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Collins Fragmentation Function

Fragmentation Functions (FFs) M dimensionless and universal functions
M non-perturbative information
M describe the final state particles in hard processes
‘\ M dependence on
z2=2F, /s, P, ands,
FF

h Unpolarized FF

H(z,P (kK xP ]
DgT(z,Pl;sq)=[Df(z,Pl) = s lz)]f; ( = L)
h

/1

» Could arise from a spin-orbit coupling
» Leads to a modulation in the angular distribution of final

state particles (Collins Effect or Collins asymmetry)

J Hll is the polarized fragmentation function or Collins FF, describing the fragmentation of
a transversely polarized quark into a spinless (or unpolarized) hadron h

e J. C. Collins, Nucl.Phys. B 396, 161 (1993)
e Chiral-odd function, ideal to access the chiral-odd parton distribution functions in Semi-

Inclusive Deep Inelastic Scattering (SIDIS)
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Use Collins FF to extract Transversity

~

/SIDIS: Semi Inclusive Deep Inelastic Scattering

Factorization theorem:
h gePrehX — Z DF x a(eq — eq) X FF

G oesin(9, +0, ) (x,) @ H (2,)

J

SIDIS (HERMES & COMPASS)
ete- (BELLE, BABAR,BESIII)

Transversity function

‘e > qq > hhX (qg=u,d,s)

o <cos(¢,)H; (z,)® H[ (z,)

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

e*e  annihilation

* v* (spin-1) goes to spin-1/2 g and g
- Two Collins functions
contribute to the cross section

J

Fabio Anulli

28 September 2016, Urbana



Colljns eftect in di-hadron correlations

e*e—>h,h,X (h, = 7z, K spinless hadrons)
» quark spin direction unknown
= single-spin asymmetry vanishes
» They have a polarization component transverse to the quark

direction

= Charged hadrons detected in opposite jets, correlated to
the original quark-antiquark pair:
measure cosine modulation of the observed di-hadron yield

Reference frames

2¢, Hadronic-plane or Second hadron
momentum RF (RF0)
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Colhns eftect in di-hadron correlations

e*e—>h,h,X (h, = 7z, K spinless hadrons)

» quark spin direction unknown

= single-spin asymmetry vanishes
» They have a polarization component transverse to the quark
direction

= Charged hadrons detected in opposite jets, correlated to
the original quark-antiquark pair:
measure cosine modulation of the observed di-hadron yield

Reference frames

¢4+¢, Thrust RF (RF12) 2¢, Hadronic-plane or Second hadron
momentum RF (RF0)

dO'(e+e_ — hlh,Q 3@ 6 5 0) ~ 4.(0)
. 0 Dq‘ Dqs
de21d22d¢1d¢2 Z Q2 4 [ + cos™0) Dy (z1) Dy (22)H -

+  sin?(0)cos(py + do)Hi™ (1).q Uz ) Hy (1)(1( z)]

e Y'Y
oe e — hihg IR
dQdz1dzod?qr - Q2 2122 {A(y)}" D1Ds)+
a4 N - . Hf‘Hj‘
+ Bly)eos(200)F |(2h-Erh-pr — Fr - pr) S
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Collins effect in di-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,
BIrC. = g T S RIS

» disfavored FF: no such match, i.e.

O e, S

4 e, e’ I
L T - - o
Unlike-sign pion pair =U:  mmmp E‘ I u g u l RW-} + {Mﬂﬂ
nFat: (fav x fav)+(dis x dis) fav ¥ fav dis © dis
. e & J
4 e’ e’ )
T = I =
. . . . ” ’ /'
Like-sign pion pair =L:  mmmp [ E‘;I I u g u ( RWJF} + { u u “_}
mtn: (fav x dis)+(dis x fav) favx dis dis ¥ fav
- < & /
4 T ot N
Charged pion pair = C (U+L): mmm | ;| l fav+dis 7 4 Di

num: (fav + dis)x(fav + dis) U 7~ fav+dis v
n=m* o € /

+ - +,

Similarly for Unlike-sign (KT il K J
K o gl dis g dis or fav g fav
aon pairs: Ms s _ s s
\l e K .7
S e S isiatD pi A T SRR
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Extraction of asymmetry parameters from data

