Recent SIDIS and Drell-Yan results from the
COMPASS experiment

UNIVERSITA

BAKUR PARSAMYAN

CERN, JINR, ortomme (€5
University of Turin and INFN  awma universimas Negrs,

TAURINENSIS

on behalf of the COMPASS Collaboration

International Workshop on Spin
Physics Experiments at NICA
(SPIN-Praha-2018)
Charles University, Prague,
Czech Republic
July 9 — 13, 2018

9 July 2018 Bakur Parsamyan



COMPASS collaboration

Common Muon and Proton Apparatus for Structure and Spectroscopy

i #awl 24 institutions from 13 countries
I] o724 — nearly 250 physicists

» CERN SPS north area
5 » Fixed target experiment
» Approved in 1997 (21 years)
» Taking data since 2002
XX Wide physics program
COMPASS-I
» Data taking 2002-2011
* 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

Many “beyond 2021” ideas: N

Proton-radius, Drell-Yan, COMPASS web page: http://wwwcompass.cern.ch
spectroscopy... see Oleg’s talk
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SIDIS x-section and TMDs at twist-2
dxdydzdpi;dgzﬁhd 4 All measured by COMPASS
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SIDIS x-section and TMDs at twist-2
dXddedpi;dgzﬁhd 4 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
do

dxdydzdp2dgdg, All measured by COMPASS
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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 calorimetric measurements, PID

HCAL1
RICH

SM1
Polarized §A

Target

Muon-filter

SIDIS !

_ NQY " Muon-filter
”;\\2/

" SciFi, Silicon, MicroMegas, GEM, P
MWPC, DC, Straw, Muon wall

>N
=
v

B, (mrad)

)
=

Data-taking years: 2002-2011

Longitudinally polarized (80%) p* 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 30 ;

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

40RET

20 PR et 1 !
n 20 30 40 50 60
p (GeVic)
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COMPASS experimental setup: Phase | (muon program)

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

EcaLl  SM2
HCAL1

RICH. S
SMI S

Polarized <

" SciFi, Silicon, MicroMegas, GEM,
MWPC, DC, Straw, Muon wall

Data-taking years: 2002-2011

Longitudinally polarized (80%) u* beam:

Energy: 160/200 GeV/c, Intensity: 2:108 u*/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

9 July 2018 Bakur Parsamyan

O’ (GeV/e)?

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

= Momentum, tracking and

Muon-filter  calorimetric measurements, PID

w
o

10 |

COMPASS
HERMES
JLab6




COMPASS experimental setup: Phase | (muon program)

Two-stage spectrometer —
= Large Angle Spectrometer (SM1 magnet) HcAL?2
= Small Angle Spectrometer (SM2 magnet) \

ECAL1
HCAL1

RICH. SNa
SML_ Sa
Polarized §A

s’

" SciFi, Silicon, MicroMegas, GEM,
MWPC, DC, Straw, Muon wall

Data-taking years: 2002-2011
Longitudinally polarized (80%) p* 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

- Data is collected simultaneously with both target spin orientations.

Periodic polarization reversal to minimize systematic effects
9 July 2018 Bakur Parsamyan
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200
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dN/dzVIX

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

= Momentum, tracking and
calorimetric measurements, PID

107 Deuteron 2002-2004 L

-100 -50 0 50
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x10* Deuteron 2006, Proton 2007, 2011 L

, & LA
Zygx (cm)

10



 Longitudinal target spin dependent azimuthal
asymmetries
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SIDIS: target longitudinal spin dependent asymmetries
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* Q-suppression, TSA-mixing
* Various different “twist” ingredients
9 July 2018
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Non-zero trend for h*, h—- compatible with zero
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https://arxiv.org/abs/1801.01488

SIDIS: target longitudinal spin dependent asymmetries
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SIDIS: target longitudinal spin dependent asymmetries
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SIDIS: target longitudinal spin dependent asymmetries

do .
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SIDIS: target longitudinal spin dependent asymmetries
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« Discrepancy with HERMES and JLab?
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SIDIS: target longitudinal spin dependent asymmetries
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SIDIS: target longitudinal spin dependent asymmetries
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SIDIS: target longitudinal spin dependent asymmetries
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SIDIS: target longitudinal spin dependent asymmetries
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SIDIS: target longitudinal spin dependent asymmetries
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» Transverse target spin dependent azimuthal
asymmetries
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SIDIS TSAs (Collins)
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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 1 111 1 II 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)

d sin( ¢, + H
o oc(FUU,T +5FUU,L){1+...+ Sy e AT sin (g, + g ) +... }

dxdydzdpZd ¢, d g,
* Measured on P/D in SIDIS and in dihadron SIDIS
R ) —C{ 2P th“} » 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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SIDIS

do

TSAs (Collins)

(FUU,T +5FUU,L){1+"'+ Sy EA\SJ?(W%) Sin(¢h + ¢ )+ }

oC
dxdydzdpZd ¢, d g,

* Measured on P/D in SIDIS and in dihadron SIDIS

q

i) = ¢ {—h'—pT hy Hfh} » Compatible results COMPASS/HERMES
I\/Ih

01

0.05

Afjlﬂl_(ﬁbhw‘ﬁbs)
o

-0.05 |

01 F
0.1 F

0.05 f

Aalﬂl_(%w‘(bs)
o

-0.05

-01 F

COMPASS-I11 (2021)
» Deuteron measurement to be repeated

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

* No Q?-evolution? Intriguing result!

» Extensive phenomenological studies and various global
fits by different groups

0.2 L L B A
Global fit HERMES-COMPASS-BELLE data ]
Anselmino et al. Phys.Rev. D92 (2015) 114023

z AN D+ (2)

STNOS S S

z AN Dyre(2)

ATU

0.01 0.1 02 04 06 038 0.5 1 15
XB Zy PT [GeV]

Ard

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

d sin( ¢, + H
o oc(FUU,T +5FUU,L){1+...+ Sy e AT sin (g, + g ) +... }

dxdydzdpZd ¢, d g,
* Measured on P/D in SIDIS and in dihadron SIDIS
R ) —C{ 2P th“} » 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-I11 Proposal
Projected uncertainties for transversity PDF

= 04

Addendum to the COMPASS-II Proposal - boves b s b | beed bt od
Projected uncertainties for Collins asymmetry 02 ; bt
< Protons % Deuterons L __?___Q__Q__Q__{_) ______ JT ____________ L %‘}% ________________________
+ . | %
(} (}) -0.2f h"‘ - hd‘ }
(1) ({) —“74*‘..."4 R . HH‘*‘.H.I.I Ll L
0‘00%%({)@{?@ —————————————————————— # %a i{) (%B & % R 1w 107 ) 10 1ot

ATU

—0.05 %) -

11
1072 107! 10*'

ﬁéﬁﬁﬁﬁﬁﬁ

¢ 5 %
% X %
H

COMPASS-I11 (2021 run — approved!)

» 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 (Sivers)
do
dxdydzdp?d g dg.

sin( ¢, — ﬁk sin( ¢, —
FUT,gl'an #) :C|:_ MT fl#qDlr;:|’FUT,(L¢n %) :0

» Measured on proton and deuteron
* Recently - gluon Sivers paper
PLB 772 (2017) 854

» Sivers effect at COMPASS is slightly
smaller w.r.t HERMES results
(Q? is different by a factor of ~2-3)

« Q2%-evolution? Intriguing result!

9 July 2018

(FUU,T +5FUU,L){1+---+ S Aji;](%_%)sin(gbh — ¢ )+... }

COMPASS 2010 proton data

s 8 0l o CoNpaN e e s | PLB 744 (2015) 250
<t o HERMES r* PRL 103 (2009) (}
¢ 9
0.05- 0% i - é’ﬁ + R {
oy tif gt H |
fasetttll B A— LA
—0.05F , - -
I V"j) 0.2+ COMPASS positive kaons x<0.032 —
I
0.1 0 } - 3 %
#4 S RRIRE {
ot i ______________ B ‘?_& ____________________ iﬂj%{"} _________
¢
-0.1 Ll Ll L 1 . L 1 1 1
102 10! 0.5 1 0.5 1
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SIDIS TSAs (Sivers)

dG sin( ¢, — .
ayaariagag ~ (For +eRuu{Leos SoAT sin(d —g,) v..

COMPASS 2010 proton data

- Fol e COMPASS ES:i{%:iiogi?,(ﬁzog:JS:S_%% | PLB 744 (2015) 250
i B h. k sin ~ e} HERMES =n* PRL 103 (2009
FUT,(T(/jn *) :C{_ MT fl#qD12:|’FUT,(L¢n * =0 0035 % i éﬁ’(}} i fbé*q’ ¢
| ; éﬁ o TN
TR {'{.i ¥
TR AL A L A
» Measured on proton and deuteron
« Recently - gluon Sivers paper Y e B
PLB 772 (2017) 854 = O HERMES K°PRL 105 (2009) ; % ]l
. T 0.1- 0 -
Sivers effect at COMPASS is slightly ?ﬁc}## ‘iﬁ% P (}# fﬁf} . %‘}
smaller w.r.t HERMES results Lo i ______________ i _é_'}__+ ____________________ Aty ot
(Q? is different by a factor of ~2-3) ¢
« Q?-evolution? Intriguing result! T Y S , |
_ _ 02 o 05 1 0.5 I 15
+  Global fits of available 1-D SIDIS data R z P} GeVio
» Different TMD-evolution schemes 015 o f ' ' -
HERMES + h* COMPASSprOton

 Different predictions for Drell-Yan
« Sivers TMD PDF is predicted to change <
the sign between SIDIS and DY

sin (¢, -0)

uT

0.1 COMPASS oos |

0.05 —

) e T™MD
0 0.05 F ——--

DGLAP
—— . TMD Analytical

02 03 04 05 06 07 08 0.01 0.1

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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Multi-D TSA analysis

d sin( 3 Sin(dh+ds ) i
dxdydzdp;dqshdqjs oo (o +8Fou ) Lo+ S AR sin (g, — s )+ Sr 2 AT sin (¢, + 4 ) .. |

