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do a y2 7,2
= 1+— Foo1+éeF
dxdydzdP? de, dy {XYQ2 2(1—5)( 2X X(Four +€Fuy )
1+cosg, xy2e(1+&)ASM + ...
~ J
g

Cahn effect R.N.Cahn, PLB 78 (1978) Kinematic effect:
non-zero k; induces an azimuthal modulation

The point that there are azimuthal dependences which arise from the transverse momenta of the
partons was clearly stated in this papers:

T.P. Cheng and A. Zee, Phys. Rev. D6 (1972) 885; 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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( )[ } K. — COS @, —> CoS P,
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« 1978 intrinsic transverse motion of quarks and azimuthal asymmetries
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Z. Phys. C34 (1987) 277, Z. Phys. C52, 361 (1991). gi\{, |
o |
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« 1978 intrinsic transverse motion of quarks and azimuthal asymmetries

the spin sum rule RNC T
« 1988 EMC measurement spin puzzle 28 | %=%AZ+AG+LQ+L9
|
018 [ FLLIS_JAFFE sum rute . g b Lo Aq = CI+ —q
05 x o o . Proton: Au =2 Ad=—; As=0 (inh)
g o Jf]LHIL L. AS=DMu+Ad+As=1
S| "+ {k |.¥  EMC1988: AX ~ 0.12 — spin crisis
Now: AX ~ 0.30
N S SN, 0 AG — small (~0.1) positive
w w Orbital momentum — ?
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_ vt A.Kotzinian, Nucl. Phys. B441, 234 (1995).
S I D I S X _SeCtl On Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007).

dxdydzdp2d g dg,

2 2
e
1+ \/m A cos gy, + AT h cos 24,

+ ﬂ\/mAL'”’“ sin g,
[\/mﬁb'”’”h sing, +2 A" sin 2¢h}

+S ,1[\,1 & Ay 126 (1- &) AT C°S¢h}

_Aff?(q’"*‘bs)sin(;éh ~4)
] + gAiiT”("’“+¢S)sin(¢h + s ) >
+ S |+ e AT sin (3¢, — ¢y )

+ WA}Ws sin @,

+ WA;;‘ *h%) sin (24, ¢S)
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1
COS g W(&h s —y—-=7y?
+SA|+ Jm/\ coS ¢ o) R 1-y—7 7%y L 2Mx
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SIDIS x-section and TMDs at twist-2
d

dxdydzdp2dgdg.

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

+ A\2e(1-2) 0" sing,

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

T st[x/x’i—ngLL 22

[1/25 1+ &) A ™ sing, + A" sin 2¢h}

(1-&)AT* cos ¢h}

A sin (g, - 4,)
o ) + eAPH S sin (¢, + ¢,

§25 1+ E)ASJMS sin ¢S

)Aﬁ°3¢S COS ¢,

+ ST + gAi?(S%_¢S)sin(3¢h _¢S)

Zg (1) ACH %) cos (24, — ¢, )

Quark
U L T
Nucleon
J_
U fil (x, k%) hy 1 (x, k%)
number density Boer-Mulders
. gl (x, k3) | hyl(x k%)
helicity waorm-gear L
hi(x, k%)
q 2
1q ) ng(x» k7) .
f1 (x kT) transversity
T Kotzinian-
Sivers Mulders
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SIDIS x-section and TMDs at twist-2
d

dxdydzdp2dgdg.
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a y /4
1+— || Fuur +€F
{nyZ 2(1—5)( 2xﬂ( o +eF)
1+ |2 (1+ &) Ay cos g, + AT cos 2,
+ A\2e(1-2) 0" sing,
[1125 1+ &) A ™ sing, + A" sin 2¢h} Quark U L T
Nucleon
+S /1[\/1 &AL+ 2e(1-2) AT cos¢h} Q@ @ @
U -
T sin(h ) 7 number density Boer-Mulders
AJT((zjn ’ )Sm(¢h _¢s)
] + eAPH S sin (¢, + ¢, > L @*—4—@@*—«@
+S |+¢ ASJ?(S%—%) sin (3¢h — ¢, ) helicity worm-gear L
“;‘25(1+ g)ASJ'”¢S sin ¢S @ ; @_@
( @ i transversity
T Kotzinian-
Sivers Mulders -
worm-gear T
pretzelosity
+ ;’25 1— & )APH %) cos (24 — @
L ( )ALT ( ! S)_ spin of the nucleon ’ spin of the quark ’ &

3 September 2019

Bakur Parsamyan

17




SIDIS x-section and TMDs at twist-2
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a y2 ¥

=

+,/25 1+ &) Ajy™ cosd, + A" cos 24,
+ Ay2e(1—)AL" sing,

[,/25 1+&)A" sing, + e Ay sin 2¢h}
+S /1[\/1 £ A +\[22(1-2) AT cosg, |

_Af,iT”(q’"*q’s)sin(;éh —4)

. + gAji?("’““”S)sin(qﬁh + s )

