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e Contributions to fragmentation studies from e*e™ data

e Inclusive mt, K, p cross sections
O Charged hadron identification
O Final results from BABAR: cross sections and scaling properties

e Collins asymmetries
O As functions of momenta fractions z,, z,

O As functions of transverse momenta p,,, p,,
* First measurement

O As functions of four-dimensional fit (z,, z, p;,, p,,)
O As functions of thrust polar angle 3,

e Anti-deuteron production
e Summary
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Contributions F.F. from e*e~ studies

e Most data is from higher

energies than the B-factories 6o

. . 2 The e*e” fragmentation functions

 More information needed at IOISQ.M for all charged pariiles for

low energies and high z N

* Many attempts to extract FF
from e*e” data

O KKP, AKK, HKNS, Kretzer ...

« NPB 725,181 (2006), NPB 803, 42
(2008), PRD 75, 094009 (2007),
PRD 62, 054001 (2000), NPB 582,
514 (2000)

O Global analyses of e*e”, SIDIS,

and pp data

e PRD 75, 114010 (2007), PRD 76,
074033 (2007), arXiv:1209.3240

|a"0h ] do/dx x L'(V[.\)
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Inclusive hadron production: %, K%, p/p

M payiuep| L paynusp|

d paynusp

* A precision measurement Lo T e
using 0.91 fblofete™ 2> qG o I
(g = udsc) data at 10.54 GeV o< B Coneted -
O Also 3.61 fb™! for checks and z:
calibrations R
O Results are systematics } :
dominated S
e Depends on DIRC, dE/dx T odf
0 Good ID at low, medium p,,,, & °*f/
O Falls off at higher p,,,, as F
Cherenkov angles converge N
O Calibrated using data control
samples ol
O High efficiency over much of  oobdiveriiiinid

0 2 4 60 2 4 60

2 4 6

t h e mome nt um ran ge Laboratory Momentum, p,,, (GeV/c)

Efficiency matrix

0 Few % mis-identification
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tt, K%, p/p selection, corrections, and systematics

Require > 3 charged tracks L o o i e e T

Event thrust axis well within DIRC
acceptance

Require tracks originate from 4
interaction point (IP)
Correct spectra for

O Physics background of few % (esp.
')

O Interaction in materials

O Efficiency and resolution

Thorough systematics and cross- 0
checks

O Compare data to MC; angular
dependencies; positive vs.
negative charges, ... 4

O Largest effects from particle id, 2
backgrounds, and tracking 0 i
efficiencies 0 1 ? 0 Govig °

Prompt Conventional
B LLLEELEE Statistics /

_—— - Particle ID T
e - Backgrounds / ]

Tracking

Uncertainty (%)
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Results ; PAMMARN:
. 10 A Prompt -
e Results in terms of scaled i
momentum x, = 20 /E.m 7 SN ]
O Coverage from 0.2 GeV/c to ' .
13N oy SN i
5.27 GeV/c : 10_1’\%\ N
* Compare with hadronization sk SN N Y
models | A\ E
_ = 10°} N
O Using default parameters i "N\ e\
L - N\ W
* Generally significant " i AN
discrepancies . K 08 +;\
. . *  pl/p (x0.25) -
O Qualitatively ok, but no model oL — JoLA '.‘,[?
describes things in detail G 3
O Peak positions are consistent o ‘,L

ptaaada s s g daa s laaaalssg
e Except HERWIG K* 0O 02 04 06 08 1
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s SLD (91.2GeV)
T o TASSO (34) 4

Scaling properties il
» Consider 7, K, and p from BABAR, s =

TASSO and SLD
* Strong scaling violation at high x,,

_
D-

—_
[=]

(running of o) and low x,, (pion © s RIS ARIRAY
mass) o A AR

* K*:the different flavor composition £, e
of the three samples modifies the d o

expected scaling violation

O Models predict about 10%-15% more
scaling violation than is observed

e p/p: scaling prediction for 10.54
GeV is consistent with data for X, <
0.07

O But exceeds it by as much as a factor
3atx,=0.8

DI'B + SLD  (91.2GeV) 3
o TASSO (34) 3
+ BaBar (10.54)

{(1/Ngy) dng/dxg

JETSET with P,,_,=0.085
"

— 91.2GeV
—— 34
— 1054
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Test of MLLA+LPHD QCD  F ww  /#

2.0

e Modified Leading Logarithm Approximation
(MLLA) with Local Parton-Hadron Duality y .
(LPHD) (f* = _ln Xp) £ &F —— Gaussian Fit

———————— Distorted
O A Gaussian function should provide a good ” Gaussian it
description of these spectra

O The peak position £* should decrease
exponentially with increasing hadron mass at a
given E_,

O Should increase logarithmically with E_ for a
given hadron type

e Fit the spectra with a (distorted) Gaussian
function

O Gives a reasonable description of the data

0 &* . is higher than £*, in agreement with the
predicted drop, b

O But¢* ) is not lower than &*,
e e Similar behavior observed at higher energies 0.02

1.5
e 1 (stat)

(1/Nevt) dnn/d‘:_.!

0.5

0.4

0.3

(1/Ng,) dny/d3

0.2

|

0.1

0.10

0.08 . p/B

0.06

(1/Ngy) dny/de

0.04

o
O g
ix-_.
o i,

*

I I
1 2 3

£ =-In(x,)
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Collins asymmetries using charged pion pairs

Parton fragmentation functions D,%(z) parameterize the
probability for parton g 2 hadronh(g=g, u, d,d, d, ...)
O Where hadron h carries fraction z of the parton’s momentum
D,/(z) include non-perturbative, long-distance effects
O So cannot be calculated in pQCD
O Can be derived from a starting distribution at a given energy scale
Studies using e*e™ annihilation provide very clean environment
O No hadrons in the initial state
Unpolarized fragmentation functions are now well known
O Using data from LEP, SLC, KEKB, PEP-II

Collins proposed use of single-particle distributions as a probe
of the tranverse polarization of a quark

O Look for a spin asymmetry in the azimuthal distribution of the
hadron about the jet axis

O Uses the Collins fragmentation function H+

12 May 2014
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J.C. Collins, Nucl.Phys. B 396, 161 (1993),
J.C. Collins, Phys.Lett. B 536, 43 (2002).