- B.Parsamyan (for COMPASS) arXiv:1504.01599 [hep-ex] (SPIN-2014)
sin(dh—¢s) _ ~| _ h-Kp ¢ gy sin(dh—ds ) _ N 0.008<x<0.013 E 0.008<x<0.013
For T =C M f1T qu FUT L =0 s C ;g 201p>01GeVie o 00sE e
- HEE A £ ofun
B FI < o 1:_ COMPASS preliminary < o 055_ COMPASS preliminary
sin( ¢, + 1h Be E
Fr Uhts) — | - H 7 MF0.013<x<0.02 -yt E 0.013<x<0.02
7 r =h < 00F
: HI £ ofE% % #
< o
o B 1z 0.1F 0.05F
@ COMPASS preliminary 3 _ 01F 0.022x<0.032 -
~ 'i r . <x<0. C
% 102 Proton 2010 data 09 o = r X s s 005 :_0'02<X<0'032
@ L QU(GeVicy > 1 8 E %75 O o o o ERTN A S
I ! 8 : ' : = < E e -
(& o, | 16<Q*(GeV/c)<81! i 0-7 % 0.1F 005
| = ST 2 %1F0.032<x<0.055 ~ F 0.032<x<0.055
......................................... 5 L ., # S 3 .
s b % e e SRR S SC S
10 P ' ! ‘<:’ r 7 o 2
_;--—-—--—-——-—-——4’——-—--—4‘——-7--—:- & - - E : : —U_]-— ‘0-05:_
‘ = OF0.055<x<0.1 R E 0.055x<0.1
L & =° 005
7777777777777777777777777777 - i i . = & o
S of S 3 &
1.7<Q*(GeV/c)*<3 £5 © 4 { s of i 2 i H
777777777777777777777777777777777777777777 < r < C
1<Q‘/(GeV/c) <l. 7 / 01 0,05
== f = 0o 1ex<021 _ F 0.1<x<0.21
< L = 0.05
+_ C i i < E
%L = 0:_ ° ° ; % 5 ofF u .‘ q
< C < 2
0.1F 0.05F
' 018 .21 <x<0.4 E 0.21<x<0.4
=" C i i o 00sE
.‘Zj 0 '_ e‘Ef B 0 E_ é *
« No clear Q2-dependence within statistical accuracy < | ¢ ¢ S
0.1f -0.05 -
 Possible decreasing trend for Sivers TSA? ] 0 : .
Q* (GeViey’ Q? (GeV/cy
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http://arxiv.org/abs/arXiv:1504.01599

((]D »

Salvador Dali “Maximum Speed of Raphael's Madonna”
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“Nature” “ID”

Raphael “Madonna del Prato” Salvador Dali “Maximum Speed of Raphael's Madonna”
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“Nature”

Raphael “Madonna del Prato” Raphael “Madonna del Prato” (poor resolution)
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SIDIS: target transverse spin dependent asymmetries

do oc (Fuu . +eF, L){ 1+... B.Parsamyan (for COMPASS) PoS QCDEV2017 (2018) 042
dxdydzdp’dg,dg,  © | -
- eh' - COMPASS preliminary Proton 2010 data
_ Sin(3ts) o 2 - oo 00s- - L i
+ e AJT Sm( ¢h ¢s) m; i I
2 1 Sin gg 2 S
+S; |+ f2e(1+)AN" sing, < Oﬂﬁé#éﬁ}ﬂ = %é;#ﬁ#%&ﬁig#%ﬂ#ﬁ
- (555 _ Rl | e e
2 05 S I Lo ‘.‘..‘.-\.I\..I\.\I..\\.\.T_T\_ﬁ
+ ST/‘{ (l—g )ALT COS(¢ ¢S) o 107! 02 04 06 08 0.5 1 L5
+ ... x z p, (GeVic)
L - o
| 2(h-k, )(k, - p, )+k2(h-p )—4(h-k, ) (h-p
COMPASS results R =C (Fe ) o) 2,\(,|2MT) [f] T)h#‘Hlt“
ASin(3¢h_¢S)
uTt

Only “twist-2” ingredients, pZ-suppression
«  h L is also small (see e.g. PLB769 (2017) 84-89)
« Small, compatible with zero asymmetry
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SIDIS: target transverse spin dependent asymmetries
do

oC
dxdydzdp?d ¢, d ¢
+ AT sin (3¢, — ¢y

+ S; [+ 2e(1+2) A" sing,
+ .

+ S;4

(Four +5FUU,L){ 1+...

COMPASS results
ASin(3¢h_¢S)

uT

B.Parsamyan (for COMPASS) PoS QCDEV2017 (2018) 042

0 05- eh” - COMPASS preliminary Proton 2010 data
Plan L I

o D

—0,05; ﬁ f —————_ | ——
F : —_— ] —

N S T e N
1072 107 0.2 0.4 0.6 0.8 0.5 1 1.5

X z P, (GeV/e)

sin(3¢lh— A )

uT

A
=

ut

Cinnr | 20K )P )+ (R pr)-4(hok ) (Ao )

1lqpg Lh
th qu

2M M,

Only “twist-2” ingredients, pZ-suppression
. hlf% is also small (see e.g. PLB769 (2017) 84-89) B. Pasquini, S. Boffi, A.V. Efremov, P. Schweitzer
« Small, compatible with zero asymmetry

* Inag

0.09

0.06 |
0.03 |

0+
-0.03 ¢
-0.06 ¢

thTJ_(l}u )

-0.09

9 July 2018

reement with models

C. Lefky, A. Prokudin
PRD91 (2015) 034010

BN

0.1 1

arXiv:0912.1761 [hep-ph]

Ai§2(3¢h' bg) (a) Ag;(:*(bh' bg) (b)
0
-0.002 m* proton | o5t T proton
-0.004 - -
B 0.01 -
-0.006 | i
i 0.005 |-
-0.008 |- i
- | L1 ‘ L1 l L | 0 L1 | | L I Ll | L
0 02 04 06 08 X 0 02 04 06 08 X
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SIDIS: target transverse spin dependent asymmetries

do
F +¢F 1+...
dxdydzdp2d ¢, d ¢ (P + ““’L){
_+ Si‘P(‘?)(AWi%) sin (3¢h — ¢ )_

+ [2¢(1+ &) AT sin g

+ S;

(1-2%) AT cos (4, 4, )]

+ ...

+ S;4

COMPASS results
Asinqbg

ur
» Q-suppression

* Various different “twist” ingredients
*  Within WW is related to Sivers and Collins
« Small asymmetry, non-zero signal for h—?

. Hh
Foos = M e ) papt - Moo o
Q M z
Lh 1

G
z

M
[th H].J(_qh +thqu .

_ pT'kT
N Lh
M| [ poapgin M g0 B
T 1q M 1T 7

9 July 2018

B.Parsamyan (for COMPASS) PoS QCDEV2017 (2018) 042

[ eh' I COMPASS prcliminar)% Proton 2010 data
rah”
0.021-
o | ¥ : it
F D
< oo leat & oTT P g TR S
o_ﬂ#;ﬁn;ﬁ@ : ﬁé‘%ﬁ } % Hﬂ'ﬁ# #
~0.02F % i 4
I I —_— | ]
l(;_2 . 16‘1 . I0.2‘ | IO.4‘ | ‘O.GI | ‘O.SI o IO,S‘ o 1I - I1‘5I
X z P, (GeV/e)
3 oqbm - HERMESEPRELIMINARY
“> " F c 7.3% scalef uncertainty
£ 0.05; v F t *_—_
c : ' F * ¥
F’/ 0 :-"'i-'*].'!l “““ " '!"1.“" ""‘f""“" o
o 005 ——m —
T g
0"“*"11'-";I """ :’"""“I """""""" *"*"*"; """
- L]
005 eyl ++++—** '
-0.1F - -
= —
10 -1 0.4 0.6 0.5 1
X z P, [GeV]
Bakur Parsamyan 35



SIDIS: target transverse spin dependent asymmetries

doz' oC (FUU + +eRy, L) 1+... B.Parsamyan (for COMPASS) PoS QCDEV2017 (2018) 042
dxdydzdp;d ¢, d g, ’ ’
N _ i . [ eh' I COMPASS prcliminar)% Proton 2010 data
4 e snTn(wmﬁs) sin(3¢h _¢S) ool 4D i ; '}
2 e I i
SiNgs 3 w2 L L
+S |+ \/28 Lve) AR sing, < o—-----é-é-q-!--ﬁ-ﬁfﬁ---- L L mm |
[ ﬂ PR [ } } %
i A ( —0.02F %é || i t i
_ [ [ e
I I —— ] = "]
1_52 COS((»“%COS T T RO I SR B AR A P R B
+ ST/I ( )ALT (¢ ¢S) 1072 107! 02 04 06 08 0.5 1 L5
+ ... x z p, (GeVic)
COMPASS results i)™ i fg Ih e lg )
» Q-suppression
o ; : Cpee 99 - : S. Bastami, H. Avakian, A. V. Efremov, A. Kotzinian, B. U. Musch,
Va_rlo_us dlffe_rent twist Ingredlents . B. Parsamyan, A. Prokudin, M. Schlegel, G. Schnell, P. Schweitzer,
« Within WW is related to Sivers and Collins W. Vogelsang
e Small asymmetry, non-zero signal for h—-? Avrticle in preparation: “SIDIS in Wandzura-Wilczek-type approximation
~h B | positive hadrons COMPASS . [ negative hadrons COMPASS
Fsin¢s _ 2M M- {( quh —%hq i] §-<S z‘zj; 2010 proton data E— g S-er 2010 proton data
Z L il
0.01— é % 0.01—
i X 1h n i - 3 I B
agin . My o G g vy oty I Tes ¥y
XhTH1q +—07 — 0,011 % ~0.011
pr -k Mz of F
_ T -0.02—5 BAEKMPPSSSV, article in preparation -0.02— BAEKMPPSSSV, article in prepar%ion
2MMh ' yn LqH 1h _% ; 1q ~th ,0,03:_— - a:XiV:0806-3804[hep-P"11 | —0.03:—— —  arXiv:0806.3804 [hep-ph]
T 1 M . Z ”1I0'2 II ..‘..1.0_1 I‘ | ‘.‘..].072 I‘ HWIIO" H 1
L J X X
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SIDIS: target transverse spin dependent asymmetries

do
F +¢F 1+...
dxdydzdp2d ¢, d ¢ (P + ““’L){
[+ 2 AT sin (39, ¢ )

+Sp |+ [22(1+ &) A% sin g

+ ...