Collins Asymmetries

NUD(¢)/<NUY(h)> in MC sample
LAy — extracted from fit to the normalized

14 =

10sE- E azimuthal distribution
ns E N(b,
0.95:—\/__ Ra = (—(b) =a + b - COS((bOA)

osf MC = < Na >
°::_ -- Unlike charge: n¥n* => Ry _ — unpolarized contribution is flat
orsf | HIK@ charge: i => R, E — Collins FF contained in the cosine moment b

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

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

1145 — T .

14 = — correction of these effects with MC would

£ Collins effect! ring to too large systematic uncertainties

0.95F

Collins effect not sensitive to electric charge

0.9

ossf Data E — U and L distribution coincident in MC

007:: o 2: : — slightly different in data due different

073 P S S S .5? contribution of favored and unfavored FF
29,
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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 NU < NY(¢,) > —— " and hi .
a (Cf)a)/ (¢a) Py @ COS ( ¢a) and higher order radiative effects

RL ™ NZL(¢,) < NL(¢s) >

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

1.05- — 1.05— =

- Vol el i ! ! -
N el + L
1 [y bl bbbty T TETT TITTETT T They Pt 1~

0.955— — 0.955— B
0.95— - 0.9f -
0.855_ . 085 =
e B R g T B e R
9.+9, %0,

MC: small deviation from zero Uncorrected Asymmetry

==> assigned as a systematic error
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Collins asymmetries 1n pion pair production

Measurement of Collins asymmetries from double ratios in e’e” — " X have been
performed by Belle (PRD78,032011, Erratum PRD 86, 039905) and BABAR at

Q2~110 GeV2, and by BESIII (PRL 116, 042001) at Q2~13 GeV?

BABAR: PRD 90, 052003 (2014)
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] ] ] = —A—

0.01F -
- . : -
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. Collins asymmetry measured as function of:
- 6x6 bins of pion fractional energy
« 4x4 bins of (pi1,pr2) in RF12
« 9 bins of piw in RFO
- asymmetry measured also vs. sin®0wm/(1+c0s?0m) and sin?62/(1+co0s?02)
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BABAR s results and global fits

Extraction of the Transversity PDF and Collins FF combining SIDIS and e*e” data
Anselmino et al: arXiv:1510.05389

Transversity Collins FF @ Q*=2.4 GeV? Collins FF @ Q*=112 GeV?
e A ) 0.2 T 0.3 [ ' ,
Q?=2.4 GeV = ¥ 02} Q%112GeV?
5 0.2 E £ 01f ]
= o e
< ol o z 0k ]
N N 01 F
-0.2 =
_ = 01}
N ®
~ 3 0F
° £ o
— a - -0.1 F
< 02 z N 02}
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X ¥4

Comparison between old fit (no BABAR data available) with new fit
* Fit uncertainties significantly reduced in the new analysis
» Good consistency for the transversity function
» The differences seen for the Collins FF are mainly due to the different
parametrization used:
* old fit: fav. and dis. FFs have the same dependency on z, and could
differ only for a renormalization constant
» new fit: the fav. and dis. FFs are left uncorrelated
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Collins asymmetries in KK and Kot pairs

BABAR: PRD 92, 111101(R) (2015)

* Goal: Simultaneous measurement of Collins Asymmetry for
charged hadron pairs: KK, K, and ©r

* Analysis strategy:

— Perform event and particle selections

— Separate into wzr, KK and K candidate sets and subdivide into Like

and Unlike charge

* Charged data set 1s the combination of U and L.

