$¢ e Off resonance @
} H ¢ = On resonance '|-
i'}l_._._._._l_._._._._l_._._._._l_._-_-_.-.:

0.2 0.4 0.6 0.8
Xp

» Determine e’e” — cc events from off-resonance data (£,,=10.54 GeV)

> Determine e'e- — BB

events from on-

resonance data subtracting the

off-resonance cross section scaled by the different c.m. energy
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Charmed hadrons inclusive cross sections

~ ——— S — PRL.95, 142003 (2005)(Babar)
2 , f@“x i ’ PRD73, 032002 (2006) (Belle)

o : PRD75, 012003 (2007)(Babar)
PRL 99, 062001 (2007)(Babar)

SO Nl M * Heavier particles generally
i plotted vs normalized
momentum x,, = p"/p", .

* Charmed hadrons contains
large fraction of charm-quark
momentum

* Distributions peak at
large x,,

* Differences on peak position
and distribution shape seen
among the various hadrons

from Y(4S) decays
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Summary

Great improvement in recent years in the knowledge of FFs and PDFs,
necessary for a complete 3D pictures of hadrons.

— Interplay between measurement of different physics processes and theoretical
calculations (global fits with different assumptions and approaches)

e*e” collisions provide the most clean environment for studying FFs,
complementary to SIDIS and pp collisions with polarized targets

o
Recent results at 0°~110 [y @ and ~13 GeV? BESII

— Collins asymmetries for charged hadron pairs in two-Jet events:

* nw, tK, and KK pairs (for i also A vs p,) \j @ BESIT
— Di-hadrons asymmetries measured for pion pairs => H¥*and G, @

* Consistency between extraction of h, with Collins or di-hadrons asymmetries
in SIDIS and e*e™. Implications on O? evolution of TMDs

— Measurement of single hadron multiplicities for several light and heavy hadrons‘ @
— Measurement of di-hadrons multiplicities @

Several analysis ongoing and/or planned at each experiment
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BABAR and BESIII perspectives

* Studies in progress (i.e. the close future):
i@ — p, dependence of Collins asymmetries for KK and Kzt pairs

* the analysis is presently stopped, but we plan to resume it in a few months

* we tested the Double Ratio (DR) method, and look for the possibility to measure
the asymmetries directly from normalized distribution rather than from DR

* BABAR plans (or better the wishlist)

— Lack of manpower and approaching of the end of BABAR activities force us to
carefully choose the analyses to attack next (if any) => suggestions welcome

— Differential cross section vs p, of inclusive particle production => determination of
Dl,qh(Z) Q2’ kT)
— Di-hadron FFs also for kaons (multiplicities and/or asymmetries)

* BESIII:

— Despite the fact that it will run for other 7-8 years, the manpower for this physics
topics is presently negligible

— Minimal plans (here also open to suggestions)
* Collins asymmetries for kaons
 Single-hadron production multiplicities
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BACKUP SLIDES
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Inclusive A, studies

Ac mass measurement

232 fb

The A" (cud) 1s the lightest c-baryon

We precisely measured its mass
reconstructing two low-Q decays, to
minimize systematic uncertainties

2.3 231 232 233

We find (PRD 72’ (2005) 052006) . AK’K* Invariant Mass (GeV/c')
— m(A, ") =2286.46 = 0.14 MeV/c?

More precise and 2.50 higher than the
previous PDG value:

— Mppg(A.7) =2284.9 +0.6 MeV/c?

Candidates/0.5 MeV/c?

2.5 226 227 228 229 23 231 232 22.3(
2%KIK" Invariant Mass (GeV/c)
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Inclusive A, spectrum measurement

Several fragmentation functions

implemented in JETSET generator AR YRR SR AL YA RN SRS SARLRARN
e 251 JETSET 44 JETSET  ¢'g, JETSET ¢4, N
— distributions affected by JETSET [0S et +BOFY o ¥ +KLP-M (O
simulation of gluon radiation 2.0
21,
— test each models against our data using
a binned 2
No model seems to correctly - JETSET JETSET JETSET

+KLP-B +Bowler +Peterson

reproduce the data, but

The fitted values of the free
parameters are quite different from
those used for light hadrons and
charmed mesons