Polarized fragmentation

The fragmentation function D,%(z) for a
given transverse momentum of the
outgoing hadron of mass M, can be written

DY (z,P}) = Di(z, PL%) + H{ (2, P2

(k x PH) -8,
ZMh ’ S

O In terms of the leading-twist unpolarized

D,4(2)
0 The Collins H;9 function

O The spin of the decaying quark S,
O The transverse momentum of the hadron

P,L

©

{)

This allows for an azimuthal asymmetry in ¢
of the hadrons around_the quark

momentum direction k

[llustration of the azimuthal angle ¢ in the

O @is the angle between the plane case of a quark of momentum k and spin S,

perpendicular to the S, and the plane

formed by P,19 and k

fragmenting into a spin-0 hadron of
momentum P, with component P,

The amplitude of this asymmetry is called transverse to k

the Collins effect

12 May 2014
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First evidence

First seen in semi-inclusive, deep-inelastic scattering
(SIDIS)

In lepton scattering on polarized hydrogen e\/ €

O HERMES: PRL 94, 012002 (2005); COMPASS: NP B765,

of the twist-two, chiral-odd transversity function ’
Can also be studied in ete™ 2 qg p

O Quark spin not known, but can be done using ete- 2>
h,h,X where h,is a spin-0 hadron (rt or K) from the
fragmenting quark

O Look at correlation of azimuthal angles of the hadrons
in opposite hemispheres w.r.t. the jet axis

Asymmetry o< to product of two Collins functions
O First attempted by DELPHI (NP Proc. 74, 49 (1999))

O First seen by BELLE (PRL 96, 232002(2006), PRD 78, e-
03201 (2008))

Combine these in a global analysis
0 Extract H,* and the parton transversity distribution h;,

31 (2007) =, "
Extraction of Collins asymmetry requires knowledge 0
X

e’ 7

Anselmino et al., PRD 75, 054032(2007),
NP Proc.Suppl. 191, 98(2009)

Cowan — Studies of inclusive hadron
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Reference frames

Use two ref. frames, thrust (RF12) and
second-pion (RFO)

Collins asymmetries show up as azimuthal
dependence of final-state pions i}, T,
about a chosen axis

O RF12: Approximate the gg ref. axis by the
event thrust

O RFO: Use direction of i, as the reference
axis
Rate is dependent on angle ¢,
O @,= @+ @, RF12) or 2¢, (RFO)
Cross section consists of a uniform part
and a cosine-modulated part

Depends on transverse moments of the
fragmentation functions

O do o A+ Bcos(p,)
O B o convolution of two Collins functions

Divide the ¢, range into bins and extract

N(¢a)

R(ﬁbﬂ) — Na,vg Boer et al., Nucl.Phys. B 504, 345 (1997).

Cowan — Studies of inclusive hadron
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Like- and unlike-charge pion pairs

We can use pion pairs of equal
or opposite charges

O Opposite charge case occurs via
two favored or two disfavored
processes

ete” s uu — T X
Define favored and disfavored
fragmentation functions:

D™ (z) = DW*(z) = D] (2)

D™ (2) = DT (2) = D} (2)
DY(z) = DI (2) = Dy (2) = DT (2)
DY(z) = DI (2) = Df (2) = DT (2)

Cross sectlons can be written as
(U = unlike, L = like, C = charged)

do(ete™ = 7f77X) 5

NV _ _Dfav th
(¢) 104245 oD (2)D (22) +
do(ete” = ’JTj:X) 5 —dis
NL — _Dfa.v D
(qb) deZleQ 9 ( )
do(ete” = 1 X)
NC — — NU NL
)= T T () + N"(9) o
12 May 2014

Unlike (U)

e
) o A =
u U
b= v %J p= R, S8
o

y
/
e

e
4 o ‘e+
u 4
0SS 0 F ,f 'Jf.n}
L Ao Like (L) . )
4 T + N
;;Dfav+dis & Di i
U 7 fav+dis T
N Chaiged (C) J

() + 2 D¥(z1)D

7 . —dis
§Ddls(21)D (22)

fa.v
(

g D™ (21) + DU (1)) [0

Cowan — Studies of inclusive hadron
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2
z) + 9Dd"’(zl)D

b = ¢1 + ¢2(RF12) or ¢o(RFO)

—dis

(22)

() + D™ ()] + 5 DY) D™ (22)
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case

Choose events with light quark fragmention :
O Helicity is conserved only in the massless quark Eve nt Se I e Ct I O n
10’

Select multi-hadron events
O 23 charged particles
O Fox-Wolfram R,” <0.98

Accept only charged tracks with

O Atleast 0.1 GeV/c momentum transverse to e*e”

axis
O Track must originate near the I.P.

