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COMPASS collaboration

Common Muon and Proton Apparatus for Structure and Spectroscopy °

24 institutions from 13 countries
— nearly 250 physicists

* CERN SPS north area

+ Fixed target experiment
« Approved in 1997

» Taking data since 2002

Wide physics program ,,/?' s
COMPASS-I / ConPass ™
- Data taking 2002-2011 N efuial B

* Muon and hadron beams
* Nucleon spin structure
* Spectroscopy

COMPASS-II
+ Data taking 2012-2018 (2021?)
. Primakoff

. DVCS (GPD+SIDIS)
* Polarized Drell-Yan
*  Transverse deuteron SIDIS
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Many “beyond 2021 ideas:

See talks by V. Andrieux, B. Grube,
A. Guskov, O. Denisov, C. Quintans,

® &, MALLOT
J. Berhnard COMPASS web page: http://wwwcompass.cern.ch
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COMPASS experimental setup: Phase | (muon program)

Two-stage spectrometer —
- Large Angle Spectrometer (SM1 magnet) HcAL2
= Small Angle Spectrometer (SM2 magnet)

= High energy beam
= Large angular acceptance
- Broad kinematical range

= Momentum, tracking and

EcaLl  SM2 Muon-filter Calorimetric measurements, PID

HCAL1
RICH

SM1
Polarized §A

Target

» )% A _fi Y 60 > ST ey

4 __,,w Muon-filter T ST
SciFi, Silicon, MicroMegas, GEM, 3: 2
MWPC, DC, Straw, Muon wall @ 5ol

40 "-

Data-taking years: 2002-2011

30f
Longitudinally polarized (80%) p* beam: e ot %
Energy: 160/200 GeV/c, Intensity: 2:108 u*/spill (4.8s). S b .
Target: Solid state ( 6LiD or NH;) 0 200 300 40

50 60
p (GeVic)
« SLiD 2-cell configuration. Polarization (L & T) ~ 50%, f ~ 0.38

« NH, 3-cell configuration. Polarization (L & T) ~ 80%, f~ 0.14
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COMPASS experimental setup: Phase Il (DY program)

Two-stage spectrometer —
= Large Angle Spectrometer (SM1 magnet) HcAL2
= Small Angle Spectrometer (SM2 magnet)

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

= Momentum, tracking and

o SM2 S~ Muon-filter Calorimetric measurements, PID

RICH
SM1

Polarized
Target

bt

P

SciFi, Silicon, MicroMegas, GEM,
MWPC, DC, Straw, Muon wall
VD, DC5, new DAQ...

Data-taking years: 2014 (test) 2015 and 2018
High energy =~ beam:

Energy: 190 GeV/c, Intensity: 108 /s

Target: Solid state

« NH; 2-cell configuration. Polarization T ~ 73%, f ~ 0.18

« Dara is collected sirnultanceously with both target spin orientations

reriodic polarizatiorn revers o rrinlmize systernatic effects
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Target: Solid state

« NH; 2-cell configuration. Polarization T ~ 73%, f ~ 0.18

- Data is collected simultaneously with both target spin orientations
Periodic polarization reversal to minimize systematic effects
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COMPASS DY mass ranges
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COMPASS DY: high mass range

Final sample: 35 000 dimuons in HM
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COMPASS DY: high mass range
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COMPASS DY: high mass range
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COMPASS DY: Charmonia mass range
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COMPASS DY: Charmonia mass range
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- i A.Kotzinian, Nucl. Phys. B441, 234 (1995).
S I D I S X _SeCtlon Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007). +

All measured by COMPASS
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SIDIS x-section and TMDs at twist-2

o
dxdydzdp2dgdg. All measured by COMPASS
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SIDIS x-section and TMDs at twist-2

o
dxdydzdp2dgdg. All measured by COMPASS

a y? jal
{Xsz 2(1_8) [1"' 2X]:|(FUU,T +5FUU,L)

1+ |2 (1+ &) Ay cos g, + AT cos 2,

+ A\2e(1-2) )N sing,

[1/25 1+&) A ™ sing, + A} sin 2%} Quark 0 . -
Nucleon
+ SL/I[ N-g ‘AL + 525(1 E)AEOS% COS¢h} 0 @ @_@

number density Boer-Mulders

[ A5 sin (4, - g )

L R sin (g +40) | L (L)L) D)o ¥)