— Measure azimuthal angle distributions for each set in both reference

frames

* Take the ratios of Unlike to Like and Unlike to Charged

normalized distributions

» Extract Collins Asymmetry from each set, as a function of

fractional energies
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Event and track selection

Legend

EVENT SELECTION g 28° .
- Number of charged tracks > 2 = 2 2
- Selection of two jets topology: thrust > 0.8 * 165 =i
145 I
° COSOthrust|<0.6 10E- []BhaBha
- Visible energy Evis> 11 GeV 12;: e
- Most energetic photon E; <2 GeV 6E-
e S
85 055 06 065 07 075 08 085 o.9§hrust1
Thrust axis: charged tracks + neutral
candidates; direction chosen random
TRACK SELECTION

Electrons and muons veto

K and & in the Cherenkov det. acceptance region

K/n fractional energy z: 0.15<z<0.9

Opening angle between the hadron and the thrust axis <45°

Q¢<3.5 GeV, where Qx is the transverse momentum of the virtual photon in the
two hadrons center-of-mass energy
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Extraction of the asymmetries

* Simultaneous extraction of the asymmetries corrected for background contamination and
K/m misidentification in each fractional energy interval

1. Background sources:

« Mainly e'e”— cc events; smaller contribution from BB, t71" (assume Agg~A+~ 0)

* Select D*-enhanced MC and data control samples to estimate the charm contribution

 Fit independently DRs of the three selected samples KK, Kz, nrt in both the full sample and
the D*-enhanced sample =» obtain 6 measured asymmetries A”%,,. and AP*,,. (h,h'=m,K)

* Determine from MC simulation the fractions of hadron pairs coming from
signal (uds) and background events (cc, BB, T'1)

2. K/m misidentification:
» Evaluate from MC the fraction that a given hadron pair is reconstructed as
KK, K7, or nwt pair in each data sample

3. A system of 6 equations with 6 unknown parameters (asymmetries for
signal and charm background)
* Solve the system of equations to extract all asymmetry parameters
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Extraction of the asymmetries

e = o (fg(KKK@ é(}STKiAKw } Gon & £A )} O = Collins

FEK ‘SKKKK C gch 4 gKI;K b (K (KK)ce e Ach ) a.symmetries for
meas _ pKn ( 7r) A + wa - g(Kﬁ N light hadrons
FCer (gKKI? c& e gKlfrW ce 1 S(K'n')ccAch)
iisees= B« ”>AKK +Egin A +£ o)+
Frm (6l (7r7r @ geh 4 wa e geh 5 (wm)ce geh
ARk = fuds - ( %KKK)D K +Ee " Ak + TP Ar )+
chK'( I(KKKK)CC D* Ac _|_€KI;K cc—D* Ach _|_€KK cé—D* Ach)
Afe = Fif - (€507 Ax +6KW Agr + €GP Are)t
& e +£I§$f T A + XD AL
AD} = o i Ax +£K,r K+ D" A+
(5;?;72001) _|_§£77rrcc DAch _I_é-ﬂ'ﬂ'cc DAch)
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Results PRD 92, 111101(R) (2015)

Measured Collins asymmetries reported in (z,,z,) bins

rm %
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- Asymmetry rises 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
gty results consistent with previous BABAR anal

AYand AYC asymmetries strongly correlated as they are obtained from the same data sample
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Extraction of the Collins FF from BABAR kaon data

Anselmino et al., arXiv:1512.02252
Fitted function superimposed to BABAR data
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Test universality of Collins FF:
Calculate SIDIS single spin asymmetries from the fitted function and compare with data
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* It uses the pion fav. and disfav.
Collins FF extracted in arXiv:
1510.05389,

*[t assumes a simplified

parametrization for the

corresponding kaon Collins FFs.
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Conclusions and perspectives

BABAR is continuing the program of studying fragmentation processes,
making use of the ~500 fb™! of e*e™ collisions at ~10.6 GeV

Collins asymmetries measured for charged hadron pairs in two-jet events.
Measurements are made in two different reference frames.

