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INFN
At the leading order (twist)!, three Parton Distribution Functions (PDF) exhaust the description
of quarks inside the nucleon:

[ e

flq (x): number density of an unpolarized quark in an unpolarized nucleon @
known with high accuracy

gf(x) : number density of longitudinally polarized quark in a longitudinally polarized nucleon
less well known (but there are measurements:
see, e.g., Hermes data for 5 different quark flavours*) @ - @

hf (x) : number density of transversely polarized quarks in a transversely polarized nucleon

the transversity is the only missing ingredient to complete the leading-twist
picture of the nucleon.

The cleanest approach to access the three PDFs is Deep Inelastic .
Scattering (DIS), but transversity does not appear in its cross-section:

fi1(x) and
do = Ze ‘ZS v1- 6“ g1 (x) are
dXdyd ¢S SX 1 present, but

hf (x) is not

1Twist refers to the order in M/Q at which the distribution function

contributes to the cross-section. See Jaffe, hep-ph/9602236. J effgon L ab
o

K *A, Airapetian et al. PRD 71, 012003 (2005)




Since transversity does not appear in DIS, its experimental investigation relies on a different
kind of processes, i.e. processes where a hadron appear both in the inital and in the final
state.

I(k)+ N(P) > I'(k") + X (P,)+h(P,)

With these processes, it is possible to access
the quark transverse polarization:

by extracting the asymmetry in the
distribution of P, of the final hadron

by measuring the polarization of a
transversely polarized final hadron (as the
hyperon A%)

| Observable quantities
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A specific example of SIDIS process is the dihadron semi-inlcusive production, that has the
general form ep »e hth™ X

» As a Semi-Inclusive Deep Inelastic (SIDIS) process, it allows to access transversity hi’(x)
» With respect to the single-hadron production, it provides an easier access to hf(x)

[ A

hf(x) appears in the single-hadron cross section in a convolution integral

o o kP gy
d... m, =

...while it appears in a direct product in the two-hadron cross section

d7
||:> d—az...hf(x)qu

The extraction of the Beam-Spin Asymmetry allows to access the structure function
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The extraction of the PDF is possible since the interference fragmentation
function has been recently extracted from Belle measurement*

Silvia Pisano - LNF * BELLE Collaboration, A. Vossen et al., \geff;?son Lab
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Analysis procedure INFN

We will focus on the channelep — et X. The analysis procedure goes

through the following steps:
ep ~eln' nOX

:

Particle Identification

Identification of the
events where these
three particles appear

Detection of the final state particles with CLAS

U DIS
events
U Current

Specific kinematic Selection of pions from the Ablulus
configurations are selected fragmenting quark at|o!1
Region
pions

Event selection

Extraction of the Asymmetry A =TT
o' +o

Extraction of the moments Moment kinematic
of the BSA dependence

sin
ALU (¢) (mn+n_; z, xB)
sin(®,, , + @) xh(x)x FF . -
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INFN
The Cebaf Large-Acceptance Spectrometer (CLAS) is installed in the Hall-B of the

Thomas Jefferson National Accelerator Facility (Newport News, VA, USA). It is a natural
enviroment to perform SIDIS measurements.

[ et

The CEBAF, indeed:

provides a continous electron beam with a duty factor ~ 100%;
has a good energy resolution (%~10‘5);

and the beam has a polarization ~ 85% — essential to perform
BSA measurements

The CLAS detector is provided with:

Toroidal magnetic field (6 supercondicting coils)
Drift chambers (argon/C0O2 Gas, 35000 cells)
Time-of-flight scintillators

Electromagnetic calorimeters

Cherenkov counters (e/n separation)

Its features allow the following performances: [
<+ Nearly 4r acceptance

CC: Cerenkoy Counter
SC: Scintillation Counter
‘0

% Large kinematical Coverage EC: Electromagnetic Calorimeter
< Detection of charged and neutral particles

Silvia Pisano — LNF 11/3/2011 JefQOn Lab
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} INFN

-1
This analysis is focused on the process 21 b~ from the elf data set are used

LU L X Longitudinally poIarTzed electron beam
e p A=At with average polarization of 75 %

Target: unpolarized liquid hydrogen

_ _ _ _ Beam energy: 5.5 GeV
Standard PID cut to identify the particle in ]
the finale state: Torus magnet reduced to 60% of full

current to maximize acceptance of
charged pions.

ep —le' X

Cuts complementary to the
electron ones

T

e > 0.8 GeV
nphe > 28

eCinnen > 0.06 GeV
02 < % < 0.36 GeV

+ 4 cm from the vertex

% 05

Silvia Pisano — LNF 11/3/2011 Jeff/gOn Lab
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DiHadron sample selection INFN

<+ The events with at least one =t and one =~ are selected
<+ In the case of more than one n%, the various combinations are considered

<+ DIS cuts are applied: W > 2 GeV && Q2 > 1 GeV?