O Lie within detector solid-angle acceptance region

Suppress events with energetic gluon
emission (disrupts correlation between
quark spins)

O Require event thrust T> 0.8

Suppress ete” 2 ut u"y and ete” > et e y by

the 3-hadron requirement above

O Suppress further by requiring in low-multiplicity
events neither two most energetic tracks are
identified as muons and that no electrons are

present
Plus additional requirements (see extra
slides at end)

Results in 108 pion pairs for the Collins
analysis

Entries/0.005

8.8 0.85 0.9 0.95 1

The Collins asymmetry analysis uses 468 fb™!
o 424 fb! at the Y(4S) peak
e 44 fb! at 40 MeV below the peak

Cowan — Studies of inclusive hadron

12 May 2014
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e  Simulation (MC) shows cosine dependence even though no

Azimuthal
d i St ri b u t i O n S asc?/mE)nueet[Z g:tZStr:;cjgceptance effects

0 Affects U and L samples similarly

Normalized distributions (RF12) Data shows difference in U and L samples

crl O Thisis due to the Collins asymmetry
(a4 e  Detector effects are function of thrust direction
1.05 MC 0 If thrust axis close to beam axis, more particles can be missed

and thrust is reconstructed less well
e  Two possible solutions:

O Use detailed simulation studies to correct for detector
asymmetries; or,

0 Eliminate most effects of detector asymmetries by using ratios
of distributions (double ratios)

e Like sign
o Unlike sign

093510 | R Normalized distributions (RFO)
6,70, (rad) Binned in cos(9,,)
Ql.lfl L — [rrrry T T T T T | UL | LLINLIL ILLLL ILLLL I L L |
oL i e P o
- * ] T+ Unlike sign oo e Like sign 1
105; d:éf) C ". Q:C.E'bo Data 7: 14;7 BABAR g Py 7;;_ * BABARg ‘_;

1: & ollins ..0%3 ] 1.2_55% preliminary EE@_ EE’LB preliminary =

- asymmetry K% o L o . A ;

- ! e b &

B l..."". D, i B XL 1F e By EBE L ]

0.951- 6559 QQ;;:;; 0.8F - . o ..' ar . .E*‘..G
. . ...

E BABAR preliminary N 06_'«,""_'2""_'1""{‘)"""""""3_'3 s Oﬁ IR
09l 1. ! A R R 2¢ (rad) 2¢ (rad)
-3 -2 -1 2 3

6,79, (rad) A 0<cos(d,)<0.3 gr 0.3 <cos(F,) <0.5

0 0.5< cos(¥y,) < 0.7 @ 0.8 <cos(J,,) <0.9
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Asymmetry double ratios

Reduce effects of detector asymmetries
O Use double ratios of Like, Unlike, and Charged distributions

sin® 0y,
R, 1+ 1130525,5& cos(¢1 + ¢2) GY
- cos
Rfy 1+ 2204 cos(dr + ¢2) G
. 9
sin”® 6y, U .
e R GY -G}
+ 1+ cos? 04y, cos(d1 + ¢2) { !
RY, sin? B, U o
T 20 GY -G
RS, 1 + cos? Oy, cos(gr + d2) x { ki

0 Performed after integration over 9,,

Good approximation for small values of the ~ Collins asymmetry

asymmetries i — o BABAR
(2 1 .
O Where 5Hf‘““’HfEW + 7Hd1*’ﬁdls R—J - Aof + Baj -cos(Ba) T preliminary
U o L
G favy Hiav dis ) 0.96 -‘3 ‘ -IZ -Il (I) I 2‘ 3‘
SD™W D, +TDY D 0+, (rad)
di fav —di
ol o SHIH, S+ 5HISHY + 2HISH " 2 01sfsen] Iz s ]
3 2« AData
5DfavD‘1ilb + 5DdlSD]idV + 2Dd15D(1ilb D<{ b OMC 7 BABAR
GC . 5(Hfa‘v n Hdls)(Hfav i Hdl‘i) 4 4Hdlst1% oodt _ N 1t prelim:a—ry
—fav —dis —dis A —h— ] —h— —h—
5(Dfav =+ Ddls)(Dl + Dl ) + 4DdlsD 0,,,ﬁg*§+ﬁbw,,; %4}-
§ 0.13z=04-05] T H[z=05-0 7][ R I PETEXT| E
O Asymmetries depend only on the favored and disfavored =7 | ] A
fragmentation functions ' . .
o GIL_Jon radiation and acceptance are independent of pion 005 Nl ****+ A
pair charges ok Booot——mo- |} goog-o—t— || coobioeo- ]
. . o 02 04 06 08 1 02 04 06 08 1 02 04 06 08 1
Study asymmetry ratios in 6 bins of z; and z, 2 2 7

12 May 2014

Unlike-to-Like

il T LI IR LI L T T
_E]f: . 1
02 MC {
0.98 ]

0.2% residual asymmetry
096 i
0 +9, (rad)

'_1§104 LRI L LR LR L L LR L L L I L B

2

Dcd—ll.()z: Data
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Backgrounds: contributions and corrections

Potential, primary backgrounds are ete™ 2 ', cC,

and BB

O PV.in t weak decays can produce asymmetries

O Charm asymmetries of interest
e Suppressed by ¢ quark mass

e Would need more data

0 No significant Collins asymmetries expected in B decay 10
Estimate background effects using

AZTE = (1ZF1) Aa+ D Fi- A

For "t use a control sample
0 Asymmetry = few tenths %
O Estimate F_using a MC sample for each z and p, bin
O F.is appreciable only at high z, where uds Collins effect is

large
O SetA", =0

BB events suppressed by event selection

O Fz<2%,z<0.5

0 Consequently little effect on the asymmetries

cC events: larger fractions

Entries

10°

O Study charm-enhanced sample, with f, = 0.9

0 Measure A" avs. z,, z,, p, and apply correction

12 May 2014

meas
AO{
D*
AO&

Cowan — Studies of inclusive hadron
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_| Legend

Euds
115333
cT

=kii

fol

(=]
]

10 15 20 25

30

(z

0 5 10 15 20 25 30 35
Z .7
( r z)bm
% .|....|....|.H“HEgeud
‘=108 uds
1= 10 Charm-enhanced &5
= data |5

