Longitudinal target polarization dependent 92
azimuthal asymmetries in SIDIS at COMPASS

{
: BAKUR PARSAMYAN Ql
UNIVERSITA  Zgoesp i
DEGLI STUDI /&7 = - X . . . . , . .- . g.,ﬁ
DITORINO (/5 0 ¥ University of Turin and INFN section of Turin 7 ﬁa{\

A i
ALMA UNIVERSITAS \(eX\ 5 S
TAURINENSIS 5

on behalf of the COMPASS Collaboration

“25th International Workshop on
Deep Inelastic Scattering
and Related Topics”

University of Birmingham
Birmingham, United Kingdom
3-7 April 2017

5 April 2017 Bakur Parsamyan 1




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

=T

Wide physics program
COMPASS-I

» Data taking 2002-2011

* Muon and hadron beams
* Nucleon spin structure

» Spectroscopy

See talks by B. Badelek, E. Kabuss,
M. Stolarski, A. Szabelski and this talk

COMPASS-II

Data taking 2012-2018
Primakoff

DVCS (GPD+SIDIS)
Polarized Drell-Yan

i1l
o
—

~ A =

See talks by A. Ferrero and B.P.

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. See talks by:
X ECAL2 A. Bressan,

Two stages spectrometer LAS+SAS HCAL?2 A Martin

= Large Angle Spectrometer (SM1 magnet) C. Quintans

«  Small Angle Spectrometer (SM2 magnet)

EcaLl  oM2
HCAL1

RICH. SNa
SMI_ Sa
Polarized §A -

Target

Muon-filter

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

*  Momentum, tracking and
calorimetric measurements, PID

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

Muon wall
7 3 60 :
Longitudinally polarized (80%) u* beam: ¢ L PASS 5< ?:;
Energy: 160/200 GeV/c, Intensity: 2:108 p*/spill (4.8s). . ERMES < 59
Target: Solid state ( 5LiD or NH;) . JLab6 !

40

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

ol s

5 i L 1 1 1
2 200 20 30 40

Data-taking years: 2002-2011 ' 50 0
x p(GeVie
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COMPASS experimental setup: Phase | (muon program)

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area.
Two stages spectrometer LAS+SAS HCAL2
«  Large Angle Spectrometer (SM1 magnet)
«  Small Angle Spectrometer (SM2 magnet)

EcaLl  oM2

HCALl\ \

RICH
SM1 \
Polarized §A

Target

Muon-filter
107 Deuteron 2002-2004 L

PN < 2001~ » ‘
P 1001 ‘ »

SciFi, Silicon, MicroMegas, 0~ 00 0 0 50
GEM, MWPC, DC, Straw, Zypy (€m)
Muon wall x10° Deuteron 2006, Proton 2007, 2011 L

dN/dzVix
=
=

w

=3

S
I

dN/dzVIX

Longitudinally polarized (80%) pu* beam:
Energy: 160/200 GeV/c, Intensity: 2:108 p*/spill (4.8s).

Target: Solid state ( °LiD or NH;)
SLiD 2-cell configuration. Polarization (L & T) ~ 50%, f ~ 0.38
NH, 3-cell configuration. Polarization (L & T) ~ 80%, f~ 0.14 0TS0 o s0

Zypy (cm)
Data is collected simultaneously for the two target spin orientations

Data-taking years: 2002-2011 o
Polarization reversal after each ~1-2 days
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| A.Kotzinian, Nucl. Phys. B441, 234 (1995).
S l D l S X=S€Ct| On Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007). 4

dG a y2 7/2
= 1+— | |(F,, - +¢€F
dXdydzdp_$d¢hd¢S |:XyQ2 2(]__(9)[ 2X ( Uu,T &g UU,L)X
1+./2¢(1+ &) A" cos g, + e A" cos 24, |

+ A2 (1-&) AT sing,
[4/25 1+2) A sin g, + A" sin 2¢h}

rs /1[\/1 A, +2(1— £ ) A cosgﬂ

_AiiTn(%—qss)sin(q;h )

< + eAT S sin (g, + )
+ S |+ AT sin (3¢, —¢,)
+ WA}”% sin g,
|+ |22 (1+2) AN sin (29, — ) |

\/ (1-&%)AT*™ cos (4, ~ ¢y )
+ S;A| + (26 (1-&)AT* cos gy

26,4s 1
+ 26 (1=2) AT cos(24, ) o Fo maviad 2
L - J AJ h» — ! ; E= , 7/:—
OT T Ryr+eFu, 1-y+ 2y 42y °
2’ 4
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1 A.Kotzinian, Nucl. Phys. B441, 234 (1995).
L’S I D I S X’S€Ct| On Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007). +

do a y2 7/2
= 1+— [ |(Fur +€R
dxdydzdp:ddg,d {nyZ 2(1—5)( 2y ( bur 7€ UU,I_)X

(1+

1/25 1+&)A " sing, |

+S. | + eA*sin2g,

V1-&*A,
+S Al + WAEM“ cos @,

General SIDIS x-section expression
contains four target longitudinal spin
dependent asymmetries (LSA)

1,,
AJ%% — I:U((Ifoh),,T(DS) © o= ! y 47/y 7/:2MX
O FUUT+8FUUL’ 1 2 1 2 2’ Q
| | YRSy ALY
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L-SIDIS x-section: depolarization factors

do a y? ¥’ o
= 1+2— | |(Foyr + &Ry ) i i), s 05, cos(2
uuT UU L sin(¢ ) sin(2¢ ), sin(30 ) . cosg , cos(29, )
dxdydzdprdddds | xyQ® 2(1-5)(  2x -e-D P cep v DR —omp
- 3 2.5 — h* - COMPASS preliminary | Proton 2007,2011 data
1+ -
2F o 0-9-8-8-9© S
- G/c-y’ & 0600-6-6 -G - -G - -0 B3l GS_O?O—B_Ok—D“‘(}‘fik,_O
L5p 7

+S. | + eA*sin2g

(D)

_\/1—52ALL

. 1

L )

Note: Along with effective target
polarization and beam polarization
COMPASS LSAs are corrected for
D(y) depolarization factors.

