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COMPASS collaboration

i .) 24 institutions from 13 countries — nearly 250 physicists

Common Muon and Proton Apparatus for Structure and Spectroscopy

» CERN SPS north area
* Fixed target experiment
» Taking data since 2002

Wide physics program
COMPASS-I

» Data taking 2002-2011

* Muon and hadron beams
* Nucleon spin structure

» Spectroscopy

gl -2k

COMPASS-II

« Data taking 2012-2017

«  Primakoff . ‘ =

* Polarized Drell-Yan AL = o N
- DVCS COMPASS web page: http://wwwcompass.cern.ch
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COMPASS experimental setup: Phase | (muon program)
COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area. ECAL2

Two stages spectrometer LAS+SAS HCAL?2

«  Large Angle Spectrometer (SM1 magnet)
«  Small Angle Spectrometer (SM2 magnet)

EcaLl  oM2
HCAL1

RICH. SNa
SMI_ Sa
Polarized §A -

Muon-filter

* High energy beam
« Large angular acceptance
« Broad kinematical range

*  Momentum, tracking and
calorimetric measurements, PID

Target

) SciFi, Silicon, MicroMegas,
GEM, MWPC, DC, Straw,

Muon wall
' 3 60 :
Longitudinally polarized (80%) u* beam: ¢ | MpAss §
Energy: 160 GeV/c, Intensity: 2-108 p*/spill (4.8s). . ERMES < 50
Target: Solid state ( °LiD or NH;) o} JLab6 !

401

«  SLiD 2-cell configuration. Polarization (L & T) ~ 50%, f ~ 0.38
«  NH,; 3-cell configuration. Polarization (L & T) ~ 80%, f~ 0.14

ET SN S

3 1 I 1 1 1
1 ¥ 10 20 30 40

Data-taking years: 2002-2011 't 50 0
x p(GeVie
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COMPASS experimental setup: Phase Il (DY program)
COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area. ECAL2
Two stages spectrometer LAS+SAS HCAL?2
«  Large Angle Spectrometer (SM1 magnet)
«  Small Angle Spectrometer (SM2 magnet)

EcaLl  oM2
HCAL1

RICH. SNa
SM1 \
Polarized §A '

Hadron absorber

Nuclear target (Al)

Aluminum cone %

Target

MMO01

>SciFi, Silicon, MicroMegas, Sef

GEM, MWPC, DC, Straw, - G
vertex detector =
Muon wall, DC5 -0 i

r alumina layer

W Stainless Steel
1\ 20 cm
aluminum -6 b = ‘ 3
box cover - Lt ST ——; . alumina
=58 ;] 100 €
z

High energy n~ beam:
Energy: 190 GeV/c, Intensity: 108 /s
Target: Solid state

NH, 2-cell configuration. Polarization T ~ 90%, f ~ 0.22

Data-taking years: 2015 - NOW!
24 October 2014 Bakur Parsamyan
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SIDIS x-section
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SIDIS x-section

do

o y° 7’
Ao, dy {Xsz 2(1—3)( +2xﬂ( b R )

This talk

A.Kotzinian, Nucl. Phys. B441, 234 (1995).
Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007).
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LT
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1+cos, (\/m o )+ cos 29, (2AT )
+ asing; (2o 0-2)ATH
+ S, Sm¢h(\/ﬁ&'"¢n)+sm 24, (AT )}
+S,4 JFALL+COS¢h(\/m cose, ﬂ
sin(¢h_ S)( si;(ws)) )
) + sin(g, + g, ) (A7) >
+ S, |+ sin(3¢h—¢s)(5 si;(ssbn—cés))
+ s, ([ETr oA
v snea -y o) | |1
Cos(¢h—¢s)( (1-eazies)) [
+ S;A| + cosgy (\/m ¢s) DSA
+ cos (24, — ¢ (m cgs(2¢n—¢s))
23 May 2015

Bakur Parsamyan

FUU,T + SFUU,L




SIDIS x-section

do a y2 72
= 1+ 2| |(F F
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A.Kotzinian, Nucl. Phys. B441, 234 (1995).
Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007).
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SIDIS x-section ) o @ HL SSA [twist-2]

do o y? i -
= 1+ — ||k F
dXdded qu)hdl// |:XyQ2 2(1—8)( +2X ( b ¥E UU'L)X COMPASS 2007 and 2010 proton data
cos cos 2 E bl i : 52::::@":3:; I hep-ex/1408.4405
1+C°S¢“(V2‘9 1+¢) ¢h)J“COSZ%(‘? o) ol : ¢ I o | (submitted to PLB)
/ singy | : ¢
" /15|n¢h( 26(1-¢) ) ok {1;25 ____________ u 3§:§§:?+ :19’*;+ ...........
sin sin ’ * §§§§
+ 8, S|n¢h(4/25 1+2) AT an)+sm 24, (A2 )} ool i ;g L f Pl
+ S 4 \Il & A|_|_ +COS ¢, (a,28 1- g 005¢n ):| QE_ T T .. ]wi:u.v“?ons. I L L !
' i 0. l_ B gative kaons |
Sin(¢h_ S)( S'{j(%(”s)) * * 1
: i) ¢ * f } t
fint o )[4 ) N
+Sp |+ sin(3g, — s ) (e AT ) . +

_0_1—”““ L i T ) —
+ sin ¢ (Q/Ze (1+¢) S'”¢S) 1(;_2 10'_1 05 I 05 1 1s
- i _ - h v
+ Sln 2¢h_¢s ( IZS 1+6‘) 5|_|r_1(2¢h ¢s)) X z P (GeVie)

