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Introduction. Parton model spin structure.

Quark Models Results. Interesting relations.
PDFs. Some experimental results.

Pretzelosity and other PDFs?

Evolution Eq. and Interference Fragmentation.
Drell-Yan process.

Conclusions. 1
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Main (twist-2) parton characteristics

of hadron (integrated over k)

e Non-polarized PDF fi'(z, Q).
-Measured for decades. Rather well known.
-Q?-evolution, a(Q?) extraction
-Problem of very small x-behavior (bare
Pomeron, BFKL-equation)

e Longitudinal spin distribution.

ljﬁ' — (I!'—:" fﬂ"’r — gl T (L?.:_}*:I ,
-Parton content of proton spin. Main problem AG.
Dedicated experiments (e.g. COMPASS, RHIC). -

Sea spin flavour asymmetry (spectacular in DY).
e Transverse spin distribution. (transversity )

5ft = 11 — 1 = iz, Q%)
Not measured in DIS (y—odd).



‘ Why k. is necessary?
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New possibilities with k; account.

(f1) D
(911) G11 (o P)(SP)/P? Helicity

(hy7) Hy [0S — (o P)(SP)/P?], y-odd Transversity

aog, W

-0 qe»@

(hir) Hir o[kP]S[kP]/k¥P2, Y-odd Pretzelosity
Boer-Mulders

(hi) [ENSRPIELP, \-odd, T-odd Collins

>-0-0

(fir) Dir S[kP]/krP, T-odd Sivers
é é (917) Gip (o P)(Sky)/Pky Worm-gear-T

— (D= (hiy) HY (SP)(oky)/Phy, x-odd ~ orm-gear-L
1L 1L

(T-odd Boer-Mulders and Sivers were “forbidden” by T-parlty
and hermiticity but reanimated by Brodsky and Collins.)



Light-front correlators (:T =0, pT = zPT):

d>d27;

&z, pr)ij = NCER e'P* (N(P. S)|;(0) {gauge link} o;(2)|N(P.S))

{gauge link} =P exp [—igfdfjﬁj(f )Lath M‘ qg ‘M

! helicity Worm-gear

Sty oz pr)l= fi-———1F
1 :

= trlyv s o(z. pr)] = Sr, g1 1 pretzelosity

r-Mulders

. . Jhk i k1 =25iky kY
N N

f1/g1/hy 'collinear’ well/known /models, lattice, first data & extractions (Anselmino et all.)
fﬁ/hf '"T-odd" hot!, models, data, extractions (many authors/Drell-Yan)
917 /hi; certain interest, related to gi/h; in Wandzura-Wilczek-type relations (next slides)

hl%r modest interest, undeserved in my view. What is that?
—— =~

@Dy @Hf all accessible in SIDIS and eTe~ (Boer, Mulders, Tangerman, Kotzinian 1996-19983)

A : . 1] 5
Deeper into forest, more firewood!



¢ All 8 leading twist TMDs fy, g1, hy, fi7. hy
but also 16 subleading twist TMDs g, hL, etc. contain
independent information on the nucleon structure.

e [ here are no exact relations among TMDs!

e But having well-motivated “approximations”™ is valuable!
At initial stage important (motivations, proposals for experiments).

e For example, Wandzura-Wilczek-type approximations
(neglect pure-twist-3 & mass terms).

1
ng' hlL' hyr

1i{lja ) ldy

g (@)= = L y Q1(y)zxg?(x) =

J_lllu I? 2 ldy } | .
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0.02
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‘ Suecifc model relations in tWist-2

(1) fi(z,58) = Ng f1(z,pf) with N, =2, Ny =1

(2)  ¢¥(=.73) = Py91(x,F) Pu=1%5, Py= —3 from SU(6)
(hq, h,Jl—T analog)

“Bare" distributions satisfy:

(1) Alz.5f) + g91(z.5F) = 2h1 (. 5F)
1(1
(2)  hi(epd) — k@ pP) = A@PR) A Todd < 0

(3) hyp (2. p3) = —g17(x. p2)
2
(4) é [hfglfx.m} = —hI(2, k) hf (2 k)
Hold in LCQM, bag, spectator and also in "Zavada Model*

(Pasquini et al. PRD72(2005); hep-ph:0806.2298; Avakian et al. arXiv:0805.3355; AE,
Schweitzer, Teryaev, Zavada, PRD80(2009)014021, arXiv:0903.3490)

In spectator (1) and (2) only if M? =M, (akob at al. NPaG26(1997)) 7



‘ More general and exciting relation:

In all mentioned models:

of () — h{(x) = 13 (@)

'measure’ of relativistic effects = pretzelosity!

