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SIDIS x-section
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SIDIS x-section: from Ip to y#p (P =0) reroussossss csse
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SIDIS x-section: from Ip to y#p (P =0) reroussossss csse
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TMD parton distribution functions

Collins, Soper (81,82); Ji, Ma, Yuan (03, 04); Collins, Metz (04) — Definition of TMD DF’s and FF’s & QCD factorization of

SIDIS.

LO QCD = Simple parton model + Factorized twist-2 PDF & FF

h (K 7)
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worm-gear L

hy (xk ;)

Boer-Mulders
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TMD parton distribution functions

Collins, Soper (81,82); Ji, Ma, Yuan (03, 04); Collins, Metz (04) — Definition of TMD DF’s and FF’s & QCD factorization of
SIDIS.

LO QCD = Simple parton model + Factorized twist-2 PDF & FF
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worm-gear L helicity
qlL 2 qL
Boer-Mulders worm gear T

-Q> nucleon with transverse or longitudinal spin s T
.

= @ parton with transverse or longitudinal spin
==)  parton transverse momentum

Proton goes out of the screen. Photon goes into the screen K; — intrinsic transverse momentum of the quark
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TMD parton distribution functions and FFs

Collins, Soper (81,82); Ji, Ma, Yuan (03, 04); Collins, Metz (04) — Definition of TMD DF’s and FF’s & QCD factorization of §IS.
¢Col

P, — transverse momentum of the fragmenting quark w.r.t. the direction of the produced hadron
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Proton goes out of the screen. Photon goes into the screen K; — intrinsic transverse momentum of the quark
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Interpretation of the transverse asymmetries

Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007).

Within QCD parton model +A o« DF®FF (i=1,..8)
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From “raw” to physics asymmetries
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D" (o) _ Depolarization factor, f - target dilution factor, P; - target polarization, P,.,,, - beam polarization
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Mean Depolarization Factors
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COMPASS experimental setup

COmmon Muon Proton Apparatus for Structure and Spectroscopy

m  High energy beam ECAL2
m Large angular acceptance HCALZ\
m  Broad kinematical range

ECALL  SM2 N ¥ Muon-filter
HCAL1 I ;

RICH.  SNa 7
SMI N .

Polarized <
Target

CERN SPS North Area.

Two stages spectrometer
Large Angle Spectrometer (SM1)
Small Angle Spectrometer (SM2)

Longitudinally polarized p* beam (160 Gev/c). Hadron & Muon high energy beams.
Longitudinally or Transversely polarized °LiD or NH, target
Momentum, tracking and calorimetric measurements, PID

24 April 2013 Bakur Parsamyan

Beam rates: 108 muons/s, 5-107 hadrons/s.
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COMPASS Polarized target system

solid state target operated in frozen spin mode . X
N
RS
Years 2002-2004 % 400~
Deuteron - SLiD: 300
=Two 60 cm long SLiD cells with opposite |
polarization 2001 ‘ ' t |
=Polar angle acceptance — 70 mrad 100~ t ‘
=Target Polarization +50%
=dilution factor f = 0.38 gL o S
Zypy (€11

Data is collected simultaneously for the two target spin orientations
Polarization reversal after each ~4-5 days
x1 03 COMPASS 2010 proton data

Years 2007 and 2010 R
Proton - NH,: % 1o //Aﬂ
=Three cells system (30 cm,60cm, 30cm)
=Polar angle acceptance — 180 mrad ( new magnet in 2006) 1o ‘
=Target Polarization +£90% U
=dilution factor f = 0.14 i t

Z . (cm)

vitx
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Data selection

2‘7 10 -
m DIScuts: % :
0 Q2> 1 GeV2 23 -
0 01<y<0.9 o
O W>5GeV 10

m Hadron cuts :
O z>0.2
O P> 0.1GeVic

COMPASS 2010 proton data

10000

dN/dz
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COMPASS 2010 proton data
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10° COMPASS 2010 proton data

50007
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I IIIS 20
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Results for A,,%stees) deuteron

F ~e- positive hadrons COMPASS preliminary _ Deuteron 2002-4 data

02F o negative hadrons -

cos(,- ¢.)