35

1‘Zz)bm

(1—F,—Fg—F,)- Aq + F, - A%,

(1_fc_fB)'Aoz+fC'Ag'
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Asymmetry dilution correction

Asymmetry dilution
O From use of thrust axis to
approximate qg B B axis
O Average divergence from gg axis
about 100 mrad
O Results in asymmetry dilution

* Mainly affects RF12 reference
frame

e Much smaller effect in RFO

Estimate this and other effects
using simulation

O Re-weight MC events to produce
a Collins-like effect in non-
asymmetric generated events

O Determine average dilution
values for each z, p,, and U, bin

O Apply these as corrections

L L B B B e
100 55~ Tr—Tm— TR - T~ -]
S
~— 80 _
E T
« | A
< 60k O
SOF o Ao RFO
~ S
40 0.uc ]
TR T T T T A T TN T T T T N T T [N T T NN TN T O
0 02 04 06 08 1 12 14
P, (GeV)
pi={0-035] GV "] [pr1={025.05] [GeV)l T
(1) J ]
9\180:_ DA UL 1c ]
{E F A, ue m = O
< 6oF 1k .
< i
400 Om Clm m - . ]
r 10 ]
pt1=[0.5-0.75] (Gev)| o ' 1 [pt1=1>0.75] (GEW| T ]
100 e e A e
< sof O Oy :
[ Og 1F ]
£ Cm m ]
< s0F 1k 1
g
swoF ™ i o RF12
o e by by by e | M | I .1
0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.3 ‘ 1
P, (GeV) p, (GeV)
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Checks and systematics

Double-ratio methodology N

@ I |Legend
0 Shows small asymmetry (= 0.2%) in uds MC @ oL [ (a)
generated without asymmetry Sa E EKE:
e Check 3 MC samples < L | weishts
— Use pion event-generated (“truth”) momenta 10 I
—Use ‘pion eyent—generated momenta only for pions = m -m
associated with reconstructed tracks = B
— Use standard, fully-reconstructed MC sample 107 = ﬂg |u ||
. Use gq axis instead of thrust axis = e —
. Vary track selection requirements 16 i
0 RFO: main effect is non-cancellation of == —————

<
N
—_
=
—
N
1o
=
2
v
"
=
"
N

detector effects in double ratio
o) RF12: main effect from use of thrust axis

0 Subtract biases from corrected asymmetries

. Take quadrature combination of largest
variation of tests with statistical uncertainty of
the fit as systematic uncertainty

Pion transverse momentum resolution
Particle identification

Fit procedure

Test with same-sign pairs

Check double-ratio method using subtraction
Beam polarization

Consistency across datasets

Cowan — Studies of inclusive hadron
12 May 2014
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Results: z,, z, bins

Measured asymmetries reported as

function of

O 2z,,z,and p,, p,
O Forreference frames RF12 and RFO

UC asymmetries smaller than UL by about

factor of 2

O Reflects different amount of favored and dis-
favored fragmentation functions to the ratios

Asymmetries increase with increasing
fractional energy

Reference frame R
IIHWWWHE21:[0'2’0'3] T

] 21:[0_370_4]|"""

BABAR
preliminary

e * e ]
¥+

12

12 May 2014

Reference frame RFO
21=[o_15-0_2]| AA 1z1=[0.2-0.3] Jz1={0.3-04]]
3 vAjue T E3 E
1 — I —k— ]
—h— | —r— 1 _—— |
g [ o
21'=[o,'4-o,'51|‘ et ;i';[a,'g:a,'a:]“|=“-“ '""éi':"[ii,'".'d',é]"|""”"""
E X E3 ——
—— —
T e T ==
i —_ ] et
- 1 +ﬂ 4 *‘!‘
S e w *
+
02 04 06 038 z, z 02 04 0.

02 04 06 O.SZ

Statistical errors shown as bars

Systematic errors shown as bands

Cowan — Studies of inclusive hadron

production at BABAR — QCD 2014
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Results: p,,, p,, bins

e First measurement of Collins asymmetries as
function of transverse pion momenta

= |p00251(Gev)| T ] [pA025051@GeW|

L A A12,1,11

L ] BABAR
006 v AIE_UC - r preliminary
0.04F ok . Statistical errors shown as bars
ﬂm; RS ___—_ Systematic errors shown as bands

e e i e Erar T T D T & 0 G R

e e . - BABAR
p 050751 GeV) | L] e BOTEI(GEV)| P = s Agur preliminary

= ]
‘fn_{as_— 1F ] 0.03

i

0.06[ i i
I = = ]
0.04 5
: 0.01 T, SEE—
0.02 ;i 2
i : = -
1t - U* """""""""""""""" =
0 P g O e AR R e e S SRR R e AR R P e DR e poac by gy Fopeey v By gyt gy Ty i popeey Jg

0 02 04 06 08 10 02 04 06 OB 1 0 02 04 06 08 1 12 14
p, (GeV) p, (GeV) p, (GeV)