+S. |+ gAS)i?(S%—vﬁs) sin (3¢h — ¢, ) helicity worm-gear L

T [ eeleelts

transversity

T Kotzinian-
Sivers Mulders _
. worm-gear T
cos
)AL COS ¢ pretzelosity
+ ;’25 — &) AT CH ) cos (24, — ¢
L (1=2)As (24, S)_ J Ispin of the nucleon ‘ spin of the quark ’ Ky
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SIDIS x-section and TMDs at twist-2

o
dxdydzdp2d g dg, All measured by COMPASS

a y2 ¥

+ﬁ/25 1+ &) Ajy™ cosd, + e A" cos 24, \ P
+ Ay2e(1—2)AL" sing,

=

[,/25 (1+2)AV" sing, + A} sin 2¢h] cos¢h o Q ( f'@D" +h I @HL" )
q q
+S E[HALL +WAE°S¢” COS@J C?JSZ% hfq X Hquh Twist-2
8 sin(g, ) ' o G QU @M +.) | Twist:3
] + e ATG ) sin (g, + g ) [ 24, o 19 @ Hi

FS, |+ eRI P sin(3,-4,)
h

N \/mpbmqﬁs sin g, ALL oC gqu X qu

+ 22 (14 2) AT sin (29, - ¢s) C°S¢“ oc Q (gqu ® Dlhq"'"')

=5 ) AT ) cos (4, —4.)
b S|+ (25 (10 AT cosds
P AT cos(24, -4
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SIDIS x-section and TMDs at twist-2
do

dxdydzdp2dgdg. All measured by COMPASS

See talks by F. Bradamante and O. Denisov

a Y 7’
{Xsz 2(1_8) [1+5]:|(FUU,T +5FUU,L)

I+ 22 (1+ &) AS™ cos é, + e A" cos 24,

+ A\2e(1-2) )N sing,

+ S, [a{25(1+ &) A" sin g, + & A sin 2¢h} SiTn(%—(/ﬁs) o« fH9® Dlr:q
+ S, 12" A +\25(1-2) AT cosg, | ) o W @ HL ———
- - sin(3¢, —¢s) 1q Lh ]
AT sin (g, — ¢ ) T ch' @Hj Twist-3
sin(dy +és ) i ) WW
X J + A Sm(¢h+¢s) S sin(gs) OCQ_l(hlq®HLh+ fiq®Dh +)
Sin(3¢h—ds ) o T 1q 17 1q
+ S, |+ AT sin (3¢, — ¢ ) -
Sings o in(2¢,—¢s) -1{ L Lh i h
[25 (1+ ) A sin g, pi c QM (NP ®H," + fr" ® Dy +.)
i 528(1+8)Aj¢(2%7¢5)5in(2¢h —¢S) ] C?rS(%_%) o gqu ® Dlhq
COS(¢S)WW -1{ ~d h
T oc Q7 9y ®D1q+"'
+ 525(1—3)ALT(2¢“ ¢S)cos(2¢h —4) 025(2%—%) o Q—l(gqu ® Dlhq+"')
L — J _——
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SIDIS and single-polarized DY x-sections

SIDIS | 99 o (Rt +F?) DY
dxdydzded¢hd¢S L dQ
1+ A, cos® 6,
a_ Y v : -
{Xsz 2(1-¢) [1+5ﬂ(':uu: +3FUU1L) +5IN 20,0 AT €S gogg +5IN° g AS27 €0S 20

+ S, [ sin G A sin g +5in? G A2 sin 2
1+ ;25(1+ £)ASL™ cosg, + e A5 cos 24, L[SINGes A Pes cs @cs |

[~ 2\ i sings 2 ) A Sin g - ]
+ A ;25(1 £)AL" sing, (Ar +C0S” O )sm(pS

L x _
| 5'”(2¢CS—¢S)Sin 2 _
[Vzg 1+&) A" sing, + e A Sm2¢h:| | +5in? O A . (205 =¢)
i - ST 4+ 5'“(2¢cs+¢’s)sin(2¢cs +¢s)
+ S 4 \//"”’1—82 + 25 l-¢ COS% COS¢ | Sin((ﬂcs—%)sin Do — O
: - “ h Cs S
— Sy + A1S.in(%5+¢s)3in(§0cs +¢s)
A% sin (¢, — s )
) + e A sin (¢, + ) >

+ S |+ eATSsin (3¢, — ¢ )
“;‘25 1+ 5)ASJ'”¢S sin ¢S

+sin ZHCS[

Yes

E R\cs ) Pyes Zes
+ ;’25(1—3)Af$3 %) cos (24, — ¢y ) /1 7
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do” SIDIS | do' DY
dxdydzdpZdgdg, s

(Four +&Fu) oc Fj (1+c0s’ )

(14]2A% cos 24, | \ i LD, AT €08 20

+ S, AT sin2g, + S ANI-£2A L + S, sin? G A2 sin 20,
[ A sin(g4,— . ] X [ Asnes sin ] ;
AJT(% és) sm(¢h _¢S) SIDIS.DY | A ®s ( |

X 4 Sin(dad) o > bridge sin(20cs ~¢5) i _
+S |+ AT ¢S)S|n(¢h+¢s) . . + S, +D[ } A Sin(2pcs — ¢
. E sin fs sin(2pcs +95 ) i

n 8A3$(3%*¢s)sin(3¢h _¢s) | \ i + A Sln(2¢cs +¢S) ]
- - - where D, ., =sin?@.. /(1+cos’@