+S; |+ eATCA M sin (3¢, — ¢y )
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3 September 2019
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AL gy ® Dltl]
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WW = “Wandzura-Wilczek-type approximation
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SIDIS x-section and TMDs at twist-2
do
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o ) + eAPH S sin (¢, + ¢,
+S. |+ gAii;‘(S%—¢s)Sin(3¢h _¢s)
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|+ 26 (1+ &) AR sin (24, - ¢ )
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+
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Cahn effect: kinematic interpretation

do a y2 72
= 1+— Four téF
dxdydzdP? dg, dys {nyz 2(1—5)[ o | < (Fuur +&Fou )

1+ cos ¢h X W Aj°‘°‘¢“ +c0s (24, )x & co5(2h)

~

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

P. J. Mulders and R. D. Tangerman,
Nucl. Phys. B461 (1996) 197237

D. Boer, P. J. Mulders, and O. V. Teryaev,
Phys. Rev. D57 (1998) 30573064
Bacchetta et al. JHEP 0702:093,2007

/\. 5J_h A
oo = 2M Ci- h-pr xhH" + M, f9— |- h-k; xf Dy, + My 0 Do
M M M ™M z

Q h z

Il

—Q:r

N
%r_/

C[wfD]= leejjdszd2 P8P (ke = pr =Py /Z)W(k;, pr ) £9(x,k7)DJ (2, k7 )
R . .
h= PhT/‘PhT‘, p; —TM of the quark w.r.t.the direction of the produced hadron
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do a y2 72
= 1+— Four téF
dxdydzdP? dg, dys {nyz 2(1—5)[ o | < (Fuur +&Fou )

1+ cos ¢h X W Aj°‘°‘¢“ +c0s (24, )x & co5(2h)

~

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

P. J. Mulders and R. D. Tangerman,

- K o Nucl. Phys. B461 (1996) 197237
xh+ —TZ h™ xf o+ f D. Boer, P. J. Mulders, and ©. V. Teryaeyv,
M Phys. Rev. D57 (1998) 30573064
»L ¢ Bacchetta et al. JHEP 0702:093,2007
A X 1h A h
e [ BB Mo B gy M
Q M, M 4 M M 4
\’

"‘ , 2 5Lh "' \ Hh
FUCSS%:ZMC _hep xh+k—T2hfq H1“‘+lvIh f9— _hk (Xqu+f1q)D1h+% 41
Q M, M M z M M z

C[wfD]= leejjdszd2 P8P (ke = pr =Py /Z)W(k;, pr ) £9(x,k7)DJ (2, k7 )
. . .
h= PhT/‘PhT‘, p; —TM of the quark w.r.t.the direction of the produced hadron

3 September 2019 Bakur Parsamyan 21



Cahn effect: kinematic interpretation

do a y2 72
= 1+ Four+eFR
dxdydzdP? dg, dys {nyz 2(1—5)[ o | < (Fuur +&Fou )

1+COS¢hX\/mAj(L’JS¢n +COS 2¢h)><5 cos(2¢h)
hd

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

P. J. Mulders and R. D. Tangerman,
~  kZ q Nucl. Phys. B461 (1996) 197-237

1
xh + —Tz hfq xf  +f] D. Boer, P. J. Mulders, and ©. V. Teryaev,
M Phys. Rev. D57 (1998) 3057-3064
»L »L Bacchetta et al. JHEP 0702:093,2007

~ N Lh N Jh
Fcos¢h:2MC _h'pT XhHJ_h+Mh quq _h'kT XfJ_th+Mh 1q Hq
uu 1q 1 1q ) . . .
Q M M Z M M Z Wandzura-Wilczek approximation
neglecting quark-gluon-quark correlators

\’ (setting all functions with a tilde to zero)

[ h. s D . ‘ Hp

FJSS%ZZMC _hepy +k—T2hfq Hfh+%f1 RS q+f1q)D1h+% 3
Q M, M Y M Y 2
G . -

[ (hep, )k 2. .

R = 2(';" C4 —( v ,Tv,)zT heopn - ke gapn sub-leading Cahn+Boer-Mulders effect
h

C[wfD]= leejjdszd2 P8P (ke = pr =Py /Z)W(k;, pr ) £9(x,k7)DJ (2, k7 )
. . .

h= PhT/‘PhT‘, p; —TM of the quark w.r.t.the direction of the produced hadron
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SIDIS and single-polarized DY x-sections

dxdydzdpT d¢hd¢s

a

y

2 2

/4

|

xyQ? 2(1-

e

5]:|(FUU,T +5FUU,L)

£)

SIDIS

do

- dg*dQ

o« (R} +F7)

DY

1

+ Al cos® 0,
+SIN 20 AT €OS g +5IN° Os AS27 €OS 200

+ A

1+ |2 (1+ &) Ay cos g, + ATy cos 24,
[26(1-&)AL™ sin g,

Sy | in G A SiN ggg +5In? Gog AT SiN 200 |

[1/25 1+ &) A ™ sing, + A" sin 2¢h}
+s l[x/l £ A, + 26 (1) AT cos¢h}

5

_Aji?(q’"’%)sin(ﬂ] —4,)

+ eAPH S sin (¢, + ¢,
+ e AR sin (3¢, — ¢y
“;‘25 1+ g)ASJ'”"jS sin ¢S

J;’?g(l—

e)AE? #4-%) cos (24, — ¢y )

+ S;

