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The beginning - scattering experiments in early XX century
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Nucleon spin puzzle

« 1964 Quark model

2 1989 Parton rmodel

2 1973 asymptotic freedorn and QCD

- 1978 Intrinsic transverse motlon of quarks and azirmuthal asyrnrnetries
- 1988 ENVIC mieasurernent spin puzzle

> 1988 Factorization of rlard Processes in QCD

> 90%s spin dependent azirmuthal asyrrrmetries and TIVIDs

~ .

> Late 907s — present — future: spln dependent azirmuthal asyrrmetry rmeasurernernts
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Nucleon spin puzzle

1964 Quark model av')

[ ]
* 1969 Parton model @

/7
« 1973 asymptotic freedom and QCD ,.,.)

,\

> 1978 Intrinsic transverse motlon of quarks and azirmuthal asyrrrmetries
> 1988 ENVIC measurernient spin puzzle
> 1988 Factorization of rlard Processes in QCD

> 907s spin dependent azirmuthal asyrnrmetries and TIVIDs

> Late 90’s — present — futyre: spin dependent azirnuthial asyrmmetry measurernernts
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Nucleon spin puzzle

1988 Factorization of rlard Processes 1 (‘)(_,!)

907s spin dependent azirmuthal asyrarmetries and TIVIDs

Laie 90’s — present — future: spin dependent azirmuthal asyrrrmetry measurernernts
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Nucleon spin puzzle

Longitudinal momentum
kt =apPt
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Nucleon spin puzzle

* 1964 Quark model *v')

Longitudinal momentum
kt =apPt

Longitudinal momentum

—> k+‘—“«’y
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Cahn effect

do a y2 7/2
= 1+ Fur téR
dxdydzdRy dg, dy {XVQZZ(l—e)( ax | [<(Four *&Fu )

14008 ¢, (|26 (1+ & ) ATSH +c0s (24, ) x s A ) ...
/

N\ ) . . .
Y The point that there are azimuthal dependences which arise from the
hn eff transverse momenta of the partons was clearly stated in this papers:
Cahn effect T.P. Cheng and A. Zee, Phys. Rev. D6 (1972) 885; o

R.N.Cahn, PLB78(1978) F. Ravndal, Phys. Lett. 43B (1973) 301.
R.L. Kingsley, Phys. Rev. D10 (1974) 1580;
A.M. Kotsinyan, Teor. Mat. Fiz. 24 (1975) 206;
Engl. transl. Theor. Math. Phys. 24 (1976) 776.

A. Kotzinian On behalf of:
T.P. Cheng, A. Zee, F. Ravndal,
R.L. Kingsley and himself
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Cahn effect

do a y2 7/2
= 1+ Fur téR
dxdydzdRy dg, dy {XVQZZ(l—e)( ax | [<(Four *&Fu )

1+cos¢hx,/25 1+¢ Aj‘fjan +0s (24, )x e AT .

Kinematic effect: non-zero k; induces an azimuthal modulation

Cahn effect
R.N. Cahn, PLB 78(1978)

v,
0

XS{l—Z\/l—iyﬁ-cosgoq}

U= —XS(l— y){l - Cos @,
Qyl-
= -Q% = —xys, where s=(| + P)
do_lp—whx o do_lq—>lq o §2;—2a2 kT —> COS @q —> COS (Dh
N
i k
N S z
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Cahn effect

do a y2 },2
= 1+ Four +éeR
dXddedthTd(Phdl// |:XyQ2 2(1—8)( o% X( wuT TE UU,L)X

1+cosg, xy/2e(1+&) AN +cos(24, ) e A H)
I\ J

~

Cahn effect
R.N. Cahn, PLB 78(1978)

Kinematic effect: non-zero k; induces an azimuthal modulation

S = XS{l—Z\/l—iyﬁ-cos¢q}+O[£z]

Q
cos¢}+0[k$]

3

U=
= —Q%* = —xys, where s=(| + P)
do_lp—whx o do_lq—>lq o §° :I-ZUZ kT —> COS @q —> COS (Dh
t
.
s.f
N S z
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Nucleon spin puzzle

* 1964 Quark model *v')

Longitudinal momentum
kt =apPt

Longitudinal momentum

—> k+‘—“«’y
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Nucleon spin puzzle

« 1978 intrinsic transverse motion of quarks and azimuthal asymmetries lJ

| the spin sum rule
« 1988 E S spin puzzle -4, 1.1

1 EMC measurement spin p A o AS

V88 Factorization of

ol Procossos AQElgT —q

Proton: Au =2 Ad=—; As=0 (inh)
coendent azirmuthial :

asvinme A =Au+ Ad A As = 1

Late 90’s — present — future: spin dependern: exdrputhial asyrrmetry measurernents
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Nucleon spin puzzle

e 1964 Quark model

* 1969 Parton model @

£

/

» 1973 asymptotic freedom and QCD

e : : .
« 1978 intrinsic transverse motion of quarks and azimuthal asymmetries m

the spin sum rule

* 1988 EMC measurement spin puzzle o), Ll viaGeL L
\¥ | 2 2
0.18 F—IELL:SJAFFE sum rule -I X (0 low 77 Ag=iqt —q”
o | * oy b | Proton: Au =2 Ad=—: As=0 (inh)
s " :——+h“+"i'++‘ ] Oi% e AR =Au + Ad A+ As =1
S| "+ {k |.¥  EMC1988: AX ~ 0.12 — spin crisis
::: \‘3\} toe COOINOWIAX A& 030 <y ey res s et
e N AG — small (~0.1) positive
w w 1 Orbital momentum — ?
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Nucleon spin puzzle

« 1978 intrinsic transverse motion of quarks and azimuthal asymmetries l]
o the spin sum rule |
* 1988 EMC measurement spin puzzle o4, %

» 1988 Factorization of Hard Processes in QCD
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Nucleon spin puzzle

« 1978 intrinsic transverse motion of quarks and azimuthal asymmetries l]
o the spin sum rule |
* 1988 EMC measurement spin puzzle o4, %

» 1988 Factorization of Hard Processes in QCD

"CITICIILS
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Experiments in last 35 years: part |

EMC CERN (u-p, u-d) @ 280 GeV &) _
ST @ 3¢ Fermilab E665 (u-p, 1-d) @ 490 GeV

CCM PTM/SPM
CVM \
Target \
gu [ | G

1717|
g PCV/PCN

scale (m) X
0 5 10

SMS

;" —‘\g(ep e-d) @ 19.5 GeV

Experimental Areas at SLAC
Linac 50 GeV PEP-II
L

SPEAR 4 x 4 (1/2 SSRL)
PEP 20 x 20

PEP-11 9 x 3.1

SLC 50 x 50

Final Focus
Test Beam

Linac (linear accelerator)

| 2 Miles . Fixed Target
= = = = Area (ESA)
Elgmnn e
un ositron .
DamPi‘l\'lg Production EKRB;;}EHH!
Rings
PEP - -
0 500
Scale in Feet
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0.4 GeV Linac

20 cryomodules ‘

Arcs

20 cryomodules

CEBAF accelerator
6 GeV polarized electron beam

Acceptance

End I:)beamz 85% A
Stations U N ‘3%
Hall A: two HRS’ Hall B: CLAS Hall C: HMS+SOS
SHe gas target (40 cm) NH sand N53 HD-Ice targets NH sand NﬁS LiD targets
- 16° .: .Luminosity
*I' Monitor
. BigBite g
I o] i )
HRS Y
7\\ P,~55% (n) f ~ 0.1-0.3 ceonr
|

/7
7,
Polarized W/ €

3He Target :

Beam Polarimetry
(Mgller + Compton)

Fast spin flipping (30 Hz)

Polarizations
Beam: ~80%
NH, proton 80%
ND; ~30%
HD-Ice
(H-75%,D-25%)
f~0.15

Spectrometer

eter

Polarizations

NH3: ~70-90% f~ 0.15
ND3: ~30-50%

LiD: ~30% . 828~
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Experiments in last 35 years: first results

EMC, E665, H1
and ZEUS

SLAC, JLab hall C

High beam energy, broad kinematic range
No hadron type and charge distinction

(averaged over any possible flavor dependence)

EMC, ZEUS - only hydrogen target

E665 — combined hydrogen and deuterium targets

(SLAC) Phys. Rev. Lett. 31, 786 (1973) It
(EMC) Phys. Lett. B 130 (1983) 118, 1§
(EMC) Z. Phys. C34 (1987) 277
(EMC) Z. Phys. C52, 361 (1991).
(E665) Phys. Rev. D48 (1993) 5057
(ZEUS) Eur. Phys. J. C11, 251 (1999)
(ZEUS) Phys. Lett. B 481, 199 (2000)
(H1) Phys. Lett. B654, 148 (2007)

Not enough statistics to look at differential x-sections in more than two kinematic variables

Relatively low beam energy, restricted kinematic range
x-sections measured only at a few kinematic points

CLAS Collaboration  Relatively low beam energy
(JLab hall B) access to 4D multi-differential x-section
Af}’é‘“’"” (d)
0o, A LA B L B
EMC (1987) o b fl’,;:f(;]f:m L ]

<cos O,>/w, (y)
2
|

_Anselmino etal.
Phys. Rev. D 71 074006 (2005)

‘“—— : 7

0.2

N ) AU N S B
0 02 04 06 08 z

P. Schweitzer et al.

wll(y) =@2-yy1 —y/+ 1=y Phys. Rev. D 81, 094019

T T
020 ® EMC
- = = <p?>"*=0.5GeV
0.15 H <p?>1?=
p;> =0.6GeV
= 0.10 |
—~ 005]
* I e
2 o000 TI 3
% -0.05 L
Q
8 EMC (1987)

-0.20

ol fo) =1 -y/L+0- y)Z]} :

0.0 0.1 0.2 0.3
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Experiments in last 35 years: first results s s e s s 88