» W > 2 GeV removes the resonance region
» Q2> 1 GeV2to be in deep inelastic
region

<+ Missing mass cut in order to remove exclusive events

» The missing mass mm, of the system e~ »* = is defined
as the invariant mass of the following 4-Vector:

P 7", 727) = (Ry + Rean) = (P +P . +P )

» The cut mm, > 1.05 GeV removes the proton peak,
i.e. the exclusive electro-production of two pions

0.5 1 15 2 25 3 3.5
mm(eA- 1A+ nh-) (GeV)

X/

<+ After these cuts, only the events where the pions lie in the CFR are selected (next slide).

(- e Jefferson Lab




Current Fragmentation Region wu
The variable xy is considered to select hadrons in the CFR: = hy
2 Xg >0
X (%) =Pl s 0 hy
W

where W is the y*-p centre-of-mass
energy and p,, is the longitudinal
component of the pion momentum
(evaluated in the y*-p centre-of-mass).

xF<O

| x_F (n”+) vs. xF(nA-) |

both pions
in the CFR

x_F for the i+

x10°

x_F for the n*-
o

x1

% 08 06 -04 02 C 02 04 06 08
x_F (174)
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Z definition & distribution(s) INFN

The dimensionless variable z represents
the fraction of the virtual-photon energy
transferred to the hadron:

P.R,w E E

7=—" =
Pg E-E v

% 01 02 03 04 05 06 07 08 09 1
z(mh+)

% 01 02 03 04 05 06 07 08 09 1
2z (nh-)

In this analysis, z indicates the sum of the “::> A = | |7 L | 7l L
zs of the two pions TOT T T

Z (ah+) vs. Z (nh-)
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Exclusive contribution in z INFN

The two-pion exclusive electro-production events lie in the high-z region (z > 0.7):

w
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The cut on the missing

mass mmX > 1.05 GeV
removes this contribution
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Beam-Spin Asymmetry (BSA) is defined as

where

> Ppeam 1S the beam polarization

1 N"—N-

ALUZPb N"+N-

eam

Extraction of the Beam Spin Asymmetry

» Nt is the number of dihadron events corresponding to a positive beam-helicity
» N- is the number of dihadron events corresponding to a negative beam-helicity

BSA integrated on the full data sample

Fitting function

Beam-Spin Asymmetry with e1f data - Int~grated

pYsin@ + plsin2¢ + p?

N

Sin(®) moment —» 0.0086 £+ 0.0012

Sin(2d®) moment — 0.0050 + 0.0013

Constant term compatible with zero

Silvia Pisano - LNF
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po 0.008551+ 0.001244
0.005058 + 0.001272
0.0006325 + 0.0008608
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BSA increases as a function of xp

Beam-Spin Asymmetry with e1f data - Integrated

0.015

0.01

0.005

0

-0.005

-0.01

13.2/9
P 0.008551+ 0.001244
p1 0.005058 + 0.001272

|_p2

0.0006325 + 0.0008608

Sin(®) moment —> 0.0086 + 0.0012

@

Silvia Pisano - LNF
EINN 2011

/if[ig

[ Beam-Spin Asymmetry with elf data - Integrated |

4.858/9

0

0.15

0.1

J
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0

-0.05

-0.1

pl
p2

0.04337 =0.01024
-0.00796 = 0.01011
-0.0007662 = 0.0060505

Sin(®) moment — 0.043 = 0.010
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Sin(¢) moments obtained by the fit

Dependence of the sin(¢)
moment on the z bin

[ Sin(®_R) moment vs z |

0.004

&

<z> sin(Phi) sin(2Phi) offset N2 N(n*r)
0.175 0.0077 0.0010 0.0046 7.8/9 219629
+-0.0040  +-0.0041  +-0.0028
0.475 0.0069 0.0057 -0.0003 15/9 1.43798e+06
+-0.0016  +-0.0016 +-0.0011
118 0.0122 0.0047 0.0013 12/9 711138
+-0.0023  +-0.0024  +-0.0016
Silvia Pisano - LNF
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A preliminary DiHadron analysis@CLAS has been presented

