First measurement of transverse-spin-dependent §
azimuthal asymmetries in the Drell-Yan process

|
\ BAKUR PARSAMYAN QI
UNIVERSITA Z «r‘q $ g‘i
oo [ e University of Turin and INFN section of Turin g f{\

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

=

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 B.P.

COMPASS-II

Data taking 2012-2018
Primakoff

DVCS (GPD+SIDIS)
Polarized Drell-Yan

i1l
o
—

~ A =

Talk by A. Ferrero and this talk

COMPASS web page: http://wwwcompass.cern.ch
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Introduction: COMPASS setup, SIDIS and Drell-Yan

A glass of Prosecco for the start
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COMPASS experimental setup: Phase | (muon program)

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area.

ECAL2
Two stages spectrometer LAS+SAS HCAL2
»  Large Angle Spectrometer (SM1 magnet)
»  Small Angle Spectrometer (SM2 magnet) &

EcaLl  oM2
HCAL1

RICH. SN
SM1 \
Polarized §A :

Target

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

Muon wall
Longitudinally polarized (80%) pu* beam: 0
Energy: 160/200 GeV/c, Intensity: 2:108 p*/spill (4.8s). e
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-taking years: 2002-2011 '
5 April 2017 Bakur Parsamyan

COMPASS
HERMES
JLab6

Muon-filter

High energy beam
Large angular acceptance
Broad kinematical range

Momentum, tracking and
calorimetric measurements, PID
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COMPASS experimental setup: Phase Il (DY program)
COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area. ECAL2
Two stages spectrometer LAS+SAS HCAL2
»  Large Angle Spectrometer (SM1 magnet)
»  Small Angle Spectrometer (SM2 magnet)

EcaLl  oM2
HCAL1

RICH. SN
SM1 \
Polarized §A

Target

Muon-filter

» High energy beam
« Large angular acceptance
« Broad kinematical range
*  Momentum, tracking

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

High energy n~ beam:
Energy: 190 GeV/c, Intensity: 108 n/s
Target: Solid state
NH; 2-cell configuration. Polarization T ~ 80%, f ~ 0.22

Data 15 collected sirmultaneously for the o, O target soin orlentations

Ceriodic polarization reversal to minimize systermatic effects

Data-taking years: 2014(test), 2015, 2018
5 April 2017 Bakur Parsamyan




COMPASS experimental setup: Phase Il (DY program)

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area.

Two stages spectrometer LAS+SAS

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

SM2
ECAL1L Muon-filter
HCAL1
RICH. S 7
SMI N
Delauitaas § ' Hadron absorber
Nuclear target (Al)
Target N Aluminum cone %
Muon-filter N 1 wmor
E 7 25cm
. A v lyer
SciFi, Silicon, MicroMegas, M |
GEM, MWPC, DC, Straw, 1 stainioss Stee
Muon wall, VD, DC5, new DAQ... vertex detector =g R
gl:):nciz::g' /::: Ty SU | Iy SSse—. - . alumina
High energy =~ beam: \ Lol /
Energy: 190 GeV/c, Intensity: 108 n/s T funasten beam pig
Target: Solid state ddd
NH, 2-cell configuration. Polarization T ~ 80%, f ~ 0.22
Datz 15 collected sirnultaneously for the two target spin orlentations
Ceriodic polarization reversal to minimize systematic effects
Data-taking years: 2014(test), 2015, 2018
5 April 2017 Bakur Parsamyan 7



COMPASS experimental setup: Phase Il (DY 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

HCAL1 S

RICH . S 7

>~ x10°
M1 \ £ 3 COMPASS 2015 data Tungsten
. Q
: N 43<M V/c? . beam plu
Polarized § = 3< M, /(GeV/c?) <85 am plug
Target - o |
= “
= |
@]
Q

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

f—

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

NH, 2-cell configuration. Polarization T ~ 80%, f ~ 0.22

Data 15 collected sirmultaneousy ﬂ;frht'“‘\\fﬂﬂ“gf\}WIJU{rj\!W
'I)“A‘

Ceriodic polarization reversal to minimize systematic effects

Orls

Data-taking years: 2014(test), 2015, 2018
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COMPASS experimental setup: Phase Il (DY program)

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area. ECAL2
Two stages spectrometer LAS+SAS HCAL2
»  Large Angle Spectrometer (SM1 magnet)

»  Small Angle Spectrometer (SM2 magnet) &

EcaLl  oM2
HCAL1

RICH

SM1

Reconstructed events

[ Events from 1" cell
[ Events from 2™ cell
[ Events from LHe gap
[""1 Events from LHe upstream 1" cell
Events from LHe downstream 2™ cell

Polarized §A

Target

10000

Counts/(1 cm)

SciFi, Silicon, MicroMegas, 5000
GEM, MWPC, DC, Straw,
Muon wall, VD, DC5, new DAQ...

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

NH, 2-cell configuration. Polarization T ~ 80%, f ~ 0.22

Data is collected simultaneously for the two target spin orientations.
Periodic polarization reversal to minimize systematic effects

Data-taking years: 2014(test), 2015, 2018
5 April 2017 Bakur Parsamyan
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COMPASS experimental setup: Phase Il (DY program)

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area.

Two stages spectrometer LAS+SAS

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

ecaLl  SM2
HCAL1
RICH. SN
SMI  Na
Polarized §A
Target

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

High energy n~ beam:
Energy: 190 GeV/c, Intensity: 108 n/s
Target: Solid state
NH; 2-cell configuration. Polarization T ~ 80%, f ~ 0.22

Data is collected simultaneously for the two target spin orientations.
Periodic polarization reversal to minimize systematic effects

Data-taking years: 2014(test), 2015, 2018
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Muon wall, VD, DC5, new DAQ...
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| COMPASS 2015 data | 4.3<M ,,/(GeV/c 7)<8.5
02F
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COMPASS experimental setup: Phase Il (DY program)
COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area. ECAL2
Two stages spectrometer LAS+SAS HCAL2
»  Large Angle Spectrometer (SM1 magnet)
»  Small Angle Spectrometer (SM2 magnet)

EcaLl  oM2
HCAL1

RICH. SN
SM1 \
Polarized §A

Target

Muon-filter

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

COMPASS 2015 data
Drell-Yan NH;

Highenergy m beam: e g
Energy: 190 GeV/c, Intensity: 108 n/s oL

Target: Solid state . —p A
NH; 2-cell configuration. Polarization T ~ 80%, f ~ 0.22 -

Data is collected simultaneously for the two target spin orientations.
Periodic polarization reversal to minimize systematic effects

Data-taking years: 2014(test), 2015, 2018
5 April 2017 Bakur Parsamyan
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COMPASS DY mass ranges

1.0<M/(GeVIc?) <2.0  “Low mass”

o Large background contamination, combinatorial, “E

Open-charm (B) DD, BB, &, K decays %

20<M/(GeVic?) <2.5 “Intermediate mass” | O
o High DY-cross section 3 10*

S

z

=

=

o

Q

—— COMPASS 2015 NH, data
------------- Comb. background

------- Jhy (MC)