+ STﬂ | [sm 9cs} cs ( CS)
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SIDIS and single-polarized DY x-sections at twist-2 (LO)g#

do*° . SIDIS d&*° DY
dxdydzdp?d ¢, d ¢, dQ

(Four +&Fu) oc Fj (1+c0s’ )

14eAZ cos24, | _ 14D, AT 0820
+ S, AT sin2g, + S ANI-£2A L P + S, sin’ O A% sin 2¢.
O sin(g-g) | || sosoy <) |ATSes I
“M+s, |+ AT sin (g, + ¢ ) o Pridee + S, o Aﬁ'”(z“’.““’S)sin(ZgoCS—(ps)
+ e AT sin (30, - g, ) || L AT sin 200 +0) )
- sTg: (1_52)Af?f(¢“¢5) s —;153 )] where D[sm%s} =sin’ O /(1+ cos’ 4963)
ch)JsMn o hlm ® H:LJ(_qh . MS AjOSZ(Dcs o mi; ® hlLF?
si_rrl(%—%) o f;q ® Dlhq ) Sivers . A]s_in(ps o fliz ® fl'JI'_fqp
Si;,(%w,s) o« hlq ®H 1th Transversity A?in(z(/,cs_(ps) o L;: ® hlqp
si_lr_1(3¢}1—¢s) o qu QH ;h Pretzelosity A?in(Z(/)CSHpS) o L;[q ® #qp
siCqun < h' ®H ;h Worm-gear L X Aiinchs o~ hfj ® lLQp

A o g ® Dy, AT % oc g ® Dy Double polarized DY only

COMPASS accesses all 8 twist-2 nucleon TMD PDFs in SIDIS and 5 nucleon+2 pion TMD PDFs in DY
7 November 2017 Bakur Parsamyan 12



SIDIS and single-polarized DY x-sections at twist-2 (LO)

do*° . SIDIS d&*° DY
dxdydzdp?d ¢, d ¢, dQ

(Four +&Fu) oc Fj (1+c0s’ )

14 AT cos 24, 1+ D[szecs} AT COS 20
+ S, AT sin2g, + S ANI-£2A L + S, sin? G A2 sin 20,
i T [ ASINGS o3 .
AT sin (g, - ) SDISDY | AT SIngs o [
X 1 in(h+4s) i o Dridee +S 1205 705) 5in (24 —
+ S |+ €AjT(% ¢)S|n(¢h+¢8) ! +D[5in20 ] : sin(2¢ +(p)(-(pcs ")
+ 8A3$(3¢n*¢s)sin(3¢h _¢S) | i + AT SIﬂ(Z(DCS +¢S) 1
=N § where D. , - =sin*@.. /(1+cos’ 6,
# 82| [[1 o)A cos(g -4, | i) = O =)
- T~
cos2 1q 1h Boer-Mulders C0S2¢ 1q 1q
u %Ochl @H " +.. A Csochl,ﬂ®hl,p
Sivers

sin(¢, —¢) 1q h sing. q Lq
" o« f:9® Dy, > AT o 1 Oy,
sin( @, +¢s) q Lh SiN(2¢cs —9s ) 1q q
T Ochl ®H1q AT = ,;r®h1,p

sin(3¢, —¢s) 1q Lh Pretzelosity Sin(2pes +05 ) 1q 1q
T oc hy ®H1q e O T.p

A

Transversity

within QCD TMD-framework:
h* &f;% TMD PDFs are expected to be "conditionally" universal (SIDIS <> DY:sign change)
h! &h:" TMD PDFs are expected to be "genuinely" universal (SIDIS <> DY: no sign change)
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SIDIS and 3ing|e=p0|arized DY x-sections at twist-2 (LO) o

Lo SIDIS - DY
dO'Z OC(FUUT+8FUU L) do OCFU1<1+COSZQCS)
dxdydzdp; d¢.d g, ’ ’ dQ
. 05 ( C0S2¢cs
14 A cos 24, | LAD e AV €OS 20
+ S, AT sin2g, + S ANI-£2A L + S, sin’ O A% sin 2¢.
[ A sin(g4,— . 7 ' X [ ASings o _>
AT M sin (g, - ¢ SIDIS-DY < AT SIngs
X Sin(gh+4s ) o > bridge + S A?in(zwcs*wS)Sin(Z(D —Q )
+ S, |+ AT sin(g, +¢s) A cs %
Sin(3¢h s ) o L - A?in(Z%SWS)Sin(Z +5)
+ e AT sin (3¢, — ¢, \ : Pes TPs)) |
— — a2 2
s s where D . =sin” d; /(1+cos’ O )