P(xo)

—_
o

X

o

These results indicate the needs of
different functions for baryons and
mesons (like in DIS, where there is a [ ‘ -
dependency on the number of 0 02 04 06 08 1 02 04 06 08 1 ‘ 02 04 06 08 1
spectator quarks) % % *
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Inclusive A, spectrum measurement

We measure (at £.,=10.54 GeV):
<x,>=0.574 = 0.009
Total rate per event:

N =0.057 £ 0.002 (exp) = 0.015(A .BF)

assuming A" from e*e” —cc, we
et a production rate per c-jet of:

NS =0.07120.003(exp) = 0.018(A . BF)

Result consistent with previous

PRD 75, 012003 (2007)
» Compare to other baryons or
mesons

p—
I

»  Agpeak slightly lower wr.t. =,

» D mesons (both PS and V
state), show broader peaks and
differ significantly for x ~ 1

CLEO and Belle measurements

[ T I T T T T I T T T T I I T T T ] :I LI I LI I L I L I LI I:
" [e A, BaBar &2 ] = A, BaBar H ]
0.15-| e A_ Belle — = “°F * D" avg, Belle t H} .
[ |® A, CLEO i § ,oF " D*""avg., Belle gt E
3 - |a E, BaBar . 5 g{ L ]
= [ _ o i .
u§o1o_ ’ g 1.5 . =
s [ i o [ i .
z T % 4 i 3 1.0F on -
0.05 i — N - o ]
- - © B i' s -
i X}. ] £ 05 ou
- & o [ =
B N S L B

R - ii - =z - o
0 1 1 1 J-IJ- I- 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 0-0 1 I Ll |q|i
0 0.2 0.4 0.6 0.8 1 0 0.8 1
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More c-baryons inclusive spectra: E.° and Q_°

 Measurements based on a data set of 230 fb-1

0 .
. [ J
« ZEreconstructed in two decay modes €. reconstructed in 4 decay modes

— measured ratio of BFs

— measured ratio of BFs

60000 ' §16005””"""""""'!""" PRL 99, 062001
E o 1400 !
g 50000 B 1 FlrSt ev1dence Of 7 100" Histo is obtained S
guwoe L B—= ¢ decays 2 1000 with Bowler* FF \g
30000;_%' OC}O 8001 —e— -
& 20000) | e PRL 95 142003 ] | \ en sl
S 20000 i e ’ 600 | ]
W 0000E- * B S T 400E- { | —t- E
o? e s 2000 — x -
L SOOOO;_ + e On-resonance _; 0: !—l:i <
% 40000F o Off-resonance - - ]
230000{ e 5 © S RS I NG N S - B N e
T 20000 | = p* (GeV/c)
s 10000 :# == E
" 0 I —— -
; O O gr?;;}‘l’; BF(B—Q!X)xBF(Q — Q'
Ge /c)
i Froc S —[5.220.9(exp)=0.5(model)| x10°¢
B meson '0 i raction
Branchine BB — ZeX)x BE! - =) ,
ranching — (2.11+0.19+0.25) x 10-*. Integrated cross section for
Fraction continuum production
Integrated cross section from cc G(e+e' - QX ) X BF(Q‘C’ —-Q
G(e e — ~°X)><BF(~ —>=-n+) = 11.2+1.3(exp) = 1.0(model) b
=(388+39+41)1b ' \ ‘
( =41) * M.G. Bowler, Z. Phys. C11, 160 (1981).
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!

More c-baryons inclusive spectra: .  hep-ex/0607086

State Mass (MeV/c?) JP i E,c first observed by CLEO 1in 1999
2470 2 ¢« Am=m(Z')- m(Z,) =107 MeV/c?
E, 2575 1/2*
C . ':, ':
= Seas T — electromagnetic decay Z'.— Z_y
+ =0 = O

g RRAPSS R R R K= FrTT \ \ A ARERRBY"~UuREE RERRE RRARS
S 50000 % BABAR - 2200001 | % BABAR -
> preliminary > B preliminary |
84000 = 3 | ]
e} - . " . L . .
< - ] S t fragmentation function ]
§300 : 2 rp*>2. Gev/c -
.2 20000 —] T_)‘ :
+>‘ C ] e i
i 10000} - I | =
3 \ % /ﬂ :
9 - - S | ]
% :\\_)(\ | \ A % Oau‘\HHm”mH"Hi‘H‘\HH\HH\HH\‘H‘?HH*
&) 0 05 L5 2 25 45 5 @) 0 05 1 15 2 25 3 35 4 45 5

p* (GeV/c) p* (GeV/c)