(Aﬁ‘”“’s +C0s” G A" )sin s

» A?in(wcs_%)Sin(Z(oCS _(Ds)
+SIN° O (2 05)
+ A" sin (2¢6s + @ )

A;i”(%s ~05) sin ((DCS — s )

+sin 26, i
cs [ o A;ln(%sWs) sin (qDCS +¢S)

|

|

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

- IDI do'° DY
daz oo (Fyyr +&Fyy.. ) SIDIS. —2 __«F! (1+cos® O, )
dxdydzdp;dg¢,dé, ’ ’ 5 dq'dQ
14 AT cos 24, | ' 1+ D[smz(acs} AT?%5 COS 20
+ S, AT sin2g, + S ANI-£2A L 1S, sin? G A2 sin 200,
sin( s [ ASINgs o3
[ A& sin (¢, — ) X A" sing; ( |
X ; SiN(20cs —05 ) i
1+ S; |+ eATYsin (g, + ) ‘ + Sy ARSI (205 — 95 )
i Sin29c5 sin(2¢pcs +9s .
+ e AT %) sin (34, ~4,) | I [sntee}| -y pginCarcs e sin (2¢cs +95) )
- " Where D .. =sin’0.. /(1+cos* @
(1) cos(g, - )| | g =S s /(10057 61, )
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SIDIS and single-polarized DY Xx-sections at twist-2 (LO)

Lo SIDIS do*° DY
d02 oc (FUU’T +5Fuu,|_) —(Z <R (1+C032 ecs)
dxdydzdp;dg¢,dé, dq dQ
1Al cos24, | 1+ D AT €08 20 \
+S.¢ SiCZ(ﬁh sin2¢, + S AN1-& A, + S, sin® O n27cs sin 2¢cs
AR sin(d-4) | [T sine |
X9 sin(d, +ds ) ~: [ sin(2¢cs ~9s) in(2 —
+ S |+ AT A sin (4 + ) + S D A . s )( Pes = Ps)
. SN~ Gcs SINN2Pcs +0s ) o3
+ oA H) sin (3¢, — 4, ) K I + A sin(2¢s +¢s) ) |
- cos{ 4 - where D. ., =sin’4.. /(1+cos’
Sy [T o AT cos(d, )| ] =S Oes (L c05" s )
- T~
chJJszqsn och_fq ® Hlth 4 Boer-Mulders AjOSZ(pCS o hfqﬂ ® hf_ﬂ
sin( g, —ds ) 1q h Sivers sing, q 1q
T Och ®qu < > 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

Worm-gear L

sin2¢, 1q Lh
R P qu

in2
AT ot Oy,

Double polarized DY

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

LO SIDIS do*° DY
d02 oc(FUU’T +5Fuu,|_) —(Z <R (1'*'0032 ecs)
dxdydzdp;dg¢,dé, dq dQ
14 AT cos 24, | 1+ D[smz(acs} AT?%5 COS 20
+S.¢ Sicwh sin2¢, + S AN1-& A, + S, sin® O n27cs sin 2¢cs
_A§$(¢“‘¢S)sin(¢h—¢s) | X A" sin @ .
X 9 ; i e Sin(20cs =05 ) i _
+S, [+ eATO S sin(g, + ) < + S, D A Sin(2¢s — @5 )
. sin® g Sin(2¢cg +05 ) A:
+ €Aj$(3%7¢5)8in(3¢h _¢s) L i | } + A (Breste )S'n(2¢cs +¢s) ]
- cos{ 4 - where D. ., =sin’4.. /(1+cos’
n S-l—/l (1_ EZ)ALT (d—os) COS(¢h _¢S ):l [sm ()cs} (o ( CS)
) - T~

c%szqﬁn och_fq ® Hlth 4 Boer-Mulders AiOSZ(/)CS o hfqﬂ ® hf_ﬂ
sin(d, —¢,) 1q h Sivers sing q 1q
T% Och ®qu < > AT SOCfL”®b
i Transversit - _
sl;n(qﬁwrﬁs) Ocﬂ@) Hlth y A?m(Zﬁl’cs ?s) o hi_?r ® h(f_p
sin(3¢, —¢s) 1q Lh Pretzelosity SiN(2¢es + @5 ) 1q 1q
T oc hii! ® qu AT o hy ] ® h1T,p

within QCD TMD-framework:
h " &f;% TMD PDFs are expected to be "conditionally” universal (SIDIS <> DY:sign change)
h! &h;" TMD PDFs are expected to be "genuinely” universal (SIDIS <> DY: no sign change)
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SIDIS and single-polarized DY x-sections at twist-2 (LO)