- |+ Asymmetries are compatible with zero at small x

cos (¢, —¢S)( (1-£%) °$S(¢"‘¢S)) « Strong signal in the valence region of opposite sign
forn* and n~
cos¢S . . . .
+ SeA| + cosg (Vzg 1-¢) ) « Opposite sign also for K*/K™: Clear negative trend in
+ cos(24, — ¢ /23 1 £ ) As(2hds) the vale_nce region for K*.
! n ( JAr ) «  Compatible with zero on deuteron
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SIDIS x-section S8 o I @ HLT SSA [twist-2]

do a 2 2 g
2 B 2 : 147 (FUU'T +8FUU'L)X COMPASS 2010 proton dat
dXdded Ph-l-dq)hdl// XyQ 2(1— 8) 2X - I_ I_ proton data
’ SR nggggg positive pions \<8 8%% pre%lmumry
{ . t
1+ COoS ¢h ( 28 1+ 8 COS¢h ) + COS 2¢h (8 cos2¢n ) 0.05- 0 HERMES npols)ll.geﬁgl'%m(]ls()};) rescalljeﬁ Lr;n(n[argy))/(l <y>+<y>)

' ism¢h( 28 - g Mh) s ¥ %%%_;)ﬁ@é%i{)%{' """"" g(?}éf*é{j -----------
= N I o

£ 5.2 HAL+COS¢h(W %ﬂ 30(2’51 {)i iy J

a ; 5
sin(, — ) A4 o
h S T
-0.05+ » —
R COMPASS 0.032 preli
+ Isin ( ¢ + ¢ ) e sin(g, +¢s ) . COMPASS 32‘,3332 Pplﬁ;ifs 120,032 {iiiﬁﬁiiiiii’
J h S T & 0.1+ o HERMIES n PLB 693 (2010) rcscdlcd by (Il <y>)(1 <y>+<y> )l ]
il 1l AT L
: - - 0 5 1 0.5 1 1.5

. sin(3¢,—¢s ) 107 107! } i )
+Sp |+ sin(3g, — s ) (e AT ) . P! (GeVIo

*I COMPASS
HERMES

L COMPASS
20 ... HERMES

Q@ (GeV/e)?

Q* (GeVic)
15

+ons A
+sin (29, s )((2e (Lr ) A M) | ]
-COS(¢h—¢s)( ) c$s(¢n—¢s)) | :
+ S 4|+ cosg, (\/m °°S¢s)

+ COS 2¢h — ¢S ( \/ZST c$s(2¢h —¢s)) 1ELL

«  COMPASS and HERMES results are compatible - intriguing result! (Q2 is different by a factor of ~2-3?
23 May 2015 Bakur Parsamyan 4




SIDIS x-section ) oI @ HL" SSA [twist-2]

do | Y [, (Four + R )x -
dxdydzdP2dg,dy | xyQ? 2(1—g)|” 2x )|V 0T Tt Anselmino et al. Phys.Rev. D87 (2013) 094019
1+ Cos¢h(1/25 1+¢) °°S¢“)+0052¢h(g 0052%) o1t + T COMPASSPROTON

+ Asing, (W 'n¢n) 0.05 i i _
+ S, S|n¢h (\/ﬁ&'”%)ﬁln 2¢h gAU'"M“ ):| . ’ .

+ 8,4 «/175ALL+cos¢h(a/25 1-¢) %ﬂ > O {TtF\ %v%t\gél

sin(¢p+bs)

uT

R |
~ %J:S -0.05 f
sin(¢h— s)( Si?(%%)) b | o o
. sin(4 + 0.01 0.1 02 04 06 08 05 1 15
+ [Sln(¢h +¢s)(‘9 T(¢h ¢S))] Xg z, P+ [GeV]
b Sy |+ sin (3, —g,) (£A0H) - Global fit of HERMES-COMPASS-BELLE data
0.3 . — 0.2 ——
sindq E 2 A ~ ?_2.41 GeV?
+ Sm¢s (\/25 1+5 ¢ ) % 8? _ Q%=2.41 GeV/\ \ ] gz o Q / Gi“
¢ sin (24,4, ) (2o (T o JAL0S ) N s
L = + i 0
i cos( ¢, —ds | 01k N
COS(¢h _¢S)( (1_82) T((}jn ’ )) z 0 p——mmzzzz === 2
5 01 ; o 01 1
LS A+ cos¢s(ﬂ/2g 1-¢) °°S¢s) oop BRI % L BRI
( ) '0.001  0.01 0.1 1 "0 02 04 06 08 1
+ cos (24, — ¢y (ﬂ/Zg (1-&)ATEH ) _ X _ z
L - « Transversity PDF + Collins FF
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SIDIS x-section A o fL9@D) SSA[twist-2]

d o a 2 2 .
P2 = 2 Y 1+7- (FUUT+8FUU L)X
dXdded d o, dy xXyQ* 2 (1 - 8) 2X ' _ ' COMPASS 2007 and 2010 proton data
I & 0.1 — ®  positive pions -
COS¢h €oS 24, ®  negalive pions hep'eX/14084405
14 cos ¢, (1/25 l+e) )+cos 24, (g ) (submitted to PL B)

+/15|n¢h(,/251 g 'n¢n) 0.05F ;*%*i _’H g ¢t { { _;**H ¢
+ S, sm¢h(\/ﬁﬂ\j”¢")+sm 2¢h gAJ'”“’" )} * o B Gaas mae kR }}%i:‘f{**} """" i
+ S 4 x/l & ALL+cos¢h(\/m oSt )} ,_0'05'----"' sl el ' : I ' L

(=]

|

e
-q-o-.-'
o | O
P
1

e

o}

-~

] ®  positive kaons
< ® negative kaons

[sin(¢h— S)( si?(aincﬁs))] : } T
(g6 (cAe ) omhi ...... |
+Sp |+ sin(3g, — s ) (e AT )

_0.1_|||||| L1 Lol 1 1 [
+ sin ¢ (4/26‘ (1+¢) S'"¢S) ]6_2 ml_l 05 I 05 1 13
- i _ z h G ij
+ sin (26, ~ ¢ ) (2 (Lr &) A ) ; Py (GeVIO

= |+ Significantly large amplitude for =" and K* in whole

cos (¢, — s (1/ (1-¢7) “T’S("’“‘““) range of x

« Some hints of negative signal for =~
+ SA|+ C°S¢s(\/2‘9 1-¢) %) « Positive signal in the last bin of x?