....... V' (MC)

CIEE Open-charm (MC)

- === Drell-Yan (MC)

Total MC + Comb. background

¢
il

o Still low DY-signal/background ratio
25<M/(GeVic?) <43  “Charmonia mass”
o Strong J/y-signal — study of J/y physics

o Good signal/background

T I\IIIH‘ L \I\HH| I I\IHH‘ J \IM\._\#’ I \IHII‘ T TTTI

« 43<M/(GeVi/c?)<8.5 “High mass” 10 | %%ﬁﬁfﬁ%ﬁﬁﬁfﬁ
o Low DY cross-section
o Beyond charmonium region, background < 3% | 21 "' 6| | é | lb
o Valence region — largest asymmetries M, ( GeV /Cz)

1 ~—~
COMPASS 2015 data . =
Drell-Yan NH; 0.9 §
—o0s £
o S
0.7 "@Z
=
3
________________________________________ =
=
1 0
5 April 2017 Bakur Parsamyan 12



COMPASS DY: high mass range

Final sample: 35 000 dimuons in HM
( | "(‘\\ C Vlf‘ )W g ,H P
0 1/(GeV/es) < 2.0 LLow mas s _
Large background contarmination, combinatorial, Cjc_g E —— COMPASS 2015 NH; data
():,\_[‘_‘_-i arff (B) DD. BB. . K decavs > 105 L s, T Comb. background
. o ' V = SN e Iy (MC)
2.0 <M /(GeV/e?) <2.5 “Intermediate mas O A ¥ (MC)
High DY-cross section g 104 ‘?—\ ERTE Open-charm (MC)
1 low DY ha ol | ¢ ) = ---- Drell-Yan (MC)
S Iow L Y=signal/background ratio = 3 [ _:";" Total MC + Comb. background
25 <M/(GeV/ed)<4.3 “Charfionia mas > 107 = AN Ty, T TTTTTTTTIOON !
S \ tul i J/w BAvsIc E - A :
SoONGS J/w=s1gnal — study or J/w BAvysIcs o |
o b | o 2 10° = o N et s |
(300d signal/background S E N a
. ) : S = ; ;
« 43<M/(GeVic?) <85 “High mass” 102 5, {M) = 5.3 GeVie Fifies
o Low DY cross-section =
. - C 1 | Y PR -~ L | |
o Beyond charmonium region, background < 3% 4 6 3 10
o Valence region — largest asymmetries 2
M, (GeV/c)

COMPASS 2015 data
Drell-Yan NH;

e e e m e mmm e m e cm e mm i m - A ———— v e - ]

d’N/dxndQ? (rescaled)
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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 backaround contamination, combinatorial, cjc_g = —"—CON{)PQS?fOlSdNHSdata
pef-charm (B BB n K 50 Comb. backgroun
‘ Open-charmn 1_/)_/);_ _ ‘ “ % 10 =N Yy (M)
2.0 <M/(GeV/es) <25 “Intermediate mass @) W A N ' (MC)
High D Y-cross section g 104 %—:'-;' —ree Open-charm (MC)
- v DY.gte o | e O = ;%t__".'._'_“ 3 - === Drell-Yan (MC)
il low D Y-=sien ICKoround ratio Nt 3 [ RhEY 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"\' - .,
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
- 1 = e
= ~ COMPASS 2015 NH, data l 09 B =
L 2 < &
0.8 [ 43<Mud(GeVic) <85 Sos G 3
- (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!
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COMPASS DY: high mass range

Final sample: 35 000 dimuons in HM
OD<M/(GeV/ies) <2.0 mass
A~ E d
Large background contarination, combinatorial, (\:&3 = *CON{)PQS?{ZOIS?HJata
O ) DD, BB ‘ 50 Comb. backgroun
P v Syt ' B B i s N — Iy (MC)
2.0) 1/(GeVies) <25 “Intermediate mass @) W A N ' (MC)
High DY | g 10% = SSOCRE Open-charm (MC)
oy T PPN TN = = ==== Drell-Yan (MC)
Still low DY-signal/background ratio ~ 3 _:"»,‘ Total MC + Comb. background
7.5 L /(e /e<) 4 3 “Chafmmonia mass’ ; 10‘ = N e :
| | ly of Iy p g F oy :
SHFONC W=S12Nn4a » Study or J/w BAvYSICS & [
00d signal/backgrouns SR = b (M) = 5.3 GeVie: T Wit
« 43<M/(GeV/c?)) <85 “High mass” 0L T, AT 93 EVIC ﬁﬁ%ﬁﬁfﬁfﬁ
o Low DY cross-section =
. u C 1 | A Lot L L | |
o Beyond charmonium region, background < 3% 4 6 3 10
o Valence region — largest asymmetries 2
M, (GeV/c)

1 ~—~
Dimuon transverse momentum q, > 0.4 GeV/c COMPASS 2015 data .09 E
Drell-Yan NH; 7O
(xF) = 0133, (qT) == 1-2 GeV/C - o o - —os8 é
x10° x10° — |07 %Z)
ot COMPASS 2015 NH, data | = | COMPASS 2015 NH, data 06 RS
S n 4.3 < My /(GeV/c?) <8.5 % 5F 43 <M /(GeVicH<8s | L B TS
E § ar 05
= . L

3 § 3;, 0.4

J M5 AN (£

O 1_ 0.2

o 1 2 3 4 5 0.1

q..(GeV/c)
T (I ] O
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Kinematic map: high mass range
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COMPASS DY: Charmonia mass range

D<M /GeV/ies) <2.0 “Low mass’
‘ R = } '
Larg kKeround contarnination, cormbinatorial, o = | —— COMPASS 2015 NH; data
Aef=el 2] BB ' o b e Comb. background
\ (KJI_I‘(_I \I],\‘ ‘l_/)‘_/)}_J_J',‘ o “ % 105 ?: E ------- Ty (MC)
2.0 [/(GeV/es) < 2.5 Intermediate mass O L e ¥ (MC)
Hieh DY-cross section g 104 g—l ; 1 —eem Open-charm (MC)
. o S = :: - - - Drell-Yan (MC)
still low DY-signal/backeround ratio - = ".,_:‘; Total MC + Comb. background
« 25<M/(GeVic?) <43  “Charmonia mass” S 1002 e T
. . = ct A
o Strong J/y-signal — study of J/y physics 5 102 i G d _,
o Good signal/background 3 = \*‘:\
‘ 3 ‘ ( It \ N 3 i U l | oDy ‘ [- L. "‘1:'-‘:."\“ -'\ ' ﬁﬁ E
Fu | J'€ C=) Hligh ma 10 ?: : .,":” ."\‘ {iﬁﬁ%ﬁfﬁfﬁ
Oy |) [ _‘|"n~~‘—~\_‘_‘”<f[\ E : ! -3?‘!\ ‘\.. i
Beyond charmonium region, background e - e |
o o ' A RS 4 6 8 10
valEnce reulio ; Irgest asy | 2Ires
1O ) i 'l Muu (GeV/CQ')
(x.l.[) = 0.31, (xN> = 0.09, (XF) = 0.22, <qT) =1.1 GEV/C COMPASS 2015 data .1 %"
> 1 I ~ Drell-Yan NH; 09 g
= COMPASS 2015 NH, data 0.9 T R TEL e og 8
2.5< M, /(GeV/c?) <43 N ne S g}
0.8 0.8 2 43<M <85 !
- 07 & uu 5
. > 0 10° 10! 1 . 0.6 "Q
0.6 0.6 5 - e 2
l 05 .= , 0.5
. § 10 : 04
0.4 04 = 5______________|_ _________ )
s 0.3 = - 2<M ,<2.5 0.3
0.2 0.2 - R 0.2
<
0 £ . 8'1 H 0.1
0 02 04 06 08 1 el - P 0
Xy 10 10 10 1
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COMPASS DY: Charmonia mass range