Comparable x:Q? coverage — minimization of possible Q%-evolution effects

& o | 1 ~ o —
< COMPASS preliminary 3 5 [ My o1 Gevie COMPASS 2015 data B
~ 10 B —

> 102 SIDIS 2010 NH, proton data 09 = > 107 Drell-Yan NH; 3
S =os o 2
‘8 —07 N %} g
= =

0.6 “:i 3

=

=

_________________________________________ = e S A 05

10

10? —04
S s N 4 03
B ’ . ' 0.2
L 1<Q’*<4

0.1

1 Lol : L 1 s /: : | L 0

10~ 107 107! 1
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o Selected SIDIS results
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SIDIS: target longitudinal spin dependent asymmetries

do
F + ¢k 1+...
dxdydzdp2d, dg, (P + ““’L){

[2¢(1+¢) Sif%sin@] \

+e A" sin 24,
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SIDIS: target longitudinal spin dependent asymmetries

do
F..+¢eF 1+...
dxdydzdpZd g d g, (P + ““’L){

sing, A 0.6 Bl PRD 74, 074015(2006) h 202 b
,/25 1+ )AL " sing, ; i
+ S,

—
— = L
< 04+ =
+e A sin 24, i : /
( 0.2 , - S

1-&> A -
+ S, 1 . or |
( 08 0.06 . . -
+ 28 1 € A‘- COS% ) - L HERMES PLB 622(2005) D(y)-rescaledh [ 202 h
£ = 0041 r
s,in¢5h 2M h pT 1h M q Gth_h m<: 0.02i 6 % % + *
FL —C<- xh'H; +—g1L i ¢ ;
Q M, M 2 of : i l
n Jh -0.02 - -
h’kT Xfith_Mh 1q Hq L ! A
M LTl L2 - [ (O 2>02 h
ﬁ= 0.05- ® HERMES PRL 84(2000) D(y)-rescaled L

£ ;-PRD77,0]4023(2003)
FUS[HZ%ZC{_Z(ﬁ'pT)(H-kT)_pT'kT t‘*Hlﬁh} T4 fib 5 m

MM,
-0.05 - i
1 _ q [h N S
FLL B C{glL qu} &5 0l1§.PRD74.074015(2006) h+ :7 z>0.1 h™
2 M ﬁ < ih §<j 0.05 } ---NPA 945(2016) 153 ;7
F 2o _—Q C<- MpT xelH" +—" gl — 0 B e -
—0.05- B
~ =h L [
h-k M, E s i
¥ XgLIDf —~hhe =0 S SO
M M Z 107 107! 107 107
X X
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SIDIS: target longitudinal spin dependent asymmetries

do
dxdydzdpZd g d g, “(Fou +8F““*L){ Lt
i 55“28 (1+2)A™ sin %] ) 0.6; P20 74, a0ty o 202 "
S <:j 0.4 L .
| +e A" sin 24, _ / _ /
. ' 0.2 ) - &
: ._,..-"" i . s
+ 8,4 e A o- " . P
| +y/26(1-2)AL" cosg, | O e w0z
= = 004 -
COMPASS collected large amount of L-SIDIS data < oozl b o4 j + g }
Unprecedented precision! o P’ ‘ S ‘L
Azlzlth 002 * é ‘F ? + r
«  Q-suppression, Various different “twist” ingredients T vl T w
* Sizable TSA-mixing g, 005 2 HERMES R8GO0 DG esced ©
 Significant h* asymmetry, clear z-dependence, < _ i ,
« h-compatible with zero ot Q%: tats g 1
Azlfquh 005 g ‘
* Only “twist-2” ingredients S T = -
 Additional p-suppression = 1 s anionsaos H 2>0.1 h
. Compatible with zero, in agreement with models 85 oos: " + ? \L
« Collins-like behavior? 0 4_‘% #—L-LLH
AE‘ZS‘Ph 005} —
» Q-suppression, Various different “twist” ingredients 07— L —
« Compatible with zero, in agreement with models 107 10" . T 10 .
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SIDIS: target transverse spin dependent asymmetries

do
F +¢F 1+...
dxdydzdpZd g, d g, <(Fuus + “”’L){

[+ o ATCA ) g (34, — ¢, )_

+S; |+ /2e(1+ &) AT sing,
+ ..

o)A cos(g, g, )}
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SIDIS: target transverse spin dependent asymmetries
do
dxdydzdpZd g, d g, OC(FUU,T +8FUU,L){ 1+...