+ cos(24, - jz_g 1— 2 ) A(2h-45) « Compatible with zero for K~
) (26,9, ( AT ) - Compatible with zero on deuteron

23 May 2015 Bakur Parsamyan 16



SIDIS x-section 64 o £L9@ D! SSA[twist-2]

do { a y° ( y? ﬂ
= 1+ 2= | |(Fyyr + &Ry )%
p2 2 _ uu.T uu L
drdydzdBrdoydy | Q™ 2(1=2)L 2 Sivers in “2D” at COMPASS.: first attempts
1+ cos &, ( [26 (L+)AS* ) +c05 24, (AT ) (PLB 717 (2012) 383)

le] positive hadrons 0.05<y <0.1

+ Asin %(«/28 (1-¢) '”¢“) Ol BN hadrons 025y <05, v20032 ? B ;
+ S, smqﬁh(Q/Zg 1+g '""’")+sm2¢5h gAU'nZ%):| 0.05F ;%; §> - @?? . %
+ 8,2 Jl & Ay +cosg (25 (1-2) AT )}

_O‘OS_......I R R B 1 L 1 | 1
_ _ a {;)'3 01 o] posjt@ve }mjmns 8.5<:<8%s
] K ~ N Jp @ positive hadrons 0.2<2<0.3: -
[S|n (¢h — Qs )( Sl?(qjh %))] ¢ positive hadrons 0.35<z<I
: Sin(dh-+s 0.05F boor -
+sm(¢h+¢5)(5 nt )) > : i ; oyt p ! i g v
S - 3 sin(3¢n—¢s) 0—-i--g----8 -------- C? ------ o---i---é -------------------- —‘3-8---0---§ ------ (ﬁ ---------
t o7 +Sm( ¢h_¢s)g T

+ sin ¢ («/26‘ (1+¢) S'”¢s) 005k o __ . 1__ _
+ sin(2¢h_¢s)(\/m sip(zqﬁh—sﬁs))

1 15
p "[’ (GeV/c)

- |+ AIll TSAs were studied in different x, z, y and W ranges

_Cos(¢h—¢s)( (1-£%) °$S(¢n‘¢s))  Clear x-, y-, z- dependences
» Interesting results already at basic 2D approach
+ SpA|+ cosgy (x/2€ 1-¢) COS%) « Highly desirable challenge is to look into asymmetries
: o : ) R
+ cos(24, _¢S)(\/m Cﬁs(z%‘m) in the multidimensional phase-space over X —z — pr—Q
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SIDIS x-section 64 o £L9@ D! SSA[twist-2]

d (o2 a y2 }/2 e
N 1 P F F roton daita
dXdded p2 d¢)hdl// |:XyQ2 2(1—8)( + 2% ( wT teRw L)X;E O RSS  T e COMPASS 2010 proton dat

0.} e  COMPASS positive pions x>0.032 preliminary B
o HERMES r* PRL 103 (7009)

1+cos¢h(1/25 1+¢) °°S¢h)+cosz¢h(g “’S”’“) 0od éé#i - ?(}ﬁ%} i j%i %{ ‘
+ asing, ((J2e(1-2) A0 ) 0““ _________ L f-..g‘?_?_*_______* _______________
+ S, |sing, (26 (L) Al )+sin2g, (A7 ) | T T

~ S 0.2t COMPASS positivi ekmn \<O 032 preliminary
cos
£ 5.2 «/1 5 A, +c0sg, (25 (1-e) %)}

Q:' ' ° COMPASS pos sitive kaons x>0.032 preliminary
o HERMES K* PRL 103 (2009) % % %

_ AF i ?%{{i{)# J‘}

[ H in(¢,— (H % {
[Sm(¢h_ 5)( ST(¢h %))] L I _-{"-+ ___________________ T )
+ Sin(¢h +¢5)(‘9 SiTn<¢h+¢5)) ( UL P R R | . L ! | !
102 10°! 0.5 1 0.5 (R
: sin(3¢,—¢s ) ) X . z p]',(GeV/c)
+ S; [+ sin(3g, —¢s)(€ T ) «  Sivers effect at COMPASS is slightly smaller w.r.t
HERMES results... Q2-evolution?
f sm;ﬁS _ . '
+ S|n¢5( 26 1+€ ) ?UJ 0.15 T + TMD evolution 0.1 F . COMPASS proton L
+ sin (24, — g, ) ({22 (1 2) AR S on comPass
- z <
COS(¢h _¢s)( (1_82) ccT>s(¢n—¢5)) 0.05 |~ + 0 2
cos¢S
+ oA+ cosge ((2o(1-2) AT R I
+ cos(2¢, — (42 1- Cos(z%‘m) 02 03 04 05 06 07 08 Z 0.01 0.1 X
i (26, =95 )| Y22 (1-2)As | S. M. Aybat, A. Prokudin, T. C. Rogers PRL 108 (2012) 242003

M. Anselmino, M. Boglione, S. Melis PRD 86 (2012) 014028
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SIDIS x-section *ht) o g2 @D DSA[twist-2]

do a y2 72
= 1+ — | |(FR,, ; +€F
dxdydzdR;;d e, dy {XVQZ 2@-8)( ox ) [(Four +Fuu )
1+ Cos ¢, (\’ 25 1+ 5 COS% )"’ COS 2¢), (‘9 o ) i 15?i’;iﬁiiff§fi§i},”£; l COMPASS preliminary Proton 2010 data
s -
+ /15|n¢h(4/25 1 g .n¢h) O i g {} H | Hg{{ g b ll ;*{ﬂ#};ﬁﬂ }{ ﬂ l
+ S, sin o, (4,25 1+¢ AU'M‘)+SIn 2¢h EAUquin ):| —0_1;— i