/@ ] PR
Summary&Conclusions wu

DiHadron processes are a powerful tool to access transversity

Easier access with respect to single-hadron SIDIS
Access to higher-twist pdfs

A non-zero A, is observed with 6 GeV CLAS data

Q

a
Q
Q

nt n~ channel analyzed

Sin(¢) moment appear to be the dominant contribution

A BSA dependence on z and other kinematical variables can be appreciated
already at 6 GeV

1-D binning so far

Improvements ongoing

VVVYV

@

Analysis on MC

Study of acceptance effects

Check on the possibility of a multi-D binning

Analysis of other two-pion channels (n*=% ) with different CLAS data sets

Silvia Pisano - LNF 11/3/2011 46@0“ Lab
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One of the very friénd’|y!¢yprus* cats!
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Vectors

R=P +P
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Planes

~_ Bxg A
nhad _|Ph><CI|

lept =

qxk

qxK|
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ﬁIept . I‘\]had . COS((Dh)

@, = signarccos(f,, - ﬁhad)/
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Definition adopted in this analysis for ®;&d,,:

_qxk-Py, _ qxk-qxP, gXxk- Rr

N cos~ Or =

g X k- Pyl lg X k|lg x P, lg X k - R;|

q is the virtual photon 4-Vector

k is the incoming electron 4-Vector

P, is the sum of the two pion 4-Vectors

Rt is the component of R orthogonal to Py,

All these 4-Vectors are evaluated in the y*-p centre-of-mass
frame

&

w

b
-
=]
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Binning in m(n* ©n7), 2, xp INFN
(e

BSAs will be binned in these three variables:

Zror = Zg+ + Zg- Xg m(ntn™)
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Other analyses @CLAS
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Further details on the analysis
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In our 21 fb! data set, we have

1 1.52x107 DIS events with two charged pions (n* =)
1 2.76x10° DIS events with two charged pions in the CFR

kinematic region covered by

[ @*2 vs x_B distribution |
our data sample

5

QA2 (GeVA2)
&
P w

3.5

% 0.1 0.2 0.3 0.4 0.5 0.6

Silvia Pisano - LNF
@ CLAS Collaboration Meeting 10/14/2011
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Counting the pairs

PR
INFN
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1 2.37x10°6 DIS events with two pions in the CFR, semi-inclusively produced

Total number of nt
n pairs in the elf
data set: 2.37x10¢

.ge,f,f/agon Lab




Single hadron asymmetry (") INFN
[ Beam-Spin Asymmetry with e1f data - Iniegra;d_, s otsen s 1;;052 ,; :
The single-hadron (r*) BSA is evaluated in the two- o oo oo
hadron sample 00s '
The integrated BSA shows a Sin(®) moment ~ -
0.0337 £ 0.0021 001
BUT there is a strong dependence on z (Sin(®) o

TN BT
100 150

moment increases with z) LA
Sin(®) moment: Sin(®) moment: Sin(®) moment:
0.0305 + 0.0026 T 0.0365 + 0.0043 T
Higher z means higher
xp (pions in the CFR)

i
H
7|

PEERENE

piisn

S S Ay W ST B R G TS 2E 7 IS
w s <
5 P

Sin(¢_R) moment vs z

J‘z
n.oa#‘”bl”lﬁubl -
Silvia Pisano - LNF
CLAS Collaboration Meeting 10/14/2011

z (nh4)




Istituto Nazionale
di Fisica Nucleare

Details on the detectors
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Two-hadron SIDIS

In the case of two-hadron semi-inclusive production

d'o _ 2d° A |
T s A (0P + 4SO ()Df ~BY)S:..sinl + )1 COM;
q

- sin(®, , £, )xh(x)xFF
_ 6 -0 ﬂ; : Fragmentation
A= e
O +0
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Further BSA dependences
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: : : Dependence of the sin(¢)
Sin(¢) moments obtained by the fit moment on the P bin
<pt> SIn(PhI) SIn(ZPhI) offset ZAZ N(7Z'+7z") \ Sin(cDER)momentvsPT |
i | |
0.3 -0.0049 0.0017 0.0007 15/9 479597 S ‘ T |
+-0.0032  +-0.0032  +-0.0019 ¢,
0.75 0.0116 0.0037 0.0007 11/9 1.29141e+0¢ | v
voolooz| || 500017 || [+-0.0012 /A& o002
1.45 0.0116 0.0128 0.0004 6.6/9 597732 oooe
+-0. 0022 +-0. 0024 +-0. 001 7 / 0.0080 = ‘0.‘2‘ ‘ I().‘4I ‘ ‘0.‘6‘ ‘ ‘O.IB‘ ! “‘I = I1.‘2I ‘ ‘1.‘4‘ ‘ ‘1.|6‘ ‘ ‘1.‘8‘ ‘ I2
Silvia Pisano — LNF ?
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L L
(2] 04
with e1f