Lo SIDIS do&*° DY
d02 oc(FUU’T +5Fuu,|_) —(Z <R (1'*'0032 ecs)
dxdydzdp;dg¢,dé, dq dQ
14 AT cos 24, | 1+ D[smz(acs} AT?%5 COS 20
+S.¢ Sicwh sin2¢, + S AN1-& A, + S, sin® O n27cs sin 2¢cs
AR sin(d-4) ' AT sing,
X ; e sin(2¢cs ~95 ) i
14 S, |+ AT ) sin (g, +4,) ) + S, D A" sin (2¢6s — @)
. sin® g Sin(2¢cg +05 ) A:
+ €Aj$(3%7¢5)8in(3¢h _¢s) L i | } + A (Breste )S'n(2¢cs +¢s) ]
- cos{ 4 - where D. ., =sin’4.. /(1+cos’
n S-l—/l (1_82)ALT(¢h ¢S)COS(¢h_¢S ):l [sm ()cs} (o ( CS)
- T~
ch>Jsz¢sn o hi_q ® Hljc_]h 4 Boer-Mulders A(J:oszrpcs o E ® hf_g
sin(g, ¢ ) 1q h Sivers sing q 1q
T Och @qu < > AT SOCfL”®b
i Transversit - _
SI?(%H/%) ocﬂ@) H_1t|h Yy A?'n(zﬁl’cs ?5) o E ® h(f_p
sin(3¢, —¢ ) 1q Lh Pretzelosity Sin(2¢cs +05 ) 1q 1q
T oc hiy! ® qu AT o hy ] ® h1T,p

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

» Multiple access to Collins FF H,." and pion Boer-Mulders PDF h; ¢
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SIDIS and single-polarized DY Xx-sections at twist-2 (LO)

Lo SIDIS do*° DY
d02 oc(FUUT+8FUUL) (Z OCFul(l'*'COSZ@cs)
dxdydzdp;dg¢,dé, ’ ’ dq dQ
r:|.+ Ajosz% COS 2¢h r1+ D[sinzecs} AjOSZ%S ©o° 2¢CS
+ S EAUmZ% sin 2¢h + S ﬂ 1 g ALL + Sl_ S|n2 9(;5 sin 295 sin ZQ)CS
[ A sin(4,— . ] ' [ ASINGs i ]
AT sin (g, — gy ) SIDIS-DY < AT sings
X < Sl i) L bridge sin(20cs 95 ) oi _
+ S |+ AT M sin(g, + ) + Sy Ar sin(2¢.s — 95 )
i sin’ Ocs Sin(20cs +05 ) o
* 5Af1$(3¢"_¢5)8in(3¢h_¢s) ( : [ I+ Ay (w (p)sm(zwcs"'%) i
- cos where D, , . =sin®0.. /(1+cos’ 6,
(1_ 52 )ALT (h—¢s5) COS(¢ ¢S ):l [sm ()CSJ cs ( cs )

Comparable x:Q? coverage minimization of possible Q?-evolution effects
> | COMPASS ‘e < COMPASS 2015 data =)
= 102!} SIDIS 2010 NH, proton data 09§ % 10? Drell-Yan NH3 §
S F TTTTTTTTTTT 08 ) g
&~ F < = %
N 07 =, - =
[ TO.6‘?§ §
&
i

___________________________

1<Q’*<4

1 ol L L LR L
107 107 107!
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Introduction: exploring the nucleon spin
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bf @ seieonron A SeaCuest A s

1964 Quark model
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M. Gell-Mann

1969 Parton model

R. Feynman

1973 asymptotic freedom and QCD

. : : .
1978 intrinsic transverse motion of‘quar—ks and azn‘mutlnal asymmetries

the spin sum rule

1988 EMC measurement spin puzzle 2N | %:%AZ+AG+L VL,
N\

1988 Factorization of Hard Processes in QCD

J. (;ollins

90’s spin dependent azimuthal asymmetries and TMDs i
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y
v
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etz A. Bacchetta Boer JPMId

Late 90’s — present — future: spin dependent azimuthal asymmetry measurements
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Experiments in last 35 years: part |

EMC CERN (u-p, u-d) @ 280 GeV @

2= Fermilab E665 (u-p, u-d) @ 490 GeV

CCM PTM/SPM

SMS

;La\g(ep e-d) @ 19.5 GeV

NATIONAL ACCELERATOR LABORAT

e-p collider HERA, DESY .
e- 27 SGeV p 920 GeV, p-820 GeV

Experimental Areas at SLAC

Linac 50 GeV FEP‘"
SPEAR 4 x 4 (1/2 SSRL)
PEP 20 x 20
PEP-11 9 x 3.1
Final Focus
SLC 50 x 50 Test Beam
Linac (linear accelerator) \
| 2 Miles . Fixed Target, ||
= = = = Area (ESA)
Elgmnn e
un 051 n -
Damiping Production Exprimental
Rings 4
PEP - -
0 500
Scale in Feet
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Experiments In last 35 years: first results suac ews rec e a1 70 0or

(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(d)(z) —
Avu (d) 01 oL
0 — . T r T - -
s T T T T

. EMC (1987) | i § ] E665 (1993) ------------- ZEUS (2000)

"
LR

Cahn effect =—— -

-0.05 —

ARSERER

Anselmino et al.