O<M/(GeV/ies) <2.0 “Low mass’
Large background contarnination, cornbinatorial,
Open-charin (8) DD, BB, =, K decays
2.0 <M/(GeV/ies) <2.5 “Intermediate mas

High DY-cross section
still low DY-=signal/background ratio
« 25<M/(GeVic?)) <43  “Charmonia mass”
o Strong J/y-signal — study of J/y physics
o Good signal/background
Lo < M /(GeV/es) < 8.5 “High mass™
Low DY cross-section
Seyond charfonium region, background

/alence region — largest asymmetries

(x.) = 0.31, (xy) = 0.09, (x;) = 0.22, {g,) = 1.1 GeV/c

0.0 . *
-0.1+ ]
&
s~ -02F ]
icz !
- M. Anselminoetal. . _o3ceve
—0.3; arXiv:1607.00275 “me 05 GeVie |
: | —— qr=0.8 GeV/c
04— |

-0.4 -0.2 0.0 0.2 0.4
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= 1
O w I e
g 104 5?_1 : —m Open-charm (MC)
) =¥ i - === Drell-Yan (MC)
~ B T TN Total MC + Comb. background
~ 3L R P,
10 E ,-'f\ :
icﬁ E 1 "1. K 9 i
S 2l SN
o 10- =) W i
Q E 1 | ﬁ
C -1 : i
10 E 1 i i s "\‘_ %
E : : :‘\-\ ‘\-.'\
L L | -4 | 1 | i
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6 8 10

M, (GeV/c?)
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COMPASS 2015 data
Drell-Yan NH;
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Brell -Ban
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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). +
G g
dxdydzdp?dg,dg, All measured by COMPASS

a y’ jal
|:XyQ2 2(1—6‘) (1"" 2X]j|(FUU,T +5Fuu,|_)

1+ |26 (1+ &) Ay cos g, + AT cos 2,

+ A\2e(1-2) AN sing,
[1/25 1+&) A ™ sing, + A} sin 2¢h}

N-¢ AL+ 525(1 E)AEOS% COS¢h}

n SL/I[

AT sin (g, — gy )
] + oA M sin(g, + s ) >
+ S |+ eATsin (3¢, — ¢ )
“;‘25 1+ g)ASJ'”¢S sin ¢S

Z
Y 2.,2
+ STﬂ * AU(@?S _ FU((&+¢S) C o= 1 y 47 y 7=%
28(1—8)AE-?—S (2, —45) COS(2¢h _¢S) FUU,T +‘9FUU,L 1_y+1y2 +172y2 Q
| 27 T4
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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,
sing, 3|n2¢h ark
[1/25 L+ &) A sing, + Ay sin 2¢h} Qu U . -
Nucleon
n SL/I[ h—e?, + 2 (1—c) AT cos;ﬂ )
- _ U | fikd) ok 2)
Aji;(%%) sin (¢h _ ¢s ) number density Boer-Mulders
" + AT sin (4, + ) > L g ik 2) | h*(xk?)
+S. |+¢ A\ii?(g%_%) sin (3¢h — ¢s) helicity worm-gear L
[ sin g
28(1+6‘)AJ S|n¢S hlq(X,ki)
( 0 f QJ_(X Kk ) g 1qTJ_(X’ Kk i) transversity
s | e | v (k)
5 pretzelosity
+ 26(1— &) AH ) cos (24, — . Qh 2 Lh 2
| 2eld=2lAn (28 —¢:)) +two FFs: D)) (z,P?) and H.."(z,P?)
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SIDIS x-section and TMDs at twist-2
d

All measured by COMPASS

dxdydzdp2d g dg,

2 2
o y 4
1+— ||(FR,,  + &R
{ny 2(1- 3)( ZXH( woT UU’L)
+4/25 1+ &) Ajy™ cosd, + e A" cos 24,
+ Ay2e(1—2)AL" sing,

[,/25 (1+)A* sing, + Ay sin 2¢h} Quark U . -

Nucleon

LS /1[\/1 £ A, +1[25 (12 ) A cosqﬂ @ ®-@
- U
Aji;‘(qj“ ~4s) sin (¢h — ¢, ) number density Boer-Mulders

. b oA sin (g, +4,) | . & &--®

+ S, |+ eANH ) gin (34, - ¢,) helicity worm-gear L
+ﬂ/28 1+ ¢ AJ'M’S sin ¢ @_@

sin(24), ~4s
_______ T_J_?_‘i_lii_‘\_J______?!?_??’h__f’fs_)_:___ r @@ @@ | e
/ B cos(h—¢s) 3
1 g ALT COS ¢h ¢S) Sivers Kotzinian-Mulders @‘@

cos worm-gear T
+ S;A|+ ./28 l1-¢ AL % cos Ps pretzelosity
B cos(2¢, —¢s ) _
_+ J2&(1-¢)A7 cos (24, — ¢ )_ I spin of the nucleon . spin of the quark , K+
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SIDIS x-section: transverse spin dependent part

do
F.,- +é&F 1+... sin(¢y—¢;) 1q h
dxdydzdpZd ¢, d g, “(Four+e UU’L){ / o T ®Dy,

AT ) sin (4 — g ) | ) ot @ H Twist-2
+ 8Ai¢(¢"+¢8)5in(¢h +¢s)
LS |+ AJ';‘ ) sm(3¢h # )

sin(3¢, —¢s ) 1q Lh ict-
i ch' ®H Twist-3

Si“(@)vgévQ‘l(hf@HLh+flq®Dh+ )
T 1q 1T 1g "

Ww
sin(2¢, —¢s) -1 1q Lh 1q h
" o« Q7 (hy! ®HL' + 119 ® D +...)

cos(¢, —¢s ) h
T o ng ® D

cos( )WW -1 h
\ e (gqu®D1q+"')
Eight transverse-spin-dependent azimuthal CO(2h ) o Q‘l(g ! ® Dlhq+"')

asymmetries (TSA) appear in SIDIS x-section
* Four “twist-2” TSAs
(Sivers, Collins, pretzelosity, Kotzinian-Mulders)
* Four “higher-twist”
« All measured at COMPASS (P/D)
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SIDIS and single-polarized DY X- -sections

do .
oc (Fy, 7 +&F 1+.. SIDIS —oc Fl+F DY
dxdydzdpZd ¢, d g, ( uu,T UU,L){ ( )
B I 1 2
Aji?(f/in—(/ﬂs)sin(%_%) | | 1+A\J COS” Ocs
in(h+45) ; + SN 20 A7 COS @eg +5IN° O AT COS 20056
+ 5AUT Sln(¢h +¢S) i + SL _Sin 29(;3 Singcg Sin¢C3 +Sin2 ecsAiin2¢CS Sin 2¢CS:|