(EMC) Phys. Lett. B 130 (1983) 118,
(EMC) Z. Phys. C34 (1987) 277

High beam energy, broad kinematic range (EMC) Z. Phys. C52, 361 (1991).
fotineti (E665) Phys. Rev. D48 (1993) 5057
EMC. E665. H1 No hadron type and char_ge distinction (ZEUS) Eur. Phys. . C11. 251 (1999)
: : (averaged over any possible flavor dependence) (ZEUS) Phys. Lett. B 481, 199 (2000)
and ZEUS EMC, ZEUS - only hydrogen target (H1) Phys. Lett. B654, 148 (2007)

E665 — combined hydrogen and deuterium targets
Not enough statistics to look at differential x-sections in more than two kinematic variables

SLAC, JLab hall C Relatively low beam energy, restricted kinematic range
x-sections measured only at a few kinematic points

CLAS Collaboration  Relatively low beam energy

(JLab hall B) access to 4D multi-differential x-section

Af}’f}‘“’"” (d) 01 —

EMC (1987) | pucan } E665 (1993)

LN
8
LR

Cahn effect ——— -

01 —

<cos O,>/w, (y)
2
|

s
T
/
<COS 0,>
-
]
»>

0.2 ;
Anselmino et al. 03 02 |- Anselmino etal.
02 04 08z :
Phys. Rev. D 71 074006 (2005) P Sthweitzer et al. 'Eur.Phys.J.A31:373-381, (2007) ‘
Wl(y) =Q2-y)1- /[1 + (1 =¥)%]  Pphys Rev.D81,094019  © 1 2 3
0.3 . o0z
T T T T T T ] ‘ i — <k> =0.1GeV/c <ps> = 0.7 GeV/c :{
020L @ EMC _ L ce <ke> = 0.3 GeV/c 1
- _<p2>1f2_0 5GeV { | O.IL ... <k> = 0.5GeV/c E665 (1993) ;
0.15 H e 4 L __ <k>=0.7GeV/c ]
<p;> =0.6GeV . r
S T G S 1 {\: 0;
._,_I_\:N 0.05 - . IR S T . g
cﬁ_ 0.00 TI 3 b
v 005} g
Q
8 onl EMC (1987) 1 _ )
st L) =1 —-y)/[1+ (1 —-y)?] ] ® B cut (Gevre)
-0.20 N I . 1 " I " 1 . 1 N 1 L J. Chay, S.D. E”lS, and J. W. Stirling,
bg oi 02 03 04 05 06 07 Phys. Rev. D 45, 46 (1992), Phys. Lett. B 269, 175 (1991).
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Experiments in last 35 years: first results oo ms v v o

(EMC) Phys. Lett. B 130 (1983) 118,
(EMC) Z. Phys. C34 (1987) 277

High beam energy, broad kinematic range (EMC) Z. Phys. C52, 361 (1991).
fotineti (E665) Phys. Rev. D48 (1993) 5057
EMC. E665. H1 No hadron type and char_ge distinction (ZEUS) Eur. Phys. . C11. 251 (1999)
: : (averaged over any possible flavor dependence) (ZEUS) Phys. Lett. B 481, 199 (2000)
and ZEUS EMC, ZEUS - only hydrogen target (H1) Phys. Lett. B654, 148 (2007)

E665 — combined hydrogen and deuterium targets
Not enough statistics to look at differential x-sections in more than two kinematic variables

SLAC, JLab hall C Relatively low beam energy, restricted kinematic range
x-sections measured only at a few kinematic points

CLAS Collaboration  Relatively low beam energy
(JLab hall B) access to 4D multi-differential x-section

cos(0)(z) —
A’ @ o ol
o —— .

o T

N\ EMC (1987) o b EMCdata 4 E665 (1993) ------------- ZEUS (2000)

Cahn effect ——— -

-0.05 —

ARSERER

Anselmino et al.

[ - -

01 —

&
T
/
<COS 0,>
-
4
-
<CoSs O,>

<cos O,>/w, (y)
2
|

Anselmino et al. "-.‘_0'3 P R | L1 0.2 - Anselmino etal. ™

02 04 08z - Eur.Phys.J.A31:373-381, (2007
Phys. Rev. D 71 074006 (2005) P. Schweltzer et al.  Eur.Phys.J.A31:373-381, (2007) \ 015 - Y ‘ ‘ ( | ) |
Wl(y) =Q2-y)1- /[1 + (1 =¥)%]  Pphys Rev.D81,094019  © 1 2 3
03 : oz
T T T T T T i — <k> =0.1GeV/c <ps> = 0.7 GeV/c ‘{
I T ; S : ZEUS (2000
- _<p2>1f2_0 5GeV { | O.IL —.-. <k>=0.5GeV/c E665 (1993) ; A 01 ( )
0.15 H . d r __ <k>=0.7CeV/c oA
<p;> =0.6GeV i ﬁ +
S 0.10 | J L 1 g t g
™ 008 PR 1 8 Y]
q‘l'\: T e T ] v V. o005 - _
g T —
w005 - -
8 Lol EMC (987 _ _ / l
| P T P PR Bl EA T R o L1 1 1 I
o5t fr(0) =0 -y)/[1+ A -y)*]" | ® R oot (Gevse) ' A I° ) °'5| 1 15 2
ool v J. Chay, S. D. Ellis, and J. W. Stirling, nseimino et al. PS* (GeV/c
00 0.1 02 03 04 05 06 07 Phys. Rev. D 45, 46 (1992), Phys. Lett. B 269, 175 (1991). Eur.Phys.J.A31:373-381, (2007) ( )

X

04 April 2018 - Bakur Parsamyan 20



CLAS (JLab hall B) results Jefferdon Lab

M. Osipenko et al. (CLAS Collaboration) 1.4 < Q2 < 7 (GeVic)?
Phys.Rev.D80:032004,2009 Positive pions 0.15<x<1
T ] - . 007<z<1
c0s¢ =011 | 12017 | "] =011 cos2¢ T 22017 ] 0.005 < Py?< 1.5 (GeV/c)®
005 T ] R # : s ¥ ] Beam energy 5.75 GeV
14 1 A" [ ]
0 D - 1 R L L L E u :
u"*“‘q [™~8ag o ] of “Bossazens 1 ] cose amplitude (nonzero)
oos CEE ] ] » 2 pgmgnest { isinstrong disagreement with the
- Terrbrrrtrg oy 1] l\"]—ﬂ 1.1, theoretical predictions
— - I - 1 T z=023 T z=03 ] _
o oo 2=0.23 z=0.3 1= 5 .% ; 1 cos2¢ amplitude
i ] i 1 iscompatible with zero except
o 1 I 1 low z region where it is positive
= 1= ]
= 15
c'\: . 1 x - 7] o
A -0.05
0.051- 1 4 £
[ 1=
O bt v ﬁ ------- -.-_:_ _”-_"'_‘_"__"—!v.." ""."..__._-_-. .... _ § -0.1- T r \_/
............................... ﬁ * y
005#\1_1_ ois Jlab6Gevi
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 0 0204 06 08 1 02 0406 08 1
p2 (Gev/c)® p? (Gev/c)® pl (Gev/c)® p2 (Gev/e)? h Pr (GeVic)
Theoretical predictions: Cahn effect + Berger effect Curves for Cahn contribution only
R. N. Cahn, Phys. Rev. D40, 3107 (1989). Anselmino et al. Eur. Phys. J. A 31, 373-381 (2007)

M. Anselmino et al., Phys. Rev. D71, 074006 (2005).
A. Brandenburg, V. V. Khoze, and D. Mueller, Phys. Lett. B347, 413 (1995).
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Nucleon spin puzzle

e 1964 Quark model

« 1969 Parton model

« 1973 asymptotic freedom and QCD

« 1978 intrinsic transverse motion of quarks and azimuthal asymmetries l]
the spin sum rule |

« 1988 EMC measurement spin puzzl’e | -g\i %:%AZ+AG+Lq+Lg

« 1988 Factorization of Hard Processes in QCD . :
* 90’s spin dependent azimuthal asymmetries and TMDs lé L

Laie 90’s — present — future: spin de

coerident azirnuthal asyrrmetry measurernernts
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Nucleon spin puzzle

Jefferdon Lab 7 :AT R PHEN
%g\?g ' e on La S PH- <ENIX Sea@ug&t O

04 April 2018 Bakur Parsamyan

1964 Quark model

1969 Parton model

V4

1973 asymptotic freedom and QCD

1978 intrinsic transverse motion of quarks and azimuthal asymmetries m
the spin sum rule

1988 EMC measurement spin puzzle -;}\E | %:%AE+AG+L L,
N
|

1988 Factorization of Hard Processes in QCD .

90’s spin dependent azimuthal asymmetries and TMDs iﬁ




- i A.Kotzinian, Nucl. Phys. B441, 234 (1995).
S I D I S X _SeCtlon Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007). +

All measured by COMPASS

dxdydzdp2d g dg,

{xyoéz Z(gjg)(l+g_iﬂ(FUU’T " oFin

1+ W A cos gy, + AT h cos 24,

+ AWAL'“% sin ¢,
[\/mﬁb'”’”h sing, +2 A" sin 2¢h}

+S /1[\,1 & Ay 126 (1- &) AT C°S¢h}

_AjiT”(q’"*"’8)sin(¢h )
] + gAsj?("’““”S)sin(qﬁh + s ) >
+ S |+ e AT sin (3¢, — ¢y )

+ WA}“’S Sin ¢

+ Jm/w *h%) sin (24, ¢S)