0+ -

01 —

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

&

T
<COS 0,>
-

4
-
<CoSs O,>

Anselmino et al. "'-.-u.s TR TSR TERTE <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) =2-yy1- / [1+ (1 =¥)?% phys Rev. D81, 094019 © 1 2 3
0.3 ! o0z
T T T T T T ] ‘ [ —— <k>=0.10CeV/c <ps> = 0.7 GeV/c J ZEUS (2000)
020L @ EMC _ L ce <ke> = 0.3 GeV/c
- _<p2>1f2_0 5GeV { | O.IL —.-. <k>=0.5GeV/c E665 (1993) A 01 L
0.15 H A 4 L __ <Kk>=0.7GeV/c v
<p;> =0.6GeV ] ﬁ +
S 010 J T N I 2
~ 005} PP § 8 o
q‘l'\: T o= T 1 v Vo o005 - ]
AN 0.00 TI 1 - —
N 005 s -
w 005f . ‘
8 Luf EMC(98) _ _ / l
| P T P PR Bl EA T R o L1 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
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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: part Il

HERA MEasurement of Spin

FIELD CLAMPS \

FRONT.
2 MUON
HODO

\
DRIFT CHAMBERS \ 270.mr

110 mrad - — ~

\‘ PRESHOWER (H2), _ — — pu
\ y i i
A\ — =

| iy Ii].
ii LUMINOSITY 27.5 GeV
B [S0] y [FI "~ " “SMMONTORY e o -
MONITOR
| & A
\
— I = 3
AR -

/ 5. ¥

. e,

-1 HODOSCOPE Htll
TRD ~ “CALORIMETER

DRIFT 140 mrad
14 CHAMBERS
j

STEEL PLATE

IRONWALL™ 7.5
- 270 mrad /
WIDE ANGLE
MUON HODOSCOPE,

MUON HODOSCOPES
T MAGNET

7 T T T T T T T T T T
0 1 2 3 4 5 6 F/ 8 9 10 m

Location: DESY, HERA
Beam: e*/e, polarized (both helicity states)(<60%), 27.5 GeV
Target: Gaseous target (H/D)

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

Direct access to hydrogen or deuterium
Fast spin reversal (<15s)

Same acceptance for different polarization states
single cell configuration

TRIGGEH HODOSCOPE H1 g

COmmon Muon Proton Apparatus for Structure and Spectroscopy

ECAL2
HCAL2

EcALL  SM2 Muon-filter
HCAL1 \
RICH KL

SM1

DY absorber

— 255

Location: CERN SPS North Area. (2-stage spectrometer LAS-SAS)
Beam: u*/u~, longitudinally polarized (~80%), 160/200 GeV
Beam (DY): 7, 190 GeV, Intensity: 108 z/s
Target: Solid state target (LiD or NH;)
LH single cell unpolarized target (2016/2017)
6LiD Polarization (L & T) ~ 50%, f ~ 0.38 (SIDIS)
NH, Polarization (L & T) ~ 80%, f ~ 0.14 (SIDIS)
NH, Polarization (T) ~ 70%, f ~ 0.18 (Drell-Yan)

Hydrogen - measurements only with transverse polarization 5_ . 3_.q| polarized target configurations

Deuterium - both transverse and longitudinal polarization
measurements

3 September 2019
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Neighboring cells are polarized in opposite directions

Data is collected simultaneously for the two target spin
orientations. Spin reversal after each ~4-5 days
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Experiments in last 35 years: part ||

HERA MEasurement of Spin

FIELD CLAMPS

y TRIGGER HODOSCOPE H1

4 FRONT [ DRIFT CHAMBERS J———
2] HoBO e
PRESHOWER (H2), _ - -
c?::l;rgms o 140 mrad ECAL1 SM2
1 HCAL1
s RICH \~\A «
- i = 27.5 GeV SM1 y
0+-- R e = e et T -
-4 . k
T e m‘} i ke Polarized <™
SILICON, -
4 HODOSCOPE HO Target
STEEL PLATE . ,‘f";’“:"‘f
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PN
X 50t o
3 COMPASS 5 |7 coumss
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JLab6 - - JLab6
=4 - IR
15—
10 i -
5 i 10 —
51—
0
1 10°
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107
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» Both experiments have P and D data

,.-..g 0.1F h* 1 liepsehX
. re ) . 3 i } t sed »ehX
* Together with pr— multiplicities provides access to intrinsic = | S B S5 SO S
transverse motion of quarks inside the nucleon ~ oy e} E3l %
= L i I 1
= < COMPASS °LiD [25% of 2004 data) preliminary {“: # i 1 E 3 3 i
3 S 0_1' .................................. I 'Y ........................... I— ',: ................................. .02:_ _::_ I -;-
< e Y Y y !z ::oYQY L 33'7 S el ; BT
-0.05F ce , : ¢ e, - HE ﬁj o1t k" & 1 L |
! . ]
¢ o o ]
-0.1+ - - ¢ & “l{ﬁéiz?%}ﬁgi
" o | ¢
0.5 :ZJ’ : o T I '
P 28(1+8) 1 1 | 1 O-Sys ~ 2 "o stat '0‘2: ' E- 1 1 ﬁ | L.t L i
1(;2 —— 1(l)‘ 1 2 oa o6 08 0_'5 : 107 0.4 0.6 0.2 04 06 0B 1
N z P! [GeV/c] X z Py, [GeV]
» Comparison is not straightforward (different kinematics, Q1) 5
) Lo _ [ 1 b s h¥
« Both experiment see similar trends for h*/h 2 | h* b ren Tonx
- o 0.05F + T
f‘l COMPASS °LiD [25% of 2004 dutu){' preliminary § r
S § & O