+ S |+ AJITn ) S'n(3¢h 4 ) :(Aﬁ"“f’s +c0s” 6. A" )Sin ?s |

. 2 A?in(zq)cs ) sin (z(pcs —@s )
+SIN° O in(2ps 00)
+ A" sin (2¢6s + @)
A]S_i”(ﬁf’cs -0s) sin (¢CS — s )
+ A?in((ﬂcs +95) sin (¢CS + @s )

+ S;

+sin ZQC{
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do SIDIS | do' DY
dxdydzdp2dgdg, s

(Four +&Fu.) oc B} (1+c0s° O )

142 AT cos 24, ) 1+ D[sz e A 08 2006

+ S AT sin2g + S ANI-27A L + S, sin? G A2 sin 20,
S ] — : x B sin g Sln N
AT sin (@, — ) spIsDY ! | A Ps ) (

X sin( 4 . > bridge i Sin(2¢cs s ) i _
+S; |+ 8'AUT(¢h ¢S)Sm(¢h+¢s) ) ! S +D. A _ SIH(Z(DCS ¢S)
Sin(3¢y—ds ) o; [in® s + A?m(Z%SWS)Sin(Z(Dcs +¢s)

+ eAj sin(3¢, — ¢ ) : g : |
— — :  ain? 2

Ny where D =sin Ocs 1 (1+cos” O )
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SIDIS and single-polarized DY x-sections at twist-2 (LO)g#

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

(Four +&Fu.) oc Fj (1+c0s’ )

142 AT cos 24, ) 141Dt AT €08 206
+ S A sin2g + S A1-27 AL OME)! + S, sin? O A2 sin 209,
[ A sin(¢,— . N X [ ASns sin _>
AL ¢S)sm(¢h —¢s) SIDIS-DY A Ps T
X in(dh+ds) s ¢ bridge +S es =25 ) sin (2. —
+ S |+ AT sin(g, + ) T +D[_20 | Ar » )( Pes —Ps)
. Sin® Oeg SiN(2¢cs +95 ) w:
" 8Aj$(3¢“_¢5)sin(3¢h —¢) | i + A Sin (29 + 95 ) |
- - where D, , ., =sin?6.. /(1+cos? 8
+ S-I-ﬂ [sm ecs} cs ( CS)
| S
oS24, 1q 1h Boer-Mulders C0S2¢ 1q 1q
o och @H +.. AT Ochl,zz®hl,p
sin(gh —¢,) 1q h Sivers sing q 1q
" oo fi" @D, < > AT o d Oy,
i Transversity - _
sin(, +¢ ) q 1h Sin(2¢cs —¢s ) 1q q
T ocC hl ® qu AT R T ® hl,p
sin(3¢, —¢s) 1q Lh Pretzelosity SiN(2@es + @5 ) 1q lq
T o N & qu AT Bl T T.p
sin2¢, 1q Lh Worm-gear L sin2¢, 1q 1q
Lo h @ H, > AT och'® L,p

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

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

(Four +&Fu.) oc Fj (1+c0s’ )

142 AT cos 24, ) 1+ D[szecs} AT COS 20
+ S AT sin2g + S ANI-27A L + S, sin? G A2 sin 20,
[ A sin(¢,— . ] X N sin ] ’
A\JT(% ¢S)sm(¢h _¢s) SIDIS.DY A 23 |
X (6 de) - > bridge Sin(2¢cs =05 ) o _
+S, [+ eATO S sin (g, + ) « + S, +D[ } A Sin(2pcs — ¢
: sin” s Sin(20cs +05) i
n 8Aj'$(3¢“_¢5)sin(3¢h —¢) | ] + A Sin (205 +95) |
- - where D. , - =sin*@.. /(1+cos’ 6,
+ S;4 [sin? s | cs ( cs)
) - S~
cos 24, 1q Lh Boer-Mulders C0S2¢ 1q 1q
o och @H " +.. AT Ochl,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
d02 OC(FUUT+8FUU L) do OCFU1<1+COSZQCS)
dxdydzdp;dg, dd, ’ ’ dQ
142 AT cos24, | 1+ D[sz e ] A5 €08 207
+ S AT sin2g + S ANI-27A L + S, sin? G A2 sin 20,
[ A sin(g4,— . 7 ' X [ ASings o _>
A sin (4, - ¢ ) SIDIS-DY < A sings )
X in(d + . > bridge SiN(2¢cs =05 ) i _
+S, |+ 8A3'T(¢n ¢s)sm(¢h+¢s) o T St +D A Sm(2¢c3 (Ps)
sin(3¢y—¢s ) i [sinz(}cs} + A?in(z%SHpS)Sin(Z + )
+ e AT sin (34, - @) y : 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 —
o COMPASS preliminary z: < oL M v COMPASS 2015 data °
= 102 SIDIS 2010 NH, proton data 03 = = 102 4  Drell-Yan NH; f
[5) * | L : &
3 Tos¥ 8 & 14
R o7 N e g
-~ =

0.6 “:i 3

=z

hS

________________________________ pr- ’ o Col 0.5
J0E ' ]

=04 10

- | - Y 03
- oy 02

1<Q’*<4
0.1

| 0

_ 107 107 107! 1
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Appetizers: selected COMPASS (and not only) results

Tuscan appetizers
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SIDIS TSAs (Collins) ) o I @ H SSA [twist-2]

do oc (F +¢F, ) 1+ A
dxdydzdpZd ¢, d g, ot N PLB 744 (2015) 250 COMPASS 2010 protoit data
- . S 01F o
sin( ¢, —ds . . COMPASS pgz}'gzg pigﬁz x<0i032
Ar"*sin (¢, —¢s) od S MMl UM ey
sin(d+45 ) o ]
SIN
+[8AU_T (4 +4) O T LT g@%}&{i """ §or
+ S, [+ 5ACJ';'(S¢“_¢S)Sin(3¢h —¢5) ~0.0sF ‘I'@é{. - b } - . 7 +
+/2¢(1+2) A% sin g, B Y Y S ,

|+ J2e(l+e Afn 2t sin(2¢, — ¢ ) ] ( QEO_(:: %i : : ‘H }

2 ~¢5) ] 4
(l—g JATH ) cos (4, — ;) R R o B
COS ¢ —0.05- negative pions x< i
+ ST/,L + \/28 1 & AL COS¢5 . ggmgiggneémtwe[;)lonsx>ggg%
0.1~ (o] HERM|ES n PLB 693 (2010) rescaled by (Il <y>)/(1 <y>+<y> )
cos( 24, —¢ vl L I I
+/2¢(1-¢)A7 :) cos (24, — ¢ ) 102 0 03 L 03 lpn PN
L [y T
* Measuredon P/DinSIDISandin  ; “| compass 3 [
. N HERMES 2 N __” HERMES
dihadron SIDIS s s F