(17 AT s (g~ ) .
1
COS ¢ W( @y, 95 —y—=y%y?
+ S;A| + /26 (1—2)AT™ cos ¢ At ) Fioe) . 1-y 27 7=2Mx
+ 2e(1-&)AT 2¢"—¢S)COS(2¢h—¢S) Four +eRuu. 1—y+1y2+172y2 Q
i 2 4
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SIDIS x-section and TMDs at twist-2

o
dxdydzdp2dgdg. All measured by COMPASS

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

1+ |2 (1+ &) Ay cos g, + AT cos 2,
+ A\2e(1-2) )N sing,
[1/25 1+&) A ™ sing, + A} sin 2¢h} Quark U L T
Nucleon
+ SL/I[ N-e?A + 525(1 e)NT" COS¢h} ! £ (x, k2) J-q(x k2)
T sin(h ) 7 number density Boer-Mulders
AJT(% ’ )Sm(¢h _¢s)
Sin( @y +4s ) o q 2
. o 5'%T(¢“ ¢)Sm(¢h+¢s) | L g1 (x, k7) (x k%)
+S. |+¢ Ai?(S%—¢s)sin(3¢h _¢s) helicity worm-gear L
5‘25(1+5)A§'”"’5 Sln¢s hd (x, k2)
q 2
911 (X, KT)
( f1 q(x k%) t ’ transversity
T Kotzinian-
Sivers Mulders
worm-gear T (x k )
5 pretzelosity
+ 25 (1— ) AT PH5) cos(2¢, — ¢;)

Y I +1two FFs: D (z,P?) and H_."(z,P})
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SIDIS x-section and TMDs at twist-2

o
dxdydzdp2dgdg. All measured by COMPASS

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

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

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

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

number density Boer-Mulders

[ A5 sin (4, - g )

L R sin (g +40) | L (L)L) D)o ¥)

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

T [ eeleelts

transversity

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

dxdydzdp2dgdg. All measured by COMPASS

a Y ¥
e

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

+ Ay2¢(1- &) A" sing,
+ S, [a{25(1+ &) A" sin g, + & A sin 2¢h} SiTn(%—(/ﬁs) o« fH9® Dlr:q

S AV A, + B STAT cosh | 89) o 3 @ riet2
- - sin(3¢, —¢s) 1q Lh ]
AT sin (g, — ¢ ) T chy @Hj, Twist-3
x + gA\S)?(%+¢S)Sin(¢h+¢S) g Sin(¢5)V\é\éVQ_1(hq ®HJ_h+ qu ®Dh + )
5. |+ eA o )sin(ad ) T T
T o [T ERr h —Ps
. wWw
o1+ ) AR sin e ) ol QL (h @ M + 29 @ D) +..)
+ 26 (L+ ) AT sin (24, - ¢ ) O5(th4) o g9 @ Df
SRR S PRI S E T 1T 1q
cos(¢s)V\QéVQ—l( q ®Dh + )
T 9ir 1q 't
o1 pcos(zh—4) 0052 —4) ot L[ h
[2¢(1-&)AT cos(2¢, — ¢ ) ; oc Q (ng ® qu+...)
L - J _——
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Boer-Mulders effect

2 2
dxdydzddPgdgohd:,u :{xyoclgz 2(1y—g)(1+%ﬂx(ﬁu: +eFyy )%
1+005 ¢, x[2¢ (L+ &) AS™ +00s (20, ) x e A" + .

N\ ~ J
Boer-Mulders effect
D. Boer and P. J. Mulders, PRD 57 (1998)
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Boer-Mulders effect

Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007).

do a y 7/2
= 1+ Fur téR
dxdydzdRy dg, dy {XVQZZ(l—g)( 2XHX( o +oFu )

1+cos @, X /25(1+ £)AS? +0s (20, )x e AT +...

- ~" - Arises due to the correlations
Boer-Mulders-Collins effect _betvyee_n quark transverse spin and
D. Boer and P J. Mulders, PRD 57 (1998) INtrinsic transverse momentum

Is a leading order effect
Boer-Mulders PDF Collins FF

Z(ﬁ-pT)(ﬁ-kT)—ka

T 1} Lh
MMh hl 1q

cos2¢y, __
I:uu =Cq-
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Boer-Mulders effect

Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007).

do a y2 7/2
= 1+ Fur téR
dxdydzdRy dg, dy {XVQZZ(l—e)( ax | [<(Four *&Fu )

1405, x\[2¢6 (1+ &) A% +c0s (20, ) x s AP 1.
~ ~ - Arises due to the correlations

Boer-Mulders-Collins effect _betvyee_n quark transverse spin and
D. Boer and P J. Mulders, PRD 57 (1998) INntrinsic transverse momentum

Cahn effect

_kTZ L
f Dy + ...

Boer-Mulders effect + twist-4 Cahn effect
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Boer-Mulders effect

Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007).

do a y2 7/2
= 1+ Fur téR
dxdydzdRy dg, dy {XVQZZ(l—e)( ax | [<(Four *&Fu )

1405, x\[2¢6 (1+ &) A% +c0s (20, ) x s AP 1.
~ ~ - Arises due to the correlations

between quark transverse spin and
Intrinsic transverse momentum

Boer-Mulders-Collins effect
D. Boer and P. J. Mulders, PRD 57 (1998)

Cahn effect

~~

MY | 2(Ak ) -k
+(—] C<- T2 ! f Dy +...
Q

Fc032¢h ZCﬁ— . B . hIJ_qHJ_h

Boer-Mulders effect + twist-4 Cahn effect

SIDIS %M ‘.

et PN o

04 April 2018 Bakur Parsamyan 31



Brell -Ban
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SIDIS and single-polarized DY x-sections

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

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

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

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

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

+sin ZHCS[

Yes

E R\cs ) Pyes Zes
28(1—8)AE$—S 2¢n‘¢3)COS(2¢h _¢5) //1 7
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SIDIS and single-polarized DY x-sections at twist-2 (LO)

0 SIDIS | do'° DY
daz oo (Fyyr +&Fyy.. ) 4o oc Fj (1+c0s’ )
dxdydzdp; d¢.d g, ’ ’ - dQ
f1+ £ c(L)J32¢§1 COoS 2¢h ) i 14 D[Sinzgcs} AiOSZ(ﬂcS coS 2¢CS
+ S, AT sin2g, + S ANI-£2A L § + S, sin? G A2 sin 20,
— - : [ ASINGs o ]
Aj'_lr_‘(%—%) Sin(¢h _¢S) i X AT SIN @ >
X . . i sin(2¢cs ~¢s ) i _
[+ 80 |+ enr®sing+g) | | —— TS p AT (20 e
Sin(3¢—ds ) : [sin® s + A?n(Z(pCSWS)Sin(Z(D + o, )
+ e AT sin (3¢, — ¢, | y i cs TP )
= § - where D, =sin?@. /(1+c0s O
+ ST;)“ , [sm HCS} ( )
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SIDIS and single-polarized DY x-sections at twist-2 (LO)g#

Lo SIDIS o DY
daz oo (Fyyr +&Fyy.. ) do ocFU1<1+COSZI9CS)
dxdydzdp; d¢.d g, ’ ’ dQ
14 AT cos 24, 1+ D[szecs} AT COS 20
+ S, AT sin2g, + S ANI-£2A L + S, sin? G A2 sin 20,
[ Asin(dh—ds ) T X [ Asines sin At
'A\JT(¢h ’ )Sln(¢h _¢s) AT ?s in(2 )
X . > SIN(2Pcs =05 ) o1 _
11, S, |+ eATH sin(g, +4,) . + S, +D[ } A Sin(2pcs — ¢
) sin’ fs sin(2pcs +95 ) i
+ 5Aj$(3¢“*¢s)sin(3¢h —¢) | i + A Sin (29 + 95 ) |
= § where D. , - =sin*@.. /(1+cos’ 6,
# 82| [[1 o)A cos(g -4, | i) = O =)
- T~
oS24, 1q 1h Boer-Mulders C0S2¢ 1q 1q
U OCh_1 @H[ +... AT OChlyﬂ®hl_,p
sin(gh —¢,) 1q h Sivers sing q 1q
T Och ®qu 2 > AT SOCfL”®b

Transversity

sin(, +¢ ) q 1h Sin(2¢cs —9s) 1q q
T o hf @ Hy AT o by L @Y

sin(3¢, —¢s) 1q Lh Pretzelosity SiN(2¢es + @5 ) 1q 1q
T oc hiy ® qu AT o hl.ﬂ ® th,p

sin 24, J_q_ Lh Worm-gear L
R P qu

AT ot OhL,

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)¢

Lo SIDIS - DY
daz OC(FUUT+8FUU L) do OCFUl<1+COSZHCS)
dxdydzdp; d¢.d g, ’ ’ dQ
14 AT cos 24, 1+ D[smzecs} AT COS 20
+ S, AT sin2g, + S ANI-£2A L + S, sin? G A2 sin 20,
i A [ ASINGS o3 1
Afj'{'(q‘h‘%) sin (4, — ) X A sIngg
X . sin(2¢cs ~¢s ) i _
1+ sy [+ A% sin(g, +4s) + S, .., A B Sm)(Z(Pcs ?5)
+ eATCY S sin (3¢, — ) | AT Sin( 20 o)) |
=N § where D. , - =sin*@.. /(1+cos’ 6,
# 82| [[1 o)A cos(g -4, | i) = O =)
) - S~

e o h ' ® Hlth +...
nh-4) o £19@ DY
T ol @ H
e o hid @ H L

within QCD TMD-framework:

Boer-Mulders

A

2
AT oyt @hs

Sivers

> A?m(ps oC flq;z ® fl'l%qp

Transversity

A?in(zﬁl’cs—(ﬂs) oc hqu R hil
T P

Pretzelosity

A?in(Z(Pcs“/’s) o hi% ® hid
1z 1T.p

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)

04 April 2018
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SIDIS and single-polarized DY x-sections at twist-2 (LO)¢