Valid at low scale in large class of relativistic models,
not valid in models with gluons (Meissner, Metz, Goeke 2007),
not valid in QCD (all TMDs independent, not preserved by evolution).

More important is possible access to quark orbital momentum!

(J.She, J.Zhu,B.Ma, PRD79 (09)054008,
Bag model (Avakian, AE, Schweitzer,Yuan PRD81:074035,2010), Zavada model PoS DIS2010 253

1(z, 73) = h(e,53) - %2, 5B) = —h (e, 5

B.Pasquini et al. (LCQCModel) - true only for P;-integrated 8



X et

(BOQ model) Avakian, AE, Schweitzer,Yuan
PRD81:074035,2010

ZL.iz—Q/drhli%m()=U,46. 2L = -2 [ dr hyy(z) = ~0.11, |2L¢) = 2L + 2L = 0.35,

5t = / Qe gz) =087, 25%= [degl(z) =02, 253 = 257 + 283 = 0.65,
3 3 3 | 3 3 3 1 3 3 3
0 =21 425} = 2, 03 =20+ 28 =, 273 — 913 12858 — 1.

1. Whether there exists connection between pretzelosity and GPDs?

2. Whether QM relation may inspire a way to rigorous connection between
TMDs and OAM in QCD?

3. Could insights from models and lattice QCD be helpfull?



Nucleon spin structure much more complicated than thought!
SIDIS [N — I/hX

Rich azimuthal structure

even at twist-2 , S,
[
review: Bacchetta et al., JHEP (2007). /\q "8 .
do Scattering plane /
—=tyu T Ae S
dop,

+ cos(2¢ ) EGS(Q:;: +5quﬂ(2m)F5m(2$ + Xe STCOS((."J—H;Q)FEDE(&J 0s)
+ Splsin(o— mb)FD'n(HSJ—I—%|n(U_|_u) Sin(d+65) 4 gy (39— ¢ )Fém(am 65)

+ twist-3 terms. .



Leading twist
approximation

Fuu ~ 3 () Dt
FLL ~~ Z 'Eﬁ@ Df

FEred ~ 3 Hpdde i

Frein(29) Zeﬁ@ Hi

e.g.

Foin(é=6s) Zei'@ pe| TMDs

Frin(@+s) 233@) Hie
poin(36-0s) 3 E@. Hi

chiral-odd
TMDs

Fcns[:ﬁ:—qﬁg} — EEIE' Da.
LT g & chiral-even

f KRD="* Zf‘i /dgpf *ky 6@ (pp — kg — Pho/2) w(pp, kp) f°(z,p3) D*(2,k%) 14



X poss. Some experimental esuils

Collins asymmetry for proton from COMPASS and Belle

COMPASS PROTON
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12
M.Anselmino at al. 1303.3822 But DGLAP evolution Eg?!



Sivers asymmetry on proton

charged hadrons, 2010 data - QZ evolution
M. Anselmino, M. Boglione, S. Melis

PRDSE (2012) 014028
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Pretzelosity in SIDIS and thory predictions

Boffi, A.E, Pasquini,Schweitzer PRD79:094012(2009)
Kotzinian arXiv:0806.3804[hep-ph]
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‘ Extracted Results on Neutron

Extracted Pretzelosity Asymmetries,
Ayrsin(@, — @,),on the neutron

For both T+ and 7t-, consistent with zero within u\ncertainties.

||||||||||| T T L | T T T T T T T T T T T T T T

gﬁ 0.4 n(e, e'n*)X §= 0.4} 'n(e; é'ﬁ')X

RN
N N

02r ‘ 0.2y
oaf Preliminary o4l Preliminary

0.6 7777777 77777777777 EXP--O.E‘E— s s sT I TSI L Oz 2 EXp.

0.1 0.2 0.3 o o1 02 o3 o4
4ij Axbi

(Jian-Ping Chen, JLab Hall A E06-010 with a Transversely Polarized *He (n),
QCD Evolution Workshop May 6-10, 2013) 15



E
©
Q
=
;_J!
E
A
o

-
&n

b
P

-
o

2isin( -4 )} (Sivers)

=
.

