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Introduction

Parton Distribution '
QCD picture of the Functions
nucleon (PDFs) H
[
three non-relativistic quarks infinite number of relativistic quarks
https:/ / www.annualreviews.org/doi/pdf/10.1146 / annurev-nucl-011720-042725 and g luOTlS
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Realistic picture |

Parton Distribution '
QCD picture of the Functions
nucleon (PDFs) H
J
three non-relativistic quarks infinite number of relativistic quarks

https:/ / www.annualreviews.org/doi/pdf/10.1146 / annurev-nucl-011720-042725 and g luOTlS

Hadron formation

F

Pt
i
,,,,,

 How many particles and how 0|
Y L <ooooooe ) )" )

| many jets created?
 What fraction of the initial
parton momenta do they carry?

electro-weak 0O(0.>) Leading-Log QCIS 3\:
https:/ / pdg.Ibl.gov /2019 /reviews / rpp2019-rev-frag-functions.pdf h

e - e —

Functions
(FFs)

v
Resonance Decays

|
Fragmentation '
J

e m— s ——

Universal and non-perturbative objects
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Parton Distribution Functions

HORNO

Boer-Mulder

i

O - O]

HeI|C|ty

Nucleon polarization

1
Sivers

b

Nucleon Quark
spin spin

Transverse Momentum Dependent (TMD)
TMD independent

hl: Transversity PDF

- Describe the distribution of quark’s transverse spin in a

transversely polarized nucleon

e Chiral-odd

I. Garzia - 27/06/2023
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f1, g1, and hy : three leading-twist
PDFs

- probability interpretation;

- complete description of the nucleon
structure at leading-twist level;

- provide 2-dim (collinear) picture of

the nucleon structure
- TMD: 3-D picture




Fragmentatmn Funct1ons

| Format1on of colourless hadrons startmg from a coloured partomc 1n1t1al state

- probability that a
parton i fragments

u 'Dl - @ Unpol | He-(1) - Q) into an hadron 4 -
Collins carrymg away a 2000

L G- - G [Hue G- @ fractio? z of the

parton’'s momentum

oo - ® e - H@ ¥o H;L: Collins FF

« Chiral-odd function
Hirt é - é

P v
Yo YA <

Resonance Decays

Nucleon polarization

Polarized FF

O_, Nucleon @ Quark Transverse Momentum Dependent (TMD)

spin spin
wWiL Indcperidciil

Transverse Momentum Dependent (TMD) FFs = to study the spin-dependent observables

* tools to investigate the 3D-structure of nucleons
- when only spinless hadrons (w, K) are considered, we have only D; and Hi+

« TMDs evolution
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How to access PDFs and FFs

 Physical observables are written as a convolutions of coefficient functions and PDFs/FFs

* QCD factorization theorem: separate the cross sections into a perturbatively calculable scattering
contributions and non-perturbative one encoded in PDFs/FFs

(m 25 ,u’2 )

14 ¢ No X / £ e

——

N=" f(z,u2) ~X Ni “f(z1,u?) X N et
DIS DY SIDIS SIA
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How to access PDFs and FFs

 Physical observables are written as a convolutions of coefficient functions and PDFs/FFs
* QCD factorization theorem: separate the cross sections into a perturbatively calculable scattering
contributions and non-perturbative one encoded in PDFs/FFs

- ——mﬁ

SIA

Flavour/charge separation
SIDIS: needed input on FFs;
Limited access to gluons

Direct access to PDFs; Sensitive to gluon FFs; large z behaviour;
Large theoretical uncertainties; no sensitive to heavy quarks
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How to access PDFs and FFs

 Physical observables are written as a convolutions of coefficient functions and PDFs/FFs
* QCD factorization theorem: separate the cross sections into a perturbatively calculable scattering
contributions and non-perturbative one encoded in PDFs/FFs

|/ ¢

SIA
Flavour/charge separation Clean process, high
SIDIS: needed input on FFs; statistic;
Limited access to gluons Sensitivity to heavy
quarks;

Direct access to PDFs; Sensitive to gluon FFs; large z behaviour;

: oy . Limited in flavour
Large theoretical uncertainties; no sensitive to heavy quarks

separation; Limited
access to gluon FFs
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Belle, BaBar, BESIII detectors

~
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K, T, p separation
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6580 CslI crystals
e+ ID, m0and y reco

Electromagnetic Calorimeter

Instrumented Flux Return
12-18 layers of RPC/LST

N

u ID

et [3.1 GeV]

Drift Chamber
40 layers
" | tracking + dE/dx

Silicor; Vertex Tracker
5 layers (double-sided Si sensors)
vertexing + tracking (+ dE/dx)

l
100 GeV?