P
L5

10 l(l)'l 0.2 0.4 0.6 0?8 ’ e
X z Py (GeVic)
Y «/1 &2 A +C0Sd, (ng 1—2) A )} g
) . % n COMPASS preliminary ?; E I COMPASS preliminary
sin ( &, — s )( S'?(ﬂ‘hcﬁs)) ? - oaf Proton 2010(1(1;'4 S Proton 2010|data
<
H sin( ¢, +ds
+ sm(¢h+¢5)(5 i+ ))
: sin(3¢, —¢: C C
* ST + Sin (3¢h _¢S )(g T( " S)) [ - - - PRD73114017(2008) [ - = = PRD73:114017(2008)
-0,1_— PRD73:114017(2006) updated -0~1_— PRD73:114017(2006) updated
L == arXiv.0806.3804 [hep-ph] [ —...= arXiv:0806.3804 [hep-ph]
+ sin g, (4/25 (1+¢) S'“¢S) i P
10”2 10! 1 10° 10t 1
. X X
+5in (24, ~ ¢ ) (|22 (L+ £) A4 ™))
I 2\ ool go) 1 » Gives access to g,; “twist-2”” PDF (worm-gear-T)
cos( @, — l-¢ s . . . _— : i
[ (4~ )( (1-5")A7 )] * Visible signal for h* (preliminary confirmation also by

+ 8.2 + cosg (26 (1=2) AT HERMES)

2 « In agreement with several model predictions
+ cos(24, ~ ;) (26 (1-2)AT )| |+ Compatible with zero on deuteron
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SIDIS x-section 4 o 29 @ H " SSA [twist-2]

do | «a y° 7/_2
dxdydzdRZ der dys {nyz 2(1—(9)(1+ 2xﬂ(F‘J”'T +‘iF““'}?X
1+cos¢h(1/25 l+e) °°S¢h)+cosz¢h(g ) i
+ Asin %(«/25 (1-¢) '”¢“)
+s, sm¢h(ﬂ/2g T+e) A0S ) +sin 29, (AT )}

» All compatible witxh zero within uncerztainties (P/D)
cos¢n
i SL/I 1=e ALL+COS¢“(V2‘9 1-¢) )} «  Suppressed by a factor of ~|p;|2 w.r.t the Collins and

. Sivers amplitudes

COMPASS preliminary

Py (GeV/c)

- in(@, —ds . o ]
sm(¢h - 5) T S. Boffi, A. V. Efremov, B. Pasquini, and P. Schweitzer Phys.Rev. D79 (2009) 094012
0.05 0.05
. sin( ¢, +ds r + [ -
+ SIn (¢h + ¢S )(8 T( )) E,n oozst E 7" deuteron 0025 __} } 7 deuteron
i sin(3¢ -4 < -t 17 : I_LLL"
+ S, +[sm(3¢h—¢s)(g i S))] i oty I T
v sing, ((2e(Lr ) A ) s | J "
S L L
20,05 Bl il vl 08 Dol el b

+ sin(2¢h—¢s)(\/m 5‘;(2%—%)) e et R

- C. Lefky and A. Prokudin Phys. Rev D91 (2015) 034010. See talk by A. Prokudin

COS(¢h _¢s)( (1_82) C(T)S(an_%)) y 002 | bt proton h 322
> = o0 /\
cos¢S e - -t =] - L |
LS A+ cos¢s(ﬂ/2g 1-¢) ) oo L&—H—M { W o |
+ cos(24, — ;) (26 (1-£) AT Rl AR AR R |

0.01 0.1 0.01 0.1

Asm(‘i(j)] .)
thTL(l) (X)

0.1 1

23 May 2015 Bakur Parsamyan  * x 20



SIDIS x-section ) e Q7 (! @ H, + 9@ D], +..)

do o y? 7? SSA[hlgher-tW|st]
P2 = 2 I+~ (FUUT+8FUU L)X
dxdydzdR;dg,dy | xyQ* 2(1-&)  2x ' !
1+ CoS &, ( fz g 1_,_ g °05¢h ) +C0S 24, ( c 0052% ) 4 Omg_ st fadvons L compass prciimim{n‘)' ] Proion 2010 daia

« sing, ({25 (1-2)AT R TR -MH}}{
+ S, smqﬁh(«/Zg 1+¢) '”¢n)+sm2¢h gAU'"Mn):| S?H..___.{_J - |

+ 5.4 \/]TALL +C05¢h(\/m cosdh )} | x | | oz P,; (GeVic)

3 A 3 HERMESEPRELIMINARY
_ _ = g 7.3%s:ale uncertainty
: i - < 0.05F - -
Sln(¢h_ s)( SIE(% ¢S)) = Eow * Lk 2
| \‘%/ 0'____i_L_!____+__§-_.__*__L_+____* '___.t* . ¥
+ sin(¢h+¢5)(8 s'{'“’”%)) N X [+ S e SN o —
) :J‘c E F
- sin(3¢, ~4s) O % ---p----m--- - g m e oo
+ S, +sm(3¢h—¢s)(g " ) ook *+“++5__‘,,+++ RITE +
+ fing. (J2e (@ 2)An) 0af tE

» (24— BT ) T o e, e

I k X z P, [GeV]
cos (g, —¢S)( (1-£%) °$S(¢n‘¢s)) « Higher twist effect..
* In WW-approximation is related to Sivers and Collins
+ SpA| + cosd (x/2€ 1-¢) WS) - Non-zero trend for negative hadrons both in
COMPASS and HERMES
~ e (1= 2 ) A2 )
N cos (24, ¢S)( 26(1-¢)Ar ) «  Compatible with zero on deuteron
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SIDIS x-section ) e Q7 (! @ H, + 9@ D], +..)

do o y? 7? SSA[hlgher-tW|st]
P2 = 2 I+~ (FUUT+8FUU L)X
dxdydzdR;dg,dy | xyQ* 2(1-&)  2x ' !
1+ CoS &, ( fz g 1_,_ g °05¢h ) +C0S 24, ( c 0052% ) 4 Dmg_ st fadvons L compass ,Ureiiminr{n‘)' ] Proion 2010 daia

« sing, ({25 (1-2)AT B A TR LI
+ S, smqﬁh(Q/ZS 1+¢) '”¢n)+sm2¢h gAU'"Mn):| SZ]H"'__LJ - |

+ 5.4 \/]TALL +C05¢h(\/m cosdh )} | x | | oz P,; (GeVic)