— Precise measurement of pion-pair asymmetries in fine bins of fractional
energies and transverse momenta = PRD 90, 052003 (2014)

— Simultaneous measurement of asymmetries for mr, wK, and KK pairs as a
function of fractional energies = PRD 92, 111101(R) (2015)

* First information on kaon Collins FF in e*e™ data

* Results consistent with theoretical predictions (e.g. PL B 659, 234 (2009))

Global analyses of e*e” (BABAR+Belle) and SIDIS asymmetries for pions
allow extraction of the transversity PDF and the pion Collins FFs.

nK and KK pairs results used to extract kaon Collins FF

— consistency with HERMES and COMPASS data on kaons indicate the validity
of universality of the Collins FF

* New results expected “soon”.
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allow extraction of the transversity PDF and the pion Collins FFs.

nK and KK pairs results used to extract kaon Collins FF
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of universality of the Collins FF \>\.
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BACKUP SLIDES
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PEPII and the BABAR detector

EMC:

< PEP-II is an asymmetric e"e” collider
operating at CM energy of Y(4S).

% Integrated luminosity = 531 fb!

6580 CsI(Tl) crystals,
resolution ~1-2 % high

PEP-11 )
Rings ™. 1 /

Positrons
P Low Energy Ring

BABAR Detector S
‘I

resistive plate chambers
Limited streamer tubes

Cherenkov angle vs p

Eoss |- L BABAR -
038 ~—= | * particle ID up to 4-5 GeV/c
075 H[ . BaBar SVT and DCH
’ * precision vertexing and tracking
0.7 n
0.65 "——

1 2 3 4
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The Collins Fragmentation Function E. Collrs
Nucl.Phys.B396,161 (1993)
* Spin-dependent chiral-odd

Fragmentation Function (FF) R bEiGensIRILATtIoN; LB LG
e Itis related to the probability thata  Djg = DY(z, P2,) + H;-%(2, P2, )~ . ]’; M
transversely polarized quark will &b

fragment into a spinless hadron unpolarized FF  CollinsFF

First experimental evidence of non zero Collins FF for pions came from SIDIS experiments:

HERMES (PRL94,012002(2005)) COMPASS (PRL94,202002(2005)) (-
'g o [ I HERMES PRELIMINARY 2002-2005
é - :_ T + iEip;:l;:::mu::;;r:}r:t:y.CDIhnsawlﬂudes _ 02 =
- - : 0§ of Ll .
-(.‘ 0n.0s -_ E - < ’-.--..a.:.x..;.-'_nvw'. §
nos [ L - L] .
ot b te, M
Shed TR MR :
s EE S S %"
_é_ﬁ o
L't ey LR < g \
% ook E 3 } * et
S | 5 5 e
-u:ua : T + E— E— i
_0_1.2 —_— e e e X z P, (GeVie)
01 0.2 D.:;G_Z 02 04 05 08 2 0.2 04 B:lﬂll:%e{ﬂ

e"e annihilations :
- not conclusive studies at LEP : DELPHI (Nucl.Phys.B79,554-556 (1999))
- direct evidence of non-zero Collins FF at KEKB: Belle (PRL96,232002(2006), PRD78,032011(2008))
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BABAR s results compared to Belle and BESIII

Extraction of the Transversity PDF and Collins FF combining SIDIS and e*e” data

Comparison between different results obtained at
different Q2

- BaBar and Belle @ Q? ~ 110 GeV?

- BESIII @ Q? ~ 13 GeV?

Belle: PRD78, 032011 (2008)
(Erratum: PRD 86, 039905)
BESIII: PRL 116, 042001 (2016)