AN A ST

f
0.05f ¥ - t -

¢ 1 +++ ** % PR h ]
AETEINE R ¥ T s IR EINE | TR

2 ,
L D=<‘31 , | | . O'syszzl " O stat | ~ n__"_""i__:;_"_%m;"}"f""""""_"-F_E{'_#_ﬁ"""@""

102 10" x' 0.2 0.4 0.6 o.azl 0.5 P¥ [Gewc; .05k 1
«  Similar trends for h*/h- e b4 06 02 04 06 08 1
* No sign change for h*/h~ at COMPASS X z Py, [GeV]
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 Longitudinal spin dependent asymmetries in
SIDIS: selected results
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SIDIS: target longitudinal spin dependent asymmetries
do 5 (1, D\ ASING o

dXddede2d¢hd¢S OC(FUU,T +5FUU,|_){1+--.+ S, 525(1+5)AUL¢n sing, +... }

cong, _ 2M {_ i

. élh
Moy hp xhiHE + M ga 2
Q M, M

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

a - 00.1<z<0.2
7z o
M

L T
COMPASS preliminary 0.05 + +
0.021- * i

HERMES PLB 622 (2005) 14
ez7>02 h* I
. = 0.04-
h-k M H
T 1lgmh h Lklq
+ xf Dy, —

i -0.05
—0.02+

P M y 3 a2 a2 1l
- 0.2 '
= 004 %7

£ = L 2 01<2z<0.2 0.05-

 Proton 2007/2011 data i {
0.021

[ ++ ----------------------------------
0: tfg&&f&%ﬁ## [ +

-0.05 B
Q-suppression, TSA-mixing

PR TT T S TN T T T (N T T IO T 1
_ - 0 0.1
-0.02p, EV————
Various different “twist” ingredients

X

107 107!

X

Non-zero trend for h*, h- compatible with zero, clear z-dependence
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SIDIS: target longitudinal spin dependent asymmetries
do

o | F
dxdydzdpZd g, d e,

sin 2M h-
Fo i :C: )C{_ Pr

~

M GJ_h
_n gqu L]
M Z

B. Parsamyan (for COMPASS)

arXiv:1801.01488 [hep-ex]

= N )
( uu.T +5FUU,L){1+"'+ S, '[Wn sing, +... }

HERMES PLB 622 (2005) 14
- ez>0.2 h* +
. ~ = 004F S g1<2do02 n
H h £ 3 !
h- 1qh M h iq ' 'q ”< COMPASS preliminary 0.05
+ XfL qu T Tagp AL T - + - +
M 4 0.021- ; b4
I ; _
D) = [o-(1 I ++ f%q){)(}(}) o
\—./ e(l+¢) ol <}> : & :
Qz ‘ E_ h_ \ _—— -0-05 -_l N | | 1
(GeV?) C o 0-6-6-6-0 _0-02 | 1]
/a ’@ | | Tc.
10 F ’ T Az>0.2 h™ L
g = 0.04 0.05 -
. s o Fa01<zq02 05
- M < " Proton 2007/2011 data [ {
1k » b bl s 0.02:_ ’ -+++ ----------------------------
1072 107! i A 1
x of- PRI e
i i i 005 |
[ — 0 0.1 02 03

*  Q-suppression, TSA-mixing -0.02F, & ——t
» Various different “twist” ingredients 10
[ ]

0
Non-zero trend for h*, h—- compatible with zero, clear z-dependence
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SIDIS: target longitudinal spin dependent asymmetries

do
oC
dxdydzdpZd g, d e,

A

Fusli_nr/in :Z—MC _h'pT
Q M
h-k
+
M

T

S. Bastami et al. JHEP 1906 (2019) 007:
“SIDIS in Wandzura-Wilczek-type approximation

g
o
o
T T | T T T

0.06 — ® COMPASS preliminary

+ L] .

107 107!

*  Q-suppression, TSA-mixing
* Various different “twist” ingredients

- ® HERMES PLB 622(2005) D(y)-rescaled

22 004- + +
< 0.02- i ,j*
i ¢

L © BAEKMPPSSSV, article in preparation

(FUU,T +5Fuu,L){1+---+ S, WATC% sing, +... }

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

- ez>0.2 h*

 00.1<z<0.2
COMPASS preliminary

{.*
®
s 200 +

3 0

e
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(0] 0]0 [ 2SS i
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| ﬁf&ﬂf&ﬂﬁ##

e
——

0.05 |
0.00 |

-0.05 L

1 Lol |
1072 107!

» Non-zero trend for h*, h- compatible with zero, clear z-dependence
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Zhun Lu
Phys. Rev. D 90, 014037(2014)
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40


http://arxiv.org/abs/arXiv:1801.01488

SIDIS: target longitudinal spin dependent asymmetries

do
oC
dxdydzdpZdg, de,

(Fou s +gFUU'L){1+...+ S, £ AT sin 2 +... }

R R B. Parsamyan (for COMPASS)
Z(h- D, )(h K, )_ D, -k arXiv:1801.01488 [hep-ex] PRL 105,262002(2010)
sin2¢, __ 1qpgLh
Fon2h = - h"H; _ 3 = HERMES
MM q = 0.04 +
) g T 0502 h - A CLAS
; 5 I COMPASS preliminary 005 —
0.021- proton 2007/2011 data
[ PRD 77,014023 (2008), updated (2016) 0} } % + $ ¢ {, + + 0
0.05 I ¢

sm(2(|)h)
o
&
E
|
o
|
=]