COMPASS results

singg
AUT

» Q-suppression

* Various different “twist” ingredients
«  Within WW is related to Sivers and Collins

1 52| lLme AT os =0 )]

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

Fors = Me xt Dy, My e
Q M

T h
Hq
g

~1h
[XhﬁHﬁﬁ%gﬂ > ]
N K, M Z
S 1h
MU [ psopn Mo g1 Be”
T 1q M T 7
9 July 2018

B.Parsamyan (for COMPASS) PoS QCDEV2017 (2018) 042

[ eh' I COMPASS prcliminar)% Proton 2010 data
r ah
002p [ % '}
oot me S
I ﬂ i # [ I ; % {‘ 4
~0.02F %é || i t i
I I
N T N N A N
107 10~ 02 04 0.5 1 L5
X z P, (GeV/e)
W. Mao, Z. Lu and B.Q. Ma Phys.Rev. D 90 (2014) 014048
Y 0.02 -TC+ COMPASS |77 """ fTD1
& L
% R [P hTH1
—-——_"'-—-\-‘_-‘.
< (0100 = S,
-0.02
0.02km
[0 0] ] o ———— e Pt rtifi =yt~ I
-0.02+
0.1 0.4 0.6 03 06 09
X P_(GeV)
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SIDIS: target transverse spin dependent asymmetries

do oc (|: +¢F ) 1+ .. B.Parsamyan (for COMPASS) PoS QCDEV2017 (2018) 042
dxdydzdp?d g, d ¢ v et : : -
B T=7"h _ S _ . _ O.Zi eh" t  COMPASS preliminary | Proton 2010 data
s SI_P(?M%*(/)S) sin(3¢h _¢S) ; 01; ah % + 5, 7
is | ! :
+ S; [+ 26 (1+2) A" sing, < o *i‘ié{; ‘}# = .xgégzﬁﬁ#ﬁégﬂgé%i*ﬁ
\ —0.1} * r
v el ———— —

/ cos(gh—s ) “ g d
COS Eavoail M| ok b e e b e ke e ey e Ly
+ ST ﬂ, ALT ¢S )] 1072 107! 02 04 06 08 0.5 1 L5

X z P, (GeV/e)

COMPASS results

cos(¢pn—os)
ALT h S

* Only “twist-2” ingredients
e Sizable non-zero effect for h* !

- _ HERMES!PRELIMINARY

8.0% scale [uncertainty

e 9o
i N
T 1

+

=yt DL }.u-i-i-}-f.i_#-”ﬁ-ap-f---{L-

2 (cos(¢-dg))[ |

« Similar effect at HERMES 0l — T
01:7" : -
0'_i_f_+_+_f-+__*.-‘.*._+_;-f---i_f.;+_+_+_+_f_f___+_.
F°°5(¢h gs) C|:h kT q Dh:| _01__ __ __
o M 1 IIT'_'_II_I—IIIIIIIII—IIllllllll
10'1 04 0.6 0.5 1
X z P, [GeV]
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SIDIS: target transverse spin dependent asymmetries

i oC (Fuu ek, L){ 1+... B.Parsamyan (for COMPASS) PoS QCDEV2017 (2018) 042
dxdydzdprd¢,d e | | i i —
B _ i . R 02F . hf a COMPASS preliminary [ Proton 2010 data
+ ‘C"AJIT(B%_¢S)SIH(3¢h_¢S) Zz Oli‘h + + 7 7
sinds o Es | ¢ :
+ S, |+ (2e(1+¢) AU % sin g, < o aeat é{; H% b ggég{'}ﬁﬁ#ﬁégﬂgé&i*%
| —0.15 g
’ cos an ¢ _0'2; ﬁ 7 — ] S
+ ST/l ALT COS(¢ ¢S) 10I‘2 - 10“1 T IO.Iz‘ | I0!4‘ | ‘olﬁl | ‘0.‘8I o Io‘s ‘1 o |1‘I5|
X z (GeV/c)

COMPASS results

AE;S(¢h_¢S) S. Bastami, H. Avakian, A. V. Efremov, A. Kotzinian, B. U. Musch, B. Parsamyan,

v - vy - . A. Prokudin, M. Schlegel, G. Schnell, P. Schweitzer, W. Vogelsang
*  Only “twist-2” ingredients Atticle in preparation: “SIDIS in Wandzura-Wilczek-type approximation
Sizable non-zero effect for h* !

)

o L "y & L :
.- Ty positive hadrons COMPASS - negative hadrons COMPASS
° S'm”ar effeCt at HERMES < . 02— 2010 proton data g e 02 2010 proton data
. g3 L patE e ~ 8 o
* In agreement with models ° 4 : “4
0.1 0.1
o —M o 4=
cos(gh—s) _ h- h-ky ap I I
I:|_‘|' - C D 0.1 -0.1—
M | = BAEKMPPSSSYV, article in preparation | = BAEKMPPSSSYV, article in preparation
— PRD73:114017(2006) updated —— PRD73:114017(2006) updated
02— — arXiv:0806.3804 [hep-ph] —02— — arXiv:0806.3804 [hep-ph]
— - — PRD79:094012(2009) — - — PRD79:094012(2009)
C | MR | Ll | Ll M|
107 10™ 1 107 107 1
X X
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Brell -Ban
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SIDIS and single-polarized DY x-sections

SIDIS | 97 o (Rt +R?) DY
dxdydzded¢hd¢s - dg'dQ
2 2 1+ Al cos’
“ A 1+7/_ (Fuu r+eFyy L) - CScos¢>CS . 00820
xyQ? 2(1-¢) 2X ’ ’ | + Sin 20, COS @5 +SIN“ O COS 2
1+ 22 (1+ £) A cos ¢, + & AT cos 24, 1 + S, [ 8in 0 A" sin g +5in° I A sin 29 |
sin | (A% +cos? 0., A \sin ]
+ 125 (1-£) A% sing, - (A AT Jsing,

+ S, 4/25 1+ 2) AN sin g, + £ AT sin 2¢h}
+ S| L= A, + 22 (1—2) A cosqﬂ

- -
+sin% o A sin (206 — 95 )
s SiN(20cs +05 ) oi
+ A sin(2¢s +¢s)

A;i”(%s—(l’s) sin (q)CS — s )
+ A;i”(q’csﬂﬁs) sin (q)CS + s )

+ S

+sin ZQCS[

_AjiT”(%*¢8)sin(¢h ~4,)
] + gASJiT”(’”"+¢S)sin(¢h + s ) >
+ S, |+ gAjiT”(ay’“_%)sin(ngﬁh —¢,)
+ \/m,éﬁ'”q’s sin @,

E \/m A %) sin (24, - ¢S) s oo

1 g c$s¢3n —fs) COS ¢h ¢S) i /;qr l]/ / 1
+ S.A|+ 4/25 1— &) A" cos ¢ P L 7
+ 26 (1) AT H) cos (24, — ¢, ) / 7
I
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SIDIS and single-polarized DY x-sections at twist-2 (LO) g
dot° SIDIS , dot© DY
dxdydzdpZdgdg, I

oc R} (1+c0s° O )

(FUU,T +8FUU,L)

14 e A5 cos 24, | . : 1+ D[szecs} A7 c0S 205
+ SL & Si[|2¢h Sin 2¢h + SLﬁu \/1_82 ALL + SL Sin2 9(;5 Sin2¢cs Sin 2¢C5
[ Asin(d — - ] i B SINQs 3 ]
AR "’S)sm((bh — ) SIDIS-DY | X A singg (
i brid ' SiN(2¢cs =95 ) i
N+ Sy |+ eATYsin (g, + 4y ) o + S, e A7) sin (20 — 5 )
_ : sin? Oeg Sin(2¢cs +05 ) x
+ cATY ) sin (34, — i ) L L A ing2gg 4|
- cos(dh - " where D . =sin’6.. /(1+cos* g
+ SpA (1_82>ALT " ¢S)COS(¢h — s )} [sin® s | © ( CS)
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SIDIS and single-polarized DY x-sections at twist-2 (LO)g#

Lo Lo
dXddedeTzd¢hd¢s o< (Foyr +5FUU’L) SIDIS ddq(“de o F} (1+ cos’ 9(;3) DY
(12 A% cos 24, ) __ 1+ D[smz o] AT C0S 20 ]
+ S eATsin2g, + S AVI- A, + S, Sin? G A2 sin 2¢.
[ A4 sin (4, —¢s) | SDIS— % A sin g hIS
114 S, |+ &A% sin (g + ) o Pridge + S, D A7) sin (20 — 5 )
+ AT E) sin (3¢, — s ) K I [sntles ]| A% ) 5in (20 + @5 ) ]
ey = T AT ) cos( —?ﬁs )} where Do ] =sin’ O / (1+c0s’ O )
o e h " @H " +... SoerMulders A% oc hi ®hy]
T o (@D, e AT £ ® £y
si;l(%ws) OCE@) Hlth Transversity A?in(zél’cs_‘/’s) o hi_,?r_® h(l],p
si_lr_1(3¢n—¢s) OCETq QH ;h Pretzelosity A?in(2¢CS+¢S) o hi_?z ® rE p
Si:g% o hqungth Worm-gear L Aim 20cs o hf?{ o hfﬂp_

A oc g} ®Dp, AT oc g @Dy Double polarized DY —

COMPASS accesses all 8 twist-2 nucleon TMD PDFs in SIDIS and 5 nucleon+2 pion TMD PDFs in DY
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SIDIS and single-polarized DY x-sections at twist-2 (LO)giiA ,

do'° . SIDIS do*° DY
dxdydzdpZd e, d ¢, dg*dQ

(Four +€Fu. ) oc R} (1+c0s° O )

14 ATy cos24,| . __ 1+ D[smz(acs} A2 008 200 ]
+ S e AL sin2g, + S AN1-2" A o + S, sin? O, A"2% sin 2¢.
AT sin (g, — ¢) | SIDIS-DY A" sing, (
i brid SiN(2¢cs =95 ) o3
Ve s, [+ eAm S sin(g,+4,) L +S| o A" sin (200 — )
. Sin29C5 sin(2¢es +¢s -
+ EA\_SJ?(%_%)SM(?)% ~¢s) ( s )| A Eeese )Sm(2¢cs +s) i
- cos{dr - - where D. ,  =sin*@.. /(1+cos’ 6
+ STﬂz (1_82>A|_T (¢n ¢S) COS(¢h _¢5 ):| [sm ()CS} CS ( CS )
- i T~
cos2 1q Lh Boer-Mulders c0s2¢, 1q 1q
;e h T @H + AT oyt ®hy
Sivers

sin(¢, —ds) 1q h
T och X qu

A

> A?m(ps oC flqﬁ ® fl'JI'_qp

Aﬁin(zﬁl’cs—(ﬂs) oc th ® h?
1,7 1p

Transversity

Sin(dh+4) - 1 Lh
i och_l® qu

sin(3¢, —¢s) 1q 1h Pretzelosity Sin(2¢cs +05 ) 1q 1q
T oc hyr @ Hy, AT e hy ® th,p