Neutron Results with Polarized 3He from JLab

: Mewtron

=
T T

(=]

Blue band: model (fitting) uncertainties
Red band: other systematic uncertainties

Collins

asymmetries are not
large, except at x=0.34

Sivers

P (ud) negative
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Pretzelosity in SIDIS: prospects

There will be data from COMPASS proton target (small z)

| —(De +
ﬁb“](}q) %9x) proton
Most preferable conditions: . | . | | ;

 fiah fuminosity 0.05 Zavada model —
— JLab i | | .

CLAS with 12 GeV (H.Avakian et al, -
LOI 12-06-108). Error projections for 2000 0
hours run time at CLAS12 -
(DLay - g0 a .

|hl}' | < fl — 91

— Covariant parton model —0.05+ .
(AE,Schweitzer, Teryaev, Zavada; arXiv:0812.3246) | | J | [ l
— Light-Cone CQM 0 0.2 0.4 0.6 X

(Boffi, AE, Pasquini, Schweitzer — [PRD79(2009)094012]

Can be accessed in Drell-Yan in certain azimuthal spin asymmetries. .



T-even asymimetries in SIDIS ( caociiodel)
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‘ I-odd asyuunetries in SIDIS ( cociiode)

MPasquini, Schweitzer ArXiv:1103.5977
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Problem with evolution.

LCQM (and others models) gives TMD ATC

functions at low scale 3. 0.1 1 ]
Evolution equation for hﬁ%(r.@z} vet unknown. [ n proton -
Two possibilities: I ]
. 0 = f I + 1
Viodel T —— no evolution e el s
(chiral odd, no mixture with gluon) 005 - odel irv ] 1

Model II - - - evolution similar to hy(xz.Q%), i.e. | model, iy IT
(1)L _ {1)J_ 1(”’72) 0.1 Ll =
hip ™ @) =hyp (e H:J} Ne) 0 01 02 03 x
Data HERMES: PRL84(00); NP.Proc.Suppl.79(99). A (b)
Seems better agrees with experiment. 0.1 1 RN AR
Similar problem with Collins PFF Hi 0.05 - Toprofon
HEEMES & COMZPASS EELLE DELFHI { e — = — ]
SMC 0 1% = * B
1 10 100 1000 10000 QTGeVT “model, try IT ]

-D.]. [ I B NI A

Singlet evolution is usually assumed.
Good important problem for RG-community!

0 0.1 0.2 0.3 X
20



Historically TMD factorization is formulated ‘

as Collins-Soper-Sterman resummation
Collins, Soper, Sterman 1985

Proven for polarized case
Ji, Ma, Yuan 2004
Collins 2011

Alternative formulations

Cherednikov, Stefanis 2008
Echevarria, Idilbi, Scimemi 2011
Trentadue, Ceccoperi, 2008
Hautman, 2008

Equivalence with some approaches

was shown in
Collins, Rogers 2012
21



New trend: Generalize Bessel

fbd) = [dpre®rer fe.ph)

Boer, Gamberg,Musch,Prokudin JHEP

— 2 [diprllprl Jobrllpr) £(@ph) . 201
Boer, Gamberg,Musch,Prokudin

f{n}(__h b%) = nl ( 72 Obﬂ ) f(*Ta b%’)

B 27 n! |pT| n e
= arr / dlpr|lpr| (—wﬂ) T(brl[pr]) f(z,p3)

UT(|Purl)  2J1(|Phr|Br)

73T 1Py cin(dn—ds)
i Oh—03 .
Apr (Br) =

7B ) V., .
foE|PhJ_| |PhJ_| doy, dog = TELII;';TLS]H({E‘J;; —0g) (fEJT — dﬂl)
[d|Pyy||Pyi|déndos Ty (|Prr|) (do! 4 dot)

P 1. Cancelation
of soft factor!
L zﬁﬁwwﬁ%mmﬁ» 2

w Hiour(Q) 2, € fi(x,22B}) Di(2, B})



Advantages of Bessel Weighting

1.“Deconvolution”-SIDIS structure function simple
products ®[...] instead of C[...];
2. Soft Factor cancels in asymmetries;
3. Circumvents the problem of ill-defined p--moments
when B; IS non-zero;
4. Bessel Weight asymmetries sensitive to low P, -region
5. Cancellation of perturbative Sudakov broadening
mentioned by D. Boer;
6. Possible to compare observables at different @, scales....
could be useful for an EIC.