2.

A\jv(ﬂ]) _ Ajvlqurna)w ,sz(%) _ szl_%a)w
O D'ER] T Daf|R]
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~ e o o e e - W — e-B=8-666 & -
1 L L L A T L MR C

| coeooco0e-00-0--0--0 609000 o - .0

+S Al + \J2e(1-2)AT" cosg, 0-5; \x\s

T |
E . . & & 86—6——6——6—— & _W#—@—r@f_:_:ﬂ
0:_.‘..... PR RIS SN R R RPN DR SR RS A B
10~ 107! 02 04 06 08 0.5 1 1.5
X z P, (GeV/c)
| 2(2-y)}1-y
D) = [2¢(1+ &) ~
( (1+e) 1+(1-y)?
Dsin(Z%) —cx 2(1_ y)
< 1+ (1—y)?
Dl — (1_52) ~ y(2_ y)2
1+(1-vy)
2YJ1-
\ DCOS((/M — 25(1—8) ~ y y2
1+(1-vy) .



L-SIDIS x-section: from Ip to y#p

do |« y? 1
dxdydzdp;dg,dds | xyQ* 2(1-¢)

1+
_1/25(1+5) "' sin g, |
+S. | + eA*sin2g,
J

Vi-&*A,
+S Al + \J2e(1-2)AT" cosg,

lepton plane
5 April 2017

Kotzinian et al.
hep-ph/9808368 (1998)
hep-ph/9908466 (1999)

y? M. Diehl and S. Sapeta, -
o (Four +&FRu.)x Eur. Phys. J. C 41 (2005) 515
0.15F Kt - COMPASS preliminary [ Proton 2007,2011 data
0.1F
0.05F ! i
> S I '
Eooop o e T — T —
~015F [ -
0.1F
0.05F g
i 00 o —o [ W
- oL T R I R N P A L]
1072 107! 02 04 006 08 0.5 1 1.5
X b4 P, (GeV/e)
1 2.,2
: 1=y 7Y 2Mx
sin@ =y T V= ;
1+y Q
0 Bjorken limit 0 :> ST = Pr ! SL = PL
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Kotzinian et al.

SIDIS x-section: from I’p to VD (PT:O) hep-ph/9808368 (1998)

hep-ph/9908466 (1999)

do a y’ 1 7’ (F . ) M. Diehl and S. Sapeta,
= o0 Te& X Eur. Phys. J. C 41 (2 1
dxdydzdp_?d¢hd¢s XyQZ 2(1—8) 2x uu,T uu,L ur ys.J.C ( 005) 515
1+
0.15F Kt - COMPASS preliminary [ Proton 2007,2011 data
- o = 0.1F
J2&(1+ &) A" sing, _ |
+ P |+ A sin24, ~ 005 vomosoo—o—o—s fovau
Z . 8 Sin3¢, 3 \ %
— sinGs A" sin 3¢, R — . T — Lo
- - ~015F
_ s _
ViI-e"A, 0.1F
+ P A + /25(1—2)A* cos : ;
- ( )ALL ¢h 0.051 r ) r
— sin@,/2¢(1— &) AT** cos 24, f oecee —o EW
) - o L PR P R R R R P S R
107 107! 02 04 06 08 0.5 1 1.5
X b4 P, (GeV/e)

1_y_1 22 At COMPASS kinematics
ing - y 47/ y _ 2MIX .
SiIng=y 1_,_72 V= Q ' sin@ <0.15
0 Bjorken limit 0 = ST = PT’ SL = PL COS 9 ~ 1

lepton plane
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SIDIS x-section: LSA-TSA mixing

do

dxdydzdp?

(1+

o
= 1
dg, dgs {XyQ2 2(1-¢)

+ AV sin 24,

[26(1+) AT sing, |

— sin s A" sin 3¢,

Vl - Ay

+ \J2¢(1-&) A cosg,

— sin a/zg 1-&) A cos 24,

2

+%j:|(FUU,T +‘9FUU,L)X

Kotzinian et al.

hep-ph/9808368 (1998)
hep-ph/9908466 (1999)
M. Diehl and S. Sapeta,
Eur. Phys. J. C 41 (2005) 515

lepton plane
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Contributing
LSA C(g, 0) - factor TSA
Asinth sin@ —1 ASin(¢h_¢s)
uL J2&(1+ ¢) ur
£
L singp sinf —— sin(¢pn+os)
Ayr 2e(1+¢) Aur
i A52¢n . J2e(1+¢€) A5 @On—ds)
UL sinf f ur
J2e(1—¢)
A sin@ ——— ACOS¢S
/—(1 — &2) LT
cos¢ (1-¢£2) (Pr—os)
Ay " sinO Alc,(}s "
28(1 )

1
1-y—=y%y? 2Mx

sin@ =y 4 4=

1+y° Q
0———>0=S5, =R, S =R

Bjorken limit

Bakur Parsamyan
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SIDIS x-section: LSA-TSA mixing

do a y2 72
dxdydzdp?d, s, {XyQZ 2(1_5)( * o )| (Four + R )

1+
525(l+ £) AL sing, |
+ P | + eAT*sin2g,
9 — sin s A" sin 3¢,

— sin a/zg 1-&) A cos 24,

LSAs can get a contribution
of up to 25 % of the size of
the corresponding TSAS

5 April 2017
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Kotzinian et al.

hep-ph/9808368 (1998)
hep-ph/9908466 (1999)
M. Diehl and S. Sapeta,

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

LSA Contributing TSA
Azi?(;bh A:,i;(¢h_¢s)
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sin(q)h)‘ Sivers o sin(cbh)‘ Collins
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O & B O — B — . -0 o .
a-08@ -© ©0-0 9. . _
O— . .
o .0 - o . T
e EEE S -Gy 8 8Bz BB B g o
&0 & =0 | o6 == ___:Tﬁ_é