Reference frame RF12 Reference frame RFO
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Results: vs. polar angle

e Transverse polarization of gq pair
O Proportional to sin? 0
e Collins asymmetries should show similar behavior
e Study angular dependence after integration over fractional energies
and transverse momenta
O A,, values are consistent with zero intercept
O A, values are not—a linear fit gives non-zero constant term
O RFO frame known to give less accurate estimate of the gg direction
30-08_ L I BABAR ] <0.04——— T ' BABAR [ ]
A A]ZUL (a) preliminary i < =i AO.UL (b) preliminary | 3
0.06:— ¥ A d 0-035— v Ay E
0.04F = 0.02~ =
0.021 - 0uIE- ~
N - T E
0 0.2 04 06 08 iz' 0 02 04 06 08 1
sin 0, /(1+cos™0,) sinzﬁzx’( 1+c05292}
12 May 2014 Cowan — Studies of inclusive hadron 29

production at BABAR — QCD 2014



Four-dimensional (z,, z,, p,1, p;,) RF12

e Study RF12 in four-
dimensional space

O (24, Z,, Py1s Pr)

e Probes factorization of
the Collins
fragmentation
function

* Use four z; and three p,
intervals

X (0,0 )=(0.025]0.025] @ (b p)-[0.025][02505] A\ (pp)={0.0.25](>05]
V¥ ¢,p)(02505](0.025] () (pp)-[0.2505)[02505] A ( p,)={0.2505](>0.5]

] ®p)=>03110.025] L (p p )[>05102505] 3K (p,p)=[>05][>05]

Cowan — Studies ot Iinclusive hadron
production at BABAR — QCD 2014

12 May 2014

:!r'l

<o

0.1F

| e p—— T

preliminary

~ =
L [ | T T T
M

0.1

=
T T T

.................................
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=

0.05F

_'LIUI_Z 15-0.2
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preliminary

o

ol =
0112
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Anti-deuteron production

e*e” =2 g4 annihilations provide a

clean probe of hadronization of

quarks and gluons into anti-nuclei
O Of interest in dark matter searches

O Provide sensitive probe of dark
matter annihilation

d production observed by ARGUS
and CLEO

O In Y(1S) and Y(2S) decays

O Rate=3x10°
Update these values and observe

d production in Y(3S) decays and
in ete” =2 gg near 10.6 GeV

Datasets used

Resonance | Onpeak # of 7 Decays Offpeak
T(4S) 429fh " 463 x 108 44.8 b~
T(39) 28.5fh 116 x 10° 2.63 b1
T(2S) 1441 98.3 x 10° 1.50fb~!

Obtain Y(1S) sample from
Y(2S) = Y(2S) it

H. Albrecht et al., Phys.Lett. B236, 102 (1990);
D. M. Asner et al., Phys. Rev. D75, 012009 (2007).

12 May 2014

Event selection

O Require 2 3 charged tracks

O Fox-Wolfram R,” < 0.98

O Lie in drift chamber (DCH)
acceptance: -0.8 < cos ¥, <0.92

O Momentum 0.5<p,, <1.5GeV/c
(dE/dx for d, d well away from
other species)

O Transverse doca to I.P. be <400
um

O Additional background and quality
cuts

Extract yields from combined

DCH + SVT dE/dx distributions
83501:' e s fl
;300;— Background .............
52502— Signal peak  -------
t 200 Sum —_

150E- E
= BABAR
100; preliminary
50
O R :
) - d%/dx Combined Residual
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g E BABAR —®— Stat Error On
. . E 35 | preliminary —Ztanl;stgrr:r
Anti-deuteron production <=
“go5F +~}-
: 8t ;T () T(29)
e Systematics 5 F 2e s
L 115 —+= _+_

O Fit biases, background model, g 10
reconstruction efficiency, kinematic g sf ey
acceptance, material interaction, fake anti- S a0 —+ Stat Exor Only
deuterons, DOCA selection, event 2 ot + e
selection, normalization “s20F H~ + _

g F L )79
e Results e {» + .

0 Correct number of d’s from fits for g% + I
efficiencies 3o e

0 Compute total rates from differential s TS
spectra 2 “F oo

gk S (© T(15)
S C .

Process Rate %20? ;

B(Y(3S) — dX) (2.33 £0.157555) x 107 - ;

B(T(25) — dX) (2.64 £0. 11+8 3?) x107° L werwrry
B(Y(18) — dX) (2.8140.497539) x 1075 g f St SystEror
olete™ = dX) [/s = 10.58 GeV] (9.63+0.417150) fB % 8;‘ { H 7L + -2 Specium Ft

o(ete™ = dX) S o + T (@) cont. et
3.01 4 0.1379-37) % 106 S =+
o(ete~ — Hadrons) ( “0331) B 4;
< 2
J.P. Lees et al., 1403.4409 [hep-ex], [ T
Submitted to PhyS.ReV. D (RC) :g’ b 02 04 08 og T2 1ﬂmtlDe?Jtemznp 2( er%')4
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Summary

e BABAR has measured inclusive production cross sections for itt, K*, p/p
spectra at C.M. energy of 10.54 GeV
O Using a small subsample of very high quality data
O Published in Phys. Rev. D88, 032011 (2013)

e BABAR has measured Collins asymmetries
O In e*e” =2 gg events (submitted to Phys. Rev. D: arXiv:1309.5278 [hep-ex])
O In multi-hadron events with two pions in opposite jets
e Analysis using kaons underway
O Asymmetries extracted from ratios of normalized distributions of like-sign,
unlike-sign, and charged pion pairs
O Report results as function of

* Fractional energies, transverse pion momenta (first measurement), thrust axis polar
angle, and four-dimensional space (RF12 only): (z,, z,, p:1, Ps)

O zand p, dependence as expected, but polar angle dependence shows
difference from expectations

e Anti-deuteron result submitted to PRD-RC in March 2014
O Most precise measurement in Y(2S) decays
O First measurement in Y(3S) decays and in e*e™ = gg near 10.58 GeV
O arXiv:1403.4409 [hep-ex]

Cowan — Studies of inclusive hadron
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The BABAR detector at PEP-II

1.5 T solenoid

NIM A479, 1 (2002);
Update: NIM A729, 615 (2013)

12 May 2014

: Calorimeter
(superconducting) iy 6580 Csl(Tl) crystals

Cherenkov et (3.1 GeV)

Detector

144 quartz bacs =

11,000 PMTs

Silicon Vertex
~ Tracker

5 double-sided
layers

N

Drift Chamber
40 layers

Instrumented Flux Return
18-19 layers
Cowan — Studies of inclusive hadron

production at BABAR — QCD 2014
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BABAR Datasets

As of 2008/04/11 00:00!