» first evidence of B — E'_ decays

B(B— ErX)x B(Ef - E~ntnT) = (1.6940.17(exp.) £ 0.10(model)) x 10~
B(B — Z°X) x B(Z° — =Z~7t) = (0.67 +0.07(exp.) + 0.03(model)) x 10~

C
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Inclusive A, spectrum at the Y (4S)

Spectrum for Y(4S) decays obtained
subtracting the much harder e*e™ — cc
spectrum

Kinematic limit x, = 0.47
Shape consistent with previous results

We measure

NY

Ac

0.0910.006 (exp) = 0.024(A .BF)

Le. (4.5=1.2)% of B,, decays include
aA,

| Ll l LI | I LILE L I L L I L L I L L I E
0.505% o A, BaBar =
[ o A_ Belle -
040 e A, CLEO =
>< = -
© - A B, BaBar ]
S 0.30 -
¢ Y(4S)—=AX ]
Z 0.20F -
- ¢ ] { f :
0.10F —
F % ‘}k .
of® |

: L1 11 I L1 11 I | I . | I L 101 I L1l

0 0.1 0.2 0.3 0.4 0.5
X

p

» Data suggest a dominance of quasi-two-body decays like:
eB—=(Ap,A'n,AA, X p )+ mn
« comparing with MC simulations the favorite range for the number of

pionsis 3<m<5+

e also B decays into 2 charmed baryons seem to contribute significantly
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Correlated A *A_~ production

What about baryon number conservation?

— Measurements at high energies shows small rapidity differences between Baryon-
antiBaryon couples ==> “local baryon correlation”

— if “local” correlation and two charmed baryons produced from leading c-quarks,
we expect to see two more baryons ==> kinematically suppressed @ E_.,~10 Gev

— CLEO measured F (Acl_\c*X ) ~3.5 PRD 63, 112003 (2001)
P(A, DY)

BABAR looks for e*e™— A_*A_°X events

Observe 649 + 31 events vs ~150 expected ==>
ratio of ~4.2 consistent with CLEO result

very few additional baryons observed

most of additional tracks are pions produced at the
e*e” vertex ==>we measure 2.6 + 0.3 t*/event

there is room for additional ~1.3 “popcorn” nt’/event
2.2 units of rapidity differences observed on average

X 235 3
pK'x" or pKg Mass (GeVIcY)

All indicate these are “jetty” events with long-range baryon number conservation !
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MC analysis of FFs from SIA data

g;z a?‘:}#c:‘;;s,;,:;l+{*l{{|!if}# ll%.w II%W 1: VW- SatO et al.
E Ef 0.|7r a2 04 IJDA? O:‘; 0.2 a4 [ [ a'j: a2 0.4 06 s z z: [N 02 j.d 07 z arXiV: 1609.00899
=11l TPC 15{ TPC(uds) 13l TPC(c) 18 |
fm‘wﬁ-l E PR i (S IR L (O T
3 P e T T T ey |
T “Tromz o Sroom Good data-theory agreement
EN S I ] S H ) ;—"H also 1n this study, but

0.1 0.12 Zz 0.4 qu.x 0.2 z 04 ) 0.1 03 Zpp 09 ) 02 04 Zpgyp 07 uncertainties are Still large
L OPALED | orage OPAL(c) OPAL{b) }
= - o ’ ’ {
g1 ALEPH 14[ DELPHI t4f DELPHI(uds) t4f DELPHI(b)
i L) [ WORTY Y
-5 095
gl: L: ‘F : SLD(¢) :; SLD(b) )
Eo_g “ 09 H ! 1 o }
;5 osl SLD l wl SLD(uds) IH 0s }| 08