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

Lo IDI do* DY
d02 oc(FUUT+8FUUL) > S (47 OCFul(l'*'COSchs)
dxdydzdp; dg¢, d g, ’ ' dg'dQ
142 Al cos 24, | 1+ D g | AT €08 200 \
+ S e AL sin2g, + S AN1-2" A + S, sin? O, A"2% sin 2¢.
[ Asin(4 — . B [ ASINGs i ]
AR "’S)sm(qﬁh —¢s) SIDIS-DY A" sin g [
Gnlad) - > bridge in(20cs =05 ) o _
+S, |+ eATO S sin(g +4,) < + S, AT sin (2¢6s — 95)
. sin® s Sin(2¢gcg +05 ) A:
+ EA\_SJ?(%_%)SM(?)% ~¢s) _ el A )Sm(2¢cs +s) i
- oo — - where D. ,  =sin*@.. /(1+cos’ 6
# 802 ] (1ot AT cos (g, s )| ) =S G )
- i T~
Boer-Mulder
C(L)JSZgbn o hi_q R H]-J(_qh 4+ u S AjOSZ(pCS o E ® h:JL__,g

sin(¢y —¢;) 1q h

r e e @Dy
S +.) - () 1y L
L S

sin(3¢, —¢s) 1q Lh
T o hiy ® qu

Sivers

A

Transversity

A 4

Pretzelosity

Complementary information from different channels :
« SIDIS-DY bridging of nucleon TMD PDFs

- Multiple access to Collins FF H,." and pion Boer-Mulders PDF h; ¢
9 July 2018

Bakur Parsamyan

fd

sin gg q
A o f1,7r ® 1T.p
Aﬁin(zﬁl’cs—(ﬂs) oc th ® h?
1,7 1p

A?in(Zf/Jcsws) o hi% ® hid
Lz 1T.p
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SIDIS and single-polarized DY x-sections at twist-2 (LO){#

LO IDI d LO DY
d02 oc(FUUT+8FUUL) > S (Z OCFul(l'*'COSZ@cs)
dxdydzdp; dg¢, d g, ’ ' dg'dQ
142 AT" cos24, | 1+ D[sngcs} AT C0S 20 )
+ S eA M sin2g, + S AVL-&T A, + S, Sin® O A7 sin 2¢0
[ Ar#) sin(¢, —¢) | sDisDY A" sin g .
X Gnlad) - > bridge in(20cs =05 ) o _
1+ s, [+ AT ) sin(4, +4,) . + S, D A2 ) sin (20 — 5 )
F Sinzgcs sin(2 cs T Ps =
+ e AT sin (3¢, — g, ) L + A sin (2005 +5) ) |
- cos(gh - ) where D, , . =sin’. /(1+cos” 6
+ STﬂz (1_ 82 )ALT (¢n ¢’S) COS(¢h _¢5 ):| [sm ()CS} CS ( CS )

COMPASS x:Q? phase space (DY 2015 data)

i) COMPASS 2015 data :453".- =
~ AR - —_
~ 10% Drell-Yan NH; g 8
0] - 7]

© £
w | <]
=

10

107
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- SIDIS do*° DY
d02 oo (Fyy 7 + &Ry, ) 7 o R} (1+c08% 4 )
dxdydzdp; dg¢, d g, ’ ' dg'dQ
142 AT" cos24, | _ 1+ Do ] ACS2%65 008 200 ]
+ S eA M sin2g, + S AVL-&T A, + S, Sin® O A7 sin 2¢0
[ Asin(4 — . N [ ASINGs i ]
AT sin (g, - ¢y) SIDISDY AT singg .
X9 Sin(d4de) > bridge sin(20cs 05 ) i _
+S; |+ AT sin (g + ) . +S A TSI (2005 — 95)
i sin’ s Sin(20cs +05 ) n
+ e A4 sin (34, — @) K I [snttes ]| ponteecsvo 'sin (2¢s + s ) ]
- cos(gh - - where D, ,  =sin®6., /(1+cos” 6,
+ S (1_82>ALT het) COS(¢h — s )} [sin? s | s ( CS)
& § —— COMPASS 2015 NH, data .2 -
§ S Comb, backaround COMPASS x:Q? phase space (DY 2015 data)
2 100 A Iy (MC) o . 5
O S A T v (MC) L COMPASS 2015 data i 53 T
s 104 R = Open-charm (MC) % 102§ Drell-Yan NH; §
o S O - S
=) = = === Drell-Yan (MC) = - =t
: 1 03 " ERG Total MC + Comb. background ) - %21
a8 F S
= - - 2
M T irdm :
10 = LN i i
E L Y o L I
4 {) 8 10
M, (GeV/c?) 107
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SIDIS and single-polarized DY x-sections at twist-2 (LO)gl#

LO
d02 o« (Four +&Fuu ) SIDIS df oc R} (1+c0s° O ) DY
dxdydzdp; d ¢, d ¢, ' ! dg*dQ
142 AT" cos24, | 1t Drinea ] AT €08 2 |

+ S, Sin® O A7 sin 2¢0

[ Asin(4 — . - T ASINGs o
A ¢S)5'”(¢h ~ ) SIDISDY A sin g -
X sin(dh + . > bridge Sin(20cs 05 ) o _
ﬁ + Sy +5AUT(¢n ¢S)S'”(¢h+¢s) € + Sy AT SII’](Z(pCS (Ds)
i sin? fcs SiN(2¢cs +05 )
+ 5Ai$(3¢n_¢5)5in(3¢h_¢s) \ I [ } + A (20 ¢)Sm(2¢CS +¢s) |

= — 2
v 5] J[1- e AT ) cos (g, — g, )} where D ey =SIn% O /(1+cos’ O )

+ S, eA) P sin2¢ + S AVI-7 A,

J

25<M/(GeV/c2)<43 “Charmonia mass”
Strong J/y-signal — study of J/y physics

() = 0.31, (xy) = 0.09, (xz) = 0.22, (qy) = 1.1 GeV/c Good signal/background
030 Ancelminoetal ] %5 COMPASS 2015 data =52 ' 3
o © — g7r=1.0GeVic | = 2l ) 3
0.25f PLB 770 (2017)302 7 : 3 10°) prefl-an ¥
020} ] S | ongoing analysis EQ
It . : R
S” 0.1 5? b . . . r;li
5= - ] “Charmonia”
< [ ] 10
0.10f : ,
0.05 ] 3
0.00 e ]
0.0 0.1 0.2 0.3 0.4
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SIDIS and single-polarized DY x-sections at twist-2 (LO)g#

dot° SIDIS do&*° ) DY
2 (FUU,T+8FUU,L) — F (1+COS HCS)
dxdydzdp; dg¢, d g, dg'dQ
2 ( 0329,
(1A% cos 20| < Sy D[sinzecs} AT A
+ S eA M sin2g, + S AVL-&T A, + S, Sin® O A7 sin 2¢0
% [ ASINgs o: ]
[ A=) sin(¢, — ¢ ) SIDIS-DY A sin g
X < ) > bridge Sin(20cs —=9s) i _
+ S |+ AT M sin(g, +¢y) + S D[ - A Sin(2¢cs — )
) B ) Sin® Ocg Sin(2¢cs +05 ) o3
+ gAi'?(3¢n ¢s)S|n(3¢h_¢S) | i + A SII’](2¢CS +(DS) |
y - where D =sin’ @, /(1+cos” O
+ SA| (1= ) AT cos (g, — )} [in? s es )
i 4.3 <M/(GeV/c?) <8.5 “High mass” range
c@ £ ——— COMPASS 2015 NI, data Beyond charmonium region, background < 3%
S 3 ™ Comb. background Valence region — largest asymmetries
o 100 N Iy (MC) SN . =
) < 20 W MC) S COMPASS 2015 data 357 E
O ¥ | > 02l Drell-Yan NH; : g
= 10 A = Open-charm (MC) (QDJ E o §
= ;-;,j‘.;,‘_? R ‘ -===-= Drell-Yan (MC) = N . Y
= o TR Total MC + Comb. background & “High mass” S
~ 10" = Ta A e T T TTTTTTTTTITITS ] - range 5
3 E e ; L e B
g 5 C \".\“ l %
8 10- g_ ‘%k.,\" ; %ﬁg 10?
E “B v (M) = 5.3 GeV/e2 T i -
10= % B :
F RN L] | I
4 6 8 10
M, (GeV/c?) :
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SIDIS and single-polarized DY x-sections at twist-2 (LO){#

LO
d02 oo (Fyy 7 + &Ry, ) SIDIS df o F! (1+c0529CS) DY
dxdydzdp; dg¢, d g, ’ ' dg'dQ
(1A% cos 24, | « _ 1+ D[szecs} A7 c0S 205 ]

+ S, eA) P sin2¢ + S AVI-7 A,

+ S, sin® O A% sin 29

sin S sings i
Eriaa sin (4, — ) SIDIS-DY % A singg (
1+ S, |+ eATnhA) sin (¢, +¢s ) L + S D A?In(Z%S%)Sin(Z(Pcs =
i . sin’ O Sin(2¢cs +95) i
+ e AT sin (3¢, — ¢ ) | K I [snees ]| 4 A" sin (200 + ) ) |
) cos{h— where D. ,  =sin*@.. /(1+cos’ 6
+ STﬂz (1_82)A|_T (¢n ¢’S)COS(¢h _¢5 ):| [sm ()CS} CS ( CS)

4.3 <M/(GeV/c?) <8.5 “High mass” range
Beyond charmonium region, background < 3%

HM events are in the valence quark range Valence region — largest asymmetries

= 1 ~ N@ COMPASS 2015 data :453-- 3
= - COMPASS 2015 NH, data l 09 8 10 Drell-YanNH; g g
- 43 <M, /(GeV/ic?) <85 5 B Eemmemeccmeceeceeceeooooo : H
- - : 08 & = i “High mass” =N
- (x,) = 0.50 —07 = S %ange g_
0.6 (xy) =017 | 506 £ . C__ e §
- 05 g‘ﬁ 5
- 03 = -
0.2~ 0.2 -
: . 0.1 B
00 0.2 04‘ 0.6 0.8 1 0 1 = L N
' 107 1072 107!
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SIDIS and Sing|e=p0|ari26d DY x-sections at twist-2 (LO) o)

Lo IDI do* DY
d02 oc(FUUT+8FUUL) > S (Z OCFul(l'*'COSZ@cs)
dxdydzdp; dg¢, d g, ’ ' dg'dQ
142 AT" cos24, | _ 1+ D[sinz@csﬂmm COS 20, ]
+ S AN sin2g, + S A1-27 A, o + S, sin? G A2 sin 20
[ Asin(4 — . N ' [ ASINGs i ]
AR ¢S)sm(¢h —¢s) SIDIS-DY A" sin g [
. brid Sin(2¢cs =95 ) o3
N+ Sy |+ eAT N sin (g, + ) f—— + Sy A sin (200 - )
_ sin? s SIN(20cs +05 ) i
+ AT sin (34, — ) L I s A sin 20+ 0))|
- - where D =sin’ 4., /(1+cos’ @
+ STﬂ, (1—82>A|(_:?|—S(¢h_¢5) COS(¢h _¢S ):| [Sinz()cs} Cs ( CS)