0.25

0_@990—0-9—-(%-—6-—--@._...,0

[oRE = §o A SRR e A SRRl S R R SR
=08 B =0 =—G=—=0

107

Bakur Parsamyan




Interpretation in terms of twist-2 TMD PDFs and FFs @

do a y2 7/2 ||
= 1+— [ |(Fur +€R
dxdydzdp:dg,d g, {nyZ 2(1_5)[ 2y ( bur T€ UU,L)X

1+

_4/25(1+ £)AL" sing, |
+ P |+ eA M sin2g, Quark
) — sinGe A} sin 3¢, g Nucleon U - T
B ] 2 gL 2
Vi-&* A, U flq(x’kT) h, (x.k7)
n Pl_ﬂ, + Joe (l_S)AEES(/jn COS¢h number density Boer-Mulders
q 2 gL 2
— sin6,/2s(1- &) A cos 24, L g, (xKk7) | hy(xky)
- - helicity worm-gear L
q 2
h (x,kz)
1 2 €L 2 i
T f 1$ (X, k T) g 1qT ()(, k T) transversity
Access to various “twist-2,-3” functions Sivers Kxg‘::gg’:‘::d;fs hE(xk?2)
Different kinematic suppressions pretzelosity

+two FFs: D] (z,P}) and H, "(z,P)
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Interpretation in terms of PDFs and FFs

do a y’ a . .
= 1+2 ||(F F _ _
dxdydzdp2dg, dgs {nyz 2(1—5)[ *ox ) (v *8Fuu ) Twist-2 | | Twist-3
"1+ ) C[wa]:xzq:egjdszdng5<2>(kT —pd —%)w(kT, pi) 9(x.k?) Dy (z.k7)
- R pon _ 2M h- pf xhaH " 4 Mb o G,
4/25(1+5) Si['% sin ¢, uL _? - M, L Mg +V91L7
+ P | + A sin2g A \ qh
) — sin G A} sin 3¢, g + T | xf D! — bl _QJ}
i ] M LY
_ - . A A
B B
+ PA| + [2¢(1-2) AT cosg, F'"h =C<— vV H
— sin /25 (1- &) A cos 24, "
Fl_lL = C{gquDlhq}
cos 2M A' pq D"
R :?C{_ MhT [XeEHlthJ“—hgqu .

Access to various “twist-2,-3” functions
Different kinematic suppressions

5 April 2017
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Interpretation in terms of twist-2 TMD PDFs and FFs o

dG 104 y2 7/2 : -
= 1 A F F ~ )
dxdydzdp:dg,d g, {nyZ 2(1_5)[ o ( wrT€ UU,L)X Twist-2 | | Twist-3

1+
b AT QM (@ HS 4

4/25 1+&)A " sing, |

+ P | + A sin2g

) — sin G A" sin 3¢, . o i ® H,, Lh

Vi-&* A,
+ PA| + J2(1-&)AT" cosg,
~ sin6,/2¢ (1- &) AT cos 2,

B - ALOCglL®Dh

S'n3¢h RN SiTn(3¢n—¢s) oc hl#q ® Hlth

coSqﬁ1 Q (gqu ® Dlhq+...)

Access to various “twist-2,-3” functions

wWw
) . . . C0S2¢, cos(2¢, —¢s) -1 q h +
Different kinematic suppressions AT o Ay Q™ (gir ®Djg+-.)
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Interpretation in terms of twist-2 TMD PDFs and FFs

do a y’ y? . .
= 1+— ||(FR,, 1 +€F Twist-2 | | Twist-
dxdydzdp?dg, d; {nyz 2(1—5)( o || (Fowr + 6P ) wist wist-3
1+ 6 4) o £A9 @D
. Ww
b A e QTR H )
[26(1+2) A" sing, ) o b3 @ HL!
+ P |+ A sin 24, L "
; — sin G A" sin 3¢, e hf ®@H { nh=h) o Q‘l(hlq ®H," +)
3y ATIOH ) o 8 @ H L
— sin a/zg 1-&) A cos 24,

) ) AL gy ® D1hq <_{ T o Q (gqu ® Dlhq+...)

COS% oc Q° (gfL ® Dlhq+._,) <—{ ) o g ® DY

Access to various “twist-2,-3” functions
Different kinematic suppressions
Mixing with TSAs

ww
AI<_:052¢5n PEN C$5(2¢n_¢s) oc Q—l(gqu & D1hq+...)
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* Former HERMES, JLab and COMPASS
experimental results on LSAS
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Existing measurements: COMPASS

2 2
daz :{ ¢ _J (H}/_H(FUU'T +&Fy, . )x  COMPASS combined D-sample
dxdydzdprdgdg, | xyQ® 2(1-¢)\ " 2x CERN-EP-2016-245, arXiv:1609.06062 [hep-ex]
( o5 b f [ combined ]
L | 2002-2006 data _
I "{"*'Li"}' ...... 111#1.}-‘;!14‘ ..... T

— sin 6&/25 1-¢) °°SZ¢"\0Q2¢h P | :_ * -
) i i oo #""4,*'#-# """"" \ “#{ ‘T‘++ B S S
«  COMPASS collected large amount o0 o l S .+ |

of SIDIS data with longitudinally s **F i
polarized D/P targets (2002-2011) : o#+++i§[1“##i#+u}+

-0.02 - K— -
[l ol IR TR S N NN TN ST N N PR TR R S A AT TR T

=) 1 5
10 10 0.2 0.4 0.6 z 0.5 P’T’ (GeV/c) 1
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Existing measurements: COMPASS

do NI (Four +eRu.)x PLB 693 (2010) 227-235
dxdydzdp’dg,dd | xyQ* 2(1-&)|" 2x )| 0T T EE e (2010) — e
; g 1,p = T

1+

IIIIIII[III]IIIIII

25(l+ £) A" sing,

102 I “I;O"
sin2¢y, i e COMPASS
+ P+ AL sIN2g, / o HERMES gj
) — sin G A5 sin 34, / — ossvn 0
L 05
- / - 0.2 F
V“Jl_gZALL