FIG. 5: Ratio of experimental single-inclusive e*e~ cross sections to the fitted values versus z (or
Zmin for OPAL data [22, 27]) for pion production. The experimental uncertainties are indicated by
the black points, with the fitted uncertainties denoted by the red bands. For the BaBar data [10)]
the prompt data set is used. 44



Analysis strategy

« Two analyses performed at BABAR:
1. etee > X+ ar PRD 90, 052003
- asymmetries as a function of pions z and p;
2. ete > X + an/nK/KK PRD 92, 111101(R)
- simultaneous extraction of asymmetries for sz, 7K, and KK pairs

Analysis strategy: Selection of two jets topology: thrust > 0.8
* Perform event and particle selections 2t 1 e
* Separate into 7z, KK and Ko candidate sets and £ 2 %EES
subdivide into Like and Unlike charge o e =
* Charged data set is the combination of U and L. 125 Dsrasra
* Measure azimuthal angle distributions for each pa Nt
set in both reference frames o
» Take the ratios of Unlike to Like and Unlike to 2 ANAAMANAOL
Charged nOrmalized diStributionS 8.5 055 06 065 07 075 08 085 09 O'Q?hrusg

* Subtract background contributions and correct
for particle misidentification

* Extract Collins Asymmetry from each set, as a function of kinematic variables

20 February 2018, Stresa Fabio Anulli 45



Extraction of the asymmetries

* The experimental method assumes the
thrust axis as qq direction =~ 0

* This is only a rough approximation 1000 {\ thrust

Opening angle between thrust axis and qq axis

Introduces dilution of asymmetry in RF12.
Correct through MC study

No dilution effect in RFO0

- - ] T T ™ T T T L g
g e Ay : ! : B
8 22F, AU ' ' : ¥ 3
G Lt 10 A " I " N
c 2: :JzL 0 " 0" Lo, .
- A | S (TA o
g 8 A Ao " " " 3
3 1.8 e Al : : , : E
& - " " Ay " -
c 1'6‘_- A ] O ny O " -
U : A_() | ’-O |'O " :
14— .. © (TA " " —]
- 10 ] 1 (] .
12F ! ] i BABAR _-
i ] 1] ] -
|| i i bt et SR TEE TEE™ TS LEPT EEF" SEEFT S f FEE EEE RRP R
I | PN (N TS T ST SRS N SN TR S [ T S S N S TN SN NS SN S

0 2 4 6 8 10 12 14 16

@2 )y
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Extraction of the asymmetries

* Simultaneous extraction of the asymmetries corrected for background (mainly charmed
hadron decays, but also BB and t+t—) and K/z misidentification in each fractional energy

interval
* Fit independently the double ratio distributions of the three selected samples KK, Kn, nn

meas Collms KK )
KK — Agx T+ ZFz - Ak

1. Background sources:
 mainly from e*e-— cc events (more than 30%);

smaller contribution from BB, t"t" (As~A+~ 0) D*— Dt*, D%— K=, D'—
e construct a D*-enhanced MC and data control LK3T[, DV— Kan’, D'— K«
samples to estimate the charm contribution I
* The fractions (F(f)zuie"") of hadron pairs meas _ ACO ins 1 FK K Acharm
coming from signal (uds) and background { KK — “ds
events (cc, BB, 171°) are obtained from MC AP — (KK Co llins fK K Ac harm
K uds

simulation

20 February 2018, Stresa Fabio Anulli 47



Extraction of the asymmetries

* Simultaneous extraction of the asymmetries corrected for background (mainly charmed
hadron decays, but also BB and t+t—) and K/z misidentification in each fractional energy
interval

* Fit independently the double ratio distributions of the three selected samples KK, Kn, nn

meas Collms KK 1
kk = Fuds - Ag ‘|'ZF2' - Ak

2. K/m misidentification:
« Evaluate from MC the fraction (&;,(™ ) that a given hadron pair is
reconstructed as KK, K=, or rt pair

III(I—(}?S = F,q, - (Zg KK) ACollzns) + Fcng ) (Zé- Acharm)
( Ehh(hh) <« reconstructed hadron pairs]

L \a generated hadron pairs

3. Solve the system of equations to extract all asymmetry parameters
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Extraction of the asymmetries