==

bttt _egs
& B B R 2 e 2 R H

&

EINN

jgi :+77 =% o) d o1 : RS HE % w5 7+:
Sin(¢) moments obtained by the fit Dependence of the S|n(¢)
moment on the m bin
<m> sin(Phi) sin(2Phi) offset e N(r*r) S R momentva ek, P ]
0.3 0.0076 0.0019 0.0017 18/9 1.52504e+06 °§7§§
+-0.0016 +-0.0016 +-0.0011 " K
0.725 0.0058 0.0112 -0.0001 13/9 661410 'O;E }
+-0.0024  +-0.0025  +-0.0016 o et
1.425 0.0219 0.0127 -0.0058 4.2/9 182302 23 T
+-0.0042 +-0.0046  +-0.0031 O\
T eferd
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distri

distri

SEEREEEE
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disiril
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3]
s with eif

Sin(¢) moments obtained by the fit

0.11

0.27

0.46

<xb> sin(Phi) sin(2Phi) offset N2 N(rtr)

0.0069 0.0027 0.0010 9.4/9 949154
+-0.0019 | || +-0.0020 || +-0.0014
0.0076 0.0093 -0.0005 3.7/9 958586
+-0.0020  +-0.0020  +-0.0014
0.0140 0.0009 0.0022 13/9 461010
+-0.0029  +-0.0029  +-0.0020

&

Silvia Pisano - LNF
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Dependence of the sin(¢)
moment on the xg bin

[ Sin(@_R) vsx B|
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P; definition & distribtion

-
The variable P; represents the

component of P, perpendicular to the
virtual-photon direction. P is given
by:

PT=PTTL'++PTTL'_

[ P.T(r") +P_T (=) |

[ P_T(a*+)vsP_T(n"-) |

30000
20000

10000
% o2

0.4

% 02 04 06 08 1 12 14 16 18 2
P_T (n*+ + nn-) (GeV)
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1001
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Kinematics: z vs P;

% 02 04 06 08 1

Silvia Pisano — LNF
CLAS Collaboration Meeting
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Z(n*+) vs. Pt{nr+)

z (nh+)
=]
1=1

4001

07 08
PT

0.9 1
(nt+) (GeV)

z(nh-} vs. Pt(nr-)
1

% o1 02 02 04 05 06

0.7 08 09 1
P_T (n4-) (GeV)
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Useful formulas
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INF

/
SIDIS cross section

do
dr dy di dz dpy dM2 dcosd
@ v (1 2\ g eh +/22(1 + &) cos b FI5%"
Ty QE 21 —2) 97 UoT UL R

+ecos(205) FiE™®® + A.\/22(1 — ) singp Fi#"
+5 {m sin g Fop ° + £sin(2¢p) Fggwn]
+ 82, [ﬂﬁ‘m + mmﬁ%ﬁﬁﬁl
+18r| lﬂiﬂ{dm — ) (Fyra™™* + e Fppr*)
+ £ sin(dg + dg) Fomomt®s) | ¢ sin(3p — dg) Fopoon#s)
+ /IE(T T 2) sin s Fga%s 1 /I(T 1 2) sin(26m — ds) Fg;_cwn-¢5}]

+18r|A {«r — <2 cos(gr — ¢s) Frpo® %) + /2e(1 — <) cosgs Fpp e

VI 5] cos(26n — ) Fn—ts) | | ._
@ Silvia Pisano—LI:F o ” 46@0“ Lab
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Structure Functions in the limit M, « Q* INFN

Four = zf{(z) Df (z} cos b, Mh)}

Fyu =0,
Fi5om — —;1:|R51n9 % 1 (z) ﬁqq(z}cos 0, M),
Fip =0,
Fﬂl}% = —:E|R5m8 :ﬂﬂi zel(z) Hy'(z,cos0, My) + %ff(:r) é‘”(z, cos#, Mh)] .
F§E¢R = —:E|R5m9 -ﬂﬂi zhi(z) H(z,cos8, My) + égf(m) éqq(z}cc-s g, Mh):| ,
Fyp " =0,