Unpolarised FFs

From PDG
10175||Illlllllllllllllllllllll]llllllllllll]lllllllll_'
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BaBar: PhysRevD.88.032011
Belle: PhysRevlLett.111.062002

“arbitrary normalisation in order to
compare the shape



https://doi.org/10.1103/PhysRevD.88.032011
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.111.062002
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* Global fit analysis (e+e-, SIDIS and pp data)

performed in order to extract the FFs for gluons

and different quark flavours

e DSS fit: PRD 91, 014035 (it includes Belle and

BaBar data)
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BaBar: PhysRevD.88.032011

Belle: PhysRevlLett.111.062002

“arbitrary normalisation in order to
compare the shape

PRD 91, 014035 (2015)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.014035
https://doi.org/10.1103/PhysRevD.88.032011
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.111.062002

Inclus1ve 11ght hadrons productlons

1 do(ete™ - h+ X) -.,
o(ete” — hadrons) dp,, "

e Data set used: 558 tb-1 @ 10.58 GeV
e Update version of ISR correction ==> direct
applicable in global fit analyses

do/dz [fb]

108

107

10°

10*

10°

10°

Belle Update PRD 101, 092004 (2020)

Suppl. Materials

¢
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y4

e correction obtained by calculating the ratios of MC cross sections with and without ISR
» overall systematic uncertainty ~10% (dependence with s of fragmentation models; shift in

the energy fraction)
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.092004
https://journals.aps.org/prd/supplemental/10.1103/PhysRevD.101.092004/supplement.pdf

~Inclusive 7 and K% production @ BESIII

BESIII: PRL 130, 231901 (2023)
ete~—710/K0s+X studied at six c.m. energies from 2.2324 to 3.6710 GeV Suppl. Material

* M(yy) and M(mttrt-) spectra divided into Apr/x=0.1 GeV/c intervals in order to extract the
corresponding number of signal events Now ] BGS]]I

e Normalized differential cross section: oS A_phfh
had

sk /s = 2.2324 GeV /S = 3.0500 GeV 0.3k Vs=22324GeV [ s=30500Gev | INNFF1.0, ARS, AKRS:
ol B nNFrLoNNLO | : o inclusive e+e- data at NNLO
i 3 a a
4: .. f:::l:t‘; 0.2: +++ C [+ accuracy
[ —— ARS NNLO X [
of e 0.1 + + [+ * MAPFF:
o . e ol o o> ke TS, |+ Lepton-proton fixed target
Q i L : [
% 8 Vs = 2.4000 GeV % 0.3F Vs = 2.4000 GeV : Vs = 3.4000 GeV
) 2 4 ' ' -
= ; I ook + g + Lepton-proton fixed target and
gg _gj“ 4 ;m Q?‘m ++ proton-proton collision
o A ' - o 'c; 0.1 + _
~lg" "'l-:-?:-!_-‘mh-_-__._._ ,—40}:" S e T S BT =i |
8F (s=2.8000 GeV | 0.3k Vs = 2.8000 GeV s-serocev | Disagreement observed to
: : : +4 -
6t ; ook + depend on both c.m energy
N : | + and hadron momentum
2F + .- I 0.1/~
:.-ll:l 1 ] l-.-;.:-"_ﬂﬁ-l-.-l-o-l. : :-O-| PR TR T I T T T I-.:.*:’1 TR BT E R B v
0.5 1.0 - : : 0.5 1.0 05 1.0 15
P, (GeVic) P, (GeVic)

Leading twist calculation not sufficient at BESIII energy scale? Consider quark mass and hadron mass correction
effects? small-z resumption effects? problem in the extrapolation of FFs from high energy data to low-energy scale?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231901
https://journals.aps.org/prl/supplemental/10.1103/PhysRevLett.130.231901/Inclusive_pi0_Ks_Supplemental_material_PRL_3rd.pdf

T MD s1ngle hadron productlon cross sections (@ Belle

" Belle: PRD 99, 112006 (2019)

First direct measurement of unpolarised
cross section as a function of z, pr and
thrust

Definition of thrust event shape variable:

o PSS -
S4B

z=2E,/\/s, Pr=—zKT

400 F
D - data res —data cont N + /px10
5 350 F [JeecC  [Meess T K x4 PP
- [lleeul |:|tau

0FmeB  mB° B
— licharm [@luds

06 07 08 09 1 06 07 08 09 1 06 07 08 09 1
Thrust Thrust Thrust
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.99.112006

T MD single-hadron production cross sections (@ Belle
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 Similar behaviour between hadron types
* Atlower pr, the behaviour resembles a Gaussian (which is assumed for TMD FFs); the gaussian widths
vary with z and thrust
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.99.112006

Extraction of TMD single-hadron production cross sections

vvvvv

TMD factorization formalism developed: good description of pr
distribution for z<0.65, threshold (~ In(1-z})) resummation

required for z>0.65

L. Garzia - 27/06/2023 IWHSS-2023

csec (as in BELLE)

csec (as in BELLE)

M. Boglione et al. SPPP8, 139(2022)
[HEP02(2021)076

T
24,=0.425 @
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. _
100000 | T=0.875 i
Preliminary ]
0 0.2 0.4 0.6 0.8 1 1.2
P{GeV)
Zh=0.4|25 —
2,=0.475 —A—
2,=0.525 +¥—
1x106 | e 21=0.575 5
100000 + f T=0.825 _I i
Preliminary
0 0.2 0.4 0.6 0.8 1 1.2

Pr(GeV)

The factorized eTe~ — hX cross section is
differential in three variables: z, pt, T

Thrust dependence of the ete™ — AX cross
section described for the first time
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https://link.springer.com/article/10.1007/JHEP12(2020)127
https://scipost.org/SciPostPhysProc.8.139
https://link.springer.com/article/10.1007/JHEP02(2021)076
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Polarised FF: the Collins eftect

e h

D"(z, u?)