B = Fjr - (S%KKK@ §§<I§rK£AK7r " f(K sA )} O = Collins

FEK (¢ KKKK AT 4 gKIfTK CAo .y gBK)C e ) asymmetries for
meas _ pKn ( 7r) A + wa - f( K) 2 Dt light hadrons
FCKW ( K?f)ccA ko lefrW € 4 é-(Kﬂ')ccAch)
Amees = FIT - (63030 Axc + 607 Axcr +§ )+
Frm . (elrmee geh | ¢(nmce yon £ (wm)ee gch )
AR = FiE §<KKK>D K€D Aren + €00 Arr)+
ng'( I(KKKK)CC D* Ac _|_€KI§FK cc—D* Ach _|_€KK cé—D* Ach)
Afe = Fif - (€507 Ax +6K,r Agr + €GP Are)t
& e +«st§” T A + XD AL
AR = o %}?D*A +sK,r Kn +ETOD A )+
Zréw.(g;;)CCDA _|_§I?77:cc DAch _I_é-7r7rcc DAch)
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Systematic uncertainties

1073

X

A large number of systematic Ozsé_;e::d
checks were done. The main =40 Jmme |  RFI12: KK
. . . : EEweights

contributions come from: % 0.15E | | »
- MC uncertainties 01E-
- Particle identification (PID) E

: 0.05F = - .
- Fit procedure :

0

- Dilution method 1 2 34 56 7 8 9 10 11 12 13 14 15 16 I’
- Eviscut (Z,Z)) i
%107
0.15F|

Additional checks show negligible o
effects, such as: eg -1
- Beam polarization studies i
. Asymmetry consistency between 0.051

different data taking period :
- Possible coupling between Collins 00_ o 3 s e T2 13141511

and detector effect : : _
Sum 1n quadrature of systematic uncertainties

(absolute values)
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Use Collins FF to extract Transversity

/SIDIS: Semi Inclusive Deep Inelastic Scattering

Transversity function

) 1 , O ocsin(;]l)h+¢s)ﬁl'(x3)®Hﬁ(zl)

~

o \é/ Factorization theorem:
v h geP—ehX _ ZDF X 0(6(] N eq) % FF

J

SIDIS
 Unpolarized lepton beam off
transversely polarized nucleon target
- non-zero Collins effects
- spin direction known
- two chiral-odd functions
Transversity PDF & Collins FF

SIDIS (HERMES & COMPASS) e+e- (BELLE,

BABAR, BESIII)
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e*e  annihilation
* v* (spin-1) goes to spin-1/2 g and g
- Two Collins functions
contribute to the cross section
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Collins effect in pion pair production: 4 vs (z,,z,)

Measurement performed by Belle (PRD78, 032011, Erratum PRD 86, 039905) and BABAR
(PRD90, 052003) at Q>~110 GeV?, and by BESIII (PRL 116, 042001) at Q*~13 GeV?

PRD 88,032011(2013) PRD 90,052003 (2014)

02 02203 032,08 @ <‘-l‘ .|-|o.|5.0.21|' ) “AI'ZL"L Hzl=0203] T T {z1=030.4)]" " t" 'AR
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_— » 10"F —T —— ——
s 01f - —_— ] e T e
<°°5 b ! ‘ S, P —— - ——
N s . . . . . _'_+_._ _'_-'-r-!-""" - .
obhe TSR 102F . ¥
.o'w C PR IR " C " 1 Leaaad henaebasad X : ..................
ogf ssacar F oraa [ 4 21=(04-0.5]] {21=105-071 ] {z1=10.7-0.9)
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el IR P 02 04 06 08. 02 04 06 08. 02 04 06 08,
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 - : ' : zZ, ’ : : Z, : : : ' z,
z, z,
- oA, 450X : . . ] .
<02F 9 v PRLTI6:42001(2016) | . Significant non-zero asymmetries A1, Ao in all bins
s uc N . .
015 ) A, prediction* ' - Strong dependence on (z1.z2) observed in all the
A1 EJ A prediction™ experiments
« Auc<AuL as expected; complementary informations
- about favored and disfavored fragmentation processes
(z1’z2)bln
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