Fri, = xg](z) D (z, cos 0, Mh),,

|R| sinf 1
Q) z

Silvia Pisano — LNF
CLAS Collaboration Meeting 10/14/2011 ‘ge Son Lab

FE'f¢R = —x 9{11(1‘) ﬁqq(z}cos A, Mh),
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Miscellaneous

Silvia Pisano — LNF Q N L b
@ CLAS Collaboration Meeting 10/14/2011 ‘ge So a




Helicity basis | +), | =)

Transverse Spin basis | T), | |)

T

Tranversity in Helicity basis
LY==+ xi]-)

Silvia Pisano — LNF
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Chirality

INF

As a chiral-odd object, transverse polarization of quarks cannot be
» probed through the cleanest hard process, the DIS.

Silvia Pisano - LNF
K CLAS Collaboration Meeting 10/14/2011

Je

| chiral-odd

Another

object has to

be inserted
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[

Two new variables are introduced:

< P, |, the transverse momentum of
the final hadron

<z, the fraction of the virtual photon

energy transferred to the final
hadron

In the case of the SIDIS cross section, the
hadronic tensor contains now even the
Fragmentation Correlator A:

2MW (g, P, S, P,) = 223[Tr(@(x, pr, )7 Az, k; )y )|

pr/kr: tranverse momentum
dependence of the Py tranverse momentum dependence of
quark/fragmentation process L / | thefinal hadron

Silvia Pisano — LNF ;?
K CLAS Collaboration Meeting 10/14/2011 ‘:’)eff Son Lab




Tranverse Momentum Distributions INFN

If the quarks inside the nucleon are perfectly collinear, the three pdfs f£,(x), g{(x),
hi(x) complete the information about the internal hadron dynamics:

D(x) = {@ﬁ++51.y he +0) [ 9. m] }

If, instead, we allow the presence of a finite quark tranverse momentum p;, the number of
functions increases up to eight:

B(z.pr) = {@m—@ET POy, Sulgus e ) P

[ 37, 1ty |75 | b, ] s
-+ —I—SL

_ pr - ST [ﬁT! ﬂ-l-} 5 [fﬁTa "/i-l-] gu,(x pr) = 91 (x)
M OM M hi.(x,pr) = hi(x)

+1ihy

CLAS Collaboration Meeting
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Accessing the moments of ¢

In the most general, non collinear

case, the hadron is described in terms
of 8 TMD. To access them, we have to
isolate their specific modulation in the

cross-section: L fi gi h;,e;
_ T fr.fr 9r.9r hrer v
sin(®, , £ ®.)xTMD x FF
. Tranverse Fragmentation
Momentum function

Distribution

The method of extracting asymmetries has
To this end, the following asymmetry is two big advantages:
introduced: » Many systematic uncertainties cancel
+ — because they appear in the same way in
AJ/T/L — o -0 > the numerator and denominator
+ - » It is not needed to measure absolute
o +0 Cross sections.

where refers to the various polarization states. The asymmetry selects the terms in the
cross section proportional to the chosen distribution functions.
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DiHadron Structure Functions

Fyur = xff(x) D (2, cos 8, M),
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prinntds) _ m% hy(x) HE (2, cos 0, MB),
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DiHadron vs. Single-Hadron

Single-hadron

Zq Eg h‘;f (I? p%"‘) K Hlj:q(zr k%)

A : PE = —(C
prs(z,z, Py) (Cy) qugff(z,p%)@DLq(z;k%)

Dihadron

Aprs(z,z, M?) = —(Cy)
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Asymmetries & Structure Functions

The relevant spin asymmetries can be built as ratios of structure functions. For

the longitudinal polarization of the beam or of the target, alternatively, j.e. on
the LU and UL combinations, one can define the following asymmetries

1 2 [dog dcosb singp (dot —do™) B 1/2¢(1 —E)deDSQFEi;}éR

1 mé
Ail{lf(ﬁﬂsm (.’L‘j’y,Z,Mh,Q) —

"X [dor dcos(dot + do) ~ [dcost (Fuur + eFuog)
ASiIl@'JRSiHﬁ (ﬂ: - M Q) o 1 f_rfdQSR dcost SiIlQ‘)R (dﬂ'+—dﬂ'_) o %\#25(1+5)Id0039F§E¢R
UL ¥ % M &) = 5 [dér dcosb (dot + do-) - [deos® (Fyur +€eFuur)
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