BaBar

PEP Il Delivered Luminosity: 553.48/f0 oo
BaBar Recorded Luminosity: 531.43/fb
BaBar Recorded Y(4s): 432.89/fb
BaBar Recorded Y(3s): 30.23/fb
BaBar Recorded Y(2s): 14.45/fb

400 Off Peak Luminosity: 53.85/fb

500

Delivered Luminosity
Recorded Luminosity
- Recorded Luminosity Y{(4s)
Recorded Luminosity Y(3s)
(2s)

Integrated Luminosity [fb™]

- Recorded Luminosity Y(2s
Off Peak

300

ol LA

e PEP-llat SLACis notonlyaB
factory but also a charm
and t factory

O 470 x 10° BB pairs
O 690 x 10° cc pairs
O 500 x 10° t*t" pairs

e |nitial-state radiation (ISR)
events: access to low-
energy e*e” hadronic cross
sections

Sample | Integrated £
T(4S) 433 b~
T (39) 30.2 b1
T(25) 14.5 fb~!
Off-peak 54 fh~!
Scan 3.9 fb~ !
12 May 2014

The Collins asymmetry analysis uses 468 fb!
o 424 fb! at the Y(4S) peak
* 44 fb! at 40 MeV below the peak

Cowan — Studies of inclusive hadron
production at BABAR — QCD 2014
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BABAR, Belle comparlson using RFO

T 1y S — N
e !
. . ™
. L .
L] Ll

:2 E A BaBar Preliminary : : : E ¢ USG 10+1
0.I5;  mBelle i * 4 symmetrized bins
0.1} ; A
: S 1 0 BABAR: 468 fb,
0.05 . . M " = 0.15<z<0.9
N VI 5 ; - O Belle: 547 fb!,
OT...I..E,,l’.“.l.,..1..“1..5.'.1,.,.1“..1,,:‘.1..’..'17“:..1.'.'7 0.2 <z< 1
%o0'06-””]””"”"'.”:]””""E'"””'””""E”'m']"3”"”; . Average over data
< i A BaBar Preliminary : : P . h b
004l WBele B IN eacC IN
- X +— 1 ¢ Good agreement
- : : : : . UL uc
002f g i T3 for AVt and A,
N : . A * : af . : §
S ‘+ i . R. Seidl et al., Phys. Rev. D78, 032011 (2008);
0__, — T . ......................... R. Seidl et al., Phys. Rev. D86, 039905(E)(2012)
...|.I|..1 P | .1..I'..|. 1,..1..I' |....1..I'.l...
mEE EEE R G,
0.15-0.2 0.2-0.3 I 0305 1 0507 ; >0.7
T T 1 T >
0.15-0.2 !0.2-0.3 0.3-0.5 | 0.5-0.7 >0.7 !0.3-0.5 0.5-0.7| >0.7 !0.5-0.7 >0.7 | >0.7

bZz
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0.5

BABAR, Belle com

T

arison using RF12

Dq:— E A BaBar Preliminary : . 4 ° S|gn|f|ca Nt d|Screpa ncy
04F  mpelle | E in the last two bins in z
0.3F . O Bin-by-bin corrections

3 : N - factors (30%)
02 : : - PO ..
- : - O Limitz< 0.9 to remove
0.1F i L R LI I - contamination from
- : & i ia - - ul
F e s ‘e 2 ULy ba_\ckground and
01(5‘“’ E——— e SEE— exclusive events
>l T L : f 1 * Also a systematic shift at
[ W Belle S - lower z as well
0.1~ 1~ 9
) ‘ " A i g e ’ : R. Seidl et al., Phys. Rev. D78, 032011 (2008);
o 2 i & " i.....i...._.i._|R.seid etal,Phys. Rev. D86, 039905(E)(2012)
0.15-0.2 ! 0.2-0.3 : 0.3-0.5 : 0.5-0.7 : >0.7 -
> 41
0.15-0.2 :0.2-0.3 0.3-0.5| 0.5-0.7] >0.7 :0.3-0.5 0.5-0.7| >0.7 :0.5-0.7 >0.7 : >0.7
. z = z > zZ

12 May 2014
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Analysis strategy

Select hadronic events with two charged pions

O Onein each hemisphere

Perform the analysis in two reference frames
O Thrust reference frame, RF12

Defined as along and opposite to the thrust axis Boer et al., Nucl.Phys. B 504, 345 (1997).

Boer et al., Nucl.Phys. B 806, 23 (2009).

0 Second-hadron ref. frame, RFO
Allows direct comparison to Belle measurements
Study light-quark pairs since helicity is conserved only in
the massless-quark approximation

0 Also correlation between quark and anti-quark fragmentation
may be lost for heavy quarks
Study like-charge (L), unlike-charge (U), and charged (C)
pion pairs
O Gives sensitivity to favored and disfavored fragmentation
functions
Favored: quark g = hadron with valence quark g of the same flavor.