X ,, Hit?

chiral-odd function

IWHSS-2023
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e . h e . hl

D" (z, u?)

P
qt—hX: D({T(Z,PL; Sq) = D(ll(Z,PJ_) 4 J_ Hllq(Z,PL> Sq (kq X Pi)
yd Z]\/[hm?“

Unpolarized FF Collins FF [NPB 396, 161 (1993)]:
related to the probability that a transversely
polarized quark (q') fragments into a spinless
hadron

» Evolution of TMD objects
» Global analysis (PRD 78,032011 (2007); PRD 87,094019 (2013), PRD 91,014034 (2015)):

- combines Semi Inclusive Deep Inelastic Scattering (SIDIS) and e*e-data

- extraction of H'i and transversity parton distributions h; for the “u” and “d” quarks

L. Garzia - 27/06/2023 IWHSS5-2023

Polarised FF: the Collins effect
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Collins effect 1n ete- annihilation ”

In e*e-—qq, spins unknown, but s || sz
- exploit this correlation by using hadrons in opposite jets
* define favored (u—n*, d—n-) and disfavored (d—n*, u—n-, s(s)—n*+) FFs

ete—qq—h,h,X (q=u,d,s) = oxcos(pi1+¢p2)H,L0Dx H L))

——

Azimuthal modulation wrt the quark spin direction:
Collins effect (or Collins asymmetry)

3 B3 s < g S s < Y T B G B3 il < A S

Example: Like 7w pairs (L) i et i e e o T A e

f e’ et !
I S i S
‘ ) Pl S |
fav .7 dis dis 7 fav T~
% & € §

L . - o 0 NNy o - P =y Za i . =y o ~ T - o _ Ny

,‘ Collins ésymmetry- for mm |

J = bl < ~AE S i < vy S =G @ =" S

.

; T — Jv .
“ ;&U - s ' ) P —
: o - | or ;c : . s ot |

( 4 faV ,,” faV A d I S j’id Is \‘ ' :

Example: Unlike tz pairs (U)

§ Collins asymmetry for a7 § & 23

pa g e e e o g PR O D P TN Y T VRSB O R IR B DN P E e S i Y D OO e ’ gy o : S 5 e
R T S . R _ el R N k —LE o - N ) = o . P - S . -
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Reference Frames

| VSVee D; Boer, ﬁPB 806, 23»(»209) A
d0'(6+€_ — hq hQX)
RF12 dQUdzy dzoddy ds

2 Z
Z Sa z1 22 [(1 + cos?0) DY’ (0)(2 ) DY (0)(,2 )+

- sm2<9)cos<cm + o) Hi~ M (20 H D ()

T —
All quantities in e+e- center of mass

0: angle between the ete- axis and the thrust axis;
¢, »: azimuthal angles between Py, 1) and the

scattering plane

0,: angle between the efe- axis and Py;
0,: angle between the plane spanned by P;, and the e*e-
axi1s, and the direction of Py, perpendicular to Py,.

All quantities in e+e- center of mass

do(ete™ — hihoX) 3a” |
_ A(y)F[D1D
BRI A Q2 ——-2775 { (y)F[D1 Do)+ \
. o By HiHf |
+  B(y)cos(2¢0)F |(2h - krh - pr — kr - pT) ]\411]\422 } } /
T —
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N(U L)(<1>)/<N(U L)(<|>)> in MC sample

115  Collins asymmetries extracted from fit to the
11 \ / normalised azimuthal distribution
1.05¢

1
0.95| L N (QSOé) _ b

0.9f- MC ROé _ — a —l_ . COS(¢O¢)
0.85] f < N 8 >

.f| — Unlike charge: n¥n* =>R, | ]

“F| - Like charge: n*n* =>R : : :
07| 98- v - E * MC generator does not include polarised FFs as
L R the Collins FF

* modulation observed in MC sample
"t "t . produced by detector acceptance
NT2(9)/<NT2(¢)> in data sample * correction of these effects would bring too

ST T T T large systematic uncertainties
This is the e Ratio of U and L distributions
Collins effect! / E e Collins effect is not sensitive to the electric

14

1.05_%
1

095} E charge

09 Dat E « U and L sigli different in data due to the
0.85:— dlad = . . .

08 [ Data:R, E different contribution of favoured and
075} —Data: Ry, E distfavoured FFs
0'7-131.11-211‘1-111110“llél‘llélkllfli
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~ Asymmetry Measurements from Data
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(Collins FFs Results