_ _ ~ 005; eh” i COMPASS preliminary i Proton 2010 data
n SAi?(sqj“_¢S)Sin(3¢h _¢S) : e »
S 2¢(1 % sin S SRS N TR S B T S G |
v s, 1/ (Lr o)A sing, | BRI LS WATEES UMY ﬁ
- (dh—ds) ) 005} :ﬁ : — |
2 cosign~ [ I —
+ ST/,L (l_g )ALT COS(¢h _¢S ):I 1(;—2 - lOLl T IO.IZ‘ | IO!4‘ | ‘O.lﬁl I ‘O.‘SI o IO“S‘ o ‘l o ILISI
L+ x z p, (GeVic)
~ A ~ 2 /A
|:Si“(3¢h—¢s) —-C Z(h'kT)(kT ' pT)+kT2( ' pT)_4(h'kT) (h' pT) LgpLh
COMPASS results ut M th T " '1g
ASin(3¢h_¢S)
urtr

*  Only “twist-2” ingredients, p-suppression
« Small, compatible with zero asymmetry
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SIDIS: target transverse spin dependent asymmetries
do

F +¢F 1+...
dxdydzdpZd g, d g, <(Fuus + “”’L){

_ _ _ 005; eh” i COMPASS preliminary i Proton 2010 data
+ Aiﬁ(%‘ﬁ’“sin(sqsh—qbs) A |
y . |

Lo LT AT cos(g, ¢ )

— - —0,05; ﬁf _— L ]
- - — s R RSN —
} | Ll L | | |

| eh" ' COMPASS prcliminar% Proton 2010 data
[+ o002l 1 i + —
z 2 L L §
COMPASS results < O.h’ﬁzﬁf S Jﬁéﬁﬁ{' """""""""" Hfﬂ{;# R
Asin(3¢h—¢s) Z H Z } i + % {} +
ur -0.02 % : l i
*  Only “twist-2” ingredients, p-suppression : :ﬁ — __—_____-—
« Small, compatible with zero asymmetry 10 10” 02 04 06 08 05 1 15
ASin¢S x z p, (GeVic)
uT
o Q-S.uppreS.SiOn . . - [ sinds =2—MC xf.aph _%hlq H_‘T
* Various different “twist” ingredients vt Q TTHOM Y g
« Small asymmetry, non-zero signal for h—? - b
Azgs(d’h—ﬁbs) {Xhﬁ Hllqh +%ng ; }
«  Only “twist-2” ingredients _ Pk /
» Sizable non-zero effect for h* ! 2MM, _[X tqpgin _ My ¢ g i]
M Tz
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SIDIS: target transverse spin dependent asymmetries

do
oC
dxdydzdpZd g, d g,

(FUU’T +gFUU’L){ 1+...

[+ o ATCA ) g (34, — ¢ )_
+S; |+ /2e(1+ &) AT sing,
+ ... L
+ S, 4 \/(l_gz)Aﬁs%Mcos(% — s )}
¥ ..

COMPASS results

sin(3¢p—¢s)
AUT h S

*  Only “twist-2” ingredients, p-suppression
« Small, compatible with zero asymmetry
Asind)s

ur
» Q-suppression

* Various different “twist” ingredients

« Small asymmetry, non-zero signal for h—?

cos(pp—os)
ALT h S

* Only “twist-2” ingredients
« Sizable non-zero effect for ht !

7 November 2017

- 0105} : Ei - COMPASS preliminary |
i |
ot sl et
‘0-"53 —4 p— —
j‘ oh+ — COMPASS prcliminar% Proton 2010 data
0.02; 4 i
o i it
i O‘p‘;gé{;{'H' ,,,,,,,, L R 1 # R
ﬁé;ﬁ ALY | +mﬁ{1{}+ #
—0.02:— %! I ; ) I
- 0.2; : Ei { ﬁ COMPASS preliminary | Proton 2010 data
-L&L 0_1; , L
s ¢ # :
L P L AR
0.1 : f
02 ﬁ A — —
1012 . 10‘7] T IO.IZ‘ | IO!4‘ | ‘O.IGI I ‘0.‘8I o IO“S‘ o ‘ll - ILISI
x z p, (GeVic)
) —c {% 0% qu}
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SIDIS TSAs (Collins)

do OC(Fuu,T +3FUU,L){1+"'+ Sy ‘9'A\ji$(¢h+¢s)Sin(¢h +¢S)+m }

dxdydzdpZd ¢, d e,
e Measured on P/D in SIDIS and in dihadron SIDIS

|:U5iT“(¢n+¢s) — { n-pr hqulh}

COMPASS PLB 744 (2015) 250
COMPASS 2010 proton data

::fﬁ 0.1 COMPASS positive pions x<0.032
* COMPASS positive pions x>0.032
0.05F O HERMES n* PLB 693 (2010) rescaled by (1-<y>)/(1 <y>+<y> )
& e S S e
Q
el | PR LIt
—0.05- * - {J % B %
—0.1F - -

~0.05 -
COMPASS negative pions x<0.032
. COMPASS negative pions x>0.032
0.1 o HERMlES n PLB 693 (2010) rescaled by (% <y>)/(1 <y>+<y> %)
11111 II 1 11111 III 1 I I
-2 -1 0 5 1 O 5 1 1.5
10 10 x 2 p! (GeVle)
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SIDIS TSAs (Collins)

do OC(Fuu,T +3FUU,L){1+"'+ Sy ‘9'A\ji$(¢h+¢8)Sin(¢h +¢S)+m }

dxdydzdpZd ¢, d e,
* Measured on P/D in SIDIS and in dihadron SIDIS
o) = C { 2P thl“} » Compatible results COMPASS/HERMES
(Q? is different by a factor of ~2-3)

* No Q?-evolution? Intriguing result!