02 0.4 0.6 038 0.5 1 1.5
X z P, (GeV/c)

cos( @, —¢s

=h) o g2 @D/, “Worm Gear" PDF g : -
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Results for A, ,%slees) deuteron & proton 2007

F ~e- positive hadrons COMPASS preliminary _ Deuteron 2002-4 data
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Results for ALTCOS(% ¢s) deuteron & proton
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Results for A,;*®¢) proton 2007-2010
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Results for A,.cs(e-e) COMPASS - HERMES

cos( ¢, - (ps}

[ —e—positive hadrons
- —&— negative hadrons
0.1

&

COMPASS preliminary
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/,-“c.:n 01h s 8.0% scale [uncertainty
T i - + : f ; ‘ Similar trend for A ;cos@res)
S O dhotod ;‘L-*-*-*-*-].- £4-444-7---H asymmetry is present in HERMES
S 01t : — _|  preliminary results.
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Results for A, cs(e-e) COMPASS - JLab

o [ ~o-positive hadrons (}‘ L COMPASS preliminary L Proton 2007-10 data
= - —a—negative hadrons [ i
% f— 0.1~ B B
< | i H % : l : |
: IR : %
Orﬂﬂéféﬂg‘} :ié‘}U‘} }} %__{4*4}“}*““ i }
0.1f - { -
'1'0*2 ‘110*' 0.2 . 0.4 0.6 l 0.8 0.5 I ] 1.5 .
X z P, (GeV/c)
3He doubl ]
He double-spin asymmetry A;
lg h
A 0-1:"‘I""I'"‘T”"I"S"l“"I""I""\'::‘”I""T""i""T”"]“""“I”"T’: (X:ng (X)®l);lq(2)
?“’0.053 E06010 Preliminary “"He A ; Cos(¢ -¢_) T E q
£ oot e 1 [ N(0)®D, ()
Q o ¥ n- T
O o.04F 1 -
s [ Sys. Uncer. 1 ]
& 0.02f- T + + + + + 3 ® First observation of a none-zero A
of % + . T { ® First measurement on neutron(3He).
002} + + S 1 ® Relate to quark TMD gy (x, k;).
0.04f- T 1 ® Thereal part of quark L=0% L=1 interference,
0.06F E g “twin-brother” of Sivers.
008 e ¥ EEFEFhrrr E
_OV.F.A....I....1....|....|.mI....l..,:J.::u.l...m--‘!m-\--.-l.-ul.ml-x-w-: Ph.D. thesis of J. Huang (MIT 2011).
0.1 0.15 0.2 025 03 035 04 0.45 01 015 02 025 03 035 04 045
Xg; Xg
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A, ;c(eve9) and predictions from PRD 73, 114017(2006)

COMPASS preliminary Proton 2010

A. Kotzinian, B. Parsamyan, A. Prokudin

-9)

cos (¢

. : b : - Phys.Rev.D73:114017 (2006)
- 015F 3 F —— u2=0.10 Calculations are done
= [ L [ ----uf=0A15 1 .
<E| 0.1 _ - - llllll ® =0.20 using:
00sk ] ] ___.“%2025 o _ for g,7 the model:
¥ r " pp gl T 1 q
- . H‘Ijﬂ—_‘ q) 2y 9, (y)
OF ¢ ER SRR R B % Oyr (X’kT)~XJX‘dy—y
0.05¢ ] ] % based on the Wandzura and
o — : — e Wil ezek approximation;
015 h i - 3 Gaussian parameterization

0.1F for k; dependence;
: : : LO GRV. GRSV2000 DFs

0.05F - - d Kretzer FFs
: X3 flr L el ] % --.-.:-b:-n'.--'--'-i-i-l an
1R ;‘TH%H;H‘W% P

-0.05F -
: il PP | N ....:l PR I S RSN SN T SR SRS S R S TSNS SN S T T R
1072 107! 0.2 0.4 0.6 0.8 0.5 | 1.5
X 7z P, (GeV/c)

