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1smentation nroce
or how do the hadrons get formed?

Cleanest way to access
FF is ete- = qQ

® Fragmentation function describes the
process of hadronization of a parton

® Strictly related to quark confinement

® Universal: can be used to study the nucleon
structure when combined with SIDIS and LA

hadronic reactions data A << %Tﬂ— O-W; x H 1q
x D"

q

I
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left-right
quark asymmetry

9

Collins mechanism: correlation between the parton
transverse spin and the direction of final hadron
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left-right

quark asymmetry
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Collins mechanism: correlation between the parton
transverse spin and the direction of final hadron

strictly related to the outgoing
hadron tranverse momentum

TMD!
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left-right

quark asymmetry

3

Collins mechanism: correlation between the parton
transverse spin and the direction of final hadron

strictly related to the outgoing C h i ral Od d!
hadron tranverse momentum
' X @H
TM D ! chiral odd
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Back-to-Back jets

In e+e- reaction, there is no fixed transverse axis to define azimuthal angles to,
and even if there were one the net quark polarization would be O
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Back-to-Back jets

In e+e- reaction, there is no fixed transverse axis to define azimuthal angles to,
and even if there were one the net quark polarization would be O

But if we look at the whole event, even though the q and d spin
directions are unknown, there is a known correlation between them

ete” = qq — hi1hy X
h=m K
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Ej, — -
2 = 14 1182 h=m K
E, )
¢1+¢2 method: ¢o method:
hadron azimuthal angles with respect hadron 1 azimuthal angle with respect
to the qg axis proxy to hadron
Thrust axis= proxy
for the qq axis
¢2 -7
Thrust axis
sin? O W ) EH (2) sin? 65 Hi-(z1)Hi (22)
~ M1+ + L - ~ (1 200 )F [ L 1 ])
7 Mo T+ cos? 6y 1 %) DY (21) DY (22) ) o~ M1+ 11 cos? 6, ©52%0) Dy-(21) Dy (22)
k|7 n] R R
Finl(2) = /d|kT|2 [@] Fzi, |kr[?) FIX]=> /[2h kb ko — ke - ko]
M; qq
D. Boer 2 2 2
. Nucl.Phys.B806:23,2009 d°kr1d kr2 07 (k1 + k2 — qr)X ﬂ
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Lo Te™ 7 hi ho X
2 = 149 1182 h=m K
E, )
¢1+¢2 method: ¢o method:
hadron azimuthal angles with respect hadron 1 azimuthal angle with respect
to the qg axis proxy to hadron

Thrust axis= proxy
for the qq axis

Qg —
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~ @ KHEKB

- Aerogel Cherenkov KEKB:
8¢ solenold < N D24 =1.018~1.030 Asymmetric e+ e- collider
. O Y% 5.5 GeV e (3.5/8 GeV)

Csl

Belle spectrometer:
47 spectrometer optimized for

CP violation in B-mmeson decay

On resonance: _
Vs =10.58 GeV (e+ e- — Y(4S) — BB)

Off resonance
Vs =10.52 GeV (e+ e- — qq (g=u,d,s,c))

Si vertex n/ K, detection
Total Luminosity collected:
1000 fbt!!!
Good tracking © [17°;150°] Good PID: &(1m) 2 90%
and vertex resolution e(K) 2 85%
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But! Acceptance and radiation
effects also contribute to azimuthal
asymmetries!
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But! Acceptance and radiation
effects also contribute to azimuthal
asymmetries!
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R T e

T'o reduce such non-Collins effects:
divide the sample of hadron couples in unlike-sign and like-sign (or All-charges),
and extract the asymmetries of the super ratios between these 2 samples:

Unlike-sign couples / Like-sign couples

Dhth — RU/RL

wl
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Unlike-sign couples / All charges

Diihs = RY/RC
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Te™ 7 hi ho X
e e — —
44 L2 h=m, K
¢1+¢2 method: ¢o method:
hadron azimuthal angles with respect hadron 1 azimuthal angle with respect
to the qg axis proxy to hadron

Thrust axis= proxy
for the qq axis

Qg —

Dl = RY /RC

Bi2(1 + A1z cos(¢1 + ¢2)) Boll + Ao cos(2go)) [
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Te™ 7 hi ho X
e e — —
44 L2 h=m, K
¢1+¢2 method: ¢o method:
hadron azimuthal angles with respect hadron 1 azimuthal angle with respect
to the qg axis proxy to hadron

Thrust axis= proxy
for the qq axis

sin?0  Hy M) B (2)

i (
Ajp = 1
1 (

1 4 cos? 0 Dﬁo](zl)DEO](zQ) O T 1 cos26

sin @ F[H (

) H )}
)Di (22)

Bi2(1 4 A2 cos(¢1 + ¢2)) Bo(1 + Ap cos(2¢)) j

1
1 (R1 )
1

Dl (21 29

|
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Belle publications

PRL 96,232002, (2006)
PRD 78,032011 (2008)

¢1+¢2 method ¢o method
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[Airapetian et al., Phys. Lett. B 693 (2010) 11-16]
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[Airapetian et al., Phys. Lett. B 693 (2010) 11-16]
— 0.08,
: b
0.06 3

n

+

0.04;
0.02 -
0
N 0,02 e

0.05 -
of
0.05
0.1

(sin(0+dg))

S

Francesca Giordan

N0
Ayr x h1 @ Hy-

Deuterium

4 | 4 .