LO I1DI Lo DY
daz oc(FUUT+gFUUL) SIDIS - do ocFul(1+coszecs)
dxdydzdp; d¢.d g, ’ ’ dQ
14 AT cos 24, 1+ D[smzecs} AT COS 20
+ S, AT sin2g, + S ANI-£2A L + S, sin? G A2 sin 20,
A Hsin(g-gs) | " AT sing, >
X . L sin(2¢cs ~¢s ) i _
11, S, |+ eATH sin(g, +4,) ) + S; - A Sin(2pcs — ¢
SIN® Ocs SIN(2¢cs +@5 ) :
+ 8A3$(3¢n*¢s)sin(3¢h _¢S) i + A (201 )Sln(2¢cs +¢S) 1
=N § where D. , - =sin*@.. /(1+cos’ 6,
# 82| [[1 o)A cos(g -4, | i) = O =)
) - S~
2 1 1h Boer-Mulders cos2 1q 1q
CCL)JS%OChlq@qu + A_J (pcsochl_,ﬂ®hl_,p

Sivers

A

sin(, —¢,) 1q h
e 1y @D

Transversity

A 4

Sin(h+4) - 1 @ 1y Lh
e h ®Hy,

Pretzelosity

sin(3¢,—¢s) 1q Lh
T o hy ® qu

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

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

04 April 2018

Bakur Parsamyan

f-

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

A?in(Z(Pcs“/’s) o hi% ® hid
1z 1T.p
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Nucleon TMD PDFs accessed in SIDIS and DY

Single polarized DY (LO) ™

SIDIS
ccl)Js% OCQ_l(flq _ hlm +) . Boer-Mulders . Ajos2¢cs o hle?
Boer-Mulders ’
cosZﬂ1 1lg € —1( q ) .
+ f +... sing 1q
o "ochy Q 1 — AT oC fr 0
. — Sivers
S'?(ﬂ‘_"ﬁs) oC f; q . A?in(Z(ﬂcs ~05) o hlqp
_ -— Transversity
SI.P(%JF(']}S) oC hlq o A]S_in(2<0cs+€0s) oC 1q
T.p
_ - Pretzelosity
sin(3¢y, —¢s) 1q
T oC T Quark U L -
Nucleon
cos(d, — s
T o g , | AR R, )
in(4) L N number density Boer-Mulders
sin - q q
7 oc Q ( + f +)
! n T . 91 (kR | hif(x k2)
SiN(2¢h—¢) - Q—l( i 4 fld + ) helicity worm-gear L
T 1T
hi(x, k%)
q 2
91 (x, k7)
COS(¢S Q (gqu +) Tim =9 (x, k) T N ’ transversity
T Kotzinian-
Sivers Mulders
cos(2¢,—¢5) -1 q + worm-gear T (x ki )
T * Q Ui pretzelosity
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Nucleon TMD PDFs accessed in SIDIS and DY

Single polarized DY (LO) ™

SIDIS
cos@1 _ hlg ) Boer-Mulders _ A COS2¢cq 1q
Q ( hl ) — AJ oC hl,p
, | - - Boer-Mulders
o oc by +Q(f N
. — Sivers
S'?(ﬂ‘_"ﬁs) oC f; f AN A?in(Z(ﬂcs ~05) o hlqp
_ N Transversity ’
SI_:_1(%+¢S) oC hlq \ g N A]S_in(z%s +s) o Lqu
it
sin(3¢, —¢s) o 1q £ Pretzelosity
T T
cos(dh—¢s) o g
T 1
_ All the answers are encoded in the data...
sin(de) o Q—l h1q 1+ f\La -
T 1 In few years many new asymmetries
measured by different experiments in
sin(2¢, —¢s) - 1q f L + . . i )
T o Q - + 15 different reactions, at different energies

COS(¢5 q
«Q7(ay

cos(2¢, —¢s) -1 q
T oc Q (ng

04 April 2018

and kinematical ranges will wait for a
“global analysis”...
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 Who can do that?

04 April 2018 Bakur Parsamyan 40



COMPASS collaboration

Common Muon and Proton Apparatus for Structure and Spectroscopy

24 institutions from 13 countries
nearly 250 physicists &

+ CERN SPS north area

» Fixed target experiment
Approved in 1997 (20 years)
Taking data since 2002

Wide physics program ,,_

COMPASS-I /’E g
» Data taking 2002-2011 Y qwrouﬂa;lpﬁb"??»
S

* 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

®© &, MALLOT

COMPASS web page: http://wwwcompass.cern.ch
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COMPASS collaboration

Common Muon and Proton Apparatus for Structure and Spectroscopy

24 institutions from 13 countries

nearly 250 physicists

Over 60 papers, over 100 PhD theses, over 100 Master/Bachelor theses
CERN SPS north area
Fixed target experiment
Approved in 1997 (20 years)
Taking data since 2002

=TT

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

Al -2k

Many “beyond 2021” ideas

COMPASS web page: http://wwwcompass.cern.ch
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COMPASS experimental setup: Phase | (muon program)

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

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

= Momentum, tracking and

EcaLl  SM2 Muon-filter Calorimetric measurements, PID

HCAL1
RICH

SM1
Polarized §A

Target

» )% A _fi Y 60 > ST ey

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

40 "-

Data-taking years: 2002-2011

30f
Longitudinally polarized (80%) p* beam: e ot %
Energy: 160/200 GeV/c, Intensity: 2:108 u*/spill (4.8s). S b ER
Target: Solid state ( 6LiD or NH;) 70 20 30 40 s

0 60
p (GeVic)
« SLiD 2-cell configuration. Polarization (L & T) ~ 50%, f ~ 0.38

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

See talks by: A. Bressan, J. Matousek, A. Moretti
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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

04 April 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

44



COMPASS experimental setup: Phase Il (DY program)

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

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

= Momentum, tracking and

o SM2 S~ Muon-filter Calorimetric measurements, PID

RICH
SM1

Polarized
Target

bt

P

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

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

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

Target: Solid state

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

« Dara is collected sirnultanceously with both target spin orientations

reriodic polarizatiorn revers o rrinlmize systernatic effects
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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

Nuclear targets — unpolarized DY,
DY cross-sections, EMC effect

Nuclear target (Al)

SMI S
Polarized §A

Target

80 S aSasaasec

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 x/s T ——

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

s Data is collected sirmultaneously with both target soin orientations

reriodic polarization reversal to minimize systematic effects
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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  oM2 Muon-filter Calorimetric measurements, PID
HCAL1 .
RICH. SNa 7 e
SM1 \ —_ 3
s E COMPASS 2015 data Tungsten
Polarized N 2 4.3 < M, /(GeVic?) < 8.5 '~ beam plug
Target ’ '('-'3 |
> Muon-filter ““;" 2 R
- S
XfSciFi, 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

« Dara is collected sirnultancously with both target spin orientations

Ceriodic polarization reversal to minimize systematic effects
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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  OM2 N+ Muon-filter  calorimetric measurements, PID
HCAL1 wy >

RICH

SM1

Polarized
Target

------- Reconstructed events
"1 Events from 1" cell
15000 [ Events from 2™ cell

1 Events from LHe gap

[1 Events from LHe upstream 1% cell

Events from LHe downstream 2™ cell

, 510000—
SciFi, Silicon, MicroMegas, GEM,  Z - He| % | He
MWPC, DC, Straw, Muon wall g - : [
VD, DC5, new DAQ... 5000 bear
L =

= [ et
-320 -300 —-280 -260 -240 -220 -200 -180 -160 -140 -120

z, (cm)

Data-taking years: 2014 (test) 2015 and 2018 [ COMPASS 2015 data | 4.3<M . /(GeV/c 2)<8.5
High energy =~ beam: s
Energy: 190 GeV/c, Intensity: 108 /s 0.2F i
Target: Solid state o o ® os
« NH; 2-cell configuration. Polarization T ~ 73%, f ~ 0.18 ~ o o e
- Data is collected simultaneously with both target spin orientations 0.15 i I

Periodic polarization reversal to minimize systematic effects S L

10~ 1
XN Xn
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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)

EcaLl  SM2
HCAL1

RICH
SM1

Polarized
Target

bt

P

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

Data-taking years: 2014 (test) 2015 and 2018

High energy =~ beam:

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

Target: Solid state

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

- Data is collected simultaneously with both target spin orientations
Periodic polarization reversal to minimize systematic effects

04 April 2018 Bakur Parsamyan

High energy beam
Large angular acceptance
Broad kinematical range

Momentum, tracking and
calorimetric measurements, Pl

COMPASS 2015 data
Drell-Yan NH;

D

~
el
=
<
Q
7]
5]
=
o
S
=
=
3
=
=



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)

-
COMPASS 2015 data . =
Drell-Yan NH; 09 3
—o0s £
o S
0.7 "@Z
=
"Q
________________________________________ =
=
1 0
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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
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COMPASS DY: Charmonia mass range

ongoing analysis
V< M/GeV/ies) <2.0 “Low mass
N E T i
[ arce backorounc contarnination. cormbinatorial. ng EE : —— COMPASS 2015 NH, data
Open-charim (B) DD, BB, w, | > 105 ;: T Comb. background
. 5] =l I e Iy (MC)
2.0 Gey ) <2 “Intermediate mass ) - T W (MC)
High DY-cross section g 10% \?—: i SSOCRE Open-charm (MC)
| ) bo ol orean = o T L N - === Drell-Yan (MC)
AL IO 13 SR AVORCKGIOMNG Atk . - 3 [ \:hf"- Total MC + Comb. background
« 25<M/(GeVic?) <43  “Charmonia mass” o107 A e
. . = - B
o Strong J/y-signal — study of J/y physics 5 10? - S
- = E- ‘}l‘- "';:.,-v.:,‘”
o Good signal/background S = E 2 Wiz
y, ~ : "'.‘-.?‘ ., T ‘" o E
b [/(GeV/e4) < 8. “High mass 10 B N ﬁﬁﬁ%mﬁﬁ
E ! | . :
DY cross-section ; : E ) '\.,.\
Beyond charfmoniurm region, backgroun B R | "‘ :
S B "l it 4 6 8 10
valCnce reZiol » largest asymmetries P
M, (GeV/c)
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SIDIS and 3ing|e=p0|arized DY x-sections at twist-2 (LO) o

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

Comparable x:Q? coverage — minimization of possible Q%-evolution effects
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J0E ]
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- 4<0%<625 : / 03
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| 0
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» Selected COMPASS-HERMES SIDIS results
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Experiments in last 35 years: part 11

HERA MEasurement of Spin

FIELD CLAMPS

FRONT.
2 MUON
HODO

DRIFT
CHAMBERS
/¥
[
1i2

| Y
-1 HODOSCOPE HO

STEEL PLATE

HIGH »

T MAGNET

M DRIFT CHAMBERS “‘\

/ \

MUON HODOSCORE,

%fé{.