Asymmetry is evaluated in COMPASS specific mean kinematic points extracted from the data.
The predictions shows a good level of agreement with the experimentally extracted asymmetry

cos( ¢, —¢s )

T gt ®D;,, "Worm Gear" PDF g : -

24 April 2013 Bakur Parsamyan 29



Results for A,;*"s on deuteron and proton

[ > positive hadrons : COMPASS preliminary [ Deuteron 2002-4 data

[ —— negative hadrons
g 0.02f

uT

-0.02

- —e— positive hadrons
0.02F -4 negative hadrons

T 0.0;;- % I . }r | {

N L T SR

1 1 1 | :Z:IZ:Z:Z:Z:Z:-_-_
10 10 0.2 0.4 0.6 0.8 ) 15
* z P (GeV/c)

+...), "Transversity" PDF h/' :

G
"Sivers" PDF f " :@. -

si_lr_1¢s OC%(hlq ® Hlth n fl#q R Dh
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Results for A5 COMPASS - HERMES

- —e—positive hadrons COMPASS preliminary {
) 0.02F —& negative hadrons - =
T ; }
& 00IF g
of :
-0_015
ooz
F L o . B o i el
107 107! 0.2 0.4 0.6 0.8 0.5 1 1.5
X z P, (GeV/c)
JERPE HERMESPRELIMINARY
— ) 7.3% scalef uncertainty . .
< 0.05- . F b Signs of a non-zero A ;*"%s
£, ;__4-__1_‘_*_!____+__;_._.__-__L_+____f_§_*_f*_* o-t...,| asymmetry have been observed both
@ B : : by HERMES and COMPASS.
AN -0'05 _u 1 ||_;_ | T = i i
T g
0?‘*"';"; """ T ;"#"*"*"; """
L E
005 Ty *+++;** }
015 - -
10 -1 04 0.6 0.5 1
X z P, [GeV]
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Results for A,,5"Gewes) deuteron & proton

L —e—positive hadrons

o _ COMPASS preliminary Deuteron 2002-4 data
o= 0.05 negative hadrons - -
il ]
< ! H -
I ;l 11 l I{ T[ l il 1 h }T T I [
0 I l
: [ H l ! *1 T 1 1{ l
-0.05F  — — L —
11:15:25-:-:-:; ----- : | -,-,-,-,-,-,-,-,-,:,--,-,-,-:-i:i-:-t-i-:-i-i-Ii-:-Z-i-i-f-i-i-i-:-:-i-:-i-i-i-i-i-i-t-:-t-:-i-?-:-t-?-il-!-f-!-T-!-!-f-!-T-:-f-f-!-T-fi!35!:!:!:!:?:!:f:f:!:T:f:i:f:!:S:I:S:T:S:S:T:!:T:!: ; : :
o 0.04= —e=positive hadrons - COMPASS preliminary Proton 2007-10 data
o= | —&— negative hadrons
R - =
< [ l [ %
0— - % T a7 IJ.L | ) & S P l 'l 1 J.T rI [ H 1 é _{_ I } I
[ ﬂ{f?ﬁ‘{l}%ll ’ﬂ}}lt }‘f Ul, H‘ ﬁ*}}}}}t % l
-0.02 :— — :—
-0.04 [ : . 'r:::::::':'f.':' .
102 107! 0.2 0.4 0.6 0.8 0.5 1 1.5
X P, (GeVi/c)

Ajl_:_](‘?’% ~¢5) o hl#
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1q

zZ
"Pretzelosity” PDF h;’ : o9} - 4o

Expected to be suppressed by a factor of ~|P, > with respect to the Collins and Sivers amplitudes
Asymmetries for both proton and deuteron are compatible with zero within uncertainties
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Results for A,;5"e-e9) deuteron & proton