COMPASS and HERMES obtained

compatible results on Collins TSA

(Q? is different by a factor of ~2-3) :
« No Q?-evolution? Intriguing result!
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SIDIS TSAs (Collins) A6 o I @HL SSA [twist-2)

do
; oc(FUU,T+gFUU,L){ 1+...
dXddedPTd¢“d¢S . Anselmino et al. Phys.Rev. D92 (2015) 114023
Ai$(¢ni¢5)3in(¢h_¢s) o | R COI\;IPASSIPROT(I)N 1 | | ]
[ A6 sin (g, +¢S)] 2 uﬁa% I s 1]
£ op--ddeer 1T Liatadinge F=——--
+ S, |+ gAJ';‘ 3h=os) S|n(3¢h &, ) A
-0.1 F . . .
> 0.1f ' T 4
= 0.05 F + 1
Y S S — S T
< -0.05 | 1 +
-0.1 F . . T . . . T . . .
‘ 0.01 0.1 02 04 06 08 0.5 1 15
+\J2¢(1- g)Aff2""“¢S)cos(2¢zﬁh—¢S)J X 2 Pr (GeV]

- ’ * Global fit of HERMES-COMPASS-BELLE data
Extensive phenomenological studies and R P /‘\\ =
various global fits by different groups z AN\ 5ol

O [ =~z nn z, ]
0 —
Ideas for COMPASS-111 (>2020) 5 o1f
« Deuteron measurement to be repeated. S 0z} ;
Will be crucial to constrain the s R I ST
transversity TMD PDF for the d-quark S S y =R e

» Transversity PDF + Collins FF
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SIDIS TSAs (Sivers) ST68) o 19D SSA[twist-2]

do o (Four +6Fu, )] 1+
dxdydzdpZd ¢, d g, v vt . - ZLB :744 (52215) 250 COMPASS 2010 proton data
[ S$(¢“¢S)sin(¢h—¢s)] ’ I W% bo o |
Q
Sin(dh+s ) o 0.05F 3 i L ! _ b {
+ eA) Sm(¢h +¢S) '}(? {'#) ?{%ii _é#’*{' ¢ ¢ {’
+ S, |+ gAJ';‘ hoss) S|n(3¢h &, ) . T I } """""""""""""""""
—0.05 , - , F
| T WIRE? hiH
W W | A
IS S T'J‘ ____________________ LRSS SRR S :
U T R 1 . i ] ] !
n 28( )AE? 2¢n—¢s ) COS(2¢h ¢s )J 10-2 107! ] 05 1Z 0.5 lp?(Gel\.[S/C)
 Measured on proton and deuteron A o COMPASS proton |
. . = HERMES n
» Gluon Sivers paper: submitted 0 PLB £_  oupnes . |
CERN-EP/2017-003, hep-ex/1701.02453 "< |
0.05 — 0
« Sivers effect at COMPASS is slightly
- — TMD
smaller w.rt HERMES results o . OO DS
(Q? is different by a factor of ~2-3) 02 03 04 05 08 07 08 , X
« Q?Z%evolution? Intriguing result! 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

do
F +¢F 1+...
dmwmmm%w%m(w” 8W¢H

7 0l 0.008<x<0.013
N mh <" F z>0.1; p >0.1 GeV/c
sin(éh—45) i T T
AR S sin (g, ~ ) P o
: (% ) < COMPASS preliminary
Sin( @, +ds ) : 0.1
+[5'A\JT sin(d, + ¢, )] = Y10 013<x<0.02 -t
g F xl
sin(3¢,~¢s ) < e =
+ S, +5%T sm@% &) is b
01
= 01
g F0.02<x<0.032
?; C i
I % 5 OF e o
<
0.1
I (l 2\ Acos(d,—ds) ] 7 M0.032<x<0.055
&%) cos(d, — ) <
ALT ¢h ¢S 2‘— o - &t #
LB :
+ S; 4 2e(1-¢) 01
T [ = 0.1
e MF0.055x<0.1
cos(2¢y, —¢s) : C : i
+ 2 (1- g)ALT cos (24, — ¢ ) R
L d) = C }
0.1
> e M 1ex<021
g COMPASS preliminary - F ' i .
% 102 Proton 2010 data g: o o o i
< L QUGeViey > 1 | L E i
clo § 3 ! . ! . ,g;—
16<Q “/(GeV/e)y <81 ® : ?0_21<x<0.4
. . il B B A i o i
,,,,,,,,,,,, £ op
2y 3 £ ] :
10 0.1F
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0 m
3<Q /((,ewc) <7 Q* (GeV/c)
1.7<Q >/(GeV/c)*
1<Q/(GeV/c)<1.7

10°
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Results first shown at the SPIN-2014 conference
arXiv:1504.01599 [hep-ex]

E 0.008<x<0.013
0.05F
05— 2§
005 3 COMPASS preliminary
E 0.013<x<0.02
0.05F
0 — o % §
-0.05 E—
E 0.02<x<0.032
0.05F
0;— .A L .;
-0.05 E—
E 0.032<x<0.055
0.05F
C @
ofE 3% u H
-0.05
E 0.055<x<0.1
005 ’
* 3
o o i H
-0.05
E 0.1<x<0.21
0.05F
E 5oy g
-0.05 E—
E 021<x<04
0.05
¢
oF
-0.05 —
1 10

Q* (GeV/icy

* No clear Q2-dependence within statistical accuracy
» Possible decreasing trend for Sivers TSA?



http://arxiv.org/abs/arXiv:1504.01599

Sivers TSA SIDIS—DY

M.G. Echevarria, A.ldilbi, Z.B. Kang and 1. Viteyv,

do { p . . ”
«(F. _+¢F 1+... QCD Evolution of the Sivers Asymmetry
dxdydzdpZd,d (Four + 2R, ) PRD 89 074013 (2014)
AT sin (g, - g ) | M of
sin(dy+és ) i 0'05;_ t E AT o £9 @ f LA
+ g’A\JT Sin (¢h +¢S) 2= of 3 S -0.01F Ar oz 1T .p
: < ; C
+ S |+ AT sin (3¢, —¢) 005 F L7 0.02F
" rsin . O ) o
+ /26 (14 ) AT" singy oiF 0.03
(12 ) ASN(2h—ds) > 005 | v -0.04F
1+&) AT "% sin(24, — _;_w/‘"/ﬁ [ SR S FEFPR A P
(L+2)An (24, -4,) | ERRN ! 0.6-0.4-0.2 -0 0.2 0.4 0.6
- > ;
(l— 52) Cﬁs(qj“_q}s) COS(¢h —¢S) | 005F ATH A o £0®D]) i
'~ /4 _\ ACOS s -0.1 _I el
3525(1—8) %% cos ¢, 107 10"
cos(2¢, —ds ) "B
+ (1-2)A7 cos (24, — ¢y )j P. Sun and F. Yuan,
) “Transverse momentum dependent evolution: Matching
« Global fits of available 1-D SIDIS data SIDIS processes to Drell-Yan and W/Z boson production”.
] ] PRD 88 11, 114012 (2013)
- Different TMD-evolution schemes 1
 Different predictions for Drell-Yan wiey AT oc £ @Dy A o 9@ f0
006 sk COMPASS Drell-Yan