First measurement of Collins effects in e+e— annihilation (PRL 96.,232002)

PRD86.039905 Pl PRD86.039905
0_2; 0.2<z,<0.3 0.3<z,<0.5 == 0.2 [ 022,03 0.3<2,<0.5
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0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Z Z Z, Z,
o [/ ~547 tb1 at ~10.58 GeV
* Non-zero asymmetries increasing with z
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.039905

10°%E

10°'F

Collins FFs Results
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.071501

by FE

PRD 93,014009 (201

:'r:»f

 First extraction: Anselmino et al. PRD 75,054032
 Global analysis with SIDIS (HERMES (PRL103,152002), COMPASS (PLB744,250; PLB673,127)) + BaBar RF0
data (PRD90,052003) and Belle RFO (PRD78,032011) data

| Full QCD dynamics taken into a clu Collins FFs
' TMD evolution effects at the NLL’ order and |

perturbative QCD corrections at the NLO |

e

Transversity PDFs
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First simultaneous QCD global analysis with SIDIS, e+e- annihilation, DY and proton-proton collisions

 Test of universality

 Indication that transverse-spin asymmetries in high-energy collisions have a common origin
- Extracted quark tensor charges are in excellent agreement with lattice QCD
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Extractlon of Collms FF for Kaons

 Pions FF from previous analysis
 Similar parametrisation for

kaon favoured and disfavoured ¥ o}

FFs as used for pions
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~ Azimuthal asymmetrles of back-to-back n* n/ n*n0 from Belle

PRDIOO '092008
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A/A hyperon polarization at Belle

e'e—A(A)X and ere——A(A)=X using 800.4 fb~! collected by Belle at or near Vs=10.58 GeV

==> production of transversely polarized A hyperons from
unpolarised quark
==> chiral-even and T-odd function

Distribution of protons from A decays with a transverse D q€s 24%5_ AYDy1/4(z, p1)
polarisation P: Py(z,p,) = 22LD
1 dN quq T A/q(zs p_L)
— 1 + aP cos 91 fd(COS 6) sin(20) PRD 100,014029
[

Ndcos@ R * Td(cos0)(1 + cos?6)

A
0: angle between the axis IAloCTXﬁA and the proton momentum in the A rest frame; a 1s the world

average value of the parity-violating decay asymmetry for the A (from PDG)
==> Significant transverse polarization 1s observed
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A/ A hyperon polanzatlon at Belle results

" PRD 122, 042001 (2019) ¥
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A/ A hyperon polanzatlon at Belle results

"PRD 122, 042001 (2019)
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 low za: opposite site and increasing magnitude
- Sensitivity to the flavour dependence by selecting a light hadron in the opposite hemisphere:
A polarization from s quark 1s negative: negative asymmetry observed in AKX at high zx, where s to
A fragmentation dominates

« In Am X and AKX u—A fragmentation dominates at low za: u fragmentation to A 1s positive
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First extraction of A polarised FF from Belle
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* Clear separation in flavour achieved

« The needed of sea-quark polarised FF 1s well
supported

- Extracted the first pt dependence

Higher statistic and complementary studies in other
processes needed for a deeper understanding of this
TMD-FF and solving the long-standing puzzle of the
observed spontaneous transverse hyperon polarisation
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Di-hadron Fragmentation Functions @ Belle

1

D} (21, Q°) D}, (22, Q%) |
- more likely hadrons emerge from different parton
| ==> single hadron FF for each hadron

| more likely hadrons emerge from the same
| k

parton ==> di-hadron FF

Give access to favoured and disfavoured fragmentation processes: the ratio of inclusive cross sections

for charged di-hadrons in various topologies and for different hadron type combinations are calculated
Several definition of fractional energies:

Belle: PRD 101, 092004 (2020)
& = 2Eh/ \/E facilitate the
n=2id R AEMP " etton in term of
q P -q Nucl. Phys. B160, 301 (1979)
Z1 = (P1°P2—A§1.A]/‘£§2> Pg-q—12 Prq
1 < 2

single-hadron FFs
MVH: highlight the
transverse momentum
PRD 100, 034011 (2019) ™ "' "4 o4 in the
fragmentation process
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~Di-hadron Fragmentation Functions @ Belle

Belle: PRD 101, 092004 (2020)
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Di-Hadron in any hemispheres as a functions of z1 and z> using conventional definition
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~Di-hadron Fragmentation Functions @ Belle

Belle: PRD 101, 092004 (2020)
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Di-Hadron in opposite hemispheres as a functions of z; and z> for same sign and opposite sign pion pairs, and
comparison between conventional, MVH, and AEMP fractional energy definition
MVH and AEMP suppressed at small fractional energies; close to unity at high z
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- ¢'e™ annihilation experiment 1s an excellent laboratory to study fragmentation
processes

* Crucial information for global analysis
- combined with SIDIS and pp measurements to access PDFs