] 0.02fr’ -----f,D, [

sin (¢, — ¢ ) (A ) = | e nH, o
_ e 2 0010 S ——
" Sm(¢h+¢5)(8 T(% %)) % 0.02}
. (@]
+ Sy |+ sin(34, — gy ) (e AT ) & ooln
[sm¢5 («/26‘ (1+¢) S'"¢S)] %:5 0.00
_ Sin(26 —4s 0.02} - -
-+ sin (24, - )(2e (1) A7) | 5 R B TR
X

- - : P.(GeV)
cos (g, —¢S)( (1-£%) °$S(¢n‘¢s)) « Higher twist effect..
* In WW-approximation is related to Sivers and Collins
+ SpA| + cosd (x/2€ 1-¢) WS) - Non-zero trend for negative hadrons both in
COMPASS and HERMES
~ e (1= 2 ) A2 )
N cos (24, ¢S)( 26(1-¢)Ar ) «  Compatible with zero on deuteron
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SIDIS x-section A o QL (e @ HL" + 1,2 @ D) +...

WWwW
do = @ y2 1+7/_2 (F +cF )X C$5(¢S) oc Q—l( q ® Dlh +“_)
dxdydzdP, P’ ;4o dy B xyQ? 2(1—8) 2% uu,T Uu L q
;— 005(2¢h —¢5) —1( q h o )
1+COS¢h( 2¢(1+¢ cos¢h )+0052¢h (5 COSZ%) oC Q ng ® qu .

SSA/ DSA [higher-twist |

+ Asin %(«/25 (1-¢) '”¢“)
0 024 ;" ‘)’:"i :“‘ ;“‘ ;'f_’”-“ COMPASS preliminary Proton 2010 data
+S sm¢ (4/25 1+2) AT )+sm2¢ eAT )} G f e s ” _ | -_
L h h E [ C
: ol l

o
+ 8.4 i g Ay +cosg (|25 (L-2) AT ) | il

Si n (¢h — ¢S ) ( S'{j(q}h ~¢s) ) ] COMPASS preliminary Proton 2010 data
: sin( ¢, +¢s ) ) 5<;:
+ sin(g, +¢5)(8 T > w oo :}{5{;%#” {} i }}

+Sp |+ sin(3g, — s ) (e AT )
sing, ({221 )& P [ comsmmn e

+fin(2s o) (e oA™Y | |7 L, o i! il b i
+ S|+ [cos 4, (\/m cosds )] e e e P

+ [cos (24, — o5 (Q/Zg (1-¢) Cgs(z%—%))]  All compatible with zero within uncertainties (P/D)

23 May 2015 Bakur Parsamyan 23



SIDIS x-section

_ Ww

e o Q7 (M @ HL" + 79 @D +.);
WW 1 q ® Dh n

o Q (ng 1q )

do a )/2 7,2
= 1+ 2| |(F F
dxdydzdR;;d e, dy {XVQZ 2@-8)( * o) (Fovi + 2R )

1+005¢h(«/28 l+¢) °°S¢“)+0052¢h(g )
+ /15|n¢h(‘/2g (1-¢) AL'n¢n)

+S.A «/175 A +c0sg, ({26 (1-2) AT )}

sin(g, ) (A5 *))

+ sin (g, +4, ) (A7)

+S; |+ sin(3¢h—¢s)(g Si_lr_‘(3¢n_¢s))
+ s (A

+ [sin (24, - ¢,) (\/ﬁ siTn(2¢n—¢s))]_
oA
- i+ fosa (o)A )

+[cos (24, — ¢ (\/2817_5) cgs(2¢n—¢s))]

23 May 2015

+ S, sm¢h(a/25 1+g ”‘¢’")+3|n2¢5h gAU'nZ%):|

c$s(2¢|1 ~¢s) o Q—l(gqu ® Dlhq+...)
SSA [ DSA[higher-twist]

W. Mao, Z. Lu, B.Q. Ma and I. Schmidt, Phys.Rev. D91 (2015) 034029

0.02f 5"
0.01}
0.00

[ — total

_‘__—/-r’

-0.01}

0.02f
0.01}

0.00

°( at COMPASS )

-0.01}

cosg
LT

A

0
0.02}
0.01}

0.00 |r===

-0.01}

0.1

03 06 09
P.(GeV)

All compatible with zero within uncertainties (P/D)
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Brell-Ban
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COMPASS x:0Q? phase-space: SIDIS — Drell-Yan

Four Q?(or mass)-ranges:

1<Q?/(GeVic)? <4 “Low mass”
o Large combinatorial background
» Pion and kaon decays

» Open-charm (bottom) semi-leptonic
decays DD, BB

o smaller asymmetries

4 <Q?/(GeVic)?<6.25 “Intermediate”
o High DY-cross section
o Still low signal/background
6.25 < Q2/(GeV/c)2 < 16 “Jiy”
o Strong J/y-signal — study of J/y physics
o Difficult to disentangle DY
o Lower background
Q?/(GeVlic)? > 16 “High mass”
Beyond J/y peak
Negligible background
Low cross-section

@
@
@
o Valence region — largest asymmetries

24 October 2014

Events/(20 MeV/c?)
- 3 2 Q 2

-
Q

Q? (GeV/c)?

T lllllll

10

625F—--—--—-—---~- - - - - - - - -

1
10°

2
L

i M = 3.050 + 0.004 ol
= o, = 0.213 +0.003 S—
= Comb. BG i _ o ===+ Continuum
= -.\\ otal [2.7; 3.5] =0.2 % _—
E \ —CB
§ “. :“‘ nn
E L
C v g
i I X ,'.! N U
0 1 2 3 4 5 6

Qvs. x at COMPASS |
DreII-Yani(MC)

1) A S e 48 e

#Jdly =5728 £89  COMPASS DY 2009
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SIDIS asymmetries in Drell-Yan Q2 ranges

First shown at the Transversity-2014 conference arXiv:1411.1568 [hep-ex]

1

s COMPASS preliminary
% 102~ Proton 2010 data

0.9

.