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

(] 1 N —~
< COMPASS 3 C\fg COMPASS 2015 data b
% 102 SIDIS 2010 NH3 proton data 0.9 (:.'/ % 102 Drell-Yan NH3 §
3 wd 3 o D :
e S N X
™ 07 . Ql 3

Z S
0.6 %y 2
s

10 - 10

1<Q’*<4

0 1

1 Lol L . & Z L L 1
107 1072 107" 1
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SIDIS Sivers TSA in COMPASS Drell-Yan Q?-ranges

dO' sin( ¢, — .
dxdydzdp?d e, dg, o (Fous +5FUU,L){1+...+ Sy AT sin (g, — gy )+ }

- COMPASS PLB 770 (2017) 138
FJiTn(f”_"%) =C {—ﬁ fﬁq Dlz}, FLfiTn(Lﬂ‘_q’S) =0 S e h' 1<Q(GeViey<d - z>0.1 [
M < 005 s K ¢
gg » o # » o °
_ , - ’ - LA % % %
i) =  COMPASS m 5 < 0 i%iasg ML s i
> 102" 2z - SIDIS 2010 NH, proton data |09 = i . [
(oD.) E ‘ . ; G <) -0.05- —————== C : ‘ LT ‘ .
< Lo 03 © 4<QU(GeVIey<6.25 i
= T o7 ;* < 005 : . ) : + +
| w 0.6 % ER T } o d Cae ? i
.......................... e < o +i+‘ A i
10 C [ i ’
Ry sy AN —0.05 = ek | ——
I i e N T - 6.25<Q%(GeVic)<16 :
i 1<Q?<4 | B z 0-05;‘ ?? . + i ' §ob
- L) R R
L L . 1 I L1 L L 0 L [ L 1
107 107 107" 1 i ‘ ; :
% ~0.05_ = T |
e h™ 16<Q°/(GeVicy<81 _ oosE 16<Q-/(GCWT<; l T
A h  ()=0238 A bails + % o '} #
sin(d — ) ‘ 55 o % %# [ 4# 7 #* +
[ A s kg ] < s [
UT : F I
sin(¢ + 0 — 1) | ~0.05 e | | | meesmmm—
ho s —o— - A 102 10-! 02 04 06 08 05 1 15
UT ; X z P, (GeV/c)
sin(3¢, = ¢,) P
UT : |

005 0 005
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SIDIS Sivers TSA in COMPASS Drell-Yan Q?%-ranges

dO_ sin( ¢, — .
dxdydzdp?d e, dg, o (Fous +5FUU,L){1+...+ Sy AT sin (g, — gy )+ }

- COMPASS PLB 770 (2017) 138
FJiT”’(T”‘n‘%) e {_% f Lo Dlz}, FUS‘T”’(L%‘%) -0 S eh’ 1<QUGeViey<s | 2011 [
M % 005 " : )
g [5 P o * # e @ o ® © }A ¢
< 0 4%%as “a R i 4,4 i
0.1 - 01 F I I I I _ —0.05:— —_—
> ooslh = ol E/./?:f‘t} | " 4<Q(GeV/cy'<6.25 +
-0.05 | E -0.05 55 : #é é §L§ + + + o é; +
s b <Q%> = 1.95 GeV® i o1k <Q%> = 497 GeV® < 0 +§ 4 % A % . ¢ 1
072 075 018 171 1.4 0!2 075 ofs 171 1.4 -0.05 = E #‘ - # ‘
r Pr  625<QUGeVIey<16 | :
T T < 00s- i‘ﬁl g . + i 5 ;
01 f - 01 f y %‘[5 i o ‘ [ . i '
Z oosf £ 005 {m_ T 0 %é‘% ’ Qﬁﬁ‘ ! % } ad Al i
"5;:5 0 %;:_; 0 i [ ) [ |
005 | i 005 - 1 ~0.05 ; ————— —
ol <Q% = 9.42 GeV? i or b <Q% = 26.5 GeV? i - 16<Q/(GeV/cy'<8l | T
02 o5 o8 11 14 02 05 08 11 14 T;w 005t + % i + % 7 + + +
e e B gl e
< 0 f SR [ | +
Courtesy of M. Boglione, J.0. Gonzalez-Hernandez ~0.05 ‘ R S ?15
. 1072 107" X . . . . 5
(ongoing study) x z p, GeVic)
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* Results from first ever measurement of Drell-Yan TSAS
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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

EcaLl  SM2 calorimetric measurements, PID

HCAL1
RICH

\
SMI S
\ .

Polarized <

Drell-Yan

Target
/’M
SciFi, Silicon, MicroMegas, GEM, X
MWPC, DC, Straw, Muon wall
VD, DCS5, 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
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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

EcaLl  SM2 Muon-filter Calorimetric measurements, PID
HCAL1 \
RICH. S 7

SMI S
Polarized §A

Target

Hadron absorber

Nuclear target (Al)
Muon-filter Aluminum cone * [

[ '
% Stainless Steel
1~ 20 cm
\
aluminum -6 -

MMO1

E 25cm
downstream last

alumina layer

MWPC, DC, Straw, Muon wall .
VD, DC5, new DAQ... sob

o0
vertex detector e —

=48

wwwrdien ¥

NG |
box cover /_WE . alumina
Data-taking years: 2014 (test) 2015 and 2018
High energy =~ beam:

Wn beam plug \
Energy: 190 GeV/c, Intensity: 108 n/s — ' SAldidha

Target: Solid state | e
« NH; 2-cell configuration. Polarization T ~ 73%, f ~ 0.18
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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

EcaLl  SM2 Muon-filter Calorimetric measurements, PID
HCAL1
RICH \ %10’
SMI  Sa = 3
- . E COMPASS 2015 data Tungsten
Polarized N P 2 4.3 <M, /[(GeV/c )< 8.5 ~ beam plug
Target 2 ‘(’.’3 |
> Muon-filter < 2 N
e z |
SciFi, Silicon, MicroMegas, GEM, g |
MWPC, DC, Straw, Muon wall S ]
VD, DC5, new DAQ... 1

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
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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

EcaLl  SM2 Muon-filter Calorimetric measurements, PID

HCAL1
RICH

\
SMI N o
Polarized §A Q

------- Reconstructed events

"1 Events from 1" cell

[ Events from 2™ cell

1 Events from LHe gap

[1 Events from LHe upstream 1% cell
Events from LHe downstream 2" cell

15000

Target

4 ,ju ~ Muon-filter

‘ Bl
aig ] [ R z
: TlgZ SciFi, Silicon, MicroMegas, GEM,  z He |: 5 | He
MWPC, DC, Straw, Muon wall g ; ;
» VD, DC5, new DAQ... 5000/ peam

—
5]
=]
(=]
II\I|II\I|IIII|II

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

- Data is collected simultaneously with both target spin orientations
Periodic polarization reversal to minimize systematic effects
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Single-polarized DY x-section: unpolarized part
l:Af, _ I:u _Fu 1= AjOS(pCS,VZZA(jOSZ%S do oc(FUl+FU2)

- | i 4
i 1 2
*  “naive” Drell-Yan model o JIH A0S b +
collinear (k+=0) LO pQCD no rad. processes SIN% Os AS27 €OS 20 +5IN 20 AT COS g

A=1, (F2=0), u=v=0 |

 Intrinsic transverse motion + QCD effects COMPASS ongoing analysis
M1, u#£0, v £ 0 but 1-A=2v (Lam-Tung)

* Experiment,
ML n#0,v#0
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Single-polarized DY x-section: unpolarized part

1 2 |
A= A-lj = —FU _ FU — AGOSCDCS v =2 A‘josz(ﬂcs | d40 oC (Ful + FUZ) e
= = Fl F2 1;Ll - vV i dq do
U + U i . )
« “naive” Drell-Yan model . 1+ A cos” s +
collinear (k;=0) LO pQCD no rad. processes SIN% Os AS27 €OS 20 +5IN 20 AT COS g

=1, (F2=0), n=v=0 |

 Intrinsic transverse motion + QCD effects COMPASS ongoing analysis
M1, u#£0, v £ 0 but 1-A=2v (Lam-Tung) '

* Experiment, |
ML, u#0,v#0 | B e R e ABamamE

. e p+dat800 GeV/c ' i
« v#0 - Energy and quark flavour dependence, | tE R ot 252 Gev e ]
QCD radiative effects, non-coplanarity | b [ 4 ™ +Wat194 Gevic ]
(PRD93, 114013 (2016), PLB 758 (2016) 384) Tt .
0.6 — _
M. Lambertsen, W. Vogelsang PRD93, 114013 (2016) - oa _ 1 _
1k | | | | | | | 1\I1A10 EL - 19/1IGeV s Ei T ]
0.8 + ] )
0.6 -

0.4

0.2

0

—0.2 ! ] ] 1 ] ] 1 ] ] ] ! ]

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 §
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Single-polarized DY Xx-section: transverse part
F-F; - do

_ Al COSpes o, _ 9 ACOS20, ———oc(F} +F)(1+ A’ cos® @
l_AJ Wlﬂ AJ C81V_2AJ cs i dq4dQ ( u U)( AJ CS)
*  “pajve” DreII—Yan model 1+ D[sin%} AT €08 20 + D iron. AV COS g
collinear (k;=0) LO pQCD no rad. processes ! [ Asings o T
. AT sIn @
A=1, (F2=0), u=v=0 | |
« Intrinsic transverse motion + QCD effects - D A=) sin (g — 05 )
ML pu#0,v#0 but 1-A=2v (Lam-Tung) + s, [sin2es]| A 5in (g + 5 )
* Experiment, | (20 —03)
ML u#0,v£0 +D AT Sm(2§0cs_¢’s)
| ] [sin HCS} + A?in(2¢C5+¢S)Sin(2¢CS +¢S) |
\ J
¢ 1302;69 * 1+S71»ncgs 5" 1+57in.:2:s 6 OA=10 ®A=08 "A=05 Y
. i ) 1 2
R  COMPASS 2015 data 4.3<M ,/(GeV/c 2)<8.5 Dy =1 (0 )/ (1+ Al cos ‘9cs)
R e T ¢ JCUeREEE 1. All five Drell-Yan TSAs are extracted
e i - - .
% YT L | LTI simultaneously using extended unbinned
Z 05¢ - Maximum likelihood estimator.
: ' » Depolarization factors are evaluated under
Of ---29%sesee o[ _ o seetesse_|  agssumption Aj=1
o0 7+ Possible impact of Af#1 scenarios lead to a
XN X, normalization uncertainty of at most —5%.
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Drell-Yan TSAs — Transversity
do

dg*dQ

o1t + ST[D[SinZHCSJ A;in(Z(Pcs—(/’s)sin(z(DCS _¢S)+"'i|

Transversity DY TSA

iN(2¢cs —¢s ) 1L
COMPASS PRL 119, 112002 (2017) A" oc hyd @Y

-COMPASS 2015 data

©
n

[ 4.3<M,,/(GeV/c?)<8.5)
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Drell-Yan TSAs — Transversity
do SIN(20cs —Ps ) i B
dq4dQOC1+...+ ST[D[SinZQCSJAr SIH(Z(DCS (05)+..}