- Sensitivity not only to collinear FFs but also TMD FFs:
- explicitly pr dependent unpolarised FFs
* Collins azimuthal asymmetries
» Polarized A fragmentation
 Di-hadron fragmentation function measurements

« Many other new analyses and studies in ongoing
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~Inclusive 7 and K% production @ BESIII
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1.0F
0.5F
".JQ-Q“Q.‘.-‘_I. ' ' B i".Olu__'_l_l
1. . 04 06 08 1.
ZKg
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Inclusive light hadrons productions

| %BA BAR
+ Data set used: 0.9 fb-1 @ Y(4S) and 3.6 fb-1 at 10.54 GeV PRD85,052011
. . 1 ' LI | I LILILL) I LI ELIL) I LI B I rrni 7
» measured both prompt and conventional hadron cross section , BaBar -
 prompt: primary hadrons or products of a decay chain where 101 \ Prompt i
all particles have a lifetime shorter than 10-11's ' ‘ E
 conventional: includes weak decay products of KS and strange ' ) ]
baryons ok \ _
¢ Scaled momentum distribution: xp = 2p*/Emc (0.2<p<5.27 GeV /¢) : ‘ .\;\
] 2~ b TR NS T
Vs ~N A N -
o 1 ’ ( : N N N
JETSET model: 3 10 JNi ‘N
- represent the color field between the parton by a “string”, and according to an iterative S | NN \\ NN \ S
algorithm breaks the string into several pieces, each corresponding to a primary hadron £ NN N \Ne "
- large number of free parameters (models many hadron species) gw ’ [ 0.\ \ N . . \\
Tz 10°§H ¢ . \we\\E
HERWIG model: : * \! \ '
- splits the gluons produced into qq pairs, combines these quark and antiquark locally to ! * . \\ \ i
form colorless “clusters”, and decay these “clusters” into primary hadrons 3 N\ %
- few free parameters 10 + ¢ N\ \3
UCLA model: " K (x0.5) Y
- generates whole events according to weights derived from phase space and Clebsch- *  plp(x0.25) *‘ 7
Gordan coefficients 10% — UCLA | { =
- few free parameters — - JETSET 13
-—- HERWIG .
|
. . . . . -5 1
» Good qualitative description of the bulk spectra (no the details) 107 E 401000t itaiitay .l‘
1

0 0.2 0.4 0.6 0.8
Xp
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Modified Leading Logarithmic Approximation (MLLA) with 3.0

Local Parton-Hadron Duality (LHPD) ansatz (Z.Phys.C27,65): 25
1) the multiplicity distributions vs & = - In(xp) should be

Test of MLLA+LHPD QCD predictions

Gaussian near the peak

3.5

3.0

2.5

Peak Position &*

2.0

1.5

I. Garzia - UniFe

'Ll rrr[rrrrijl ] _I'

~ BaBar .

— prompt —

ur - -
S 20 -
[ = -
© - -
= 15p —
(0] - -

Z _ -
T 4o0E Syst. errors 7]
- & —— Gaussian Fit ]

05 - T Distorted i

~ Gaussian Fit =

0 -

E=- ln(xp)

2) the peak position should decrease
exponentially with increasing hadron mass
at a given Ecm
* observed that &k = &
3) £* should increase logarithmically with
Emc for a given hadron type
* similar slope for pions and protons,
different for kaons
* possibly due to flavour composition
changing with Ecm,



| A hyperon Colhns FFS pred1ct1on

PRD 97, 114015 (2018)"

. Theoretical expectation from Collins FFs for A hyperon: ete——AAX
« Process accessible in ete~ facilities
« Collins FF: complementary information to Dirt

| v I v I ! I v I v I ' I v I ' I v v I ! | ' | ' I ! 1 ! | v I v 1 ! I
-

0.010 + [ error band ] [ [ error band
[ ——Q’= 023 GeV? 1 0.002 |- ) > 1
: : ] [ —Q’=0.23GeV’ ]
- = Q’=1GeV - = Q=1GeV’ ]

0005L -+ Q=(10.52) GeV’

0001 ,° - Q= (10.52) GeV’

= = 0.000 = — 0.000
I -\ I [
- -0.001 I
-0.005 I
: u and d quarks oo [ S quarks ;
001000 011.0.2‘0.3 0.4 05‘06‘017 08‘09‘1.0 0.0.0.1‘072‘073.0.4‘015.076‘0.7‘0.8.0.9‘1-.0
Z Z
0.05 N T T T T T T T T
+ Azimuthal asymmetry prediction in RF12 frame for 0.04 F ¢’e>ARX process
0.2<21<0.7 (integrated over z») 0.03 f — evolution
- Increasing asymmetry with z, of the order of several 0.02 | ]
percent < oot f
0.00 :
001
0.02 | 3
_003 : L 1 I 1 " 1 L 1