J

Angelmino et al.
Phys.Rev.D75 (2007)

7 Collins FF

RS S8 8 .

-A"D_(2)20,_,(2) A“D, (22D, (2)

e R 28 8 .

02 04 05 08




[Airapetian et al., Phys. Lett. B 693 (2010) 11-16]
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VIC

| ¢o method

Extraction of Collins asymmetries

for zK and K

K couples!

P1+¢p2 method will
soon follow...
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Nj,’l“a/w _ PZJNZ

Perfect PID = ) =1
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P6—>7T
Pl

Pﬂ'—)ﬂ'

[j — 67/’L77T7 K7p)

Pe—)K
Pu—>K
P7T—>K
Pk K
Pp—)K

Pe—>p \

PM—>p
Prosy
PK—>p

Pp—>p




Nj,fr’aw _ PZ]NZ

Perfect PID = ) =1

( Pe—)e Pe—)u
Pise Pusp
P'L'j — P7T—>e P7r—>,u

Pr e PK—),u,

Pn, x->j from D* decay
Pr,p->j from A decay
Pe,u->j from J/\r decay

Francesca Giordano

Pe 7
Py
Pr_rn
PK—HT

\ Pp—>e Pp—>mu Pp—>7r Pp—)K Pp—>p

(j — 67/’L77T7 K7p)

Pe—)K Pe—>p \
Pk Pusp
P7T—>K P7r—>p
Pk x  Pr_yp




10T
i=m K]

Nj,’l“aw _ PZ]NZ

Perfect PID = j =i Pi; = P;i(p,0)

(j — 67/’L77T7 K7p]

Pe—>e Pe—)u Pe—>7r Pe—)K Pe—)p \

P,u—>e P,u—)p P,u—>7r Pu—>K Pu—)p

P7T—>e P7r—>,u P7r—>7r P7r—>K P7r—>p
Pxe Prx_,y Prxor Pxorkx Pr_yp

\ Pp—>e Pp—>mu Pp—>7r Pp—>K Pp—>p )

Pn, x->j from D* decay
Pr,p->j from A decay
Pe,u->j from J/\r decay

Francesca Giordano



.. I ‘ o O .. Ve

A

%0 100
5,, 02<2,<025 Like-sign sx 025<2,<03 sob-02%2,<0.25 Like-sign xK 025«2,<03
2w . ¢ . « 7 couplés = 7K couples
g " ® ude 8 ® uds
2 ® © charm § - o charm °
-:: @ ® tou g ) ® tau
o % ® . . S »
P © . ® a N »
10 »w
, henloa 'y 4 " . . 1 . 1 ’ 1 1 1 8- 1 ‘ 1 ‘ 1 1 1 '
90 0.3=2,<0.42 w0 03x2,<042 042<2,<1
0F- . g 0
70 70
80 0
5 o .
* “ * b4 ® ° o ° °
@ 0
20 »
20 P
10 10
525 3 3 oi YR YT a—Y .z': 7 WY BN W vy~ w—r
Z;
"o
0.2<2,<025 Unlike-sign KK  0.25<2,<03
,§ © : KK couples
§ o
B ® o o o charm e 2
S ® bottom ¢ |l : ¢
.g « o - b ® .l L
=)
0 -
“8 1 ‘ 3 ‘ 1 1 2 - L‘_ 1 ‘ 1 Y 1 1 1 -
0.3%2,<042 [ 04242, <1
8 -
. o
L © ° @ :‘ . .
wl-. L] g B ® o
- o
20 =
. o | 4:%5 R B T T T 05 ¥y o 04 o4 08
Francesca Giordano n %




Ll L11-0)C

gf 02:2,<025 Like-sign 02552,<0.3

% “ . . *lE. o « 7z couples
nE*
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™ ® bottom
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03s2,<042
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o

For the moment charm contribution
is not being corrected out

in any of the samples (77, 7K, KK)
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Do ASVININE

<oos- T Belle Preliminary
’ 02<2z, <025 +  Unlike/Like nK | 025<2,<03
! * Unlike/Like KK i
0.04— -
0.02— & - &
o-—---g—-@----% ------------- o - - -I----io --------- E---
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[l 1 1 L 1 1 L 1 PP | 1 1 1 1 1 1
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But we must be careful!
charm have different contributions for
the different pairs
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T => non-zero asymmetries,
increase with z|, z; and pro