12 May 2014

u=>Tmt,d2>n"

Disfavored:

u=>rmn,d>mt

Cowan — Studies of inclusive hadron
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Thrust reference frame RF12

Collins asymmetry show up as an

azimuthal dependence of two final-state

pions 1, T, about the quark-antiquark
axis
O Approximate the gqg axis by the event
thrust axis
Azimuthal angles ¢,, @, of m , 1T, are
defined relative to a plane
O Perpendicular to the e*e™ axis and
containing the thrust axis
Rate is dependent on the sum ¢+ ¢, as
well as z,, z,
O Cross section consists of a uniform part
and a cosine-modulated part in ¢+ @,

* Depends on transverse moments of the
fragmentation functions

Cross section do o< A + B cos(p,+ ¢,)
Divide the ¢+ ¢, range into bins and

extract
Rio(¢1 + @) = N(i:r ¢2)
avg

E. Farhi, Phys.Rev.Lett. 39, 1587 (1977).

Transverse moments are (F = D9, H9):

Finl(z) = fdlk% (ﬁl)nﬂ%k%)

where M_ = pion mass and the quark
transverse momentum is k; = P, +/z

Cowan — Studies of inclusive hadron

12 May 2014
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Cross section in RF12

* The cross section for e*e™ =2 m,m, X in terms of
the pion fractional energies z,, z, and @+ @, is

do(eTe™ — mmX) Z 302 83 0]

— 9 2.2 1 20,1 an[o] e
dz1dzeddrdgad cosfon 4= 1% X{( +cos” ) Dy (21) Dy

(Zz) +

_ — g,
sin? Oy, cos(pr + ¢o) Hy "M (21 ) Hy q'm(zz)}

* Where
O Q =Vsis the c.m. energy
O e, the charge of quark g
O Bar denotes antiquark fragmentation function

Cowan — Studies of inclusive hadron
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Second-pion reference frame RFO

The Collins asymmetry can also be
observed in a different reference
frame

O Use direction of m, as the reference
axis
O Instead of the thrust axis
Scattering plane is defined by the
e*e” axis and P,
O P,=the momentum of m,

qbo = sign[Pg . {(ﬁ X Pg) X (PQ X Pl)}]

axPy PoxPy
Cross section consists of a uniform o aeeos (\ﬁ x Py P2 Pl\)
part and a cos(¢,) modulated part Boer et al., Nucl.Phys. B 504, 345 (1997).
O Also depends on a convolution
integral F over 1, T, transverse Convolution integral F over transverse
momenta momenta P/t = zk; is
do < A"+ B’ COS(CPO) F(XX) = Z €a ]koTdZPTfsQ(PT +kr —qr)
Divide the ¢, range into bins and " (o1, 2K T (o 220
extract N (2¢0) AT 22
R[}(2§b{]) _ 0 where k;and p;are the quark tranverse
Navg momenta

Cowan — Studies of inclusive hadron
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Cross section in RFO

* The cross section for e*e™ =2 m,m, X in terms of
the pion fractional energies z,, z, and ¢, is

do(eTe” = mmeX) 30 2723
dz1dzed?qrdcos(by)dey Q2 4

X {(1 + cos® 0p) F(D1(z1)D1(z2)) + sin® O cos(2¢pp)

H%(zﬂﬁf(zz)] }
M2

(1)
0 Where |q;| = Q, = transverse momentum of the
e*e” virtual photon in the two pion c.m. system

X F [(Qﬁ-kTﬁ-pT—kT-DT)

0 Good to leading order in a, and 1/Q

Cowan — Studies of inclusive hadron
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Like- and unlike-charge pion pairs

We can use pion pairs of equal
or opposite charges

O Opposite charge case occurs via
two favored or two disfavored
processes

ete” s uu — T X
Define favored and disfavored
fragmentation functions:

D™ (z) = DW*(z) = D] (2)

D™ (2) = DT (2) = D} (2)
DY(z) = DI (2) = Dy (2) = DT (2)
DY(z) = DI (2) = Df (2) = DT (2)

Cross sectlons can be written as
(U = unlike, L = like, C = charged)

do(ete™ = 7f77X) 5

NV _ _Dfav th
(¢) 104245 oD (2)D (22) +
do(ete” = ’JTj:X) 5 —dis
NL — _Dfa.v D
(qb) deZleQ 9 ( )
do(ete” = 1 X)
NC — — NU NL
)= T T () + N"(9) o
12 May 2014

Unlike (U)

e
) o A =
u U
b= v %J p= R, S8
o

y
/
e

e
4 o ‘e+
u 4
0SS 0 F ,f 'Jf.n}
L Ao Like (L) . )
4 T + N
;;Dfav+dis & Di i
U 7 fav+dis T
N Chaiged (C) J

() + 2 D¥(z1)D

7 . —dis
§Ddls(21)D (22)

fa.v
(

g D™ (21) + DU (1)) [0

Cowan — Studies of inclusive hadron
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2
z) + 9Dd"’(zl)D

b = ¢1 + ¢2(RF12) or ¢o(RFO)

—dis

(22)

() + D™ ()] + 5 DY) D™ (22)
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Event selection (1)

Choose events with light quark fragmention
0 Helicity is conserved only in the massless quark case
0 Heavy quarks may lose correlation between g and g

Select multi-hadron events
0 =3 charged particles
O Fox-Wolfram R, <0.98
e Using charged tracks only
0 Eygiple > 7 GeV
e Suppresses t'T7, energetic ISR, and yy events
Accept only charged tracks with
O Atleast 0.1 GeV/c momentum transverse to e*e” axis
0 Track must originate near the I.P.
0 Lie within detector solid-angle acceptance region
Suppress events with energetic gluon emission
(disrupts correlation between quark spins)

O Require event thrust 7> 0.8
e uds events peak near T=0.85
* Removes most BB events

Suppress ete” 2> u* u"y and ete” 2 e* ey by the 3-

hadron requirement above

O Butinu*u y case, if the photon converts, it may pass

this cut

0 Suppress further by requiring in low-multiplicity events

neither two most energetic tracks are identified as
muons and that no electrons are present