+ PA| + J2¢(1-2)AT" cosg,
— sin meﬁsz% COS 24,

« COMPASS collected large amount

I|III|IIIIIII|]II_I

IIlLllI L L1 111l I IIIII_IIllIII L IlIlIIJI L L1111

0.05 XAU C xad

of SIDIS data with longitudinally o 1
polarized D/P targets (2002-2011) : :
-0.05 — -
- bl 1 L1111 1 |||||:IIIIII| | IIIIIII| [ |
r 107 10
F. = C{gqu Dlhq} Uloz _XAS R as X
-0.02;—
-0.04

C 11111 I| 1 L1 11 III| | L1111
) 107 10" X
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Existing measurements: HERMES

Fuu,l_)><

M

do a y? i
: = ; 1+ ||(Fyy s +
dxdydzdp;dg.dgs | xyQ® 2(1-¢)\  2x | HERMES PLB 622 (2005) 14

2
1+ \%/ TC+
3 I
0-05 -_ # # —
|2 (1+2) A" sing, | —T1 ## # #‘ 4 t
+ P | + gA)sin2g L = T 5 R - = H = R o
) — sin s A" sin 3¢, .
] ] _ 0.05- | | L
— N
1_8 AI_L :UE’- [ 11:- : A 2<Sin¢>{"_
+ PLA| + [2¢(1-2)AT" cosg, & 0.05 O -2sing, .(sin(p+0g))yy +
05| \ ! .
— sin60,/2¢ (1- &) AT** cos 24, - - (sin(e-dg)iyr )
o-_ ................................ -_ SN oy RN ., N ...
«  COMPASS collected large amount [ #‘i 1 : ihL * * %
of SIDIS data with longitudinally s -
polarized D/P targets (2002-2011) 0.05 . | R
- Similar measurements have been 0 01 02 03 02 03 04 05 06 07
performed by HERMES (P/D) X z
sin 2M I:I qu h M GLh ﬁ k h M I:I "
-2 A i Mg S e o e
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Existing measurements: HERMES

do { a__y [1+72H(F +eRuy, )X
= oy , , Zhun Lu, Phys. Rev. D 90, 014037(2014
drdydzdpldgdg, | xyQ* 2(1-e) " 2x JJN T Zhun e ! s Rev. ()
1+ o10f T 3
0.05 — ~
SR - s oo
35‘25(1+ g) Shsing, | — | %000 EECEEEES—
_ [ ® HERMES datd -
+ P | + eA " sin2g, 0.05 | __zri::f;al t - HERMES
9 — sin QgAjiC?’% sin 3¢h 010 £ Set 2 fotal F PLB 622 (2005) 14
L i ----Set2fD,
_ _ -0.15 FERREREET [ PASTTREET litassssas [NERRE | FTTYITITTI ITITTRTITI FRTRRTATTA [TTTRTINTI INTRTTAITY
/ 2 0.15 prrrrerre RN e [T
1-¢ ALL - ® HERMES datal
r - - Set 1 total
+ P A + sﬁZS(l—S)AEES% COS ¢, 0-10 3 " - - — Set1f'D,
N Set 2 total
— sin60,/2¢ (1- &) AT** cos 24, 0% 3 * 3 ----Set2\D,
- - £ 3000k .
< X
« COMPASS collected large amount 0.05 | '
of SIDIS data with longitudinally ook ]
polarized D/P targets (2002-2011) F '
« Similar measurements have been G ey o s s b
performed by HERMES (P/D) X z
e 2M h-pd M, .G") hk M, , o Ho
sing, __ Lh h q T 1 h h Wi 9
" ‘?C{_ v, [thHm T v L vy
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Existing measurements: HERMES, CLAS

do SN e (Four +&Ru.)x PRL 105, 262002(2010)
dxdydzdp’dg,dd | xyQ* 2(1-&)|~ 2x)|* 0T Tt ! (2010)
P - ® HERMES predictions are from
1+ X - A CLAS [ PRD 77, 014023 (2008) [
* A A

525(1+5)Ajif% sin g,
+ P | + gAMsin2g —

) — sin s A" sin 3¢,

|

+ PA| + J2¢(1-2)AT" cosg,
— sin HWA&B% COS 24,

COMPASS collected large amount
of SIDIS data with longitudinally
polarized D/P targets (2002-2011)

« Similar measurements have been

performed by HERMES (P/D) and Jlab (P)

* Non zero effects, interesting measurement

» Several theoretical predictions are available from different groups

» Prospects for future measurements
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Existing measurements: CLAS

do o y2 72
wmmwM@{mewﬂ+u<wﬁfwm

1+

2M h- p! i D"
Fot =2 o NPy Mo g 2
- ; Q "
525(l+5)ﬁﬁif% sin g, - y £
+ P |+ AT sin2g, | — [ngqDlhq_ Vi qu>
— sin s A" sin 3¢,
i | nt T T
| 7 CLAS 5.7 GeV
+ P A + jZS(l—g)Aﬁﬁs% COS ¢, < 01 [acLast
— sin0/2¢(1- &) AT cos 24, \\ .

COMPASS collected large amount

of SIDIS data with longitudinally
polarized D/P targets (2002-2011)

Similar measurements have been
performed by HERMES (P/D) and Jlab (P)
Non zero effects, interesting measurement

~. | curves are from
*.| PRD74:074015(2006)

Several theoretical predictions are available from different groups

Prospects for future measurements
5 April 2017 Bakur Parsamyan
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» Proton SIDIS single-hadron azimuthal LSAs at
COMPASS (only partially shown at SPIN-2016)

NEW!
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o COMPASS preliminary COMPASS preliminary l
< 10?2 Proton 2007 data Proton 2011 data 0.9
= 702 ht 7502 b
<)
(S
10
1 3 1 3 =
10~ 10 10 10~ 10 10
. x10° x10°
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= 0.2 Proton 2007 data Proton 2011 data
8 o018 202 bt 702 ht
g 016 ‘ ~
2 0.14
2 0.12
5 o1
2
< 0.08
0.06
0.04
0.02 _
4 6 8 10 12 14 16 ) 18 4 6 8 10 12 14 16 18 )
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x10° x10°
= 1 COMPASS preliminary COMPASS preliminary
= Proton 2007 data Proton 2011 data
~ z>0.1 h* z>0.1 h*
Z 08
=]
=
[=]
[¥]
0.6
0.4
\\ N
0.2 N A
= - \‘_
- T —
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Kinematics 2007(160 GeV/e), 2011 (200 GeV/e)

(a.u.)