K => asymmetries compatible
with zero

KK => non-zero asymmetries,
increase with z,z; and pro
similar size of pion-pion

*  Unlike/Like = Belle Preliminary
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QCD test!?

in<G +c0s*0) depender

2/ ndf 0.2489/5
I po 0.007685 = 0.005708
<0.061— p1 0.008462 + 0.007276
S Belle Prelimina ) —
005 Unlike/Like nt ry y sin® @ . [ H ( ) Hlj_ ( )
0.04- TTTT 0= 5 =
0.03[ 1 _|_ COS 9 ( )Dl ( )
0.02/ :
- I i Y T } Jl_ . . .
0. 1 linear in sin?0/(l+cos?6),
) .
v go to 0 for sin?6/(1+cos?6) >0
0.02 Ft form po + P sm29/(l+c0529)
) . . L %2/ ndf 1.217/5
0 02 04 06 08 1
sin‘a/(1 m,zo, ) po 0.006932 + 0.006626
— - < 0.06 p1 -0.005329 + 0.009443
:20 " -0.01511 :6?::513 00sF- ° Unlike/LikexK Belle Preliminary
<0.06 p1 0.03469 = 0.007789
S 0.04
005t ° Unlike/Like KK Belle Preliminary ]Z' K
0.03
e 0.02 ]
0.03
0.01 |
0.02 l } S
» Of--------mmmmmem-- LT F-=-f-- T F=--1
) -0.01
o ..........................................
-0.02
-0.01 1 1 1 1 1
K K 0 0.2 0.4 0.6 0.8 1
-0.02 sin®a/(1+cos>0)
N N 1 | L 1 1 | 1 ! 1 | 1 : 1 | 1
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Immarv & C

¢ @oasymmetries

¢ present similar features for zz and K
¢ very small/compatible with zero for 7K couples

K couples

0]0).¢

¢ for nz and zK the sin’6O/(1+cos?60) dependence of asymmetries are

not inconsistent with a linear dependence going to zero
¢ KK show a more convoluted sin?6/(|+cos?6) dependence

Francesca Giordano




ImMmarv & C

¢ @oasymmetries

¢ present similar features for zz and K
¢ very small/compatible with zero for 7K couples

K couples

0]0).¢

¢ for nz and zK the sin’6O/(1+cos?60) dependence of asymmetries are

not inconsistent with a linear dependence going to zero
¢ KK show a more convoluted sin?6/(|+cos?6) dependence

¢ ¢izasymmetries with Thrust axis in progress

¢ study using jet algorithm instead of Thrust in progress
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Immarv & C

¢ @oasymmetries

¢ present similar features for z7 and KK couples

¢ very small/compatible with zero for 7K couples

0]0).¢

¢ for nz and zK the sin’6O/(1+cos?60) dependence of asymmetries are

not inconsistent with a linear dependence going to zero
¢ KK show a more convoluted sin?6/(|+cos?6) dependence

¢ ¢izasymmetries with Thrust axis in progress

¢ study using jet algorithm instead of Thrust in progress
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Stay tuned!




A=11ICLILALIOLL COL

u, d — 7 (ud, ud)
Df® = pr* =Dy = DI =DT
dis _ prn~ _ Tt _ prt _ 7w
D% = Dr = DI =DI =D~
s — 7 (ud, ud)

D, =D =Di =Di =Df

u, d — K (uS, us)

D/*. = DET = DK~

u— K

dis _ pKk- _ pKkt _ pkt _ pk- _ pk- _ pk*
Dyasx =Dy =Dz =Dy =Dy =Dy =D

s — K (u8, us)

DI*. = DK™ = DKV

s—K

D%, = DET = DK~

s—K

In the end we are left with 7 possible fragmentation functions:
s—=m) T u— K s—K» T s—K

Dfa/v’ l)clis7 Ddis Dfav Dngl_)K’ Dfav Ddis

Assuming charm contribute
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A= LL1CLLLALIO L,

For pion-pion couples:

siI s sie e ot it
5D{¢W D2 av 5D¢;1is Dgis'i' 2Dc-lis Dais

ls—mw " 28—

Unn sin” @
DTrr 1 +cos2¢om(

— ls—ow " 2s—m
5D{¢W Dgis_i_ 5D¢11is Dgav'i- opdis  pdis

ls—=m " 28—

SH{G‘U Hgdis + SHJ:iis Héfav + 2Hdi8 Hdis )