COMPASS PLB 744 (2015) 250
COMPASS 2010 proton data

S o0k
:i'ﬂb 0.1 COMPASS positive pions x<0.032
* COMPASS positive pions x>0.032
0.05F O HERMES n* PLB 693 (2010) rescaled by (1-<y>)/(1 <y>+<}> )

Q
~0.05F R b {' - %
~0.1+ L u
—_ 1 | Lo 1 | 1 | 1 ;
3 3  CcoMPass
= S 0.1k i - B ; 2 '_ H.’JR;‘L;’:S
<
0.05- ? {a § ‘}’ t
% @; é¢*¢ é {)i} % éﬁ&éﬁﬁ % SR
IS N BLAC SN, S gret L
10
—0.05 - R
COMPASS negative pions x<0.032 s
] COMPASS negative pions x>0.032 Eoi
0.1 o HERMlES n PLB 693 (2010) rescaled by (% <y>)/(1 <y>+<y> %) I e fd Pl .
11 IIIII 1 111 IIIII 1 11 11 I I I B . H :
-2 -1 05 1 05 1 1.5 T e e
10 10 x : p! (GeVle) :
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S I D I S TSAS (COI I I nS) See talks by F. Bradamante and O. Denisov

do (Fuu,T +3FUU,L){1+"'+ Sy ‘9'A\ji$(¢h+¢8)Sin(¢h +¢S)+m }

dxdydzdp?ddg.

" « Measured on P/D in SIDIS and in dihadron SIDIS
Fopt) = C{—h'—pT thlgh} » Compatible results COMPASS/HERMES

My (Q? is different by a factor of ~2-3)

* No Q?-evolution? Intriguing result!
» Extensive phenomenological studies and various global

fits by different groups
02 ¢
Global fit HERMES-COMPASS-BELLE data = ]
Anselmino et al. Phys.Rev. D92 (2015) 114023 5
o1f ' 2 ' =
- 005} 3 T { 1 R
zz o bt i ___%_-L;ffff_l_trl__ 55
5 1 5
< 05} R
-0.1 F . .
o1} ' s

0.05 f

Aalﬂl_(%w‘(bs)
o

ATU

-0.05

-01 F

0.I01 OI.1 OI.2 OI.4 OI.G OI.8 OI.5 I1 1I.5
Xg z, Pr [GeV]

COMPASS-I11 (2021)

» Deuteron measurement to be repeated

«  WIill be crucial to constrain the transversity TMD PDF for the d-quark x
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SIDIS TSAs (Collins)

do
dxdydzdpZd ¢, d e,

|:U5iT“(¢n+¢s) — { n-pr hqulh}

Addendum to the COMPASS-II Proposal
Projected uncertainties for Collins asymmetry v b i

oo (Four + &Ry {1+t SpeAT ™ sin (g, + 4 )+ |

See talks by F. Bradamante and O. Denisov

Measured on P/D in SIDIS and in dihadron SIDIS
Compatible results COMPASS/HERMES

(Q? is different by a factor of ~2-3)

No Q?-evolution? Intriguing result!

Extensive phenomenological studies and various global

fits by different groups Addendum to the COMPASS-I1I Proposal

Projected uncertainties for transversity PDF

= 04

P T T T T T T

I ¥++HH++

-02+ - %
hy h

S b
A T S — §L ........... % .......... %

04, R | M R | Ll L
+ ﬁ) S I 107 0! 107 107"
x

ATU

< P D
0.05 + +
0.00/—=-=-F == +*++§+ .................. %
I
+ oy %
T H%}Qﬁﬁﬁ#ﬁﬂ»

COMPASS-I11 (2021)