0.8

2

o 0.7
101
0.1
1o s 1 r i . y L 1 Ll 1 0
10 10° 10" 1
X
Towards 3D...
Four Q?-ranges:
« 1<Q?/(GeVic)’<4 “Low mass”

e 4<Q?/(GeVIc)’<6.25 “Intermediate”

« 6.25<Q?/(GeVic)> <16 “Jhyrange”

«  Q?%/(GeVic):>16 “High mass range”
For each Q?-range — two different z-ranges:

« z€[0.2; 1.0] - standard selection (cuts)

* z€[0.1; 1.0] - Extended region: Low z (z € [0.1; 0.2])
+ std. selection (cuts)

0.05

-0.05

0.05

-0.05

0.05

-0.05

0.05

-0.05

C et 1<Q%(GeV/ey<d

C T z>0.1

- «®® ®e

C ; C

C | 4<Q2/(GeV/Ic)7<6 25 F | 4<Q* /(cxewc) {6 25

i ¢ gé 5 a ﬁ{?

: e —

C 6.25<Q/(GeVicy<16 [ 6.25<Q(GeV/c)'<16

E % I F

: ey g 444

= - +4

g . , g . _.— .

- Q/(GeV/ic)y>16 - Q2 /(GeVicy>16 m
Fyhy p14tt

5 L RAR

[
e [ =
107 107! 107 107!
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http://arxiv.org/abs/arXiv:1411.1568

Ourline

o ntroductior
COWMIPASS experirrent
SIDIS x-sectlon and TSAsS
crief review of recent COWNIPASS results with
o COMIPASS: SIDIS — Drell-Yan bridge
« COMPASS multidimensional approach
o COMPASS multidimensional phase=space
> Results for TSAS frormn rmultli-D analysis
VIean depolarization factors
SIVers asyrrrmetry

Collins asyrrrnetry,

Ao 9-asyrnmetry and predictions 1e,w, Pl
{ vI110) \ l \

Avrp 2SI

AP asynmetry

o Conclusions

23 May 2015 Bakur Parsamyan

T

(@
™

D72,

VY W)

140171

/()

28



Multidimensional approach concept | (x:Q?)
« 1St option (2D asymmetries):
* X-, Z-, pr-, and W- dependences in 5 Q%-bins

« 2" gption (3D asymmetries):
« x-dependence in Q%:z grid (5x5)
« Q%-dependence in X:z grid (9x5)
 X-dependence in Q%:p; grid (5x5)
« Q2-dependence in x:p; grid (9x5)

« 3" option (4D asymmetries)
 X-dependence in z:Q%:p grid (2x5x5)
« Q?-dependence in z:x:p grid (2x9x5)

Q? ranges: Z ranges: P ranges:
« 1<Q?<17 « 2>01 « pr>01
« 17<Q@Q%<3 « 2>0.2 e 01<p;<0.75
« 3<Q?<7 « 01<2z<02 « 01<p;<03
« 7<Q?<16 « 02<z<04 « 03<py<0.75

« 16<Q?<81 « 04<z<10 « p>0.75
x bins: 0.003, 0.008, 0.013, 0.02, 0.032, 0.055, 0.10, 0.21, 0.40, 0.7

23 May 2015 Bakur Parsamyan
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Multidimensional approach concept | (x:Q?)

Q COMPASS preliminary
% 10?2 — Proton 2010 data
Q, 9 QY(GeViey > 1
cl __ SRERRR
O — 10 *
10— 7<Q%/(GeVic)y’<16 ' 4
B 3<Q*/(GeV/c)<7

R RRRRREEEERREERREE” < © ... SEEEEEELEEEEEELEERE 0.1
1<Q?/(GeV/c)’<1.7
1 107 1072 10 1 °
X

Q? ranges: Z ranges: Py ranges:
« 1<Q%<17 « 2>01 « p:>0.1
« 17<Q?%<3 « 2>0.2 « 01<p;<0.75
« 3<Q?<7 « 01<2z<02 « 01<p;<03
« 7<Q%<16 « 02<z<04 « 03<p;<0.75
« 16<Q?<81 « 04<2<10 « pr>075

X bins: 0.003, 0.008, 0.013, 0.02, 0.032, 0.055, 0.10, 0.21, 0.40, 0.7
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) COMPASS preliminary =
< s
% 102 — Proton 2010 data Yo,
O F el ouaGeviers1 =
S - 3 =
O | 105_' 0.7 NZ':
L - 0.6
____________________________________________ n R

FIRST EVER extraction of TSAs within such a Multi-D
(x:z:p+:Q?) approach

Results first shown at the SPIN-2014 conference arXiv:1504.01599 [hep-ex]

Q? ranges: Z ranges: pr ranges:

« 1<Q?<17 « 2>01 « p;>01

« 17<Q%<3 « 2>02 « 01<p;<0.75
« 3<Q?<7 * 01<z<0.2 « 01<p;<03
« 7<Q?<16 « 02<z<04 « 03<p;<0.75
+ 16<Q?<81 + 04<z<10 « p;>075

x bins: 0.003, 0.008, 0.013, 0.02, 0.032, 0.055, 0.10, 0.21, 0.40, 0.7
23 May 2015 Bakur Parsamyan
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Multidimensional approach concept 11 (z:p;)
3D asymmetries:

» Asymmetries from 3 x-ranges in z:p bins (7x6)

« Asymmetries from 3 x-ranges in p;:z bins (z:p; - transposed)

X ranges:

« allx

» x<0.032

« x>0.032

z bins:
01<z<0.15
0.15<z2<0.2
02<2<025
025<z2<03
03<z<04
04<2<0.65
065<z<1

+ bins:
01<p;<0.2
02<p;<0.3
03<p;<05
0.5<p;<0.75
0.75<p;<1.0
p+>1.0

23 May 2015 Bakur Parsamyan 32
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Multidimensional approach concept Il (z:p)
3D asymmetries:

« Asymmetries from 3 x-ranges in z:p bins (7x6)

« Asymmetries from 3 x-ranges in py:z bins (z:py - transposed)

i( raarlllgiS: g 3; COMPASS preliminary ; . g
* Xx<0.032 8 - Proton 2010 data o e
« x>0.032 S 5 5: S : : 0.8 -g
z bins: U - <}
« 01<2<0.15 - 0.7&
« 015<z<0.2 ol 06 =
« 02<2<025 -

« 025<2<03 N 0.5

+ 03<z<04 1.5 ; |

* 04<2<065 s L | o4

« 065<z<1 1 e ey A e 05

pr bins:

« 01<py<0.2 0.2

« 02<py<03 0.5 01

« 03<p;<05 — ~ .