Comment: Traditional weighted asymmetry recovered

but UV divergent.

f11111[]-1::..11 = 2J1(|Pho|Br)/zMBr — | P}, 1|/ zM ’
3 —



2. New evolution [} o
Pl (@b Cr) = —@2r) | dkpkdJ, (ko) B (o, krs e, Cr)
equatlon for TMDs " / ! o

? 15 o e O F(e,b, e, ¢) _ R(by.u CoII|n§-Soper kernel in
- HERMES 4 e | J1n /¢ * 7/ coordinate space.
E Process independent
,g ls 0.1 COMPASS y (ffi hl ;”j ( ( )) .
— vl i
< d ]rl JIL PR ”.F ‘[ ;
dln F(x.b . p, )
0.05 = —AF ),
dln,u .F(Q{P’) Q)
. FffP( br:Q,Cr) ijr( br: Qo, Q)
! ! 1 | ! ! () Non perturbative
0O 02 04 06 08 1 12 X €XD [— gx(br) In Q—J
Pr (GeV] () - ) duf 0 :
';‘w 0.15 TMD evalution X e}{l-) [h] (_‘h (b*- .”b) -I_ / “; {11‘- (g(“;.) l) - h] _Ji,‘:l.!l-{ (H(HI))‘|
_I__f HERMES -JU JQq fl [t }
E - g4  COMPASS { Q)
< _1 B ]
+‘/(l o (9(n) J
" Perturbative
0 I{{b'f_: ,Ll') — I{(b* #) — UK (E’}f) b-rmu — 0 (GCV )

P, (GeV)

, g2 = 0.68 (GeV

g (br) 1(; b3 / (( )
0 02 04 08 08 1 1.2 K\"T) = E e I\ 0T ) =
) } '\/1 + b m ax

COMPASS data is at <Q2>=3.6 GeV?,
HERMES data is at <Q2>=2.4 GeV? 24



t{x)

f ()

Evolutions for f, g4, h;

0.01, k)

fx=

=
=
LLLLI I

107E

—
m

e Evolution for TMD
transversity and helicity
functions is calculated

e Form resemblant much to
that used in phenomenology.
at fixed scale

e Results are checked with
CSS formalism

e Soffer bound on
transversity is not violated
numerically

Bacchetta, Prokudin,
1303.2129

25



Takes this field to new level |
However, a number of caveats:

- various simplifying assumptions

Aybat,Prokudin,Rogers

. 0.04
- results will depend on large- 7
b pr,esCr.lp.rion: b* Only One :%, 5 0.03 pHERMES,COMPASS
possible choice of parameters AN
such as g,,b,.x (Cancels in 0o
asymmetries.) :
° mC(TChlng TO large‘kTTGil. -0.01 2‘0 4‘0 s‘o s‘o 1(‘)0
HERMES PROTON COMPASS PROTON Q* (Gev?)
o1r I ' - 01
nt h
;] 5 Anselmino,
iS < Boglione, Melis,
° < o PRD66(12)014028
o TMD
005 ---- DGLAP - — ™D
—me , TMD Analytical , 005 F ---- DGLAP
0 01 02 0.3 mrmee . TMD Analytical 26
Xg 0.01 0.1
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Joint fit to SIDIS and pp data: mismatch problem

other (than Sivers) effects dominant? ep-data: Sivers
function only constraint for x<0.4: Nodes? ETQS? Otherﬁ

—

35 0.02 —
—E 0 //\\____
* N\
_&02\\\\éiff§/////
IS pp (STAR)

-0.04

-0.06

0

0.2

0.4

0.6

Kang,Prokudin PRD85(2012)07408

0.8

BRAHMS

0.2 0.25

0.3

0.35

Works (r'easonablysF

well for SIDIS and
S’rreng’rhens case for study of sTAR

DY "sign change” |

But fails for
NICA, COMPASS, E906 W bosons at RHIC BRAHMS!