\ TRIGGEH HODOSCOPE H1

_-- 270mrad

\

ii I i LUMINOSITY.

-
e+
. 140 mred

IRON WALL™

EJ 1

BC 34 | TRAD ~ “CALORIMETER
270 mrad

WIDE ANGLE

PRESHOWER (2], . -

110 mrad —

140 mrad
27.5 GeV

/A70imrag

MUON HODOSCOPES

7 T T T
0 1 2 3

Location: DESY, HERA

Beam: e*/e, polarized (both helicity states)(<60%), 27.5 GeV

T T
4 5

Target: Gaseous target (H/D)

- H/D Polarization (L & T) ~ 70-85%, f ~ 1

T T T
6 F/ 8

- Direct access to hydrogen or deuterium
Fast spin reversal (<15s)
- Same acceptance for different polarization states
- single cell configuration

- Hydrogen - measurements only with transverse polarization
- Deuterium - both transverse and longitudinal polarization

measurements

04 April 2018

T
10 m

ECAL2
HCAL2

ECAL1
HCAL1

RICH
SM1

Polarized §>A
Target N

Veto

Location: CERN SPS North Area. (2-stage spectrometer LAS-SAS)
, longitudinally polarized (~80%), 160 GeV
Target: Solid state target (LiD or NH;)

- SLiD Polarization (L & T) ~ 50%, f ~ 0.38

- NH; Polarization (L & T) ~ 80%, f ~ 0.14

2-cell target configuration for 6LiD and 3-cell for NH,
Neighboring cells are polarized in opposite directions

- Data is collected simultaneously for the two target spin
orientations

- Spin reversal after each ~4-5 days

- Such a construction allows to reduce systematic effects
due to the acceptance

Beam: u*
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Experiments in last 35 years: part ||

HERA MEasurement of Spin COmmon Muon Proton Apparatus for Structure and Spec
%' . ECAL2 )
HCAL2 :

" FIELD CLAMPS \ TRIGGEH HODOSCOPE H1
9 :‘nggg - e PHESHOWER(HZ) - 17ommd -
N c?m;rag' A roumas E'%Z'-Lll Shi2 Muon-filter
/ F\:'ﬂz -~ R _E II i RICH \ /
Oﬁb I Il ot o Y T S iomnosy,  — i SM1 \ L
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" . . NN s DS Kinematic cuts: HERMES
—r—r———r——— Q2>1 GeV2, W2 > 10 GeV?2
0.023 < x < 0.6, 0.2<y<0.85
50 s | 1 compass z> 0.2 and xz>0.2
0 COMPASS % [ | HERMES .
o) HERMES S N Pions 1 GeV<P, < 15 GeV
GeV? JLab6 o Eol
¢ BRI | Kaons 2 GeV<P, <15 GeV
o b """ ’ AR Kinematic cuts: COMPASS
RN R | Q2>1GeV?, W2 > 25 GeV
5 10 bttt - RIS S - i 0,1 <0.06
SRR I B N . 1] 0.003<x<0.13,0.2<y<09
S L OO T WO A0 10 RO o | 0.2<z<0.85
- 5 11 T ] 0.1<P1<1GeV/ic
Pl [ ] HE L] H . -
1 , C oiim o " g iid o« *° 1| Kinematic cuts: JLab
2 K il L L
" " X ’ 10? 10" 1 Q2>1 GeV?, W2 > 4 GeV?
0.14 < x<0.48, 0.4<y<0.7
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A, and A, c%2¢ amplitudes h*/h~

Different kinematic regions!

ST o COMPASSLDIST o000 daw)  peliminary 2 ot n* fiealonx
< |t ety L 8 o }{—; S S —
-0.05F .=°:'I- e, - x”yy N41;§$E Ezi%? E%%%
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0.1+ - , ¢ ozt I il F ]
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015k ) D= [26(1+¢) bor 3 “t h ; ]g - :
. ";'0'_2 " “1.([)-1 ) 0.l2 0{4 D.IS 0}8? 0.15 ‘: ol L % g J .; % % i
X z P! [GeVic] 0.1} + § T
> Similar trends for h*/h~ 0al i F1
0 ' 54 06 02 04 08 08 1
X z P,. [GeV]
& 6r - . - ,.3 L ht I sep—ehX
< COMPASS "LiD {25% of 2004 data){' preliminary S oosh I p1sed wehX
%:501 f Osys =2 O stat § [
i D=¢ | {, i | T S .
Y i ¢ o I 3
P + ity Py v piye fi 0
0.05- @ M i r t } + - #H f -0.05[ + +
o tely | B I e
0_...'..h; .................................... b et e e n e a R ﬁj : h 1
3 0.05F E + 3 § % %
162 161 x' 0}2 u.l4 o.ls ofsl 0.15 ) : ﬁ' D_— - é- ; :--}--f--""- ---'-}'-;ﬁr-ﬁ - %
.. z P} [GeVic] _ ] 1
> Similar trends for h*/h~ 0.05} 1 1 -
» No sign change for h*/h~ at COMPASS e 04 06 0204 08 08 1

X z P,. [GeV]
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The A2 and 455 2% asymmetries (Cahn+BM)
d

(o}

dxdydzdp?dé,d ¢,

« (Fou +8Fuu,L) COMPASS NPB 886 (2014) 1046

——— - 8 T o S P
’ 1+./2¢ (1+ &) A5 cos g, + e AS ™ cos 24, ey N .II’IY 3333‘
ing, —-0.05f o0 ¢ | . i x: -
+ A\2¢(1-2) A" sing, H
-0.100 ¢
« Complicated mixture Cahn+BM il *h g
« Large effects both for h* and h- | eht
Multi-D results available HERMES P/D e e — '
COMPASS D and currently also P (DVCYS) gg "h i
 Global Cahn+BM fit attempts < 0.10r nt ; f by
see f.i. PRD91,074019 (2015) 008 # ¥ i | *Hf t ; it
03+ i i -
V. Barone, S. Melis, A. Prokudin, PRD 81, 114026 (2010) LI I i % ;II} t i *{' by ; $
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0.15 j'[+ K* L TC+
01 raal saal | 1 | 1 1 1 ] 1
g 00 10-2 10! 02 04 06 08 02 04 06 08
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< 005 v “ Py
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otsl T BOMGRY T PelnERt S osty L 2M (Lo n g i
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0.1
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R BotaceR] T Sotaacent T Eoshucel
102 10 03 04 0506 07 01 03 05 07 09
X z Pr (GeV)
04 April 2018 Bakur Parsamyan 60



SIDIS: target longitudinal spin dependent asymmetries

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

[2¢(1+¢) Sif%sin@] \

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

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

sing, ) 0.6" I PRD 74, 074015(2006) h* | ¢>02 n
,/25 1+ )AL " sing, i i
+ S,

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

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

" z= - [ PRD 77, 014023(2008) ]
2 " < i i
FJ‘L”Z%=C{_2(h'm)(h-kT)_pT'kT t‘*Hlﬁh} T e 5 m
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-0.05 - i
1 _ q [h N S
FLL B C{glL qu} &5 0l1§.PRD74.074015(2006) h+ :7 z>0.1 h™
2 M ﬁ < ih §<j 0.05 } ---NPA 945(2016) 153 ;7
F 2o _—Q C<- MpT xelH" +—" gl — 0 B e -
—0.05- B
~ =h L [
h-k M, E s i
¥ XgLIDf —~hhe =0 S SO
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SIDIS: target longitudinal spin dependent asymmetries

do
«(k,,+¢k 1+...
dxdydzdp?d ¢, d ¢, (Four ““*L){
— . 3N - ® COMPASS preliminary h+ r 2>0.2 h
Lo @28 (1+8) SIC% Sinﬂl . 0-6_-PRD74.074015(2006) . |
" | e AT sin 24, <o 7 +
L L i [ /
B > 0.2 3 Y
2 s e
L5 2 1-e" A, oL " e et
- ‘ COS¢h ;. i 3S preliminal I +* ‘ B — —
_+ ( 28 (1_ g)A‘-L COS% y - 0'065 ® I(-i(érhz:;?DEBIGZZ(Z(?(J)S) D(y)-rescaled h E ¢>02 h
£ 2 0047 j 5
COMPASS collected large amount of L-SIDIS data <, [ a
- 0.02- b oo
Unprecedented precision! ot teet S f : ‘L
. _ SRR
Asmgbh b - + r
UL -0.02} ]
. Q_-Suppression, Various different “twist” ingredients S T s -
. S!Zal?lc_a TSA-mixing € 005, o
« Significant h* asymmetry, clear z-dependence, < L L 4
) : 0- - 4
« h~ compatible with zero SR SR
i 2¢h [ [
A ~0.05 - -
UL 3 ]
* Only “twist-2” ingredients S = -
A - 0-1} ® COMPASS preliminary ht } z>0.1 h™
« Additional p;-suppression - - o ooy :
. . . . 2 F--- (2016) E
- Compatible with zero, in agreement with models %5 °%. + + : + \L
« Collins-like behavior? 0 ‘—H'*'LPL : #—L-Lﬂ
AE‘ZS‘Ph —o.osf— 2
» Q-suppression, Various different “twist” ingredients 07— L —
« Compatible with zero, in agreement with models 107 10" . T 10 .