* 05<p;<075 - — # 0

« 0.75<p;<1.0 O 4 05 06 07 08 0.9 1

* pr>10 Similar approach adopted by HERMES (presented at SPIN-2014)
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Outlire

> Introductior
o COWNIPASS experirment

o SIDIS x-section and TSAS

o Brief review of recent CONVIPASS results with TSAS
o COMPASS: SIDIS — Drell-Yarn bri .J*:.;
> COMIPASS multidirmensional approach
o COWIPASS rmultidirnensional phase-space
* Results for TSAs from multi-D analysis
o Mean depolarization factors
O SIVErs asyIrrnetry
o Collins asyrrrnetry
o A feWirtidagyrnmmetry and predictions La.y, PRD 73, 114017(2009)
O Ay p M —asyrnrretry
O A" -asyrmrnetry

o Conclusions
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Mean D(y) -factors

sm[q) +tp m). sm:’«p ?.) cos(p, - @, )
5111([;) tp ) -

- sm<p: sin ‘(p] “0;] cosQ,, co~c-tph- @)
3 1<Q(GeViey<1.7 i r COMPASS preliminary C Proton 2010 data y
L z20.1:p >0.1 L L
2 - /'T-— r 3 . \
—~ e C C 3
~ : ; P——
~ 0 -: L ' :— 1 1 1 1 1 .: 1 1 1 . 1 1
30 1.7<QNGeViey<3 o n -
N F E a2
: /—-_ . - — I x
i i :_ :_ :_ _’/>§
o L . . N 2 . . . L. . .
3E 3<QY(GeViey<T - C N
| g ——
0 :_ L L :_ 1 1 1 1 1 :_A 1 L 1 1 i :_ 1 i i i i 1 i i i 1 i i
3 7<Q(GeVicy<16 - C o
i3 /—_ - -_ 3 \
‘1‘ < g ——
o . . - s . . S . . s B . .
3 16<Q(GeVie) <81 - r -
S L L L
i3 Q ; ; _ /\’>§
0 _ L L _—. P R TR SR P | E MR PR PRI SRR S L T SIS SR
102 10" 02 04 06 08 1 05 1 15 25 10 15

X z Py (GeVic) W (GeVic™)
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o SIDIS x-section and TSAS
o Brief review of recent CONVIPASS results with TSAS
o COMPASS: SIDIS — Drell-Yan bridge
> COMIPASS multidirmensional approach
o COMPASS rultidirmensional phase-spac
* Results for TSAs from multi-D analysis
o Mean depolarization factors
o Sivers asymmetry
o Collins asyrrrnetry
o A feWirtidagyrnmmetry and predictions La.y, PRD 73, 114017(2009)
O Ay pMs—asyrnrnetry
o AR asymrnetry

o Conclusions
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Sivers asymmetry: X, z, pr and W dependences in 5 Q?-ranges

R 01~ =h"  1<Q /(GeVicy<1.7 - COMPASS preliminary C C
< - +h z>0.2:p >0.1 GeVic - Proton 2010 data
: _ C L
Es - . . - * ) -
< 0? X §® C iy e, . - LA .1 ¥ i 5 i Q; ‘; 5y
ol = | : - : 2D
A 01 1.7<Q/(GeV/cy'<3 - C L
& - r [ [
s - L [ * ' !
< - ’ r L LI | -
5 5 [ ] L #
<G of- g4 s+ - i i’i i - oo i - g & %
01 - ) - , ) r : : ' N
7 0.1} 3<QUGeViey<T r r n
< - ' @ ' E r E 3 o F
z o B r d L ¢ i ' [ :
< of ﬂ*{%;‘ - R i R TP T I s
0.1 J : ~ e . - — : - n n 1 "
A 0.1f- 7<QGeV/e) <16 5 r N
é; _ - r } { $ 3 C * ; ¢ N §
< (= I ! S : Y N 3 |
'01-— e ~ , I—I . — —‘ " ) -
0.1F 16<Q*/(GeV/cy<81 r r i } - }
oo YL pd SRR
? g ; I I {
| - S —1 r —— |
-Ol B 1 1 r 1 1 1 1 B 1 1 1 [ 1 1 1 1 1 1
102 107 0.2 0.4 0.6 08 0.5 1 15 o 8 1012 4 1o
. 2 pT (GeV/e) W (GeV/eT)

» Positive amplitude for h* (increasing with x)

» Positive h- amplitude at relatively large x (>0.032) and Q? (>7)

« Some hint for a possible negative h- amplitude at low x (<0.032) and Q? (<7)
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Sivers asymmetry: 3D Q?%-z-X dependence

O1Feh* 1<Q° (GeVieY<1.7 - COMPASS preliminary - Proton 2010 data -
%"‘ [ =] z=0.1: P, >0.1 GeV/e [ z»02: Py >0.1 GeV/e | 0.1<z<0.2: P >0.1 GeV/e [ 02<z<04: pT>0‘l GeVie 0.4<z<1.0: p§>0.1 GeVlie
g | [ I [ ¢
01f - eerm——— - v - o I wvrmma 3D
. 0.1 17<QGeViey'<3 C i 5
£ | : i s ! [ H ti {{
<o wavrs | ERA Gy gt - Baady SRR
. 0.1 3<Q/(GeViey<T N C L :
= - . - t
= g 1 f o4
F = " g r F F L |
< o HEE - Hﬁ%;} ) Bhaht N ﬂi{ﬁii 5 #{}§
: o : : D — ——
0.1 ) - - , ____.I_ -~ ‘ —_.__..I_. -~ ‘ __I— = ) —‘
. 0.1 7<Q/(GeViey<16 C C C 5
E i) | *
£ o Hii“# R @— Hil . . H }ll
_Dl._ I I -_ _“ .._ _l— -— . |~ — ) =
0-1F 16<Q*NGeVicy<81 [ % C L !
| hEL S L |
< -
'U.l; | Ih_‘ - , : = ‘ |= 1 ‘ ’ - . ‘ ‘