Entries/0.005
S IS S ¥ T e

IllllllllllllllllllllilIIIIII »

t—':c.g
o -

gend
uds

o
l=x

winl

ElE]lN

18
'-Iu

0.55 0.6 0.65

8.8 0.85 0.9

0.95 1
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Event selection (2)

Accept a track as candidate for Collins
analysis if it

O lIsidentified as a pion

O Fails muon and electron selectors
Require track to have z< 0.9

0 Reduces events from bb bound states

*  Which produce significant number of unlike-sign
pairs

Require z > 0.15

O To avoid problems associating low-energy
hadrons with the correct jet

Require pions to be within 45° of thrust axis
O Reduces wrong-jet associations

Require transverse momentum of the virtual

photon Q, to be > 3.5 GeV

O Further reduces low-energy gluon radiative
events
Residual contributions from all remaining
backgrounds are estimated and corrections
made
O Charm, BB, t'tT

Results in 102 pion pairs for the Collins
analysis

Cowan — Studies of inclusive hadron

12 May 2014
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Corrections, checks and systematics (1)

Asymmetry dilution
O From use of thrust axis to
approximate qg B B axis
O Average divergence from gg axis
about 100 mrad
O Results in asymmetry dilution

e Mainly affects RF12 reference
frame

e Much smaller effect in RFO

Estimate this and other effects
using simulation

O Re-weight MC events to produce
a Collins-like effect in non-
asymmetric generated events

O Determine average dilution
values for each z, p,, and U, bin

O Apply these as corrections

e AL B e
100 :—E-i---tr--cr TR T -]
S
E T
« L A
< 60k O
FOF 7 Ao RFO
~ L =
40 0.uc ]
I TN [N SO NN T T T N T T N T T T [N T T T N ST S S A
0 02 04 06 08 1 12 14
p, (GeV)
PI=0-025] (GeV) | T ] [pr1=j0.25-05] [GeV)l R
(1) J ]
9\180:_ OAp,uL ks ]
{E C mA e m = O
< 6oF Tk .
<
40f o m m JF ™ ]
I [
pt1=[0.5-0.75] (Gev)| o ' pt1=[>0.75] (GeV) T
1 A e
< sof O Cn Cy
[ Og 1F ]
£ (m .
< s0F 1F =
g
ol ™ b o RF12
o PRI | | I | | M | I .1
0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.3 1
o (GeV) P, (GeV)
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Corrections, checks and systematics (2)

Double-ratio methodology

O Shows small asymmetry (= 0.2%) in uds
MC generated without asymmetry

Check 3 MC samples

— Use pion event-generated (“truth”)
momenta

—Use pion event-generated momenta only
for pions associated with reconstructed
tracks

— Use standard, fully-reconstructed MC
sample

Use gq axis instead of thrust axis
Vary track selection requirements

o) RFO: main effect is non-cancellation of
detector effects in double ratio

o) RF12: main effect from use of thrust

axis

o) Subtract biases from corrected
asymmetries

Take quadrature combination of largest
variation of tests with statistical
uncertainty of the fit as systematic
uncertainty

Other systematics
) Pion transverse momentum resolution

12 May 2014

10% effect on asymmetries for all
(p,1,p,1) bins except lowest (30% effect)

- Assign as systematic

0)

0)

0)

0)

0)

Particle identification

Pion pairs have about 96% purity;
remaining 4% a true pion and a mid-
identified kaon

Vary PID selection cuts (more and less
stringent)

Results in at most few percent change in
asymmetries

- Assign as systematic

Fit procedure

Vary angular bin sizes, larger and smaller
than standard

— Deviations < 1%

- Assign as systematic

Study re-use of pions in different pairs in
same events

— Pseudo-experiments show no bias in pull
distributions

Test using same-sign pion pairs

Cowan — Studies of inclusive hadron
production at BABAR — QCD 2014

Collins effect not a function of charge,
but of favored- and disfavored transitions
Gives information on detector charge
asymmetries

— Results consistent with unity

Check D-R using subtraction method

Take difference instead of ratio of pion
pair rates
- Consistent with D-R method

Others: beam polarization, consistency
across data sets
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Systematics summary

Squared errors for A%

e Dominant
° = 10_35_ %Ei (21’22) b|ns
systematics ¥ Flpe

Syst.

12

= ]
O At larger z ”m ﬂ%"
107 = IS II=
e Bias observed in MC EE Il mE-=-=
10—65_ M=
sample fi—i=—
e Dilution correction
factors Zof T

O At all values of p,

* p,resolution %//Z/”p_/ Ty

[— N

e Bias observed in MC
sample

Cowan — Studies of inclusive hadron
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Antideuteron production systematics

Source 7(2S) 7(35) 7(15) Continuum

Fit Biases 0.5% — 2.0% 0.1% — 6.6% 0.1% — 2.0% 0.0% — 0.2%
Background Model 0.2% — 7.8% 3.1% —12.0%  0.9% — 7.6% 0.0% — 8.9%
Reconstruction Efficiency | 2.5% — 10.5%  5.2% — 17.0% 1.3% — 7.1% 3.0% — 7.3%
Kinematic Acceptance 0.5% — 10.3%  3.6% — 16.0% 0.6% — 2.9% 1.4% — 8.4%

Material Interaction
Fake antideuterons

2.8% 10.5%
+0.0% _ +0.0%

4.3% 17.0%
+0.0% _ +0.0%

2.0% 7.3%
+0.0%  4+0.0%

2.9% — 7.4%
+0.0% _ +0.0%

—0.5%+;W—9.8% —1.1%%_ —3.0% —1.90/15 80]—32.0% —0.6%+; —5.4%
. . 0 . (] . 0 2.0/0
Event Selection 2.3% 2.3% 1.1% 4.6%
Normalization 1.2% 1.2% 0.2% 0.6%
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