0.05

0.04

0.03

0.02

0.01

T IRAARI RARATRARAY LAAM AL Lan L P

pH+p o R +X —
Y| ——
COMPASS < 010 ]
M B -
o T —
—o,mi L ﬁlll +I PIH‘ hi:L L . . . ]
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Sivers TSA SIDIS—DY

do
F +¢F 1+...
dxdydzdp?d ¢, d . *(Fur+e ““’L){

[ 6T sin (¢, — g )]
i EAii?(%Jr%)Sin(% +¢S)
+ S |+ 5'%? ) 5'”(3¢h %)

» Global fits of available 1-D SIDIS data

« Different TMD-evolution schemes

 Different predictions for Drell-Yan

» First experimental investigation of
Sivers-nonuniversality by STAR

 Different hard scale compared to FT

« Evolution effects may play a
substantial role

5 April 2017

STAR collaboration: PRL 116, 132301 (2016)

1

0.6f
0.4F
0.2E

q:z (1] - B———

-0.2F

-0.4F + W= TI'v
KQ (assuming ‘“‘sign change™)
Global x2/DOF = 7.4/6

-0.6F —

—0.813.4% beam pol. uncertainty not shown

_1- | 1 1 1 1

[ STAR p-p 500 GeV (L = 25 pb ™)
0-8F0.5<P) <10Gevic

-0.5

P. Sunand F.

0 0.5
yw

Yuan,

1
0.8

L STAR p-p 500 GeV (L =25 pb™)
C0.5 <Py <10 GeVic
0.6}

KQ (no “sign change”)
Global ¥2/DOF = 19.6/6

[ 3.4% beam pol. uncertainty not shown

C I 1 1 1 1 I 1 1 1 1 I

-0.5 0 0.5
y w

“Transverse momentum dependent evolution: Matching
SIDIS processes to Drell-Yan and W/Z boson production”.
PRD 88 11, 114012 (2013)

0.02 W +
0.00 ]

Aur (@w = d5)

=

(((((((

w — )
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SIDIS Sivers TSA in COMPASS Drell-Yan Q?-ranges

do .
dxdydzdp?d 4, dg, “(Four +‘9FUU’L){ L. . Soonin PLB
(e . . CERN-EP-2016-250, arXiv:1609.07374 [hep-ex]
[ T : Sm(¢h _¢S )] | [ e h' 1<Q(GeVicy<d | z>0.1
+ gAi$(¢”+¢S)Sin(¢h + ¢ ) i 00s * " a .
. L Ec : o [ S
+ ST + 5&?(3%—¢S)Sin(3¢h —¢S) i i 0:% !".Al ;# o % .‘ '; . %% a % 1
+J2¢(1+ &) A sing, w05 =2 === TR N———
sin(26,~gs) : [ eeeose ﬁ :
4/25 1+&) A sin (24, — ¢S) T oos } b . g
cos( i ‘%5 i i‘.é ;QL§,*+ @ -
(1 &' JAT" ) cos (4, ~ ¢y ) I +i ot S % + e +
: PV — e e
COS g . 0.05 ‘ ‘ ‘ : . ‘ . L
+ Sid| + x/zg 1 € AL COS ¢ | © 625<QU(GeVicr<l6 :
+ 22 (1- ) AT ) cos (2, - ¢S) I ‘f{} i . ‘
) B S asgetl avt } ad B i
(q\] | /T I 0,, 4 |
< - COMPASS preliminary \ = : : L :
= 102 ‘ SIDIS 2010 NH, proton data 095’ ! 0051
© - ——————— e S ! -0.05- - F 4=‘ _— :4 = N
:\‘2 Ceb y M E | 16<QY(GeVicy<sl | T
= I 16<Q’<81 M 07 > 005 ; } 7
R . 4 Voa £ T o it + % . +
| 10 107 10" 1 e 0.6 , g— _ t : *4 + *
10'_' """"""""""""""""" Ve | Io. LT O H{‘ * H # + +
ST I gy B C oosl i;ﬁ_ re___
- i / o g - | . 10 107! 02 04 06 08 05 1 L5
[T oy ! X z P, (GeVic)
L 1<Q*<4 |
Ll ) . “.-'/J o = AN . . i 0
107 107 107

1
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SIDIS Sivers TSA in COMPASS Drell-Yan Q?%-ranges

do
F +¢F 1+...
dxdydzdp?d g, d “(Fur +2 ““’L){

Soon in PLB
CERN-EP-2016-250, arXiv:1609.07374 [hep-ex]

i SAi?(%WS)Sin(% +¢s) - 0-05:_ 0.022 < x < 0.035 :Ei [ 0.1<2<02 :'I]?I\L:,llD.APE_ 0.1<p, /(GeV/c)<0.3
(3¢h—¢s) £s : m
+ S, +5A;$ hds sm(3¢h &, ) <0
0.035 < x <0.055 02<z<03
<

i 1 C0055<x<0l
> 005F
+ S; 4 < 0
N 0_15_ 0.1 < x <0.145 i
o : 2 Eoof
% 10°- 5
:\\2 | _% N 0'1:_ 0.145 < x <0215
= L 16<0%8I ;« T i
o NIEs L
O T I <
i 625<0%<16 ; . .
- ! lOQ 2 (GeV/cy ! 10Q 2 (GeV/cy ! IOQ 2 (GeVley
4<Q-;<6'25
1o The solid (dashed) curves represent the calculations
L. A AMERENW | AMEEEN) for TMD (DGLAP) evolution for the Sivers TSAs
107 107 107! 1107 107 107 1

AUT
(=]
T

based on the best fit of 1D COMPASS and HERMES data
from Phys. Rev. D86 (2012) 014028 by M. Anselmino et al.