Transversity DY TSA

in(2¢cs —9s) 1L
COMPASS PRL 119, 112002 (2017) AT oy ] @Y

-COMPASS 2015 data

©
n

[ 4.3<M,,/(GeV/c?)<8.5)

Sin(zq)CS_ (DS)
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SIDIS in Drell-Yan high-mass range
Collins SIDISTSA _ f 16<Q2/(Ge\?c)2<81 ’ COMPASS!| PLB 770 (2017) 138
sin(d, +¢,) q Lh , 0.1p I ]
T och; @H,, o : 4%: i 4 ;A}
cooof Hogpert ﬁ ~~~~~~~~~~~~~~~~~~~~~ SRR T b
—0.1F - )
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Drell-Yan TSAs — Transversity
do

SIN(20cs —Ps ) i B
dq4dQ OC1+...+ ST |:D[Sin26CSJ A[ Sln(zngS ¢S)+i|

Transversity DY TSA

iN(2¢cs —¢s ) 1L
COMPASS PRL 119, 112002 (2017) A" oc hyd @Y

-COMPASS 2015 data

e
n

[ 4.3<M,,/(GeV/c?)<8.5)

sin(2¢(.s— (DS)

_0‘5-—......_.. R B . lq,l_.h..hh..._ L
107! 107! -0.20 0.204060.8 | 2 3 4 5 o6 7T 8
Xp Xp q, (GeVre) M, (GeV/c?)
B. Pasquini, P. Schweitzer

M. Anselmino et al.
Phys.Rev. D90 (2014) 014050 " Phys.Rev. D92 (2015) 114023
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Drell-Yan TSAs — Transversity

do
dg*dQ
_ 05
o~
Im i
g :
? = 0
< L
0.5
L 0.05
£
S 0.0
~0.05
~0.1
9 July 2018

o1t + ST|:D[Sin26CSJ A;in(Z(Pcs—(/’s)sin(z(DCS _¢S)+"'i|

COMPASS PRL 119, 112002 (2017)

Transversity DY TSA
A?in(z(ﬂcs—(ﬂs) oc hfq ® hc11
!7[ !p

FCOMPASS 2015 data ( 4.3<M ,,/(GeV/c *)<8.5} -

P | 1 1 Illl L 1 L1 11 IJLI_IJJ_I_IJ_I.J_I_'_IJ_I_'_IJ_L' JJJJJ lllllIIlIIIIlIJ IIIIIIIIIIIIIIIIIIIIIII
107! 107! -0.20 0.2040.60. | 2 3 4 5 o6 7T 8
Xy Xp Xp q, (GeVre) M, (GeV/c?)
B. Pasquini, P. Schweitzer M. Anselmino et al.
- A. N. Sissakian et al., Phys.Rev. D90 (2014) 014050 " Phys.Rev. D92 (2015) 114023
— Phys. Part.Nucl. 41, 64-100 (2010) T ‘Qz‘;z';gevg Y
5 i [GeV 7] _ oz | 2\ -
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Drell-Yan TSAs — Pretzelosity
do

Sin(20cs +05 ) i _
dq4dQOC1+...+ ST|:D[sin29CSJAT Sln(2¢CS ¢S)+j|

Pretzelosity DY TSA
SiN(2¢pcs +95 ) 1q 1q
COMPASS PRL 119, 112002 (2017) AT ey ®hy
_ 0.5 FCOMPASS 2015 data | 4.3<M ,,/(GeV/c *)<8.5}
7{% Op---- {"i ___________________ ‘{_% """""" } "'} """"" } """ ‘} """""" ‘} ““““““““
—0.5 ._ R B . lq,l_.h..hmh..h_,,.H|....|...,|..m..|....|..
107! 107! 020 02040608 1 2 3 4 5 6 7 8
Xy Xy Xp q, (GeVre) M, (GeV/c?)
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Drell-Yan TSAs — Pretzelosity
do

: o« 1+ 4 ST |:D[Sinz‘9CSJ A?in(zw(:S"‘@S) Sln (2¢CS _(DS ) 4+ jl
dg dQ Pretzelosity DY TSA
sin(2¢cs +95) 1 1
COMPASS PRL 119, 112002 (2017) AT ochy T @y
0.5 FCOMPASS 2015 data | 4.3<M,,/(GeV/c <8.5¢
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SIDIS in Drell-Yan high-mass range
Pretzelosity SIDIS TSA 0.1F 16<Q%(GeV/ey<8l | COMPASS|PLB 770 (2017) 138
sin(3¢, —¢ ) 1q 1lh ~, I I Z
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Drell-Yan TSAs — Pretzelosity

do SiN(20cs +05 ) i
ocl+...+ S |:Dsin2 A SII’](Z(DCS—(DS)+...]
dg‘dQ T Pretzelosity DY TSA
COMPASS PRL 119, 112002 (2017) AT o hid @y
_ 0.5 _—COMPASS 2015 data | 4.3<M ,,/(GeV/c <8.5¢
o] LI DO WE O Y

_05_ |||||_| |||||_IJIIII 1 lqll_lllllllmllllll_lIIHIIlIIIIlIJIllmllllllllll
107! 107! -0.20 0.204060.8 1 2 3 4 5 o6 7 8
Xy Xp Xp q, (GeVre) M, (GeV/c?)
B. Pasquini, P. Schweitzer .
' C. Lefky, A. Prokudin
Phys.Rev. D90 (2014) 014050 PRD91y(2015) 034010
h[GeV™? 0.09
3.1 006 ]
e
..lA ‘ E;v 0.03 A
0. ’ fb 0t ]
0.15 208 < 003}
0.1 s =
PIGTT o 04 -0.06
: o y 0 -0.09
0.70 0.1 1
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Drell-Yan TSAS — Sivers
do

1040 ocl+...+ S; [Aﬁ"”’S sin @, +]

Sivers DY TSA
sin 1
COMPASS PRL 119, 112002 (2017) A" o £ ® 1
0.5 FCOMPASS 2015 data —4.3<MW/(G6V/(.‘ )<8.5
:;/ - O- }

% | o
< _%"} """"""""" }-% -------- }—{—{——jt* ________

—0.5p  — PR ererurss B PPN Pl wurrs et DO B ors worsrars S DU E s wewwuwed SR SOOOETS
107! 107! -020 0.2040.60.8 1 2 3 4 5 6 7 8
XN X XE q, (GeV/c)

M, (GeV/c?)
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Drell-Yan TSAS — Sivers
do

TS ocl+..+ S [ A" sing, +...]

Sivers DY TSA
sing q 1q
COMPASS PRL 119, 112002 (2017) A o 1) ® Tr
0.5 FCOMPASS 2015 data | 4.3<M ,,/(GeV/c *)<8.5} - -
=S SR I S Lo SR VR SO N O SO
< i } | % | % {
=051 ._ Ll lﬁjl_n...hmh..h,,.H|....|...,_|..m..|....|..
107! 10! 020 02040608 1 2 3 4 5 6 7 8
Xy Xy Xp q, (GeVre) M, (GeV/c?)
SIDIS in Drell-Yan high-mass range =~ COMPASS PLB 770 (2017) 138
e 2>0.1 -4 z>0.1
; 0.04tc 0.1<z<0.2 -a 0.1<z<0.2
Sivers SIDIS TSA B Ty - 502
sin(d, —¢,) 1 h i - h' - h
T . fqu ® qu ¢ . 0021 TR ° - ‘} W
-;4:3 I ¢ % (% [ +| ‘}“H
| Q L A
] I A
L B s : l
I — I 'ﬁ"
_0‘02_.| . | . R I ! Lol
1 10 1
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Sivers asymmetry in Drell-Yan: sign change

DGLAP (2016) TMD-1 (2014) TMD-2 (2013)
M. Anselmino et al., JHEP 1704 (2017) 046 M. G. Echevarria et al. PRD89,074013 P. Sun, F. Yuan, PRD88, 114012
~ oo : A
7 COMPASS, proton, h* SIDIS 0.1F + SIDIS : SIDIS
<’ - h 005 +p— hi+X
T 0.05 F 0.04F e
3 £ : L},/'!/!j 00sE.  COMPASS
o + (;: S 0 B 0.02%—
0.02 — + + < 0-015—
+ + -005 - 0%—
0 O01F . oo,
o 10 ) 10 1 XB 10? X 107
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Sivers asymmetry in Drell-Yan: sign change

DGLAP (2016) TMD-1 (2014)
M. Anselmino et al., JHEP 1704 (2017) 046 M. G. Echevarria et al. PRD89,074013

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

si n(uh-ns)

~ 0.08 5 =
< COMPASS, proton, h* SIDIS 0.1 F N SIDIS “*F SIDIS
» - h 0.05F .
£ 0.06 - E H+p— hi+X
E 0.05 o ] 0.04;
: M 0osf  COMPASS
0.04 > C
ﬁd: 0 : 0.025
0.02 + + C 0015
' s -0.05 F F
C OF
0 0.1 F '0-015.
10 \10-2L IO;IXB/ 10‘2 § °
i sign change DY
0.1
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S
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< o
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Sivers asymmetry in Drell-Yan: sign change

DGLAP (2016) TMD-1 (2014)
M. Anselmino et al., JHEP 1704 (2017) 046 M. G. Echevarria et al. PRD89,074013

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

A

si n(uh-ns)
uTt

~ 008 X 0.06F
< COMPASS, proton, h* SIDIS 0.1 - + SIDIS = SIDIS
% oo " h 0.05¢ H+p— h'+X
£ 0.05 F = 0.04F-
0.04 ZE
+ + ;ﬁ: E 0.02
0.02 + -0.05 — 0.015—
L 0 —
0 0.1 F | | -0.01E- g

i sign change DY
0.1F
9_‘-’/) -
S i
7 -
< o
0.1+
no sign change
—0.5 0 0.5
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Sivers asymmetry in Drell-Yan: sign change

DGLAP (2016)

0.08

79: COMPASS, proton, h* SI D I S
E <.5 0.04 [ +
0.02 — + +
. + +
COMPASS

PRL 119, 112002 (2017)

In 2018 — 2" round of

sin@

—-0.1

polarized DY measurements

at COMPASS

9 July 2018

ASi vers

TMD-1 (2014)
M. Anselmino et al., JHEP 1704 (2017) 046 M. G. Echevarria et al. PRD89,074013
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P. Sun, F. Yuan, PRDS88, 114012
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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)