Two years of longitudinal data
with NH; target:

2007: 160 GeV p*—beam
2011: 200 GeV p* — beam

Kinematic cuts

DIS variables:
Q?>1 (GeV/c)?
0.0025<x<0.7
0.1<y<0.9
W > 5 GeV/c?

Hadronic cuts:
z>0.2, 0.1<z<0.2
p>0.1 GeV/c

Comparable kinematic distributions
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Kinematics 2007(160 GeV/e), 2011 (200 GeV/c)
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045F
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k alle:

——* — i\ Bt
02 10" B YR Y Y B T W ¥ B S o 1 T w0 .
x y z P, (GeV/c) W (GeV/e?) 07 (GeV¥ed)

Comparable kinematic distributions
Only results from merged 2007+2011 sample are shown
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The A3 ?* asymmetry
do

oc +¢F {1+...+ S, .[22(1+ 2)A sin +}
dxdydzdp$d¢hd¢s ( uu,T UU,L) L ( )AJL ¢h
as 2M h- M. G
FUL%:? {_ MF:T XhEHﬁh"'thfL ; ]
A 3h
+h|'v|k-|- XleqDlhq_% qu %]}
004l eh” z>0.2 - COMPASS preliminary | Proton 2007, 2011 data
o= L ah” I
£ 5 I
< ool +{' ; ;o * -
_ g | : SIL R ¢
_‘}%'}%c}; I } - {'ié“ J % %-{'; Z; a ++ 1};'};'}% ° ﬁ
ot S : RUE ;#;H } TP
107 107 02 04 06 08 0.5 1 15 5 10 15
X Z P, (GeV/c)
* Q-suppression, TSA-mixing
* Various different “twist” ingredients

W (GeV/c?)
Non-zero trend for h*, h- compatible with zero
2 February 2017

Bakur Parsamyan
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The A3 ?* asymmetry

dG

F,, . +eF {1+ + S, 221+ 2) A sing, +... }
dxdydzdp d¢hd¢s ( uut TEMuU L AJ &,
n < 1h
Rt =2 c{ LB hiH + g L]
Z
h
+ﬁ'kT xf Dy, — My pq Ay
M ™Mtz
L e 2>02 ht COMPASS preliminary Proton 2007, 2011 data
< 004 S01<z<02 i i i
Rz
< ; ¢
0.02 - - -
L@
[ : ¢ ¢ | §§§+ t _ {»H*{. ‘} 5@ ¢
+ $ .9 Q@ e it %@ I XX, '
ARATSLARRTNNT - it L J #h,0
_0-027‘W.*.|.‘.|...|...m.7‘.‘|‘..‘|..‘.\I.7|‘fﬁ.—f—.\!‘.
1072 107! 02 04 06 08 0.5 1 15 5 10 15
X z P, (GeV/c) W (GeV/c?)
* Q-suppression, TSA-mixing
* Various different “twist” ingredients
* Non-zero trend for h*, h- compatible with zero, clear z-dependence
2 February 2017 Bakur Parsamyan
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The A3);?" asymmetry

do Singy, o o
dxdydzdpZdg,dg, oC (FUU'T +5FUU,L){1+...+ S, W'A\JL% sing, +... } PLB 717 (2012) 383

ié’: 0.06 h+
ne 2M h-p, M, .G, T i 1
singy _ 2777 — q _—hya 9 Proton 2007+2011 data 0.0k
F & C h H Lh h a d o ¢ +
uL Xn; 1q + 0. H{'
Q Mh M z . o extracted LSA h' _+ _______________________
== 0.04+ 2 TSA contribution
N ah £ = - e corrected LSA ' '
+ h- kT xf L Dh _% 1q i ”<D | COMPASS preliminary ?& h +
M Mt 0.02|- 4
— : % % @ (? ? i / —--*—-i----{-{*-%—-{ .......
025E h COMPASS preliminary ob on Beanon \ t
E_ sin(¢ ), Sivers I " " x
E)\ 0.2 E h Z0.02F  T— PLB 717 (2012) 376
o sin(¢ ), Collins - xtracted LSA h™ -
~ 0.13 C -o- " &= 0.041 CA) "eFSf;chntribution f
0 1: -§<§ | e corrected LSA
A | |t
0.05 . 0.02}
OF - 0T 0:— %A@Q?ii@&ﬁa%\
10~ 107 : :
. .. —0.02F e—
« Q-suppression, TSA-mixing 0.02t, STERE e [
* Various different “twist” ingredients x e T e T

* Non-zero trend for h*, h- compatible with zero, clear z-dependence
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singp, _
The /: uL | asymmetry

o} o SiNgy, o
ey ds (Fovs +gFUU,L){1+...+ S, \/22(1+ ) A sing, +... }

sing, 2M ﬁ Pr qpyLh IVlh q ~th Proton 2007+2011 dat
FL"=—0C1- Xh'Hy' +—-0, — roton ata HERMES PLB 622 (2005) 14
Q Mh M z ) - ez>0.2 h* I +
i G = 00 con<z<o2 Rk +
+ h-k; xfLaph _% 1q ' 'q & " COMPASS preliminary + 0.05- +
L -1 L i [
M M z 0.02}- ' b4
: et 1
L + + ® %} Q @ (% e
o 7abe
| -0.05 -_l sl l 1
—002 A
: 004; A z>02 h™ I n
== | 401<z<02 0.051
< [ *
0.021 0 +++ ............................
ﬁ Yo g # [ 7
07 L
_ ﬁ;g ;‘H“}{ﬁk 005 .
[ 0 01 02 03
r e ]
. O- ion. TSA-Mixi 002k e X
Q-suppression, mixing = =