;f i +l;f£‘;g;:’:ch;’if’;’(j’;s [ COMPASS preliminary
%‘5 0»02:— | - { - }
<
0 _}I },1“ 1§ }ll ] ;{ (] { Il TIT.}TTIHH {
B HTI{” it R I
-0_02:— - { -
Ef :éfﬁgg‘;hhaj;’;ssl | COMPA.S.SI' prellmlmlaljl/ - | IProz‘on 2I00.7-l10 data
CE_P 0.01F g | } ~ [ -
T el
ol L 14‘11 1] l l; | [ HHI % r} 1
i - P {‘ 1 % ! 11 # |
001F B } -
. T 1.5 :
" X P (GeV/c)
(2 6( S®H+ £ ® D] +...), "Pretzelosity” PDF h. : {o)» - o)

"Sivers" PDF f 9 : -@» O

At low |P, ;| expected to be suppressed by a factor of ~|P, | with respect to the Collins and Sivers

Asymmetries for both proton and deuteron are compatible with zero within uncertainties
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Results for A ,c%Ce-¢9) deuteron & proton

¢ o povitive fadrons L COMPASS preliminary L Deuteron 2002-4 data
& 0.2 — negative hadrons - -
£5 ok -
< F { A
o o
-0_15— -
02f a
N 1 B I ""'"" ) ..............._;___. ’ " I ; : I - : ; : : . : :
z DA - COMPASS preliminary L Proton 2007-10 data
& [ & negative hadrons i :
% = 0'1__ - -
he, gl ST NN B T TN
of PRy PR peh SIS ~
$ _
01 : d

s 1 1s
P, (GeV/c)

10° 107! 0.2 04 0.6

| 0.8 —
X V4
AT ) o %(ng ®D/,+...), "Worm Gear" PDF g, : -

At low |P, ;| expected to be suppressed by a factor of ~|P, | with respect to the Collins and Sivers
Asymmetries for both proton and deuteron are compatible with zero within uncertainties
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> COWNIPASS experlrnen!
» Measured asymmetries and theory expectations

o Re-evaluation of A ;0s¢s:
from the Ip to y#p cross-section

Theory expectations

24 April 2013 Bakur Parsamyan
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SIDIS x-section: from Ip to y#p (P =0) reroussossss csse

do

dxdydzdP?Z d ¢, d (ps

PT

\/l—sinzesinzgos

P,

\/1—sin26?sin2(ps

- 24 April 2013

[COS(pS x(MJZg(l—g)Aff‘”s +sin
COS h—®s 1 cos
cos (g, — @5 ) x [cos@ (1-&) Ay +23|n0a/25 (1-¢) “’h}

cosé o y’
1—sin® @sin? g, ny2 2(1-¢)

_1+COS¢)h><ﬂf28 1+&)Al" +cos(2¢,)x e ws(2m) 1. 2sin

sin g, x (cos HW sings )

sin(@, — @ )% (cos@A}{‘ mes) 4 = sm@,/Zg 1+¢) "””hj

[1+ gxﬂ (FUU'T +5FUU,L)><
@, ><J28(1—8)Af8¢“ +

sin( g, + g )% (congAJ'{‘ wres) 4 = s

ind, /25 1+ g '”"’h j

sin(2¢, — ¢; )X(M1/28(1+ &)AL

i (30, - 0, ) {cosBs R +

sin(2¢, + @5 ) x (;sm O A j

(20n-r5 +;S|n QgAJ'”Z‘/’“] +

0\/(1-%)A,

cos(2¢, — ¢ (cose,/Zg (1- &) A “’S))
cos( g, + ) ( sin@,/2¢ (1-¢ °°S"’h)
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hep-ph/9908466 (1999)
M. Diehl and S. Sapeta,

Eur. Phys. J. C 41 (2005) 515
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X A

lepton plane

* COMPASS
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PLB 693 (2010) —— DSSV it




A, evaluated according to the PRD 74, 074015 (2006)

COMPASS Proton 2007 (PLB 693(2010))

. . M. Anselmino, A. Efremov, A. Kotzinian, and B. Parsamyan
08k T T : Phys.Rev.D74:074015 (2006)
N [ [ uz=0.10