04 April 2018 Bakur Parsamyan 63



SIDIS: target longitudinal spin dependent asymmetries

do

F F 14
dxdydzdp?d g, *(Rus +e ““’L){ "

+ S, 25 (1+2) AT Sinvﬁh] \

+e A" sin 24,

[1- & A,
|+, [26(1- &) A 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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SIDIS: target transverse spin dependent asymmetries

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

[+ o ATCA ) g (34, — ¢ )_

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

o)A cos(g, g, )}
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SIDIS: target transverse spin dependent asymmetries
do

F +¢F 1+...
dxdydzdp?d ¢, d ¢, (P + ””’L){
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sin(3¢; - Og) sin(3dy - Og)
C. Lefky, A. Prokudin PRD91 (2015) 034010 . App ™S () Ayp ™S (b)
0.09 . i _
) n* proton o T proton
006 ¢ ] 0.002 1 0.015 |
Z 003} A 0.004 - oot |
< 0F : -0.006 |- i
- - - i 0.005 [
= '0‘03_ -0.008 | i
_()-{)6- 7[\JIIJI‘IJI|IIIILJL Oilllllllllllll il |
-0.09 - 0 02 04 06 08 x 0 02 04 06 08 X

0.1 1
X Bakur Parsamyan 66



SIDIS: target transverse spin dependent asymmetries

do
: oc(FUU’T+gFUU,L){ 1+...
dXdded_pTd¢hd¢S ~ . [ eh' | COMPASS prcliminar)% Proton 2010 data
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« Small asymmetry, non-zero signal for h=? ot S S
£ m C -
: ' TR TR
oM M, . A 005 fTTagE Tty Ee +
Fsm¢s =——-020C Xf-l-qDlrl1 ——hhg—q 0.1 E - + 2
Q M "z el : :
| M G ] T .1 04 06 05 1
[xh?H;WV“g{‘T : J 10 X z P, [GeV]
_ Pr 'kT L
NLh
] I P U
T Mg M 1T . J

04 April 2018 Bakur Parsamyan 67



SIDIS: target transverse spin dependent asymmetries

do
F +¢F 1+...
dxdydzdpZd ¢, d g, OC( b T UU'L){

[+ 2 AT Y sin (39, ¢ )

+ [2¢(1+ &) A% sin g

+ S;

(1—52)Af$3(‘/)” %) cos(¢, — s )]

+ ...

+ S;4

COMPASS results
sing
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» Q-suppression
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« Small asymmetry, non-zero signal for h—?

H~h
Fine =ﬂc{£xfﬂD{; My g —“j
Q M z

[ X 1h
[Xh'?'Hljc_,]h'i‘_thqu GqJ W
_ Pr 'kT M z L
X 1h
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T Ty T |
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SIDIS: target transverse spin dependent asymmetries

do
F +¢F 1+...
dxdydzdpZd g, d g, oc( bt T UU’L){
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+ ...
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SIDIS: target transverse spin dependent asymmetries

oo (Foy r +gFUU’L){ 1+...

do
dxdydzdpZd g, d g,

-+ oA sin (3¢, — gy ) |

+ JZE 1+e¢ Aj'”qjs sin g,

+ S;

“(1—52)Af$(% ) cos(g, ¢5)}

+ ...

+ S;A4

COMPASS results
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ALT h S

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

cos( ¢, — ﬁk
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A, 0599 x, 7, pr and W dependences in 5 Q2 -ranges
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» Positive amplitude for h+ at large x (>0.032) and Q? (>3)
« Signal for negative hadrons is not evident.
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A,£5(99: 5 Q2 ranges. Predictions - PRD 73, 114017(2006)

COMPASS Proton 2010 preliminary

$ 03[+ —1<QUGeVir<l7 [ PRD73:114017(2006) | -
& - — 1 7<QGeVey <3 u? =0.10
Z e b —3<QUGVIP<T b isois g :
S < 0.2 —7<Q*/(GeVicY<16 [ Wt =0.20
- —16<Q*/(GeV/ieY<81 [ _ . _,t-02s !
().l:— IM :— \ _ /
n : “\?“\ : ,ﬁ% %
O %371 [ = 0t %
P | SRR | N .H.k | 1 | | ‘L | | M R |
03~ . - N -
C h [ i
0.2F % - - -
0.1 - \ ' - S
| S =R =
- T3 I T 9 1 % 1 T [T TT
ca el N sl N P 1 1 1 | -I P S T N T S R 1 tl\l 1 1
0.3F r - 5
i h+/'
0.2F r - .
o [ ;\\\_\ : é
P 1aul ..I...I.‘.I‘..I..:I.|.I...I‘..I.‘..‘.‘I...‘\..‘.\.r..l
102 10°! 02 04 06 08 02 04 06 08 0.5 1 15 2
X y 7 p,l_ (GeV/ie)

Asymmetry is evaluated in COMPASS specific mean kinematic points extracted from the data.
The predictions show a good level of agreement with the experimentally extracted asymmetry
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SIDIS TSAs (Collins)
d sin( ¢, + -
dxdydzdp‘?d%d% oo (Four + &Ry {1+t SpeAT ™ sin (g, + 4 )+ |
* Measured on P/D in SIDIS and in dihadron SIDIS

Fus_il_n(%+¢s) =C {_ hMpT h(l]Hlj(;h:|

h

COMPASS PLB 744 (2015) 250
COMPASS 2010 proton data

::fﬁ 0.1 COMPASS positive pions x<0.032

* COMPASS positive pions x>0.032 ,

0.05F o HERMES ©* PLB 693 (2010) rescaled by (1-<y>)/(1-<y>+<y>")
A o e R I 7 o
Q
el | PR LIt
—0.05- * B ({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>)/(l-<y>+<y>’)
11111 II 1 11 1 111 II 1 1 1 I 1 I I I I
-2 -1 0.5 1 0.5 1 1.5
10 10 x 2 p! (GeVle)
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SIDIS TSAs (Collins)

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

dxdydzdp?ddg.

" « Measured on P/D in SIDIS and in dihadron SIDIS
o) = C {— NPy h‘jngh} »  Compatible results COMPASS/HERMES

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

* No Q?-evolution? Intriguing result!

COMPASS PLB 744 (2015) 250
COMPASS 2010 proton data

S ok
:i'ﬂb 0.1 COMPASS positive pions x<0.032
* COMPASS positive pions x>0.032 ,
0.05 o HERMES ©* PLB 693 (2010) rescaled by (1-<y>)/(1-<y>+<y>")
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SIDIS TSAs (Collins)
g (Four ~eRusy){Lrv SoAZ4sin(d, +40) ..

dxdydzdp?ddg.
e Measured on P/D in SIDIS and in dihadron SIDIS

Ry es) :C{— hl\'ApT h‘jH;“} »  Compatible results COMPASS/HERMES

uT
h (Q? is different by a factor of ~2-3)
* No QZ?evolution? Intriguing result!
» Extensive phenomenological studies and various global

fits by different groups
02 ¢
Global fit HERMES-COMPASS-BELLE data = ]
Anselmino et al. Phys.Rev. D92 (2015) 114023 5
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COMPASS-I11 (2021)

» Deuteron measurement to be repeated

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

d sin( ¢, + -
o o (Four +&Fu )L+ + Sr AT S sin (g, +44 ) +...

H'pT

h

dxdydzdpZd ¢, d e,
]

Fus_il_n(%+¢s) =C {_

fits by different groups

0.4

Addendum to the COMPASS-II Proposal
Projected uncertainties for Collins asymmetry
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COMPASS-I11 (2021)
Deuteron measurement to be repeated
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Measured on P/D in SIDIS and in dihadron SIDIS
Compatible results COMPASS/HERMES
(Q? is different by a factor of ~2-3)

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

Addendum to the COM

PASS-I1 Proposal

Projected uncertainties for transversity PDF

+§00

* ¢ % b ¢
+
¢¢+

... _.?...Q__Q_..:ﬁ. _____________________

I ¥++H++++

» I

ATU

Ard

Will be crucial to constrain the transversity TMD PDF for the d-quark




SIDIS TSAs (Sivers)

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

COMPASS 2010 proton data
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» Measured on proton and deuteron
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 Gluon Sivers paper: submitted to PLB <& 02 L COMPASSposive kaons 003 T
CERN-EP/2017-003, hep-ex/1701.02453 = © HERMES K’ PRL 103 (009) } + }
0.1

o 05 ' 1 05 1 15
X z p;'r (GeVl/e)
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SIDIS TSAs (Sivers)
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* Recently - gluon Sivers paper & 020 T COMPASS positive kaoms x<0032 S ' '
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PLB 772 (2017) 854 ©  HERMES K'PRL 103 (2009) % + }
0.1 = —
' o3 2 84 fé P11
«  Sivers effect at COMPASS is slightly ir? + ## ot % éﬁf} '}{'{. . {
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(Q? is different by a factor of ~2-3) ol i i
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S. M. Aybat, A. Prokudin, T. C. Rogers PRL 108 (2012) 242003
M. Anselmino, M. Boglione, S. Melis PRD 86 (2012) 014028
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SIDIS TSAs (Sivers)

do oc ( F
dxdydzdp’dgdg,

+ ek,

sin( ¢, — ﬁk sin(é. —

» 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)

« Q?2?-evolution? Intriguing result!

e Global fits of available 1-D SIDIS data

« Different TMD-evolution schemes
 Different predictions for Drell-Yan

04 April 2018
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SIDIS TSAs (Sivers)

do in(d—de) -
o (R +&Fu ) {1+ S AT sin (g, — g ) +... |
2 Uu,T UuU L T T S
dxdydzdp;de¢,d g, ( )
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« Q%-evolution? Intriguing result! yw yW