» Deuteron measurement to be repeated

Ard

«  WIill be crucial to constrain the transversity TMD PDF for the d-quark x
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SIDIS TSAs (Sivers)

d sin( @, — .
dxdydzdp?d%d@ o (Four + R ) (Lot S AT sin(g, —gs)+... |

COMPASS 2010 proton data

8 COMPASS positive pions x<0.032
| ok | < Odr 8 ERMES % PRL 103 (009) % ~ PLB 744 (2015) 250
FJITn,(qun_%) :C{ MT fir Dﬂq}' FUSITn,(L%_%) =0 0.05- 2% #)i - % ﬂ{) + - M{' ? r}{» {
?}? & f’f{,i #’** ¢ ¢
T Tk T
» Measured on proton and deuteron ood I i
 Gluon Sivers paper: submitted to PLB <& 02 L COMPASSposive kaons 003 T
CERN-EP/2017-003, hep-ex/1701.02453 = O HERMES K' PRL 103 (2009) } + }
0.1 —
| { CERIFERIE
IRE AT AR LA
0 i $
000 TN B B 1 . i ] ] !
10°2 1071 i 0.5 1Z 0.5 lp;', (Gel\‘fS/c)
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http://cds.cern.ch/record/2240191
http://cds.cern.ch/record/2240191
http://cds.cern.ch/record/2240191
http://cds.cern.ch/record/2240191
http://cds.cern.ch/record/2240191
http://arxiv.org/abs/1701.02453
http://arxiv.org/abs/1701.02453
http://arxiv.org/abs/1701.02453

S I D I S TSAS (S |Ve rS) See talk by F. Bradamante

O'
F.,+&F 1.+ S, AN gin
dxdydzdpZd g, d¢ ( bur < L){ A (4 =4 )+ } COMPASS 2010 proton data
S ~ S« COMPASS positive pions x<0.032
" < Odr 8 ERMES wPRL 103 (000 % - PLB 744 (2015) 250
sin(d-4) _ ~| _h-K n | Esinth-a) _
For s —C{ MT fqu1q:|’FUT,L =0 0.05- 3 #)i - inﬁﬁ + i ; ¢{.i’ + CII’{' {
@it |l
0_ _________________________ - L
» Measured on proton and deuteron ool I i
* Gluon Sivers paper: submitted to PLB ~50F . ESME£§§ posive Kaons +<0032 | I — ' '
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SIDIS TSAs (Sivers)
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SIDIS TSAs (Sivers)
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 Different predictions for Drell-Yan

 First experimental investigation of
Sivers-non-universality by STAR

» Different hard scale compared to FT

» Evolution effects may play a substantial
role
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SIDIS Sivers TSA in COMPASS Drell-Yan Q?-ranges
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Multi-D TSA analySiS First shown at the SPIN-2014
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 Results from first ever measurement of Drell-Yan TSAS
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Single- polarlzed DY x-section: transverse part
2 |
i B e g 2 G e
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A sin g
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+ A=) sin (s + 95)
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5 A:i”(zﬁﬂcs -5 ) sin (2¢CS — @ )
[sinz()cs} + A?in(Zr/)cS +9s) sin (2¢CS + ¢ ) |

y
Dy = = (0)/ (1+A§, cos? HCS)

« All five Drell-Yan TSAs are extracted
simultaneously using extended unbinned
Maximum likelihood estimator.

» Depolarization factors are evaluated under
assumption Af,=1
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Single- polarlzed DY x-section: transverse part
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Single- polarlzed DY x-section: transverse part
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Drell-Yan TSAs — Transversity
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Drell-Yan TSAs — Transversity
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Drell-Yan TSAs — Transversity
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Drell-Yan TSAs — Transversity
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Drell-Yan TSAs — Pretzelosity
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Drell-Yan TSAs — Pretzelosity
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Drell-Yan TSAs — Pretzelosity
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Drell-Yan TSAS — Sivers
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Drell-Yan TSAs — Sivers
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Sivers asymmetry in Drell-Yan: sign change

DGLAP (2016) TMD-1 (2014) TMD-2 (2013)
M. Anselmino et al., arXiv:1612.06413 M. G. Echevarria et al. PRD89,074013 P. Sun, F. Yuan, PRD88, 114012
~ oo ' 0_0653:(”“’5)
° COMPASS, proton, h* SIDIS 0.1 2 . SIDIS . SIDIS
e ook - h 005F H+p— h'+X
£ 5 0.05F 3 0.04F
< z : L}’/.!/j oosE.  COMPASS
004 + + iﬁg 0F 0.02F
e 005 F o
o 0.1F | | -0.01F L

7 November 2017

Bakur Parsamyan

29



Sivers asymmetry in Drell-Yan: sign change

DGLAP (2016)
M. Anselmino et al., arXiv:1612.06413

TMD-1 (2014)
M. G. Echevarria et al. PRD89,074013

TMD-2 (2013)
P. Sun, F. Yuan, PRDS88, 114012
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Sivers asymmetry in Drell-Yan: sign change

DGLAP (2016)
M. Anselmino et al., arXiv:1612.06413

TMD-1 (2014)
M. G. Echevarria et al. PRD89,074013

TMD-2 (2013)
P. Sun, F. Yuan, PRDS88, 114012

si n(uh-ns)