X X

A multi-dimensional input for TMD evolution studies
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SIDIS TSAs (Pretzelosity and Kotzinian-Mulders)

do oo (Fyyr +&F ){ 1+
2 uu,T Uu,L e i — -
dxdydzdpZd,dg, o) o hf @ H " SSA[twist-2]
A sin (g, — gy ) 1 _ o G Lefky & A. Prokudin
) ) ;1 0.04- +p(f.\'i!iI.-'(.',;’;a(ii;r‘m.\‘ ’ PRD91 (2015) 034010
+ gpill?(qﬁ,+¢5)s|n(¢h +¢S) 55'_ [ ——negative hadrons _ 0.06
S |
h
= -0.03 .
=
-0.06
S
-0.09 '
0.1 1

-« All compatible wit)ﬁ zero within uncertdinties (P/D)
- Suppressed by a factor of ~|p|> w.r.t the Collins
and Sivers TSAs

T o gl @ D), DSA[twist-2]

COMPASS preliminary

COMPASS preliminary E 5
Proton 2010|data

Proton 2010 data

» Not accessible in single-polarized DY
» Gives access to g,; “twist-2” PDF
(Kotzinian-Mulders or worm-gear-T)

 Clear signal for h*

’7: h+

cos(@,-9,)
=]
I
cos(lph-tpﬁ)
=]
J
I

[ = = = PRD73:114017(2006)

(prellmlnary Conflrmatlon aISO by HERMES) ~0.1;—__ - E:ngimggggggg updated 0.1~ PRD73:114017(2006) updated
* In agreement with several models o e | o e
02 10° 10" 1 0 10° 10" N
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The AS""”S asymmetry

F F 1+... _
dxdydzde2d¢5hd¢5S *(Four +e UUvL){ * Ad'”(flfs ! (hlq ® Hquh +f9® Dlhq +)
AT sin (4 — ) T SSA[higher-twist |
4 e Aii?(q;nws) sin ( ¢h i ¢s) :E* COMPASS preliminar% Proton 2010 data
34 —d) - 0.02-
+ ST + (C,‘AJT(3¢n ¢S)S|n(3¢h _¢S) 2 e I %+ [ + + [ ;
— AN PPT X ST D6 I | SETE T ¢ S i' : |
(1—|— E)AJ % sin ¢s] 0: ﬂ #%i i i# : éﬁéﬁﬁé+ % + i;ﬁﬁﬁg #
§25(1+8)A3|Tn (24,—¢5) sin(2¢h _¢S) J ( —0.02} }‘ ‘ A}A
i 2\ Acos(dn—ds) W :.H.m AT .‘.‘.‘:. . \_._Tﬂ ‘rﬁ-ﬂ
5(1_‘9 )ALT COS(¢h _¢S) 107 107! 02 04 06 08 05 1 1.5
3 X z p.. (GeV/e)
|26 (1- &) ATT* cos g ’
[26(1- &) AT ) cos (24, — ¢, ) 3 gqiT - HERMESEPRELIMINARY
L ‘ J ) -5 U F F 7.3% scaler uncertainty
< 005 . ! *:—_ *
. i = SRR S T, UL B SRR
« Higher twist effect.. 2 og— 0 e ’
- Within WW-approximation can be related to =~ & 7 o e

- - O R ey
Sivers and Collins TSAs T P RRTE

3 A
« Non-zero trend for negative hadrons both at ?ff 3 H 3 i 3 +
COMPASS and HERMES e
 Compatible with zero on deuteron 107 0.4 06 0.5 1
X z P, [GeV]
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asymmetry

(Four +gFUU,L){ 1+...

sing
The Ayr™°

dxdydzdp?dg g,
_Ai$(¢n¢5)3in(¢h_¢s) W
+ e AN sin (¢, + )

+ oA sin (3¢, — ¢ )

+ S;

» Higher twist effect..

«  Within WW-approximation can be related to

Sivers and Collins TSAs

« Non-zero trend for negative hadrons both at

COMPASS and HERMES
« Compatible with zero on deuteron

5 April 2017

si n(pS

) WW
AF® Q7 (W @H "+ 1@ D) +..)

SSA[higher-twist |
eh” | COMPASS preliminar% Proton 2010 data
002l 41 +
5 | L P,
Cogn e ey
; SRR
_0'02; ::% | ——R '_|"'_'|_\
107 107! ) 02 04 06 08 Z 05 1pT (Gel\.fslr)

W. Mao, Z. Lu and B.Q. Ma Phys.Rev. D 90 (2014) 014048

+
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Main course: Results from first ever measurement of
Drell-Yan TSAs. Shown for the first time!

Tuscan meat “bistecca alla Fiorentina” In case you are vegetarian

5 April 2017 Bakur Parsamyan 41



Single-polarized DY Xx-section: transverse part
do

1= A\ﬁ 1= A\iowcs V= 2A3052€0cs | 0 oc (FU1 + FUZ)(1+ A, cos? 905)
i ( C0S2¢cs COS s )
* “npaive” Drell-Yan model 1+ D[sm%s] AT €08 205 + Dpinzg, ) AT COS s
collinear (ky=0) LO pQCD no rad. processes | [ A% sin g ]
1=1, (Fj=0), p=v=0 : i A=) sin (s — )
* Intrinsic transverse motion + QCD effects | | +D | cs 7S [
ML, u#0, v#0 but 1-A=2v (Lam-Tung) + S, S+ Aﬁ'“(“’cs+‘*’5)sin(goCS +5)
« Experiment, A ) sin (246 — s )
>\'7£19 H 75 Oa A% 75 O | [sinz()cs} n Alffin(Z(/)CS+¢S) Sin(2§0c5 +¢s)
\ J

v
M. Lalmbe]rtserj, W.IVog[eIsatqg P.RDQ.B’ 1[1401.3 (2.016) D[f(ecs 0= f ( ‘9(:3) / (1 n Aﬂ oS> QCS)

NA10 E, = 194GeV |~

1

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

» Depolarization factors are evaluated under
assumption Af,=1

0.8

0.6

0.4

0.2

0

—0.2

NA10 data Z.Phys.C 37,545(1988)

] 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 €
qr [GGV]

5 April 2017 Bakur Parsamyan 42



Single-polarized DY Xx-section: transverse part

' do

A= Aﬁ U= Aios(ﬂcs V= ZASOSZ(PCS | EOC(FJ + Fj)(l-&-Aﬁ cos® Hcs)

* “paive” Drell-Yan model 1+ D[sin%} A €08 205 + Dy, AT COS s
collinear (k;=0) LO pQCD no rad. processes (AT sin g, ]
A=1, (F3=0), u=v=0 g (o)

» Intrinsic transverse motion + QCD effects | . +Dys ][Ar | 5'”(%—%) ] >
AL, w#0, v # 0 but 1-A=2v (Lam-Tung) i + S, S+ AN sin (g +0g)

« Experiment, AP sin (200 — )

ML, 1} +#0,v# 0 | [sin® 0 | sin(2¢cs +95 ) i
+ A Sm(zq’cs +¢s) i
\ J
Y
R - COMPASS 2015 data [ 4.3<M ,,/(GeV/e 2)<8.5 D[f )] = f(Ocs)/ (1+ A, cos’ ch)
> I ¢ - ¥ : :“““ ® |« All five Drell-Yan TSAs are extracted
S L LTI simultaneously using extended unbinned
2 osf : Maximum likelihood estimator.
: ' » Depolarization factors are evaluated under
Of ---29%sesee o[ _ o seetesse_|  agssumption Aj=1
| - Possible impact of Af#1 scenarios lead to a
XN X, normalization uncertainty of at most —5%.
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Drell-Yan TSAS — Sivers
do

o ocl+..4+ S| A singy +... ]

Sivers DY TSA
A o £ @ £

1T ,p

New! 03 April 2017! COMPASS CERN-EP-2017-059, arXiv:1704.00488[hep-ex]
0.5 COMPASS 2015 data | 4.3<M,,/(GeV/c ?)<8.5|

| | | R
A R —

107! 020 0.
XN
5 April 2017

|||I|||I|||I|_ llllIIIIIIIlIJ_ _
0.40.60.8 1 2 3 4 5 6
qT(GeV/c)