* Various different “twist” ingredients

* Non-zero trend for h*, h- compatible with zero, clear z-dependence
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The A‘““""‘ asymmetry

dG oc(F +cF ){1+ + S A SN, Sin¢ + }
dXddedezd¢hd¢S uu.T Uu L \W L h T

- < Llh
2M h- M
' = —~C —M—pT xhiH " + Vh o) —— Proton 2007+2011 data HERMES PLB 622 (2005) 14
z
h

- 02>02 h* .
0047 5 01<2 402 T
- COMPASS preliminary 0.05
: : S
i ’ ® (}) [ + +
i{) ¢ ¢ %od ; I —
50 N (; !
(cf;) e -0.05 " 1 1 1
10} B A 7> 0.2 h™ L n
d L 24 0.1<240.2 0.05 *
: 0 +++ """"""""""""""
1_ DR L] !
ﬁ;ﬁ f&§£# -0'05_....|....|...|..
_ o | — 0 01 02 03
« Q-suppression, TSA-mixing —0-02—....1.0_2 e
* Various different “twist” ingredients X

« Non-zero trend for h*, h- compatible with zero, clear z-dependence
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The A}, ®* asymmetry

do oc(F +cF ){1+ + S A SN, Sin¢ + }
dxdydzdpZd g, d e, wu.T uu.L \W L Lt

~ < 1h
; 2M h- P M G Zhun Lu
sing, __ qry Lh h ~0 q
R ™ = C M xh'H" + IV Proton 2007+2011 data Phys. Rev. D 90, 014037(2014)
h Z - ez> 02 h+ o 0.10 [T reer eI T T T T
. - & 004F 1<z <02 [T [
h ) kT Xf 1q Dh . M h lhlq H q h{? - COMPASS preliminary 0.05
M M T 2 0.02} ¢ '

§ 0.00 fe-=7
+ ¢ %% {D %) [ |=——set1totall [

Dsin((/ﬁn)\:\/m ol %; é% o 0 70.055— Ebe -

50 b |---set2fD,| |
: S h \ [ [
Q ) E B '0.10 ||||||||| Lo Lo [ITITT TATTT D [T (1T
(Gev?) - [P _0.02k -___r\fv—f—f’? B 00 02 04 06 04 06 08
r e _
10} SE _ [ 4z>02 h 0 e g
; - IR -4t PYEEELE Ea et
r . o- <ﬁ L 0.05 r Set 2 total
E o L 1 L |- ---set2f'D,
SF \\@\“-e—e—e—e—e 0.02- i /
T 0.00 [oe-757 T
1072 10°! L4 T
X o ﬁ$ﬂxf&%§### oos| :
] o 0.021 — 010 busstussstisstinbissis st
° Q'SUPDfESSlOﬂ, TSA-m|X|ng o e 00 02 04 06 04 06 08
10~ 10~

* Various different “twist” ingredients X

« Non-zero trend for h*, h- compatible with zero, clear z-dependence
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The AS‘“Z"”‘ asymmetry

dO'

dxdydzdpZdg, de,

OC(FUU,T

+ ¢k

Uu,L

Fusli_n2¢\1 ZC{_ Z(H pT)(ﬁ

MM,

K. )—p; -k
T) T ™ L._quth}

~0.02

-0.04

H1+...+ S, 2A} " sin 24, +... |

* Only “twist-2” ingredients
 Additional p-suppression

. ez>0.2 h*
L 00.1<z<0.2

it

: .

%***”% ! +j

. COMPASS preliminary [

Proton 2007, 2011 data |

%@ﬁ@ ?L j !

ﬁ@ggéﬁiﬁ

Lt
b

L)
|JJJ|

Loy by by

[ i Q||\| S I T R R B S SR N
L az>02 h™
L A0.1<2z<0.2

107 107!

2 February 2017
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Bakur Parsamyan

1. 5 5
p (GeV/c)

10
W (GeV/e?)
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The A1 2" asymmetry
dO'
> OC(FUU T
dxdydzdp;d¢, d g,

+eF,, L){1+ A+ S, A S|n2¢h+...}

q. 1k ) = p. . Proton 2007+2011 dat PRL 105,262002(2010
s _2(h pr )(-kr )= py -k gy  Proton ata L 62 (2010)
. MM, ' g 00 e 5002 h* A CLAS
Eq? 0. 02:_ COMPASS preliminary 005 -—
0- } ¢ it + 0
BEAF2 |
~0.02F -0.05 - ++
I - +
OO et | 0 [T
= 004F o) . | PRD 77, 014073 2008)
s | 0.05
Fon: SEN P
o + ] ! i : | } 0 f*'i' #+
. . . omf -0.05
*  Only “twist-2” ingredients 0021 A
 Additional p-suppression 0,045 0.1 [
« Collins-like behgwor? o 102 0! 0 0.25
* In agreement with model predictions *

Discrepancy with HERMES and JLab?
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The A1 2" asymmetry

dO' i
«(F, . +&F {1+ A+ S, eAPMsin 24, +... }
dXddedp.?d%d¢S ( Uu,T uu L) A) ¢h
| z(ﬁ ., )(ﬁ K, )_ p, -k Proton 2007+2011 data PRL 105,262002(2010)
Rrh=Cq- COH ~ i m HERMES
MM, s 004 o . 502 ht - A CLAS
;<; 0. 02:_ COMPASS preliminary 0.05
bk 0
| [] PRD 77,014023 (2008), updated (2016) 0 % ; + +
0.05 [ ¢

S|n(2(|)h)
o
S
g
|
)
!
;:]+

- e
< F [ I T S | g reron
u . £z | 0.05 -
-0.05— h < 0.02F } + i ﬁ
107 107 X [ I
: : : _o0ok -0.05
* Only “twist-2” ingredients 0021 ! A
 Additional p-suppression 0.04- - 0.1 [ |
 Collins-like behfawor? . BT C— 0 0.25
* In agreement with model predictions *

« Discrepancy with HERMES and JLab?
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The A$9°®" asymmetry

da

F
dxdydzdpZd g dg, <(Four

n IjJ.h
Fo = M o) DB o M go =
Q M, M 4

+eFyy L){l+ + S A 2e(1- 26 (1— &) A cos¢11+...}

Vv

/\. Eh I
+ thT [thq[)lfl1 _% LLq _qj

M Z
- eh' z>0.1 - COMPASS preliminary  Proton 2007, 2011 data
< oapth g i i
8<4 I I I I %
i i H q I 3 I
T ‘Q‘“é##ﬁ ‘&?ﬁ#@ R AR N R
—0.1F - . -
—_———e | | | : —_I—* _ | _7| ‘
1072 107! 02 04 06 08 0.5 1 15 5 10 15
X Z P, (GeV/e) W (GeV/c?)