For pion-Kaon couples: o

—nK . 2
L sin“ 0
DLzk o 1+ 08200 11 cos75 X

(4Hf UHIY + HiE (5HS +H )+ HEiE GH{™ + HI*V)+a HIZY HI®V + H{E, (HSE, o+ HIZY )+ HEE,  (HI®  + HiE,
4D{** D% 4 Ddis(5D¢**+ D} ")+ Ddis (5D¢*+D{**)+4 DI &Y DIV + Ddis (Ddis  +DI% )+ Dgdis (D%  + Ddis

ls—r

28— s K

s— K 28— ls—

— ls—

Dgi§(5D{av+D‘lﬁs)+4 D.lijKngis_'_ 4D‘l’i3D£;v+ D?;?(E)D‘zfav-l-Dgis)-l-D‘lﬁs (Dfav K+ Ddis K)+ (Ddis K+ Dfav K)Ddis

28—

G AL A B OB ) L G o A ) (1 B2 O

S—T 28— 25— ls— ls—

For Kaon-Kaon couples:

D K 1 +cos 2p0 1524 ( 4H§§v e H}fgj’KH;‘g“
I+cos®0 \ 4DJ%Y DI+ 6Dd: Ddig+Dfie | Ddis  + DI DI

ls—+ K

4D12v Ddis 4 4pdis pIav yopdis pdis pdis  plev 4 plev  pdis

_AB{RY HY+ AH{E HIRY +2H{GE HERE +HIL®, e HY o+ HY H;’;‘:K)

ls—=+ K 28K ls— K 28+ K
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A= LL1CLLLALIO L,

For pion-pion couples:

- . 2 fav grfav dis pydis dis dis
_ sin?6  (SH{®VHI*+5H{ H 4 2H{ | HEL
U L1r1l' a 1 + COS 2¢0 +C0329 ( 5D{av D2 av+ 5Diji3Dgi3+ 2Ddi8 Ddis

ls—mw " 28—

_ ls—smw’ 2s—>m
5D1f01-’ Dgis + 5D¢11i8 D2fa‘0+ opdis  pdis

ls—=m " 28—

SH{G‘U Hgdis + SHJ:iis Héfav + 2Hdi8 Hdis )

For pion-Kaon couples:

Uzk . 2
L sin“ 0
DLzk o 1+ 08200 11 cos75 X

(4H{“”H2f;(”+ H{ (5HS™ +HI")+ H§{E (SH Y + HI *)+4 HI Y HI*V + H{ls (HSE, o +HI®Y, )+ HE, (HI 4+ HES
4D{** DI + D% (5D3**+Di*")+ Ddi¢ (5D¢**+D{*")+4 D{ 3’ D{** +D{is, (Ddis,  +DJ%" )+ Ddis, (DI , + Ddis
HY'¢ (SH{ "+ H{"*)+4 H{ G HY"™ + 4H{" HIZ" + H{E (SH, Y+ H3 )+ H{Z%,  (HI " o+ H3Z%, )+ (HIZS, o+ HIZY HEE, )
D{ (D[™+D{")+4 D¢ D" +4D{" D"+ Dijf (5D] ™+ Df )+ DL, . (DI 1+ Dt 1)+ (D7, o+ D22 ) DRI

ls—r 28— s K

ls—mw 28— -

For Kaon-Kaon couples:
Ukk . 2 agfav gfav | gprdis gdis | pdis  pdis 4 pfev  pfav
LKK o1 +cos 2¢0 1-8;203029( 4D§I§°D fv 6D<'11;-I§Diﬁ D}i::!ch%::K D}E:KD%%_;LK
EELEEEEELEEE 1k Pag tOD Do+ 01, kP skt Prask Pas sk
A A B L B )

ls—+ K

4D12v Ddis 4 4pdis pIav yopdis pdis pdis  plev 4 plev  pdis

1K 72 ls—=+ K 28K ls— K 28+ K

A full phenomenological study needed!
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How to determine the Ps;




How to determine the Ps;

From data!




How to determj
S

From data! T

slow




From data!




D* > >
From data)! \ t T T

slow fast
0
mD — mD
E’ moi— = {"*(m,, - my)
g® eaoof bg(m, - my)
Z o
-
o
2000, _
-

vt i 0 RPN R “EiP RPN B
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[
A111C111d d

. Eh hadron energy fraction PT component of hadron momentum transverse
Z _— Ep Wlth respect to Parton to r'eference direction
21, Za |. p1+¢@2 method: the thrust axis pr1, P12
2. o method: hadron 2 |pro
(T component of virtual photon momentum
transverse to the hih; axis in the frame
where h| and h; are back-to-back

Z 0.2 0.25 0.3 0.42 I
PTI2 0 0.13 0.3 0.5 3

PTO 0 0.13 0.25 0.4 0.5 0.6 0.75 I 3

qr 0 0.5 I .25 1.5 .75 2 2.25 2.5

sin?6/(1+cos?6) 0.4 0.45 0.5 0.6 0.7 0.8 0.9 0.97 I
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