0.2 0.3 0.4 0.5 0.6 0.7
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.114015
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Azimuthal asymmetries of back-to-back n* (no,n, nt) from Belle

e

- PRD100,092008

12

12

012y 3 New Belle analysis: RF12 only
[ PRD 78, 032011 N - . .
. § sy 1 1+ No charm correction: only the estimated charm
0.08 [ 10 -] . .
sool. 271020030 1 | 2-1030050] ' fr.actlons.are provided | |
voak " AN * A " 1 - bin-by-bin generated-thrust axis correction (not
00} ° 4 EN 3 the ggbar axis)
of Jf 1k 1+ Ptsmering correction
0af Ty 3+ MC asymmetry subtraction
0.05F 2=0.50,0.70] 3 £ 2=00.70,1.00] E ,
i ER3 1 Only for results comparison:
0151 Ed i 3+ Vanishing charm asymmetry
0.1 ! ¢ 3 F " i+ No thrust axis correction
C 1 E ¥ ] . . .
0.05F , ot ; 1Ee 31+ Kinematic factors taken into account
“03 04 05 06 07 08 03 04 05 06 07 08
Z, '_ u - J L
— = = 0.08 [ I A5, with stat. uncertainties 1
jﬂ 5 | R o 0.06 — - AY: systematic uncertainties _
’ pﬂ=[0.-0.25] (GeV) | ] p =[0.25-0.5] (GeV)l g N C
| 0.08F ™ Ano 1F > 0.04 n P,=[0.00,0.15] GeV
- 0.06F v Apuc E - 0.02 :
< : 1 |—-= -
PRD i1 of
90,052003 | :
(2014) ! ] __."."f'l"."."."n".'T'."f'."f'."f’." '''' 0.1 f
o T _ _pn=[>o.75] (GeV)l L _ 0.08;
| E 11 ' S 0.06f
. 006 _ : 3<5"— o.0ak
< o0l == 1F | 0'025
| 0.02E : S S *——* - 05
| i 1 ] C 1L
O D T T T 0.1 02 03 04 0.5 0.6 0.1 02 03 04 05 06

0 02 04 06 08 10 02 04 06
p, (GeV) p, (GeV)

Py [GeV] P, [GeV]




PRD92.IIII0I(R)

Simultaneous measurement of KK, Kn and nr Collins asymmetries
- all corrections are applied

o o Sp00s frke| o ) =
* Rising of the asymmetry as a function ' F o ks : + : : + ++ E
of 41 IS L ST LS
¢ more pronounced for U/L T ¢ + + : + $}::+ =
2 . . 002— EEJl qr @ éEhll @3’ n éﬂ:+ —
@ AUL KK asymmetry slightly higher TE e +§ +§P @ ' :: § =
than pion asymmetry for high z o *::: ****************** A —
¢ KK asymmetry consistent with zero at 8 _, o, v .o T T TS
lower z < 0.03E- : :: :: q}—?
0025 b :: RN
= " n n dh =
. 0015 T +4g> T3 A7 S
Note that AUL and AUC asymmetries 0#} ] #&%} + ;%} ,,,,,, '&& ,,,,, #’ﬁi& ++ ﬁﬁ}f fffffff 3
are obtained using the same data 001 E
sample, and are strongly correlated B
7,015 0.2 03 0.5 0.9

| | 1
7915020305 0(;95 02 0305 0%95 02 03 03 0(?';95 0203 0.5 0.9
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PRD92.IIII0I(R)

Simultaneous measurement of KK, Kn and nr Collins asymmetries

- all corrections are applied

0oF [T rx : : :: I
"E 0 Kn ) : ] {}j =
015 | . | : | ¢—5
0.1F : LJEI B N =
0.05E- . Y T ' & d]j::'W % ¥ E
P A R é
e T
008 E E E =
0.06] E E E & ¢ E
0.04 ¢! *da}: # f; - ; —
[ gl n (] .
0'02:_*%‘?5}?%*:ﬁ+@& :‘*@%ﬂ“ﬁ&?:‘ﬁ} =
AR S T :

2,015 02 03 03 0.9 X

| | 1
715020305 00195 02030 00;95 02 03 0.5 00195 02 03 05 09 »

¢ Rising of the asymmetry as a function

of z:
© more pronounced for U/L

@ AUL KK asymmetry slightly higher

than pion asymmetry for high z

@ KK asymmetry consistent with zero at

lower z

Note that AULand AUC asymmetries
are obtained using the same data
sample, and are strongly correlated



Favored and Disfavored processes

Different combinations of charged pions = sensitivity to favored or disfavored FFs
* favored process: fragmentation of a quark of flavor q into a hadron with a valence quark

of the same flavor: i.e.: u—x*, d—m

e disfavored for d—=n*, u—m", and s—n=

Unlike-sign pion pair = U:

—

n*n: (fav x fav)+(dis x dis)

Like-sign pion pair = L.:
m=r=: (fav x dis)+(dis x fav)

Charged pion pair = C (U+L):
nn: (fav + dis)x(fav + dis)
T=7r*

—

—

-~

~

—
Tt e
‘T u
{ fav ﬁ J L‘;ciis//,
e

dL:s s:‘ﬂ#}

N

e,

u

) [0

IS .
‘o

J
’
/U —
® I~
s,
J
’