- 0.08 [ 0.06
s comnss.paton it SIDIS o1f . SIDIS E SIDIS
2 o0 - h 0'055 H+p— hi+X
% 5 005 - 0.04F
a2 z : ‘},/l;/i\f oosE.  COMPASS
0.04 > o
+ + iﬂ 0 F 0.022
R’ 0.05 &
0 O01F | am
10 \10-2L IO;IXB/ N " N
i sign change DY
0.1F
9_(0 -
= L
7 B =
|
0.1+
- no sign change
L I L 1 Il 1 | L 1 L 1 ‘ 1 1 Il

—0.5 0 0.5

7 November 2017 Bakur Parsamyan XF 30



Sivers asymmetry in Drell-Yan: sign change

DGLAP (2016)

M. Anselmino et al., arXiv:1612.06413
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The p; (d1) — weighted SIDIS(DY) Sivers asymmetry

General formalism was first introduced in 1997 (A. Kotzinian and P. Mulders, PLB 406 (1997) 373)
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See talk by F. Bradamante
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SIDIS and DY TSAs at COMPASS (high-mass range)
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SIDIS and DY TSAs at COMPASS (high-mass range)

do
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+ <9Aji$("“¢5)sin(¢5h +¢)
+ 2 AT sin (34, - )

+ /22 (1+2)AT* sin g

oo (Fyyr +€Fy, L){ 1+..

+ S;

|+ J2s(L+e )ATEH %) sin (24, — g )

COMPASS PLB 770 (2017) 138

o h’

A h™ ()=0238

16<Q°/(GeV/c)y<81

Sind — 0
UT

sin(d)h-l- ¢S— )
uT

sin(3,~ 0,)

\Aur

/A Ny

\

qu)s

UT
sin(20, - 0
UT A PR B

—0.05

7 November 2017

do'°
dQ

o« F! (1+cos 0, ){ 1+..

A" sin g

+ D[sin2 ecs} [

+ D[sin 205 | [

Aﬁin(z%s -ps) sin (2(005 — s )

+ A?in(ziocsﬂos) sin (2¢CS + s )
Als_in(%s -9s) sin (¢CS — s )

+ A?i”(f/’cs +95) sin (q)CS + @ )

i

COMPASS PRL 119, 112002 (2017)

+S;

COMPASS 2015 data
43 < M, /(GeV/c?) < 8.5

/ Asin(d)s)

T

sin(20_
T

S ¢s)

sm(2¢s 5T (]) )
\ N
AsTln(¢CS+ o)

sin(o,.

AT s ¢'s)

Bakur Parsamyar



Conclusions

» During phase | COMPASS has measured all possible SIDIS azimuthal
LSAs and TSAs.

o COMPASS has measured SIDIS proton TSAs at Drell-Yan mass-ranges

o The Sivers and Collins SIDIS-TSAs are measured to be non-zero at high-mass
range PLB 770 (2017) 138

* In 2015 COMPASS has successfully collected first ever polarized DY data
becoming the first experiment to measure both SIDIS and DY TSAs and giving a
unigque opportunity to compare the TMD PDFs obtained from two processes

PRL 119, 112002 (2017)
o Sivers asymmetry is found to be above zero at about one s.d.

o 15t measurement of the DY Sivers asymmetry is consistent with the predicted
change of sign for the Sivers function

o Transversity asymmetry is found to be below zero at about two s.d.
o A second year of polarized DY data-taking will take place in 2018

« COMPASS future is being discussed to take place after 2020
o SIDIS measurements with transversely polarized deuteron target in 2021

o Particular attention is given to possible Drell-Yan measurements
(See talks by V. Andrieux, F. Bradamante, B. Grube, O. Denisov, C. Quintance)
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Eagerly waiting for 2018 Drell-Yan COMPASS data...
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SIDIS: target longitudinal spin dependent asymmetries

do

F F 14
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COMPASS collected large amount of L-SIDIS data
Unprecedented precision!
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» Sizable TSA-mixing
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* h-compatible with zero

sin2¢p
AUL

* Only “twist-2” ingredients
« Additional p-suppression
« Compatible with zero, in agreement with models

* Collins-like behavior?
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» Q-suppression, Various different “twist” ingredients
« Compatible with zero, in agreement with models
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Drell-Yan TSAs — “higher twists”
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SIDIS: target transverse spin dependent asymmetries
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SIDIS Sivers TSA in COMPASS Drell-Yan Q?%-ranges
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for TMD (DGLAP) evolution for the Sivers TSAs
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from Phys. Rev. D86 (2012) 014028 by M. Anselmino et al.
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Kinematic map: high mass range
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Drell-Yan TSAS — Sivers
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Correlation coefficients
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The p; (d1) — weighted SIDIS(DY) Sivers asymmetry

General formalism was first introduced in 1997 (A. Kotzinian and P. Mulders, PLB 406 (1997) 373) ¥
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