Arr {Alﬁp}

0.6F -
04F -
02F -

-0.2:—.....| e '|||||-||||.
T 3 s

0.6F s -

0.4F - -

0.2;— P % _ ORI

Of{’ _‘\\\'— e

026 e e N o B I B B | - TR N R I
1072 107! 0.2 0.4 0.6 0.8 1 0.5 1 1.5 2

X z P, (GeV/c)

Asymmetry is evaluated in COMPASS specific mean kinematic points extracted from the data.
Good level of agreement up to x~0.3, which allows us to use the predicted z and P,; — dependencies in
A °%5(@s)-correction.
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Mean sin0-values 1y 12y

: 2MX
sin@ =y 42 VY=
1+y Q
0.2 b - COMPASS preliminary E Proton 2010 data
0.1F - -
0.08F - -
0.06 - - -
) X [ [
£ 004p f oo/ :W
§ 002F - -
o B | L
Z PP | MY | P | R S N I R S N N S T S N T X 1 | |
0.12F I - -
0.1F - -
0.08F i -
0.06 - - -
0-04:_ ' o—e—o—t———6——o— o —W
0.02 - -
--...-I-|||.-||I.....:llllllllll|||||:||||||||||||||||
1072 107! 0.2 0.4 0.6 0.8 0.5 1 1.5
X z P 1 (GeV/e)

The sin® is small at COMPASS kinematics. The maximum reached value is ~ 0.12 and the mean is around
0.04 (cosb = 1).
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cosps!
T ~

o),
J2e(l-¢)

COSOAT? —sind

) —-observed h' COMPASS preliminary Proton 2010 data
%: 0IE == corrected 4 3 F
< ot o ;
05.}}{.}% . Eiﬂi% % IZ:HIHIT T
: { BN B T
-0.05F } 3 -
-0.12—

é ——observed h

0-0‘55_ —— correcte l i _ _ }
L R L

X z P, (GeV/e)
As expected, at large x the corrections become sizable.
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Results for A ;%5 deuteron & proton

) 0.23— Iif;gfﬁchffﬂffﬁs - COMPASS preliminary _ Deuteron 2002-4 data
%;15 “IE 3 | ' {
o—ﬂ i #}{{}{} l ’ ;‘{H}*{{}{ H } ] ;-{}HHH}HH H 1
_0_1;— {[ } - { } _ {
E *'pl‘)""""‘.’eh“""‘"m | 3 'CI’O'MIPASS pre;inf;in.alj'/l -~ | IPrlotlonl 2()07-I1()Idlatclv |
) [ -~ negative hadrons i _
§<5 ' : %
0— E*&&ﬂ&}é{% {% ]‘} -*ﬂ“ﬂ}‘ it # {% # ;—Hi%}ﬂ“‘{‘{.} }‘} i #
-0.15— { _ _
102 . -0.2 - 0.4 - 0.6 I ' 0.8 — 0.5 — 1 1.5 '
X z P, (GeV/c)
AT o %(ng ® Dy, +) "Worm Gear" PDF g : -

Asymmetries for both proton and deuteron are compatible with zero within uncertainties
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o [prrocuctior

> COWNIPASS experirrier!

/ _,

» Measured asymmetries and theory expectations

D . . (  cosi
l\‘\_‘\i.‘J_,L “’I j,l/;

J‘[(,l F[ ) /1; I{) V) SEF) ,I')“},‘)-,‘}k,",'[:(‘)l'_

/

o Theory expectatlons
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“UT” asymmetries and theoretical predictions
X-dependence only