;Dfav + dli
u - fav + dis

/’e-

+

—




Bac:l(grounds: contributions and corrections

* In each bin, the data sample includes pairs from F:;cuzn of i due to —I True asymmetry
, e 1! bkg process
- signal uds events
- BB events (small, mostly at low z) AN = (1 — Z F;) A + Z F; - Az
- CC events (important at low/medium z)
- Tt events (important at high z) Bkg asymmetry

* We must calculate these quantities:
- F; using MC sample; we assign MC-data difference in

each bin as systematic error
- ABB must be zero; we set ABB =0
- A® small in sitmulation; checked in data; we set At=0

. . . 0 5 10 15 20 25 30 35
* Charm background contribution is about 30% on average (2,2,

- Both fragmentation processes and weak decays can introduce azimuthal asymmetries
- We used a D*+-enhanced control sample to estimate its effect

—

A7 = (1-F.—Fp~F;){A)+Fo- A
A" = fe AT+ (1~ fo~ f5)-(Aa)
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* BaBar I PRD 90,052003
= Belle | PRD 86, 039905

e Beslll PRL 116, 042001

-0.02=

e ¢
o
g
T T T[T T[T I [TTr[TT]

* BaBar
= Belle
e Besll|

PRD 90,052003
PRD 86, 039905

PRL 116, 042001

21~72 |

2271 |

0.9/0.3 0.5

0.9/0.5
I

0.9
I

0.2 0.3
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0.5

0.9

T 0.08¢
& [ | * BaBar |
0.1 ® Beslll 0.06
I 0.04f
0.05F + i
j + . X 0.02f o
L * & * * N *
'+** '+*+*+k** o
! ! L L | L L L L | L L L 1 L : L | ! : L L | L ) N
0 0.5 1 p,, (GeV) 0 0.5 1 p, (GeV)

+ Larger asymmetry from BESIII data, in
agreement with the prediction
(PRD93,014009)




4-D: asgmmet

ry vs. (2,2)%(py,pe)

T

%Cﬁ(')ziz1=[o.154).2] ' 1 ]
} 1f We study the asymmetries in the RF12 frame in
0f 1L 1k - a four-dimensional space:
f# ’é‘fé :Fh% }h(% (z1 »Z2,Pt1 9pP2)
| * We use 4 zi and 3 p: intervals
f  Test to probe the factorization of the Collins
1p I _ fragmentation functions
| %qﬁi pe T + ______ : ¥ |+ Powerful tools to access p:- z correlation
S ¥ TR | AP A + """" I
0.15 0.2 03 0.5 09 0.15 02 03 0.5 09
“ “ X (p,p,)=10.0.25]0.0.25) ® ¢ »)=[0.025][02505]
. v (ptl,pl2)=[0.25,05][0.,0.25] O (pll,pa)=[0.25,0.5][0.25,0.5]
005} - .
: Cdal 1 SR !
| ﬁ _______ W%_ - %ﬁﬁ% Ei%- [ | ®,p,)=[>05]0.0.25] oh (P, p,)=[>0.5]0250.5]
Stoafla=osos)) T Jfaspesy] ’ """ A ®,p)=(0.025][>05]
0.0s|- Ak : 3 | § i %f%: ]
| #’ﬁ Jﬁ@? % % W Pﬁ ”%i # ‘ A p)=102505]>05]
L | A i S F %“ """" A | IR Sy I ;
B T B (T TS S R Y R T K @yp)=>051>03]
Zy Z;
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Azimuthal asymmetries of back-to-back n* (no,n, nt) from Belle

e

- PRD100,092008

l,s—>n l,s—>nx

5( Dgav ® Dgav + D(Iiis ® D(liis) + o) Ddis ® Ddis

l,s—>r

RYL ~ 1 + cos(¢y)

Sm2(9) 5 {S(Hf_,fav ® Hf_,fav + Hf_,dis ® H_lL,diS) + 2H_L,dis ® H_L,dis
0)

1 + cos?(

lOH_L,faV ® H_L,dis +2H_L,dis ® H_L,diS }

l,s—>n l,s—>n
IODfaV ® DdlS + 2Ddl§—>7[ ® DdlS

S—Wl’

l,s—x

RUC~1+ cos(¢12)

sz 0) 5( _Lfav ® H_L fav +H.L ,dis ® H_lL,diS) + 2H.L,dis ® H_L,dis
0"