* Global fits of available 1-D SIDIS data
» Different TMD-evolution schemes M. Anselmino et al., JHEP 1704 (2017) 046

- Different predictions for Drell-Yan e =1 e e
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SIDIS Sivers TSA in COMPASS Drell-Yan Q?-ranges
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Multi-D TSA analysis
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Future Multi-D TSA analysis at JLab 12
Statistical precision
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({Nature » ((]D »

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

04 April 2018 Bakur Parsamyan 84



“Nature”

Raphael “Madonna del Prato” Raphael “Madonna del Prato” (poor resolution)
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 Results from first ever measurement of Drell-Yan TSAS
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Single- polarlzed DY x-section: unpolarized part
|:2 "do . ongoing analysis
e L]

. “nalve” Drell-Yan model . {“ AL 005" Ocs + }
collinear (k;=0) LO pQCD no rad. processes SN Ous AT COS 2000 +5In 20 AT COS @
A=1, (FZ=0), n=v=0

* Intrinsic transverse motion + QCD effects
M1, w#0, v #0 but 1-A=2v (Lam-Tung)

* Experiment,

AL n#0,v#0
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Single-polarized DY x-section: unpolarized part

F! _E? ' do — ongoing analysis
. al _Tu ] __ ACOSQ _ CoS2¢ [l F F
A_AU_W”U_AU CS’V_ZAJ cs ionC(U—i—U)
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r=1, (F2=0), u=v=0 |
* Intrinsic transverse motion + QCD effects NA10 data Z.Phys.C 37,545(1988)
ML, w#0, v#0 but 1-A=2v (Lam-Tung) | Lo | ; /l i
« Experiment, | A oael - i
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Single- polarlzed DY x-section: unpolarized part

= C0S g wszge, | 4T (R +F2) ongoing analysis Vel
ZAJFlFZ,ﬂAJ v =2A o (R+R _

*  “naive” DreII—Yan model . {“ A, 008" fs + }
collinear (k;=0) LO pQCD no rad. processes SN O AT €08 2000 +8in 26, AT €OS g
2=1, (F2=0), u=v=0 :

* Intrinsic transverse motion + QCD effects NA10 data Z.Phys.C 37,545(1988)

A#1, w#0, v # 0 but 1-A=2v (Lam-Tung) i O I 7 m
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ML u#0,v#0 i os | * % -
« v#0 - Energy and quark flavour dependence, | 06 W ‘ -
smaller effect for sea quarks, QCD radiative 0z |- % i
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Single- polarlzed DY x-section: transverse part

-F do

A= AJ F2 U= AJ05¢CS’V22A3032¢’CS i EOC(FJ_H:U )(l-i-AJ cos’ CS)

. “nalve” Drell_-Yan model LDy AT 008200 Dy AT COS 0
collinear (ky=0) LO pQCD no rad. processes | [ AT sin g ]
}\,:1, (Fl%:()), M:V:O i A?in(¢cs_¢7s)sin( — )

« Intrinsic transverse motion + QCD effects | D | Pes —0s >
AL, w#0, v # 0 but 1-A=2v (Lam-Tung) i + S, S+ AN sin (g +0g)

* Experiment, | INCERL) Sin (29cs — 5 )
>\'7£19 2 75 Oa A% 75 O | [sm ch} SiN(20cs +95 ) i

+ AT sin(2g + ) ) |
\ J
¢ 1302;69 * 1+S71»ncgs 5" 1+57in.:2:s o ®A=10 ®A=08 "A=0.5 Y
 COMPASS 2015 data [4.3<M/(GeV/e 2)<8.5 D[ )] = =f(05)! (1+ A, cos’ ch)
R e T ¢ JUUUREEE 1. All five Drell-Yan TSAs are extracted
% [ g eees’ 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
R | . M & I 1 T T T B
10! . Possible impact of A},#1 scenarios lead to a
XN X, normalization uncertainty of at most —5%.
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Drell-Yan TSAs — Transversity
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Drell-Yan TSAs — Transversity
do sin(2¢cs =05 ) i —
oLt ST[DWM AS Sin (20 ¢S)+..}

Transversity DY TSA

iN(2pcs —9s) 1
COMPASS PRL 119, 112002 (2017) AT oy ] @
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Drell-Yan TSAs — Transversity

Sin(20cs =95 ) @i
d—QOC1++ ST|:D[Sin20C5J AT et Sln(2¢CS _¢S)+i|

Transversity DY TSA

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

-COMPASS 2015 data
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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

o cl+...+ S, [D[sz%} A7) sin (2g0 — @ )+}

Transversity DY TSA
sin(2¢cs —¢s) 1q q
COMPASS PRL 119, 112002 (2017) Ar ochy; ®hy,
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B. Pasquini, P. Schweitzer M. Anselmino et al.
2 F A N. Sissakian et al., Phys.Rev. D90 (2014) 014050 i Phys.Rev. D92 (2015) 114023
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Drell-Yan TSAs — Pretzelosity

do SiN(2¢cs +95 ) i
d—QOC1++ ST|:D[Sin29CSJ A[ et Sln(2¢CS _¢S)+:|

Pretzelosity DY TSA
sSin(2¢cs +@5 ) 1q 1q
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Drell-Yan TSAs — Pretzelosity

do SiN(2¢cs +95 ) i
d—QOC1++ ST|:D[Sin29CSJ A[ et Sln(2¢CS _¢S)+:|

Pretzelosity DY TSA
sSin(2¢cs +@5 ) 1q 1q
COMPASS PRL 119, 112002 (2017) AT o T @y
0.5 FCOMPASS 2015 data | 4.3<M,,/(GeV/c <8.5¢
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Drell-Yan TSAs — Pretzelosity

do SiN(2¢cs +95 ) i
d—QOC]."“" ST|:D[Sin29CSJ AT et Sln(2¢CS _¢S)+:|
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Drell-Yan TSAS — Sivers
do

5 ocl+..+ S, [Aﬁi”“’s sin @, +]

Sivers DY TSA
ingg 1
COMPASS PRL 119, 112002 (2017) A o £ ®
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Drell-Yan TSAS — Sivers
do

o cl+..+ S [ A" sing, +... |

Sivers DY TSA
A'?in(/’s oc fq ® qu
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Drell-Yan TSAS — Sivers

do sin P
T S| A singg + ..

Sivers DY TSA

sin 1
COMPASS PRL 119, 112002 (2017) Ao £2 @10
0.5 FCOMPASS 2015 data | 4.3<M ,,/(GeV/c *)<8.5}

= } i
z, 0:—————%——}——} ------------------ frhoofeee }--}---f----:—--{--{---{ -------- e

107! 107! 020 02040608 1 2 3 4 5 6 7 8
Xy Xp Xp q, (GeVre) M, (GeV/c?)

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

M. Anselmino et al.
arXiv:1612.06413[hep-ph]
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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, PRDS88, 114012
sin(o,-0,)

—_ 0.08 - voe f‘”
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Sivers asymmetry in Drell-Yan: sign change

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

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

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

DGLAP (2016)

M. Anselmino et al., arXiv:1612.06413

0.08
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polarized DY measurements
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M. G. Echevarria et al. PRD89,074013
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SIDIS and DY TSAs at COMPASS (high-mass range)

do

dxdydzdp?d ¢, d ¢,
+ e AT sin( g, + )
+ S [+ AT sin (34, — ¢y )

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

oo (Fyyr +€Fy, L){ 1+..

|+ J2s(L+e )ATEH %) sin (24, — g )

COMPASS PLB 770 (2017) 138

e ht  16<Q(GeVicy<8l
Ah  ()=0238
4 AEr;(d)h— 0) ~
sin(Q + 0 — 1)
ur e T
sin(3¢, — ¢,) +
s1nq)S - .
UT
SiIl(Zd)h— (bs) *
UT T
—0.05 0 0.05
04 April 2018 (A)
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D Als_in(%s -9s) sin (¢CS — @, )
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COMPASS PRL 119, 112002 (2017)

COMPASS 2015 data
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SIDIS in TFR or b2b SIDIS: TFR & CFR
A. Kotzinian, INT workshop Seattle, 24/09/2010

M. Anselmino, V. Barone, A. Kotzinian PLB 699 (2011) 108-118
A. Kotzinian et al. Nuovo Cim. C036 (2013) no.05, 127-130

Xg <0

Quark polarization
U L T
At LO 16 STMD fracture functions. —

e . . Ke xPr piy Pt ek
Probabilistic interpretation at LO: U g mom T 2t b
Conditional probability of finding a §
quark q(x,k,) in the fast moving § N ETCEIS - SP g S k. .
proton fragmenting to h((,P,,) = mym, " L m, om, "
moving in same direction = STMD pe

o A
P, xS; . P;S; » S.f. +
CPDFs < IO g _Tm T+ B PS) e k(. S.) s,
g T m, h m2 by + m2 by
kT . ST Alj-} kTi IA; + PT (kT 'ST)_kT '(PT 'ST)fJ_h
m, my m,m, T
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CFR
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Larger phase space
higher W, z, x

different asymmetries
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Better resolution,

higher statistics
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TFR with good

resolution etc
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Full picture can be
surprising and

beautiful
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1. Exploration phase

First measurements
Parton model interpretation
Last decade

2. Consolidation phase

Measurements from several m

experiments HERE
First global fits, validation of
TMD factorisation and evolution

Next decade

‘3. Precision phase

Electron lon Collider
Global fits, to a level
comparable to standard PDFs
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Spare slides
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“COMPASS-like” future long-term experiment

COMPASS beyond 2020 workshop, CERN, March 21-22, 2016
Physics Beyond Colliders kick-off workshop CERN, September 6-7, 2016
IWHSS17 COMPASS workshop, Cortona, April 2-5, 2017

Dilepton Productions with Meson and Antiproton Beams workshop, ECT*, Trento, November 2017

Physics Beyond Colliders annual workshop, CERN, November 21-22, 2017
IWHSS18 — COMPASS workshop, Bonn, March 19-21, 2018

X1V International
Workshop on

Hadron Structure
and Spectroscopy

ol **
*

ok
g ECT* fia

EUROPEAN CENTRE FOR THEORETICAL
STUDIES IN NUCLEAR PHYSICS AND RELATED AREAS

TRENTO, ITALY

Institutional Member of the European Expert Committee NUPECC

! itudinal and

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)

Spin

ILLINOIS

Local Organizing _‘.J- ! —
Committee 3

Castello di Trento (*Trint”), watercolor 19,8 x 27.7, painted by A. Direr on his way back from Venice (1495). British Muscum,

v £33 Dilepton Production with Meson and Antiproton eams
Riccardo Longo Tre J

Daniele Panzier; (Chair)
Bakur Parsamyan Maln Topies

Theoretical and expenmenu\ aspects of high-mass dilepton production
th meson and antiproton beams,
@ iwhss17@to.infn.it Physics of partonic structures of pion and kaon

Exclusive Drell-Yan process.