107 107" 10+ 10! 107 107 107 10! 10+ 10

» Positive amplitude for h* (increasing with x and z)

« Positive h- amplitude at relatively large x (>0.032) and Q? (>7) at intermediate and large z

« Some hint for a possible negative h- amplitude at low x (<0.032) and Q? (<7) ) at intermediate and large z
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Sivers asymmetry: 3D X-z-Q? dependence

mmﬁ- ¢\r

sin(g, - )

\m(@_‘- ¢u‘r

Aur

sin( ¢" - @\I

Ayt

mmﬁ- ¢_>

Ayr

sm1¢h ¢‘_l

Ay

<

QO (GeVie)

In several x-bins some hints for possible Q2-dependence for positive hadrons (decrease) more evident at large z

Q° (GeV/e P

At low z effect for h* is smaller in general
No clear picture for negative hadrons
23 May 2015
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Sivers asymmetry: 3D X-p-Q? dependence
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« Inseveral x-bins hints for possible Q2-dependence for positive hadrons (decrease) more evident at large z and p+
* Atlow z and p effect for h* is smaller in general
» No clear picture for negative hadrons
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Sivers asymmetry: 4D Q?-p-X dependence at z>0 2
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* Positive amplitude for h* (increasing with x and z and p)

« Positive h- amplitude at relatively large x (>0.032) and Q? (>7) at intermediate and large z (all p;)

« Some hint for a possible negative h~ amplitude at low x (<0.032) and Q? (<7) ) at intermediate and large z (all p-)
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Sivers asymmetry: 4D Q%-p-Xx dependence at 0.1<z<0.2
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Positive amplitudé for h* (increasing with x and z and pT)f
Positive h~ amplitude at relatively large x (>0.032) and Q? (>7) at intermediate and large z (all p;)
Some hint for a possible negative h— amplitude at low x (<0.032) and Q? (<7) ) at intermediate and large z (all p;)
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Sivers asymmetry: 3D X-z-p; dependence
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* Positive amplitude for h* (increasing with x and z and p)

« Positive h- amplitude at relatively large x (>0.032) and Q? (>7) at intermediate and large z (all p;)

« Some hint for a possible negative h~ amplitude at low x (<0.032) and Q? (<7) ) at intermediate and large z (all p-)
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Collins asymmetry: 3D Q?-z-X dependence
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« Both h* and h~ amplitudes are compatible with zero at Iow x and become sizable (opposite in sign) from x>0.032
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« Both h* and h~ amplitudes tend to increase with x, but with some “irregularities”
* Both h* and h~amplitudes tend to increase with z.
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Cons asymmetry: 3D x-z-Q? dependence
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Both h* and h amplitudes are compatible with zero at low x and become sizable (opposite in sign) from x>0.032
Both h* and h~ amplitudes tend to increase with x, but with some “irregularities”
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Both h* and h~amplitudes tend to increase with z. Some weak Q2-dependences. Not clear.
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Collins asymmetry: 3D X-p-z dependence
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« Both h* and h~ amplitudes are compatible with zero at low x and become sizable (opposite in sign) from x>0.032
« Both h* and h~ amplitudes tend to increase with x, but with some “irregularities”
« Both h* and h~ amplitudes tend to increase with z and p+
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Kinematical map: z>0.1, p>0.1
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A7°%09: x, 7, pr and W dependences in 5 Q-ranges
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» Positive amplitude for h+ at large x (>0.032) and Q? (>3)
« Signal for negative hadrons is not evident.
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A, ;%05@-9): 5 Q2 ranges. Predictions - PRD 73, 114017(2006)
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Asymmetry is evaluated in COMPASS specific mean kinematic points extracted from the data.
The predictions show a good level of agreement with the experimentally extracted asymmetry
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A,f5¢-0): 3D Q2-z-x dependence: Predlctlons PRD 73, 114017(2006) ¢ oM
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Asymmetry is evaluated in COMPASS specmc mean klnematlc points extracted from the data.
The predictions show a good level of agreement with the experimentally extracted asymmetry.

Statistical accuracy is not enough for further studies.
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Ay 3D Q*-z-x dependence
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* Negative amplitude for h~ (at large x) increasing with z
« Some hint for positive h* signal at large z

The only “twist-3” asymmetry showing non-zero signal
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A,"s: 3D x-z-p; dependence
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Negative amplitude for h~ (at large x) increasing with z
Clear positive h* signal at large z (decreasing with p+)
The only “twist-3” asymmetry showing non-zero signal
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A,$"Cé¢9: 3D x-z-p; dependence
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» Expected to be suppressed by a factor of ~|p;|>with respect to the Collins and Sivers amplitudes
« Asymmetries are compatible with zero within uncertainties.
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Conclusions

First ever extraction of transverse spin asymmetries in multidimensional grids:
o 2D -Q%x; Q%z; Q*ps; Q%W
o 3D -Q%z:x (x:z:Q%); Q%pr:x (X:p1:Q?)
o 4D - z:Q%p.:X; pr:Q%:z:X
o 3D -x:z:py (X:py:2);
» TSAs for unidentified charged hadrons have been extracted from COMPASS proton
data of 2010.
» Several asymmetries show a non-zero trend in different regions
o Collins, Sivers, A, 05 ds) A Sinds
o Predictions for the A,;°(#4s) are in good agreement with the experimental results
within the statistical accuracy
» Many interesting observations!

« Important input for TMD-evolution studies, various phenomenological analyses and
global analyses!

Thank you!
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