0.3
BaBar and Belle results that fall in the larger %:o = [%xBaBar | PRD 90,052003
BESIII z-bins are averaged taking into account the O2E | aBelle | PRD 86, 039905 . :
statistical and systematic uncertainties 02| @ Beslll _JarXiv:1507.06824 ; ; +
Good agreement between different data sets for 015}
low z 0.1
BESIII larger asymmetries in the last z-bins: 0055_ ** -
consistent with the prediction reported in = # o " ,p+
arXiv:1505.05589 O e S
Some tensions between BaBar and Belle for high z o 01
in the thrust frame (no BESIII data available) 2:0 - |*BaBar |PRD 90,052003 :
008" | w Belle  |PRD 86,039905
S 80'08- 006 @ Besll arXiV:1507.06824§ : +
<:°j * BaBar <g° i 0,045 :
0.1 ® Beslll 0.061 b 4 -
[ [ = E #
[ 0.04F N S o S *'+ ......... *'+ ...........................................................
0.05F + [ L . I L
: + t * 0021 + Zl_<250122|H HIH HIH HIH HIH HIH HI
I * * I
g LR * TR LA 02 03 05 0903 05 0905 09
Op™ ™ O™ 1257 | | | |
e = TP, 0.2 0.3 0.5 0.9
078 septdinber 2016, 12gG5Y) 0 0.5 LppdGRY Anulii 22



* The experimental method assumes the
thrust axis as qq direction
* This is only a rough approximation

Introduces dilution of asymmetry in RF12.
Correct through MC study

No dilution effect in RFO0

Extraction of the asymmetries

Opening angle between thrust axis and qq axis

0 0.1 0.2 0.3 0. 0.5 0.6 0.7 0.8
Ae thetaR

§2.4 :_ A‘ULI T T 3 T E T T E
o F|" P
& 22, pve . ' :
~ 12 )
E2uarl #rer T
6 - uc [ 1 [
prElL AT L o
(.C) 16: ] "y 0 "
ME o © : :
1.2 " . :
|| o LE TUF" 0T SUEY" SECT TEE™ TEST TUPT SEEr" SOErT S MU TEET EET TR AR
AT I o Low o o L
0 2 4 8 10 12 14 16
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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 ACollms 4 ZFKK . Az
1 KK

KK_

1. Background sources:

* mainly from e*e-— cc events (more than 30%);
smaller contribution from BB, t"t" (As~A+~ 0) |\ D**— D%tt, D%— Kn, D'—

e construct a D*-enhanced MC and data control LK3T[’ D%— Kan’, D'— K«
samples to estimate the charm contribution a

Col 0 lins KK charm
coming from signal (uds) and background uds A i F A
events (cc, BB, 171°) are obtained from MC
simulation

» The fractions (F(f)sizuke"") of hadron pairs moas _ KK
{ A KK Co llins fKK Aczarm

K: uds
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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 Collzns KK )
KK — Agx T+ ZFz - Agk

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

?(1'0]?5 = F,q, - (Zg KK) ACO”ZHS) + FcI(SK ) (Zf 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

e = o (fg(KKK@ é(}STKiAKw } Gon & £A )} O = Collins

FEK ‘SKKKK C gch 4 gKI;K b (K (KK)ce e Ach ) a.symmetries for
meas _ pKn ( 7r) A + wa - g(Kﬁ N light hadrons
FCer (gKKI? c& e gKlfrW ce 1 S(K'n')ccAch)
iisees= B« ”>AKK +Egin A +£ o)+
Frm (6l (7r7r @ geh 4 wa e geh 5 (wm)ce geh
ARk = fuds - ( %KKK)D K +Ee " Ak + TP Ar )+
chK'( I(KKKK)CC D* Ac _|_€KI;K cc—D* Ach _|_€KK cé—D* Ach)
Afe = Fif - (€507 Ax +6KW Agr + €GP Are)t
& e +£I§$f T A + XD AL
AD} = o i Ax +£K,r K+ D" A+
(5;?;72001) _|_§£77rrcc DAch _I_é-ﬂ'ﬂ'cc DAch)
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Systematic uncertainties

A large number of systematic
checks were done. The main
contributions come from:

MC uncertainties

Particle identification (PID)
Fit procedure

Dilution method

Evis cut

Additional checks show negligible
effects, such as:

Beam polarization studies
Asymmetry consistency between
different data taking period
Possible coupling between Collins
and detector effect
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%1072
0.151
= 04l
L i
A= i
0.05F
T 2 34 56 7 8 910111213 14 15 16 17
Sum 1n quadrature of systematic uncertainties
(absolute values)
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