7 8
XE

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

o ocl+...+ S; [Aﬁ‘”g"s Sin g, +]

Sivers SIDIS TSA

SIDIS in Drell-Yan high-mass range: Sivers TSA
: COMPASS arXiv:1609.07374 [hep-ex]
Sl?(%—%) oc f;q ® Dlhq

[ 16<Q*/(GeV/c)’<81
0.05F

| D
N ﬁﬂ wld st g

sin(@ —0,)

uT

Sivers DY TSA _0_05:— o - #. ﬂ L
A?"W’S oC flf]'ﬂ ® f

1072 107! 02 04 06 08
1T ,p

0.5 1
X

1.5
P, (GeV/e)

New! 03 April 2017! COMPASS CERN-EP-2017-059, arXiv:1704.00488[hep-ex]
0.5 COMPASS 2015 data | 4.3<M,,/(GeV/c ?)<8.5|

Z

| | | o
&£ O%{ —————————————————— ?} ———————— ?{{—-}{-1} --------

—0.5 T, === A | e e
107! 107! -020 02040608 1 2 3 4 5 6 7
XN Xﬂ
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Drell-Yan TSAs

do

ocl+..+ S| AT

— Sivers

s sin @ +]

B. Pasquini, P. Schweitzer
Phys.Rev. D90 (2014) 014050

M. Anselmino et al.
arXiv:1612.06413[hep-ph]

A4IGeV ] %4 u
4 0.02 - \
3 \
b o /\
Sivers DY TSA =D W
Als_imﬁs oC flir ® fl-JI-_’qp _0.0610_ 10° 107 l .
New! 03 April 2017! COMPASS CERN-EP-2017-059, arXiv:1704.00488[hep-ex]
0.5 FCOMPASS 2015 data | 4.3<M ,,/(GeV/c *)<8.5} .
COR SIS & U } _________ SR R S T I
<E— _ {' } 4} J{ 1} | % {
—0.51 ._ Ll . IHH_.M..MHM..M_,,.H|....|....|..m..|....|..
107! 107! -0.20 0.2040.60.8 1 2 3 4 5 6 7 8
% Xy Xp q. (GeVr/c) M, (GeV/c?)
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Drell-Yan TSAs — Transversity

oLt S, D AN (2005 - )+

Transversity DY TSA
A?in(2¢’cs_(/’s) o L;] ® hlqp

o
n

New! 03 April 2017! COMPASS CERN-EP-2017-059, arXiv:1704.00488[hep-ex]
L COMPASS 2015 data | 4.3<M,,/(GeV/c 2)<8.5}

Sin(29_ = )

-osp  Wewm | -..L L
107! 107! -0.2 0 0.20.40.60.8 1 2 3 4 5 6 7 8
Xp q. (GeVr/c) M, (GeV/c?)
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Drell-Yan TSAs — Transversity

Sl S, [D[smz%ﬂ A sin (200 — g )+---J
collins SIDIS TSA SIDIS in Drell-Yan high-mass range: Collins TSA
: COMPASS arXiv:1609.07374 [hep-ex]
sin(dy +¢s) q Lh = :
T ch) ®@Hy _ : 16<Q2/(Ge\?c)2<81 : :
T 0lp L + - %
b ; E 4
S O #‘}“ """ {:}:;4%# """""""""" SRR S ¢ } """""
- *, LI + AR o
-0.1F : s
Transversity DY TSA S %L‘- — | —
Als_in(ZgoCS ~05) o L;, ®hl(,1p 107 10™" . 02 04 06 08 ) 0.5 110 T (Géisflc)

New! 03 April 2017! COMPASS CERN-EP-2017-059, arXiv:1704.00488[hep-ex]
L COMPASS 2015 data | 4.3<M,,/(GeV/c 2)<8.5}

©
n

Sin(2¢(.s— (bs)

—05f Emm | .L -‘ L

AT EN TN AE A AU ANAT S AU A _I..H..l....l..

020 02040.60.8 1 2 3 4 5 6 7 82
GeV/c M, (GeV/c
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Drell-Yan TSAs — Transversity

SiN(2¢cs —05 ) o3
d—QOC1++ ST[D[SiHZHCSJ AT et Sln(2¢CS _¢S)+:|

B. Pasquini, P. Schweitzer M. Anselmino et al.
Phys.Rev. D90 (2014) 014050  Phys.Rev. D92 (2015) 114023

0.4 —
E[GeV2) . Q%=2.4 GeV? /
5 0 B N
Transversity DY TSA &
A]S-in(z%s ~7s) oC J;S X hlqp _0'3.001‘ | m‘r‘)l.‘01 - ‘wcl)l.l 1

©
n
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Drell-Yan TSAs — Transversity

—Eim1+",+sT[D@M%ﬂ/$“%“¢“Sm(2@3—ﬂ%)+~}

~ A. N. Sissakian et al.,
7 0.05[ Phys. Part.Nucl. 41, 64-100 (2010)
S5 0.0F  mmmemmmmmmmeeeeees
—0.05F
TransverSityDYTSA —O.l-lllllllIIIIIIIIIIIIIIIIIII
Sin(200s —s —-02 00 02 04 06 0.8
A 2ocs=¢5) ijl@hlﬁlp Xf = X, — Xp
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Drell-Yan TSAs — Pretzelosity

do SiN(2¢cs +905 ) i
d—ro1+...+ ST[D[steCS]AT fes e S|n(2gocs+gos)+..}

Pretzelosity DY TSA
A?in(z%s +¢s) oC hlfq ® J‘I_'qp

T
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Drell-Yan TSAs — Pretzelosity

oLt S, [D[smz%ﬂ A i (20 + s )+---]

Pretzelosity SIDIS TSA SIDIS in Drell-Yan high-mass range: Pretzelosity TSA
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Drell-Yan TSAs — Pretzelosity

do SiN(2¢cs +905 ) i
d—QOC1++ ST[D[SiHZHCSJ AT ey Sln(2¢CS +¢S)+:|

B. Pasquini, P. Schweitzer C. Lefky, A. Prokudin
Phys.Rev. D90 (2014) 014050 PRD91 (2015) 034010
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ol _
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Drell-Yan TSAs — “higher twists”
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New! 03 April 2017! COMPASS CERN-EP-2017-059, arXiv:1704.00488[hep-ex]
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Correlation coefficients
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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)
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Dessert: Sivers sign change

Wild berry panna cotta



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
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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
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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
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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
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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 CERN-EP-2016-250, arXiv:1609.07374 [hep-ex]

* 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
unigue opportunity to compare the TMD PDFs obtained from two processes

CERN-EP-2017-059, arXiv:1704.00488[hep-ex]
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 phase-Il1 is being discussed to take place after 2020
o Particular attention is given to possible SIDIS and Drell-Yan measurements
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Thank you!

Cold glass of Tuscan limoncello
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