- e
<D : w §= 0.04- 2502 h- - ggg'%?oifogsf(goo&
- ot £5 I 0.05
-0.05 |— 0.02- } } + - ﬁ
. ] . Ly 4l . L1 1 i 0 ; + + + ; ; % 0 _+* !
107 10™ X i I
. . i —0.02- -0.05
* Only “twist-2” ingredients i : A
« Additional p-suppression _0.04L 0.1
R . N P 3 “I p— : L ]
Collins-like beh_avmr. o = - 0 0.25
* In agreement with model predictions X

» Discrepancy COMPASS vs. HERMES and JLab?
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SIDIS: target longitudinal spin dependent asymmetries
do

<(F, +e&F {1+ A+ S 26 (1— &) A™* cos +}
dxdydzdp?d ¢, d ¢ (Fous +2Fuu) 26 (1-4)A7 &
n N Lh B. Parsamyan (for COMPASS)
FLcli)sqﬁh _ 2M T { h- pT (XGEH 1¢h + Mh g 1qL Dq arXiv:180¥.01488 [hep-ex]
g
Q h M ) 02502 h*
n ~\)| 2 o [ o0l<z<02
4 h-k; X th M, 1q E_(:] [ 34:4 0.1 compass preliminary
M . M "z . + %
HERMES: PRD 99, 112001 (2019) NEW 0:_ ¢ tg{'?% Jf‘b; %

o FrmmtTho o e

é qd(ﬁ “?"‘%‘F}i{‘"%‘ ‘{j"{ '}}} :ﬁ .
_ ?4 -_zéj<'z<0.2

:j Aﬁ.}f“}q’ i A ALS"Y } i | < 0'1: Proton 2007i2011 d%ta
IR iR e

0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 :
PhJ_[GeV] [
C vl Ll P S R

» Various different “twist” ingredients, factor Q! 102 =

* Non zero at JLab X

« HERMES/COMPASS - small and compatible with zero, in agreement with model predictions
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http://arxiv.org/abs/arXiv:1801.01488

SIDIS: target longitudinal spin dependent asymmetries

do
oC
dxdydzdpd ¢, d e,

2¢(1—2) A" cos g, +... }

- y-Lh B. Parsamyan (for COMPASS) 0.04F _ i
F %% = M - C{- h-p, xeH-" + My o D arXiv:1801.01488 [hep-ex] i C o A ooarse D
LL Q M L' g YR . g 002
h ) - ez>0.2 h' )
o= i
~ ~h\) 2z - 001<z<0.2 i
4 h-k; X 1q Dh M, 1q 5 [ qu 0.1 compass preliminary
L L
M M /4 -
’ AT + Dy
PRL 105,262002(2010) I ‘% % 0.04 _ 2 oomeao =
© - I — A=-0.02719
g 4 CLAS 5.7 GeV A 0.02
< 0.1 facLasiz 1* ] —0.11 i
O -
1 — :
0 A‘}A?AAA“A"f"T L T, L -0.02
LN ) r
2, ) - az>02 h™ ~0.04-
< r L
-0.1 23 o1 A0.1<z<0.2 -0.06
M < " Proton 2007/2011 dgta Y —
d 3 L —A=-0.03224 +—
-0.2 ' i # 002' — A=-0.03266 h
f ' B a3
oo o &gk Hl % i
-0.3 5 1‘ 5 1* I i
Pr -0.1} O
- -0.04
. - 113 LSL LIS S 1 | -0.061
* Various different “twist” ingredients, factor Q! BT T = :

107 107! e
« Non zero at JLab X 10 -

« HERMES/COMPASS - small and compatible with zero, in agreement with model predictions
3 September 2019 Bakur Parsamyan 43



http://arxiv.org/abs/arXiv:1801.01488

SIDIS: target longitudinal spin dependent asymmetries

do
oC
dxdydzdpid ¢, d e,

1
I:LL

C { gqu Dlhq }

» Measurement of (semi-)inclusive
A;(A,}) is one of the key physics
topics of HERMES/COMPASS

» Large amount of P/D data

» No P;-dependence observed

-
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<
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3 September 2019 P, [GeV]
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0.6f h* AL — =010 |
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= .. g 22020 |
<:—] 04r - - ﬁi =025
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* Transverse spin dependent asymmetries in SIDIS
and Drell-Yan: selected results
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SIDIS: target transverse spin dependent asymmetries

do
F +¢F 1+...
m@wmmﬁﬁﬂ%a%le EU“J{

[+ o ATCA ) g (34, — & )_

+Sp |+ (28 (1+ ) A sin gy
+ ..