S. Boffi, A.V. Efremov, B. Pasquini and P. Schweitzer PRD79:094012(2009)
A. Kotzinian arXiv:0806.3804[hep-ph]
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“LT” asymmetries and theoretical predictions

d d I A. Kotzinian, B. Parsamyan, A. Prokudin Phys.Rev.D73:114017 (2006)
X! epen ence On y S. Boffi, A.V. Efremov, B. Pasquini and P. Schweitzer PRD79:094012(2009)
A. Kotzinian arXiv:0806.3804[hep-ph] _
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| = == PRD73:114017(2006)
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The predictions for A,<os(#~¢s shows a good level of agreement with the experimentally extracted
asymmetry.
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Summary

o Six “beyond Collins and Sivers” transverse spin asymmetries

sin(3¢, -9 smco Sin(3¢n—9s)  p cos(on—;) cosqos& cos( 2y —¢s )
T ’ T T ’ T

have been extracted from COMPASS deuteron 2002-2004, proton 2007 and now
also proton 2010 data.

o “Deuteron” and “proton 2007 asymmetries found to be consistent with zero
within the statistical accuracy of the measurement.

o Higher statistics and improved quality of the 2010 proton data allowed to reveal a
non-zero trend for the A ¢ and A "?s amplitudes.

o Observed effects confirm HERMES preliminary results.

o COMPASS results for the A ;@) showed a good level of agreement with the
theoretical predictions.

o Next — Six asymmetries for pions and kaons.

Thank youl!
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Spare slides
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Dilution factor

24 April 2013

(f) Mean Dilution Factor
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Corrected A, ;%5 deuteron

cosgg! COS g

1> = COSOAT™ —sIin@
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—— corrected [ {

LA b

-02F - -
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A, -°0s(eresd) agsymmetry PRD73:114017,(2006)

There exists a relation between first momentum of g,; and g, (follows from Lorentz invariance,

Tangerman & Mulders) : X 1 1 g%(y)
93 (x) = [ 95 (v)dy = [ 94 (v)dy = (WW —appr) = x| =
0 X X

1
f,2 (kD) = 1,7 () —5exp(-—%), From analysis of unpolarized P,
”’”0 Ho dependence and Cahn effect
D"(z,P2)= Dh(z) exp(—i - ~
QR : 2 1l ut =0.25(GeV /c)?, u? =0.2(GeV /c)’
K
gk (X, k) = gF (X)N exp(——) Naive positivity \kT\ q ) q )
7 constraint: ﬁ‘g” (X’kT)‘ < 17X kr)
N is fixed by , ,
holdsif  z4 <0.246 (GeVi/c)
g1 (x) = | d?k; Ogr (X, kr)
‘[ 2 o Predictions done for:  z° =0.1,0.15 and 0.25(GeV /c)
2 k2

92 (x,k?) = g1 () 2 exp(~T)

7y 7

2-y  Mz|R,| 4

d d el d - CcOoS 2 2_2 p(_ 2 z)ze gl (X)D (Z)

AT (xY.2,P) = ZI e ﬂa )u ¢h:21X3(/1 (;l)[)z+ml) :
dg’(do™" +do™") T _ q h
J-O Xy2 ,LlEZ) +,Ll§ZZ exp( ,Ué +Iuézz)zq:eq fl (X)Dq (Z)
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A, ;°0%(eed) asymmetry PRD73:114017,(2006)

x f
High '“'_S‘o.oe:—
low 1+ | x,y,z& e |
X,Y,2&pr y Pr 2 0.041
ATMD= 0_02:—
Low ' 0_
XV, 2 8&p High i
o ! %Y, 2 &pr -0.021-
-0.04]-
Celvo oo Lo b b b e bvnn s bvwaa baw i Ly
0 010203 04 05 06 0.7 0.8 0.9
GRV98+GRSV2000 LO, std DFs Kretzer FFs X

COMPASS - Q%>1.0 (GeV/c)?, W?>25 GeV?, 0.05<x5<0.6, 0.5<y<0.9, 0.4<2<0.9, |P, | >0.5GeV/c
HERMES - Q*>1.0 (GeV/c)?, W?>10 GeV?, 0.1<x<0.6, 0.45<y<0.85, 0.4<2<0.9, |P, ;| >0.5GeV/c

JLab - Q%>1.0 (GeV/c)?, W2>4 GeV?, 0.2<x5<0.6, 0.4<y<0.7, 0.4<2<0.7, |P,;| >0.5GeV/c
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