F. Bradamante (COMPASS at SPIN-2016)
arXiv:1702.00621 [hep-ex]

Sivers TSAIn SIDIS:  Ajf" ™ oc £29® Dy,
13 - COMPASS 2010, preliminary Sivers WTSA in SIDIS: AT ) oc f29® x Dﬂq
< 0.15F e SIDIS. it
= o SIDIS, i
T E
mq:: 0.17

0.05" o ’[I]"[}P
L _ —@’
:\\i‘..l T.*\ L paad L
10 10 1
X
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http://arxiv.org/abs/arXiv:1702.00621

The p; (d1) — weighted SIDIS(DY) Sivers asymmetry

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

F. Bradamante (COMPASS at SPIN-2016) ivers TSA in SIDIS: sin(h=4) f Ld Dh
arXiv:1702.00621 [hep-ex] Sivers TS SIDIS: T 7 ® 1q
Tﬁm 0.15- ° gigig! ;"; . . sing q 1q
< = . 1 Sivers TSAin DY AT o £ @1
7 0.1F . . :
R 5 SiverswTSAinDY: A" oc f x f9@
0.05- 5 b v \
L _ - g]’
:\\i...l T*\ P L L
107 10 1
X
Valence quark dominance
§ - [ ###% U — 1 -CTEQ 5D PDFs at Q*(x) of COMPASS 2010 NO Q2-9V0|Uti0n for Sivers PDF
150057 ——d S
S - 4 g 1u (@)
L r . T u
I - . Sin g —— f
o- Mp o 1T ,p
[ —f -
[ 1,p
0.05-
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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)

Lihg

F. Bradamante (COMPASS at SPIN-2016) ivers TSA in SIDIS: sin(h=4) f Ld Dh
arXiv:1702.00621 [hep-ex] SIvers TS SIDIs: T i ® 1q
> 0.15F e SIDIS, /i |
e [ 0 SDISH Sivers TSA in DY: A" o 10 @ fr
g 01F . . .
R 5 SiverswTSAinDY: A" oc f x f9@
0.051 s ’[I]'
L -8
:wwi...l T.*w PR L L L
10 10" 1
X J. Matousek (COMPASS at DSPIN-2017)
l arXiv:1710.06497 [hep-ex]
[—| = 0.6 . .
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o & - e binsinx
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w0057 s d . - —d o —s=% ” < - projection from SIDIS
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SIDIS and DY TSAs at COMPASS (high-mass range)

do

oC
dxdydzdp?dd,dg,
Aji-:-1(¢h_¢8) sin (¢h - ¢S )
N gAii-:-](%+¢S) sin (¢h +¢S )
. gAji?(s%—(ﬁs) sin (3¢h —¢s)
2o (L 2} sind,
_+ W&¢(2%7¢S)Sin(2¢h _¢S) )

COMPASS PLB 770 (2017) 138

(Four +5FUU‘L){ 1+...

+ S;

e ht  16<Q(GeVicy<8l
Ah  ()=0238
4 AEr;(d)h— 0) ~
sin(d)h-l- q)s— ) .
UT
sin(3¢p — ¢.) :
\AUT v ++ )
s1nq)S " ‘
ut
sm(Zq)h— q)S) *
UT LT L
—0.05 0 0.05
9 July 2018 < A >

dO_LO

dg*dQ

o R} (1+cos’ HCS){ 1+..

A" sin g

+D, ,
[sm HCS}[
+ D[sinzecs] [

A9 sin (200 — )

N A?in(2€0cs s) sin (2(pc3 + @ )
A]s_in(%s -0s) Sin ((DCS - (DS )

4 Aﬁin((pcs +0s5) sin (¢CS + (2% )

]

COMPASS PRL 119, 112002 (2017)

+S;

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

4 510

T

sin(20,,~ )
T

kAfrin(mC“; 9
sin(¢cs+ ¢S)
T

A;in(dncs— 09
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Future long-term “COMPASS-like” experiment at the SPS-M2

COMPASS beyond 2020 workshop, CERN, March 21-22, 2016

Physics Beyond Colliders kick-off workshop CERN, September 6-7, 2016

IWHSS17 COMPASS workshop, Cortona, Italy, April 2-5, 2017

Dilepton Productions with Meson and Antiproton Beams workshop, ECT*, Trento, Italy, November 2017
Physics Beyond Colliders annual workshop, CERN, November 21-22, 2017

IWHSS18 — COMPASS workshop, Bonn, Germany, March 19-21, 2018

Mini Workshop for a QCD Facility at the SPS after 2021 — CERN, 20 June 2018

IWHSS19 — COMPASS workshop, Aveiro, Portugal, June 23-28, 2019

X1V International > - PhySICS Beyond CO“IderS
2 ’ 2 4 The annual workshop of the Physics Beyond Colliders study group
\I-YO(;'kSh(;[t) o:t -~ 4 ,*;:, ECT* ,*;::. is to be held at CERN, Geneva, on 21-22 November, 2017.
adron ructure | "2
and SPeCt"OSCOPY El R()N AN CENTRE FOR THEORE ||( A . , : mission ofithe’study group, the W°f'<5h°$

Longitudinal and Transverse Spin Structure
of the Nucleon

Fragmentation Functions

Search for Glueballs, Hybrid Mesons and
Multiquark States

Meson Spectroscopy

TMDs, GPDs and GTMDs

New opportunities for physics beyond
colliders
Cosmic rays and accelerator physics

STUDIES IN NUCLEAR PHYSICS AND RELATED IWHSS1 8 rites offered by the CERN complexfor futlire™
b ENTO, 1T/ (7 1ents that explore open questions in fundamental -
XV International S

Briwvors WOl'kShOp on Hadron »p will present the progress and deveﬂap en
n ollid

der investigation by.the Physics-Beyo
Structure and Spectroscopy stimulate and discuss new ideas. =

March 19-21, 2018
Transverse Spin Structure of the Nucleon
Bonn, Germany TMD's, GPD's and GTMD's
Meson Structure
@ iwhss2018physik uni-bonn.de Meson Spectroscopy y
Search for Exotics & on, as well-as men nda&
New Opportunities for fixed Target Physics

Local Organizing
Committee

Maxim Alexcey

Antanio Amaraso

& hitpsi/jcern.chiiwhss-2018

b IS Casello & Treni (Trint™, was st by A. Dirce oo i way back from Venice (1495). Brtinh Mscurs |

ichela Chiosso X a ike La L Connie ,ClaudeValléa,
Daniele i (Chaie)
akur Parsamyan.

(@ iwhss17@toiinfn.it

8§ iwhssizoinfnit

(a0
i »ﬁz%i”*

/ UNIVERSITAT
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https://indico.cern.ch/event/502879/
https://indico.cern.ch/event/523655/
http://iwhss17.to.infn.it/
https://indico.cern.ch/event/664277/
https://indico.cern.ch/event/664277/
https://indico.cern.ch/event/664277/
https://indico.cern.ch/event/644287/
https://indico.cern.ch/event/658983/
https://indico.cern.ch/event/737176/
https://indico.cern.ch/event/737176/

Conclusions
* During phase | COMPASS has measured all possible SIDIS azimuthal

LSAs and TSAS
o Recently COMPASS has performed first multidimensional analysis of SIDIS
proton TSAs: PLB 770 (2017) 138
* No hints for significant Q?-dependences of Sivers and Collins TSAs

 Apart from Sivers and Collins effects non-zero signal was observed for twist-2
AS2*@r=®s) and subleading-twist ASr®S TSAs
o COMPASS has measured SIDIS proton LSAs with unprecedented precision
. twist-2 A5y >®* asymmetry seem to exhibit a Collins-like behavior
- Significant effect was observed for subleading-twist A5 %" LSA
* In 2015 COMPASS has successfully collected first ever polarized DY data
PRL 119, 112002 (2017)

o A second year of polarized DY data-taking will take place in 2018

« COMPASS-II proposal addendum: SIDIS run in 2021 with transversely polarized
deuteron target was recently approved!

» Possible future experiment at the SPS M2 beam line is being actively discussed

o New experiment beyond 2021, the LOI will become public soon
« Particular attention is given to possible Drell-Yan measurements
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The A7 ?" asymmetry

do Singy, o3 o
dxdydzdpZdg,dg, oC (FUU'T +5FUU,L){1+...+ S, W'A\JL% sing, +... } PLB 717 (2012) 383

i? 0.06 h+
e 2M h. M, G M i H
singy, _ &7 NPy G Lth h ya ~9 Proton 2007+2011 data 0l b4
F C h'H
uL XN, 1q + Oi H{'
Q M h M z L o extracted LSA h' _+ _______________________
== 0.04+ 2 TSA contribution
A ah £ = - e corrected LSA ' '
+ h- kT xf L Dh _% 1q i ”<D | COMPASS preliminary ?& h +
M Y 0.02F 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 o Y o 0_— %A@Q%éﬁﬁgﬁ\
10~ 107 : :
) .. —0.02F  —]
« 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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SIDIS: target longitudinal spin dependent asymmetries

do
oC
dxdydzdp;d ¢, d e,

(FUU,T +‘9Fuu,|_){1+---+ S, eA)*" sin 24, +... }

MM,  Additional p-suppression

— —C{—Z(h. pr )(P-ke )= pr Ky tqHﬁh} *  Only “twist-2" ingredients

B. Parsamyan (for COMPASS) arXiv:1801.01488 [hep-ex] (DIS-2017)

% :Z__ ; ST <'z <02 : : ) .
p 4 X
O#m%#m %ﬁﬂﬂ * W%W 1 ?f@*@?j% %

%<50.02: £ 0.1<z<02 + + %L % % _ % Z: +
1 MWM% __ﬁ?;@;i{g . _ﬁﬁg% @L | M%ﬁ% :
1072 ot 02 04 06 08 0 lpT GeVie) W Geviey
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https://arxiv.org/abs/1801.01488

The A$3°®* asymmetry
da o cos
VNI (Four + R ) {1+ + S A2 (1- ) A2 cos¢h+...}

n |jih
Fot =21 C{ hMpT (erHih + '\I\/'/I“ 9 —

Q h z
~ M ~h
il h h L q
+ T[Xququ_v N . jf
- eh' z>0.1 - COMPASS preliminary  Proton 2007, 2011 data
< oapth g i i
844 I I I I %
i i ﬂ q I 3 I
o ig‘éﬁ.g##ﬁ aﬁé{.i#{; __gfggﬁﬁ & 1 ﬁ{»ﬁﬂ# .
—0.1F - . -
_l—_-ul_ T | | | e [ — ]
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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SIDIS: target longitudinal spin dependent asymmetries

do

F + ¢k 1+...
dxdydzdp?d ¢, d ¢, < (Fuus + ”“’L){

L, _,/25(1—#5) Sif%sin%] W

SiN2¢), o
| +e AT SIN 24,

i Vl_gz ALL
| +/2¢(1- ) AT cos g, |

COMPASS collected large amount of L-SIDIS data
Unprecedented precision!