@ iwhssi7.0.infniit
n @iwhss17 g b

(PHSSTT -

INFN
Takahiro Iwata (Yamagata Univ. Japan) 13
Bernhard Ketzer (HISK P, Bonn, Germany)
- UPO

Opportunities to carry out new measurements on high-mass lepton pairs productions using meson and antiproton beams

Invited speakers
Vincent Andrieux (U. lllinois), Mauro Anselmino (U. Turin), Francois Arleo (£cole Polytechnique), Johannes Bernhard (CERM), Daniel Boer
(U, Groningen), Stan Brodsky (SLAQ), Jian-Ping Chen (/Lab), Alaa Deyssi (Helmholtz. Main2, Oleg Denisov (INEN, Torino), Matthias
Grosse-Perdekamp (U. llinois), Boris Grube ( Tech U. Munich), Alexey Guskov (JINR Dubna), Cynthia Hadjidakis (PN, Orsay), Paul Hoyer
(Helsinki U,), Xiangdong Ji (U. Maryland/Shanghai Jiaotong U), Peter Kroll (U. Wuppertal), Shunzo Kumano (KEK), Wally Melnitchouk
(JLab), Hiroyuki Noumi (Osaka U1), Bakur Parsamian (L. Turir), Bogdan Povh (U1, Heidelberg), Catarina Marques Quintans (LIP, Lisbor,
Paul Reimer (ANL), Craig Roberts (ANL), Takahiro Sawada (U. Michigan), Ingo Schienbein (LPSC Grenoble), Rikutaro Yoshida (/Lab)

Apn] 2-5,2017
Cortona, Italy

Organisers
Jen-Chieh Peng (Department of Physics, University of Iinois at Urbana-Champaign) jcpeng@illinois.edu
Wen-Chen Chang (Institute of Physics, Academia Sinica) changwc@phys.sinica edu.tw
Stephane Platchkov (Nuclear Physics Division, IRFU, CEA, Saclay) Stephane Platchkov@cern.ch
Oleg Teryaev (Bogoliubov Laboratory of Theoretical Physics, JINR) teryaev@theorjinr.ru

I Advisory C:
Mauro Anselmino (INFN/UnivTorino, Italy)
Harut Avakian (JLAB, VA/USA)
Alessiit Bacchets (INENUalupivia, aly)
Paula Bordalo (LIF Lisbon, Portugal)

Fabienne Kunne (CEA/ARFU Saclay. France)
Gerhard Malot {('ERNrSwmrhml)

Thimes. e (INERIOR T rieste, ialy) irector of the ECT: Professor Jochen Wambach (ECT*)
'.."“"'"(NWMM g Director of the ECT*: Jochen Wambach (ECT

Silvia DallaTorre (INFN/UnivTrieste, Italy)

Oleg Denisow (CERN/INFN Torino, lay) Jen-Chich Peng (Univ. USA)

Nicole D'Hose (CEA/IRFU .r-... o) Adam Szcepaniok (Univ. Indiana; USA) @ CAEN z-

Mnml-vﬁn.n(ﬂmhlh pub)  Andrzcj Sandacz (NCB), Warsaw, Poland) o

Matthias Grosse Perdekamp (Univ IIIIMII. IJSA) Oleg Teryaev (JINR, Dubna, Russia)
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::Efbllowing up on the-mission of.the study group, the worksho‘
‘discuss the opportunites offered by the CERN complexfor futli

Physics Beyond Colliders

The annual workshop of the Physics Beyond Colliders stu
is to be held at CERN, Geneva, on 21-22 November, 2017.

non-collider experimentsthat explore open questions infun mental 4

physics:

This second workshop will present the progress and devs
of ideas currently under investigation by:the Physics-Bey
study. It also aims to stimulate and discuss new ideas.

Details on the workshor

>stragt submissi
of the Study Group, can be found on t PR

workshopweb

Organizing Committes

oerg Jaeckel, Mike Lamont, Connie Potter, ClaudeValléa.



https://indico.cern.ch/event/502879/
https://indico.cern.ch/event/502879/
https://indico.cern.ch/event/502879/
https://indico.cern.ch/event/523655/
https://indico.cern.ch/event/523655/
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/664277/
https://indico.cern.ch/event/644287/
https://indico.cern.ch/event/644287/

D. Kikota et al. arXiv:1702.01546 [hep-ex]

Experiment particles ~ beam en- /s (GeV) Xl L (em2s™) P F (em2s7h)
ergy (GeV)

AFTER@LHCb  p+p' 7000 115 0.05+095 1-10% 80% 6.4 - 10°
AFTER@LHCb  p+°He' 7000 115 0.05+095 2.5-10% 23% 1.4-10%
AFTER@ALICE, p+p' 7000 115 0.1+0.3 2.5-10% 80% 1.6 - 10%!
COMPASS at+ pl 190 19 0.1 +0.3 2-10% 18% 6.5 - 10%!
(CERN)

PHENIX/STAR pl+p! collider 510 0.05+ 0.1 2. 10% 50% 5.0 - 10%
(RHIC)

E1039 (FNAL) p+p! 120 15 0.1 +0.45 4.10% 15% 9.0-10%
E1027 (FNAL) pl+p 120 15 0.35+0.9 2-10% 60% 7.2 10%
NICA (JINR) pl+p collider 26 0.1 +0.8 1-10% 70% 4.9 - 10%!
fsSPHENIX pl+p! collider 200 0.1 +0.5 8- 10°! 60% 2.9.10%
(RHIC)

fsSPHENIX pl+pl collider 510 0.05 < 0.6 6-10% 50% 1.5-10%
(RHIC)

PANDA (GSI) p+pl 15 5.5 0.2 +0.4 2-10% 20% 8.0-10%
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https://arxiv.org/abs/1702.01546

Drell-Yan TSAs — “higher twists”

do Sin(@es +95 ) i Sin(@es =5 ) o
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New! COMPASS arXiv:1704.00488[hep-ex]
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SIDIS Sivers TSA in COMPASS Drell-Yan Q?%-ranges
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Multi-dimensional input for TMD evolution studies
1 H 1 1 1 10 1 10 51 10
* No clear Q2-dependence within statistical accuracy 0? (GeVicy 0 (GeViey 0% (GeVIeY

» Possible decreasing trend for Sivers TSA?
J The solid (dashed) curves represent the calculations

for TMD (DGLAP) evolution for the Sivers TSAs
based on the best fit of 1D COMPASS and HERMES data
from Phys. Rev. D86 (2012) 014028 by M. Anselmino et al.
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Kinematic map: high mass range
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Correlation coefficients
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Maximum correlations are about ~0.2
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The p; (d1) — weighted SIDIS(DY) Sivers asymmetry

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

Artem Petrosyan
Danila Oleynik

The PanDA

- - : a
Production ANd Distributed Analysis system /tt}
Production system
D e .-
{ Panda Server] PanDA

Submitter

\
User g >

What is Rucio ?

e Rucio is the Data Management system of the ATLAS experiment
e |t was built using more than 10 years of experience in Data Management:
o Designed from experience from the previous data management system DQ2
Integrate new features and technologies
e Modular, highly scalable, well supported )
e Whois using Rucio ?
o  Used by ATLAS, AMS and XenonlT
Being evaluated by other small and big HEP/Astro experiments (CMS, LIGO, IceCube, LSST...)
o Rucio community workshop on March 1st-2nd 2018 to present Rucio to more collaboration/scientific
communities 0
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New COMPASS production system

CASTOR
long-term storage

raw data
CERN HTcondor JINR T2
processing, merging processing
files for job results
merging
EOS

short-term storage

Workflow management and monitoring




COMPASS collaboratlon and OI/I}II/I H}IH

Alexey Guskov

« “Measurement of the charged-pion polarisability” — PRL 114 (2015) 062002

« “Search for exclusive photoproduction of Z_* (3900) at COMPASS” — PLB 742 (2015) 330
» “Search for muoproduction of the X(3872) at COMPASS” — Submitted to PLB

Letter of Intent: Fixed-Target Experiment at M2 Beamline beyond 2020
» Study of gluon distribution in kaon via prompt photon production

« Prompt photon production rate estimation COMPASS measures the pion polarizability
» Primakoff Reactions

« Kaon polarizability

News

Andrei Gridin — Double Jiy and intrinsic charm

Evgeniy Mitrofanov — EMC effect at COMPASS

Igor Denisenko — Pion gluon structure functions in J/y production
Andrey Maltsev — COMPASS 2012 Primakoff data analysis

Bakur Parsamyan oo o o

, the
& - A&, | Intemational Yearof Lightand Light based Technologles (YL 2015). Tne am

- COMPASS analysis coordinator Out i

...........

[hep-ex], tobe pubdlishedin Prys. Rev. Lett
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- Azimuthal asymmetries in SIDIS and Drell-Yan o R
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