o)A cos(g, o, )}

+ ...
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SIDIS: target transverse spin dependent asymmetries

do o (Fuu - +¢eFy, L){ 1+... B.Parsamyan (for COMPASS) PoS QCDEV2017 (2018) 042
dXddedezd¢hd¢s ’ ’ -
- eh' - COMPASS preliminary Proton 2010 data
_ Sin(3 45 ) - 34 _ = o 0058 o = .
+ e AJT Sm( ¢h ¢s) m; i I
+ S; [+ /2e(1+&)AN " sin TSy | TR TR e i EYPINTRS SN )
T JAs " sing, Ohé#“w | *%#f### +4 ﬁ it ﬁ
s L L
- ( N ~0.05- :ﬁ L — | — e
—_— 2 COS%% _‘.ml M| \.\..u-\||\|||\|\|||\‘|\ .T_T\_ﬁ
+ ST/‘L (1 “ )ALT COS(¢ ¢S) 1072 107! 02 04 06 08 0.5 1 L5
+ .. x z p, (GeVic)
- A 2 /A
| 2(h-k; ) (ke - py )+ k2 (h-pr )=4(h-k; ) (h-p
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SIDIS: target transverse spin dependent asymmetries
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SIDIS - Drell-Yan TSAs: Pretzelosity
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SIDIS: target transverse spin dependent asymmetries
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SIDIS: target transverse spin dependent asymmetries
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SIDIS: target transverse spin dependent asymmetries
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SIDIS: target transverse spin dependent asymmetries
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SIDIS: target transverse spin dependent asymmetries
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* Transverse spin dependent asymmetries in SIDIS
and Drell-Yan: Transversity PDF
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SIDIS TSAs: Collins effect and Transversity
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SIDIS TSAs: Collins effect and Transversity
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SIDIS TSAs: Collins effect and Transversity
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SIDIS TSAs: Collins effect and Transversity
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SIDIS TSAs: Collins effect and Transversity
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SIDIS TSAs: Collins effect and Transversity
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SIDIS TSAs: Collins effect and Transversity
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SIDIS — Drell-Yan TSAs: Transversity 2 oo penod o0
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SIDIS — Drell-Yan TSAs: Transversity
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* Transverse spin dependent asymmetries in SIDIS
and Drell-Yan: Sivers PDF
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SIDIS TSAsS: Sivers effect
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R )

ol _hk
M

"Dy } Fore ™)

=0

» Measured on proton and deuteron
* Recently - gluon Sivers paper
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SIDIS TSAs: Sivers effect
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SIDIS TSAs: Sivers effect
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(Q? is different by a factor of ~2-3)

« Q2%-evolution? Intriguing result!

* Global fits of available 1-D SIDIS data

» Different TMD-evolution schemes
» Different predictions for Drell-Yan
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SIDIS TSAs: Sivers effect
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SIDIS Sivers TSA in COMPASS Drell-Yan Q?-ranges
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SIDIS — Drell-Yan TSASs: Sivers B. Parsamyan (COMPASS at DIS-2019)

arXiv:1908.01727 [hep-ex]
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Sivers asymmetry in Drell-Yan: sign change

DGLAP (2016) TMD-1 (2014) TMD-2 (2013)
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~ oo : A
iy COMPASS, proton, h* SIDIS 0.1F + SIDIS = SIDIS
3 : h 0.05F N
= 0.06 — - E H+p— hi+X
55 005 ¢ Ly)y-/ﬂ
< z - ] 003k  COMPASS
+ is of
0.02— + + < 0_015_
0 0.1 F | | -0.01§—| g

1071 x\lo-L IO;XB/
COMPASS l

PRL 119, 112002 (2017) DY

sin@

In 2018 — 2" round of 0.1
polarized DY measurements - no sign change
L L \ L L L

at COMPASS has been done o
—0.5 0 0.5

3 September 2019 Bakur Parsamyan XF 72




The p; (g1) — 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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The p; (g1) — 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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The p; (g1) — weighted SIDIS(DY) Sivers asymmetry

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

COMPASS NPB 940 (2019) 34 NEW

Sivers TSA in SIDIS:
Sivers WTSA in SIDIS:
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J. Matousek (COMPASS at DSPIN-2017)
arXiv:1710.06497 [hep-ex]

R. Longo (COMPASS at DIS-2019)
arXiv:1908.03310 [hep-ex]

LCOMPASS 2015+2018, preliminary
- e binsin x
| 0 bins combined

projection from SIDIS

107! 1
XN
75
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http://arxiv.org/abs/arXiv:1908.03310

» Towards high precision multi-D analysis
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COMPASS/HEMRES Multi-D TSA analyses
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» Possible decreasing trend for Sivers TSA?
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http://arxiv.org/abs/arXiv:1504.01599

COMPASS/HEMRES Multi-D TSA analyses
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* No clear Q?-dependence within statistical accuracy

» Possible decreasing trend for Sivers TSA?

* Negative amplitude for h~at large z?
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COMPASS/HEMRES Multi-D TSA analyses
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Future Multi-D TSA analysns at J Lab 12
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Electron lon Collider: The Next QCD Frontier
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Electron lon Collider: The Next QCD

Frontier
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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

Bakur Parsamyan Courtesy of A. Bacchetta
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Nucleon TMD PDFs accessed in SIDIS and DY
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Nucleon TMD PDFs accessed in SIDIS and DY

SIDIS Single polarized DY (LO)
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and kinematical ranges will wait for a
“global analysis”...
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SIDIS and DY TSAs at COMPASS (high-mass range)
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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 + 045 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+p! 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