* Various different “twist” ingredients,
* Q-suppression
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The A59°?" asymmetry

da
<(F, . +&F {1+ A+ S 26 (1— &) A™* cos +}
dxdydzdp?d ¢, d ¢ (Fous +2Fuu) 26 (1-4)A7 %
~ X 1h
FLCSS% — 2M S Cl- h- Pr XeEHlth + |Vlh gqu Dq Proton 2007+2011 data
Q My M ‘ ] - 02>02 h*
n -\ | 2o o01<z<02
h K; XquDh M, L|_q E(:] [ a 017 compass preliminary
M ™M Z

PRL 105,262002(2010) 0: g ’ % ¢ ﬁ) i} ﬁ; é}

CLAS 5.7 GeV A i
AcCLAS12 T T T 0.1

Acosq)
LL
o
—t

L T T

il L Ll

- 42>02 h™
- 201<z<0.2

) % e 0.1_ # + +

curves are from . 0 g ﬁ %
PRD74:074015(2006) L é EX %
| L

-0.3 *
0 10 1p, y:
* Various different “twist” ingredients, el
* Q-suppression Al
 Non zero at JLab 0 R
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The A59°?" asymmetry
da oC (F
dxdydzdpZdgdg, *

+eFyy L){1+ + S A 2e(1- 26 (1— &) A cos¢11+...}

- ~NLh
0.04- — A=
Fost 2 2M o) NPrfgapyan, Ma go O proton 20072011 cra . 5 B3 W
LL Q M Xe My + v o i $ 002
h B F @ 7> 0.2 h+ uq:J 0',
~ =n\)| Z o . 001<z<02 0025_-
h'k LlgQh M 1q Eq 5 2 017 compass preliminary el
* X9, "Dy il _0.04-
M |\/| YA - ¥ + % s
Z L -0.06
0_ g) %&ﬁ)% | i
PRL 105,262002(2010) I 0.04]" _ 7000640 h
§ a CLAS 5.7 GeV i 0'02:__1\;-0.02719
<~ 01 [acLasiz * F -0.11- i
0F =
| ﬁ Lo
o A‘1A1AAAA1+++ L T, L —0.02__
LN . r _ -
i . - i Az>02 h -0.04+
-0.1 N S 2 S gL A01<z<02 0.06,
5 ' < : + } 0.04r ;II:-I;).nszlz‘t- o h+/— -
-0.2 ’ i 0 02'_ — A=-0.03266
f - 02
oo o &gk Hl % i
-0.3 I * i - =
0 10 1p I ~0.02
: oI 0.04
 Various different “twist” ingredients, ] Bl
: i -0.06"
* Q-suppression T
—2 —1
« Non zero at JLab x sy

« Small and compatible with zero, in agreement with model predictions
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The A;; asymmetry

do
oC
dxdydzdpd ¢, d e,

Fl_lL =C { On Dlhq }

-
—

<
« Measurement of (semi-)inclusive

A, (A, ) is one of the key physics 02"

topics of COMPASS

« Large amount of longitudinally
polarized data collected with D/P
targets (2002-2011)

G +5FUU,L){1+...+SL/1 %A +. }

PLB 693 (2010) 227-235

C xad

102 10"

2 February 2017

X
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I ¢
. 4
® ®
° i o o ¢ o
Letd’ AL a el s
_‘_4 ——
| Lol L | [ [ T [ T T
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z . (GeV/e)
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The A;; asymmetry
do o~
dxdydzdpd ¢, d e,

G +5FUU,L){1+...+SL/1 1-e?A +. }

0.6-— eh™ z>02 b COMPASS preliminary | Proton 2007, 2011 data
Fl_lL:C{gquDlh} b :
q — I
< 04- . . -
* Measurement of (semi-)inclusive | I
- e 02F - -
Al(_ALL) Is one of the key physics ™ .‘-f ese ® P il ieny ® b
topics of COMPASS - a4 Wati e Qi e g
« Large amount of longitudinally Wemss T B SR
polarized data collected with D/P 10 v e v
. ,
targets (2002-2011) COMPASS Proton-2007, 2011 kinematics
PLB 693 (2010) 227-235 06 ht o, e
- - Fod e |
3 0 I PRD74:07401§(2606)
Ll L | 07
xad -
_““{_““ 06_ h_ 5 P _||J|||\|||\|\|| ||||||
Ll ul Jr ol Lol [ 04 [ L
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COMPASS results for 43;°?* and 4$7°%®* asymmmetries

dG 3 | o
1+...—Sin G A% sin 3 +P/1[—sm6?a/2 (1-&)A7*" cos2 +}
dxdydzdpZd e d g OC{ datt h c(1-e)AY h
% 0_05} : Ei z2>0.2 [ COMPASS preliminary i Proton 2007, 2011 data I
e e |
Z o “Hééﬁ# ; é:ﬁ{.é{; ¢ # Mf; ;i} # Héﬂﬂ“ #

—0.05+ _—— ——— ] 4 —————
\—__-\_ M ) tﬁ. TN T T T T T Y N R N A | | |
~ 02Feh' 02 - COMPASS preliminary [ Proton 2007, 2011 data |
= LA h [ [
§ 4 ol i } -
4: L L L
T @3 } g 4 +: ' :
E Qég#ﬂw S AT EENTE : ﬁ ###Hﬁ ;
-0.1- F : -
— — ] | e———
02F —— —— - S
02 | Ll .‘..‘wtttttluuul\\\\\u'.luul\uulluﬁIu\uuluu\\lu
1072 107! 0.2 0.4 0.6 0.8 0.5 1 1.5 5 10 15
X z p, (GeVic) W (GeVic?)
» Alternative way to access corresponding TSAs sma% Sin(3¢, — ¢ ) 1q 1h
o i - < Ayt OCth ®H1q
sin(0) suppression
» Other suppressions at the “TSA”-level 3. Q1 c0s 2, COS(Z% ~¢) ~1( ~ @ h
c ppressi (bl Q) AT o« Q (g1T®D1q+...)
. ompatible with zero
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 Dihadron LSAS
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Theoretical Framework: Di-hadron SIDIS