+ S, 4

Asinth
UL
* Q-suppression, Various different “twist” ingredients
» Sizable TSA-mixing
« Significant h* asymmetry, clear z-dependence,
* h-compatible with zero

sin2¢p
AUL

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

* Collins-like behavior?

cospp
ALL

» Q-suppression, Various different “twist” ingredients
« Compatible with zero, in agreement with models

sin q)h
UL

sin 2¢h
UL

cos d)h
LL

sin 3¢h
ULWY

cos 2¢h
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COMPASS preliminary
z>0.2,x>0.032

85



SIDIS Sivers TSA in COMPASS Drell-Yan Q?%-ranges

do (FUU,T +5Fuu,L){1+"'+ St Aiﬁ(%_msm((bﬁ ¢ )+ }

oC
dxdydzdpZd ¢, d e,
COMPASS PLB 770 (2017) 138

Fsin(¢n_¢s) — C|:— hIVlI(T fl#q Dh :|’ FUS_'I_"‘(L%_%) — O

ur.T 19 F0.022<x<0035 sh' 0.1<z<02 -- DGLAP b 01 <p KAGeVie)<0.3
> 005F ~F — ™Mb L !
T [ +h I
g : m
£5 o : i T
< O ? z ]
0.035 < x <0.055 02<z<03
0.05F

sin(é,— ¢.)

AUT
(=]
T

(‘/la\ /5\:
o & J—
S 10° o — , —————,
G Q
@ 3 0.055 < x <0.1 03<z<04
= - I 2 ook
Q) ! ) ~N p=o e
L 16<0%<81 3{ e )
. $ g
N < 0
10 6.25<Q’<16 \
- i ol 0l<x<0.145 [ 04<z<06

4<0%<625 |

sin(g, - o)

AUT
(=]
T

1<Q’<4 1<Q’<4

— : —_— :, ——
0.145 <x <0.215

i _ A HETHE \ L PR
102 107! 11073
X

Multi-dimensional input for TMD evolution studies

sin((hhA le)

AUT

10 1 10 _, 51 10
07 (GeV/cY 07 (GeV/cy 07 (GeViey

The solid (dashed) curves represent the calculations
o o for TMD (DGLAP) evolution for the Sivers TSAs
*  No clear Q*-dependence within statistical accuracy pased on the best it of 1D COMPASS and HERMES data
* Possible decreasing trend for Sivers TSA? from Phys. Rev. D86 (2012) 014028 by M. Anselmino et al.
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SIDIS Collins TSA in COMPASS Drell-Yan Q?%-ranges

d sin( ¢, + :
o o (Fu +5FUU,L){1+...+ Sp e AT M sin (g, + ) +... }

dxdydzde2d¢hd¢5S
COMPASS PLB 770 (2017) 138

Feinlhds) HL " e h 1<Q%(GeViey<4 | z>0.1
ut hl gﬁ 0.1- a h™ r
§<5 oﬂt-s*t 4 o S
a1 I ~
< COMPASS 5 »
> 107 s e
O 08 3 - 3
< 3 s - 4<Q’/(GeV/c)'<6.25
NQ) 7 ™~ Lo 0.1
.6“.% = L“; RER IR 4 ah a4 #
£5 0 §o‘o ., e °
< 1) ® ¢ © .
10 -0.1F i
............................................ S —_ _
___________________________________________ = - 6.25<0%/(GeV/cy<16
T4 0.1 r r
3 ; + ‘d s d i t " b
i §5 o a4 iy ‘ - ‘.
Plocau ———— N < [ .‘§ L) *®e 5
107 1072 107 1 -0.1F - &
x ; . t—‘ _‘__lfJ_ __l—_l =i
_ b 16<Q7/(GeV/ey<8l1
e h™ 16<Q(GeVicy<8l1 Z 0.1F ill g ;
ah™ (x)=0238 o i é_;“ } » 444{' +
. E =
sin(,— ¢) ; 7 | # by [y 4 + ¢ 5 >
AUT : s —0.1F h - -
‘ g—" p—
Sin + — T : i e T B ] Lo A o] e e ] Lran
A @+ 5~ —o— i —k 10-2 10-! 02 04 06 08 05 1 15
UT : X z p, (GeV/e)
sin(39, = ) Ny
uUT : |
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SIDIS TSAs (Sivers)

do sin(gh—s ) i
Sayapiap g, T w8y AT sin (g —g) . |
Ak M.G. Echevarria, A.1dilbi, Z.B. Kang and I. Vitev,
Fon(h—4) :c{— vt D! } Fanth4) — g PRD 89 074013 (2014)
0.12— . SIDIS 0
. 0.05 ‘ } E A?in(ps o fq ® fJ.q
 Measured on proton and deuteron 5 o Eiperert—— 00l b
* Recently - gluon Sivers paper 005 F < -0.02F
PLB 772 (2017) 854 | T Y
_ o olfF R DY
» Sivers effect at COMPASS is slightly oosk " 20.04F
smaller w.r.t HERMES results 5 b gaaatit Ny
(Q? is different by a factor of ~2-3) “ sk Xp
« QZ-evolution? Intriguing result! ik
»  Global fits of available 1-D SIDIS data CR O
- Different TMD-evolution schemes }
» Different predictions for Drell-Yan P. Sun and F. Yuan, PRD 88 11, 114012 (2013)
« Sivers TMD PDF is predicted to change ) 10 om0 - . . —
the sign between SIDIS and DY ey Ayr " o T © Dy A" o il 015 DY |
0.06 SI D I S orsh COMPASS Drell-Yan ]

005 H+p— h'+

0.04

001 /—\

0.00 - L L 1 L
102 10 -0.2 0.0 0.2 04 0.6 0.8

(¢y - ¢5)

0.03 COMPASS

0.02

T IRAARI RARATRARAY LAAM AL Lan L P
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COMPASS DY: high mass range

Final sample: 35 000 dimuons in HM
D<M /GeV/ies) <2.0 “Low mass’ 0
~ E '
Large background contarination, combinatorial, cjc_g = _’_CON{)P*SS?{ZOHdNHsdam
Open=charin (B DD. BB. . K 50 Comb. backgroun
‘ )pen-charmm ;_)_);_ _ ‘ “ % 10 AN Yy (M)
2.0 <M/(GeV/es) <25 “Intermediate mass @) W A N ' (MC)
High DY-cross section g 104 %_;._': ——e Open-charm (MC)
- v DY.gte o | e O = ;%t__".'._'_“ 3 - === Drell-Yan (MC)
il low DY=-sign iIcKground ratio = RN Total MC + Comb. background
2.0 < M /(GeV/es) <4.3 “Charmonia mass’ ; 10 3 A, KA B :
strone J/w=s1onal — study ot J w;"i_\.\.r\. E - \\ :
(5001 ] anal ) \_“[ aroun ] | ' § 102 g_ L‘}‘.‘Ik"\' - ,,
LY: ) - iy ‘ = 2 EE i
e 43< M /(GeV/c?) <85  “High mass 10 & 3 <M ) =53 GeVic ! %ﬁﬁiﬁﬁfﬁ
o Low DY cross-section : 2 |
o Beyond charmonium region, background < 3% | 21 B 6| N é ' lb
o Valence region — largest asymmetries 2
M, (GeV/c)
HM events are in the valence quark range COMPASS 2015 data 3
Drell-Yan NH; 5
= 1 S I g
= - COMPASS 2015 NI, data l 09 5 =
L 2 [a] &
08 4.3 < M, /(GeVic?) <8.5 “os 2 E
- (x) = 0.50 07 = Lot i S
0.6~ 0.6 { g
04— 04 = T 5 A
- 03 % o
02 0.2
B 0.1 2
0 0 1 Lol ‘ SRR
0 107 1072 107!
9 July 2018 Bakur Parsamyan Xy 89




SIDIS TSAs (Sivers)

do sin(h—s) o
«(F,, +eF 1+..+ S sin(@. — @, )+...
dXddedp.?d%d¢s ( uu,T UU,L){ T AJT (¢h ¢S) }
o) _ C{— h-k, f Ly } Finth %) _ STAR collaboration: PRL 116, 132301 (2016)
) q (! )
ﬂ:z 0 ; STAR p+p 500 GeV (L = 25 pb™) qz 0 ;E_STAFI p+p 500 GeV (L = 25 pb™)
PL0.5<P) <10 GeVic PLo.5<P) <10 GeVic
0.6 0.6-
« Measured on proton and deuteron 0.4F : 0.4
* Recently - gluon Sivers paper 0.25 S 0.25 —
PLB 772 (2017) 854 oF 0F ¥ $
0.2 0.2
« Sivers effect at COMPASS is slightly AL FW Ty ., _oab BEW STV }
Tt 4 run 17 proj. (L=350pb , P=55%) L+ run17 proj. (L=350pb™, P=55%)
smaller w.r.t HERMES results 0.6 — KQ - no TMD evol. 0.6 — KQ - no TMD evol.
(Q2 |S dlffel’ent by a faCtOI‘ Of ""2'3) _0-82_3.4%?9':(:”-;2;?1::::!;?:@ not shown _0-8;3.4%?5:&};?33::::;2:@ not shown
«  Q2evolution? Intriguing result! s 0 " o5 150 05
yv yY
» Global fits of available 1-D SIDIS data
- Different TMD-evolution schemes _ _
- Different predictions for Drell-Yan | M. Anselmino et al., JHEP 1704 (?017) 046 (no TMD evolution)
» Sivers TMD PDF is predicted to change .| rrzo v 0sl FT20168 W
the sign between SIDIS and DY 06 | f 05| :

04 1 04

«  First experimental investigation of - — el 1o
Sivers-non-universality by STAR 0| ] -

A
A

0F

1

. Differe_nt hard scale compared to FT _ 2 osarocey i 2 csarerocer
¢ EVOIUtlon eﬁeCtS may play a SUbStantlaI -0.6 04 02 O UI.Z OI.4 0.6 -0.6 04 —OI.2 U OI.2 UI.4 0.6
role Yw Yw

9 July 2018 Bakur Parsamyan 90



Lorentz-invariance relations :
The "bag" model, "spectator” model, "light-cone constituent quark™ model, "chiral quark soliton™ model,
"covariant parton" model with intrinsic 3D-symmetric parton orbital motion, "quark-traget” model
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