l,s—>x l,s—>x
S2

S(Dgav ® Dfav + DdlS ® Ddis) + 2D(1h§—>7z ® D(lhi—nr

1 fav 1.,dis 1. fav 1.,dis 1.,dis 1.,dis
S5(H™ +Hy™") @ (H{™ + H{°") +4H ® H }

B X
S(Dfav + Ddls) ®

l,s—>n l,s—rx

(D + D) + 4D%_, @ D,

o B o SO (S ) © (1 ) i o i
2 Rh 71 + cos?(6) 5(D + D*) ® (Di + Df*) +4D{5_,, ® Df%_,,)
IOHL fav ® H_L dis + 2H.L dis H_L dis
06 b 1255 8 D |
n+ ) 1 fav, 1.dis, 1,dis 1 fav 1.,dis
R sin®(6) 5(H "+ H," ") @ (H™ + H{"™) + 4H{_,, ® H{ 5,
R, =—F=~1 U
12 — ~ 1+ COS(¢12) 1 2(9 X 1 fav 1 ,dis 1 dis 1 fav
R, +cos*(0) 5D, + D) @ (DT + D™) + 4D, ® DIs_ )

l,s—>7x l,s—n

10D™ @ D9 4 2pdis_ @ Ddis

l,s—nx l,s—nx

10Hf_,fav ® Hf_,dis +2H_L,dis ® HJ_,dls }
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Azimuthal asymmetries of back-to-back n* - (no,n, +) from Belle

- PRD100, 092008
0.06 :_ }: A", with stat. uncertainties —: :_ —_
0.04 N - A12 systematic uncertainties ‘: :‘ —:
o N . :: :
o | '
~0.02F 2.=[0.20,0.30] HF 2=0.30,0.50] .
v by by by o by s by oy by s o by o e by e by by by by by oy o
01:_1111,,,_::_,,,,,,,_:
0.08 1F .
0.06 |- 1F E
Oewcll C 1¢C .
0p+—— L :
—0.02fF  2z#[0500.70] 4E [ 20701000 i
0.1 02 03 04 05 06 07 0.1 02 03 04 05 06 07

P, [GeV] P, [GeV]
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Azunuthal asymmetrles of back-to-back n*n0 from Belle

0.1F sis
0.08F 1F
o 006F 1010020 1F 2,7[0.20,0.30]

0.04f sls .
0.02f ,.// 1t .

or 1r ]
" L | 1 1 N | L L L | 1 ' N | : N | L L L 1 L N N | N N N |
— + 1+ 1. T~ 1] - r- - r - T 1 T 1]
01 q1rC .
0.08 F 1F
o QN
B r

3 0061 _10.30,050] 1f 2:00500.70] E
0.04 10 7
0.02 1F .

0:..|...|...|...|"..|...1...|...|'
— . . — 02 0.4 0.6 0.8
0.2 — ‘ z1
0.15 :‘ _: I A%, with stat. uncertainties
og< N 0.1 :_ z,=[0.70,1.00] _: - A, systematic uncertainties
0.05 |- E
0 _. | | L | |
0.2 0.4 0.6 0.8
Z4
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A

A

- PRD100, 092008

0.06
0.05
0.04
0.03
0.02
0.01

¢ A%

UL ,UC
% A12 A12

LI IllIIIIIIIIIIIIIIIIIIIIIIIIII.

00T

«  Good agreement between AUL-AUC and A0

as expected from 1sospin relation (taking into
account statistical and systematic
uncertainties)



Azimuthal asymmetries of back-to-back n*

(no,n, n*) from Belle

PRD100, 092008
012 7 New Belle analysis: RF12 only
| PRD 78, 032011 N . . .
. § sy il: 1 + No charm correction: only the estimated charm
0.08 [ 1 -] . .
L e sl 21020030 1 20030050 ' fr.actlons.are provided | |
< b " A * A " 1+ bin-by-bin generated-thrust axis correction (not
oobo Ibg E the qgbar axis)
of Jf 1k 1 + Pt smering correction
0af Ty 3+ MC asymmetry subtraction
0.25F 2=10.50,0.70] 3 £ 2,7[0.70,1.00] 3 .
i 1E 1 Only for results comparison:
> oasb it +Jf 1 < Vanishing charm asymmetry
0.1 ! ¢ 3 F " i+ No thrust axis correction
C 1 E ¥ ] . . .
0.05F , ot ’ 1Ee 1 + Kinematic factors taken into account
003 04 05 06 07 08 03 04 05 06 07 08
Z1 Z1 0.085— :{ A} with stat. uncertainties f E
0.06 - A% systematic uncertainties il:
Q 1L
9;3 0.04 [~ P,=[0.00,0.15] GeV 1t
0.02 | 1k
: rE— s |
0
0.1F  P,=[0.30,0.50] GeV
0.08;—
S. 0.06F
< 0.04F .
0.02F , S
C o
0'..| ................ PP C
0.1 02 03 04 0.5 0.6 0.1 02 03 04 05 06
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A/A hyperon polarization at Belle

- PRL122,042001

¢ Inclusive A
& Prompt A
= Afromx° (uds)

Polarization

02 I~ o Inclusive A
B & Prompt_A
5 01 m A from 2° (uds)
T ; e
N oo B I
U e e
O o1
a | T ——
—0.2 ) | | | L
0.2 0.4 0.6 0.8 1
Z—

« Charm corrected unfolded transverse polarisation also obtained ==> large statistical uncertainties
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FIG. 1. Definition of the c.m. reference frame for the process

ete” - AX.
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