Bacchetta & Radici: Phys. Rev. D69 094002  ~=0gee>>
,u(l) +p(P) — N(l,) + hf(Pﬂ + h,2_ (PQ) + X Bacchetta & Radici & Gliske: Phys. Rev. D90 114027

A J

)
YYyYYV¢

m X-section modulated in azimuthal angles ¢, and ¢Rr

2Py | — 21 P . E;
R, « Rp = 271l 1724 with 2 = ’

z1 + 22 ' E — E/

m Negligible transverse polarization mixing S| ~ 0

(0) = 7/2

m Partial wave expansion in 0, restricted to s- & p-waves _ . _
0 is the emission angle between h* in
the c.m. frame and the momentum of
the di-hadron in the target rest frame
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Theoretical Framework: Di-hadron SIDIS at twist-2

= Bacchetta & Radici: Phys. Rev. D69 094002
do=d Suu * Ad Ow * SL (d Ou * Ad o ) + SL (d Our + Ad Our ) Bacchetta & Radici & Gliske: Phys. Rev. D90 114027

doy, ocsin(g, — )( ) 5jin 9 4 AT RN g 26?)

+5in (24, — 24, ) ATTCH 2R 5in2 g
+g{sin(2¢h)£ neh) 4 AR co5 6 4 Ajlf 2 )gfeeo’0-) :13(3(:032 9—1)J

¢h +¢R)( |[1 $+¢r )sin o S|n9+ SIC ¢+ )sin 20 Sln 20)

in(

+5in (245 ) ArCH)M 0 5in2 g

+5sin (3¢, — ¢, )( I3RS i G 4 AT g 29)
(

i (44, — 24 ) A 44240 sjn? 49}

3cos?6-1) 1
do, oc1-¢? {Ab_-l— 50 00s 6+ ALS( )5(3003249—1)
+cos (¢, —d, )( Oslth )N gy g 4 ARSI g 29) () = 7/2
cos(2¢, —2d5 i icgi +
+ COS(2¢h — 2¢R) ’ ( )} ?hls the emission angle between h* in
e c.m. frame and the momentum of

the di-hadron in the target rest frame
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Di-hadron SIDIS at twist-2

do =doy, +Ado, +S, (do,, +4do )+S, (doy, +Adoy;)

doy, ocsin(g, —dg ) A ~g, ®G,;
+sin(2¢, — 24, ) AR g, ®GL,
+ésin(2¢,) A7) - h ®Hy,
+sin (g, + e ) AL ~h ®HiL,
+sin (24, ) AL ~h ®H

+5in (3¢, — o) AN ~h ©H,,
+sin (44, —2¢R)Ajif(4¢“_2¢R)} ~h ®H,
doy o« 1_‘92{Ai|_ ~0,. ® D,y
+ COS (¢h — ¢R ) AECL)S(% ) ~ 0. ® Dl,TT
+ COS(2¢h o 2¢R ) AE(ES(Z% _2¢R)} ~ 0y ® Dl,UU

m Clear dominance of sin 6- and
sin? f-weighed partial
amplitudes
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Di-hadron SIDIS at twist-3

— + + d + Ad + + Bacchetta & Radici: Phys. Rev. D69 094002
do dO-UU Ad O S'—( Ou A G'—'-) S'— (dO-UT Ad O-'-T) Bacchetta & Radici & Gliske: Phys. Rev. D90 114027

dGUU OC1+V 2‘9(1+‘9) COS(¢R)AS(EJS(¢R) Collinear Quark

cos( 24
+£€0S(2¢y) oo(20k) Twist-3 U L T

do,, « af2<9(1—8) Sin(¢R)AEIS(¢R) g L i 9L @
=

1 1 11
T fr fr 9T 97 hT er hT er

do,, oc4\f2(9(1+g)3|n(¢R)AJ %) _Q [h Hir +0; GUT:|

+gsin(24,) Ay \

Wandzura-Wilzcek approximation

do,, cc\1-&*A, /
+ﬂ/25(1—g)cos(¢R) st ~Q1[eL -H s +9,-Dur ’
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Selected results for di-hadron asymmetries

First shown at SPIN-2016, NEW!
COMPASS (NH;) 2007+2011 data

[ s Ftwist— COMPASS
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Selected results for di-hadron asymmetries

First shown at SPIN-2016, NEW! CLAS 6 GeV (NH;)
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Conclusmns
COMPASS has measured all possible single-/di-hadron SIDIS LSAs from combined
deuteron 2002-2006 and proton 2007/2011 data sample

« Together with existing measurements of proton TSAs these results complete the whole set of all
possible proton SIDIS spin dependent azimuthal asymmetries

» This allowed us to evaluate the mixing between SIDIS LSAs and TSAs arising from the difference of
target polarization components in Ip and yp systems

* Whereas azimuthal LSAs on deuteron appear to be compatible with zero, for some of the proton
LSAs non-zero signals are observed

sm¢h

« Aclear effect was observed for A, * " with positive hadrons, while for negative hadrons the
asymmetry is found to be compatlble with zero

o in agreement with HERMES observations
* The Af;l' 20n appear to exhibit opposite sign “Collins-like” behavior for h* and h-

o in agreement with model predictions

o possible positive signal for negative hadrons appears to contradict HERMES and Jlab
observations

« The Ai‘zs"”‘ asymmetry is found to be small and compatible with zero within statistical accuracy
which does not contradict available model predictions

» Non-zero signal was observed for Af,'}"”" and A}, di-hadron asymmetries related to h, and g,, PDFs,
correspondingly.

Thank you!
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