27



_ : Gamberg, Kang, Prokudin: 1302.3218
Process-dependence of Sivers effect e el

—= 0.1 C

'+ ool HERMES

nozr-

0 0.01 —

e ﬂ.tll.‘i IIII.'I 1]'.I15 [I.II ﬂ.IE.‘i III.IE ﬂ.:li.'i 1< M; — : __- = — “:!
Single jet AnDY experiment seems - - Cox
con? aiible with Si\eers SIDIS! Prediction of Sivers asymmetry for DY

S
b : o 4<Q<8 GeV, VS=500 GeV
001 ?
= 0.005 [ ‘F'
Joeem >
~0.005F < ol
-0
—IZI.I!H&I— | | | | | —0.13
0 IR 0.2 0.3 0.4 0.3 0.6 0.7
0.1 0.2 0.3 0.4 0.5 0.6



L.

[ — T T T T T T [T T
I i_'_'_' ]l stat. band L ctat. bands
T rf[ﬂ_l—‘— -

it o | - 7 7
[ . BRAHMS VsH200 GeV ; : STAR Vs &
[ §=2.3 I 6=4.0 -0.05F =33 Ik

P R R | P R R BT T I |

0.2 0.3 04 01 0.2 0.3 0.4 0.2 0.4 0.6

KF KF KF XF
S o oot Do - M. Anselmino et al. 1304.7691
- —.- A,D7 dala
0ood _
pp—+jelX  4E=3DO0GEV  n=320 GPM model. Generalises the usual
BoEr 1 collinear factorisation scheme with DGLAP
poz | 41 evolution.
cor | L | * No mismatch problem, the same sign as
[ f in SIDIS. But predict change sign for
i e — .. E____ _.__J,., il - * . . '
e pp --> jet X!
0o F _
02 1 1 1
O oz (1 ] 1.5
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Measuring di-Hadron Correlations
In e*e- Annihilation into Quarks

electron

I, , Melative pion pair
Momenta

positron

Interference effect in e'e”
quark fragmentation
will lead to azimuthal
asymmetries in di-hadron

correlation measurements!
(Handedness correlation!)

Experimental requirements:

» Small asymmetries =
very large data samplel

» Good particle ID to high
momeanta.

» Hermetic detector
*Observable:cos(@g;+@p-)

_ —£
modulation measures H]‘i Hi
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BELLE data

Ll

- 0.40 GeVic® < m, < 0,50 GaVic®

. Tm E  m E "m

E mom - F v

E 3 | 3 v
e | S

. 0.62 Gelic' em, <077 GaWic® [ 077 GeVic'em, <000 GeVic |E 0.0 Govic' < m, <1.10 GV

g

8
e
3
A
A
”
£
o
:

04 05 08 1 ‘I.‘il_r‘ljﬂhﬁﬂ 04 0.5 0B 1 1.2 fl!ljﬂMF‘]

Vossen, Seid! et al. (Belle), PRL 107 (2011)
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‘ Two hadron asymmetries in SIDIS
New results from 2010 run of COMPASS

COMPASS 2010 proton data

& i; 0.1 Transversity2011 2010 ® 2010 mun preliminary
2007 0 2007 run
0,051 + - % -
O=----1-3%-:- e o e STy TR s R TR T
A %ﬁm ity %
4;1.[}5—% QEP*{ BEEREE k %% ;
0.1 - -
T B t{]% , | L | | | |
E 10! 0.5 I 05 1 1.5 2

X z M (GeVie2)

v
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dihadron way
to transversity 1s opening



Y eahi(e) H (5 M)

Mh l,q

qu2f1( z) D1 4(2, Mj)

(sin® 63) (sinf) (sin ) qf’; léll HE (2, Mg)ﬂH 1z M)
(14 cos? ) 2 qu( UZ)qu( Mz)

Simplified expressions H® =-H® H}=-H, D/=D/=D

g
Courtoy, Bacchetta, Radici, Bianconi, arXiv:1202.0323, 1202.6150, 1206.1836,1212.3568

Aprs(z,z,M?) = —(C,)

Apre(2, M2, 7, M2) = -

R ) ) — ‘IT
nl _ JImHSEMY) a0y Apis@)==(C) (fliu() "Zfd v)/4) nl
5 Hﬂluz,mﬁj —ee S T

N at COMPASS Torino’s fit
T xh:"r;x)_;h:"m / S xhYeoexhi 0
0.6

o

Transversal ﬂj Preliminary { 9 deut-::-;n:},'\ .
HANDEDNESS! 0-32 Proton } [/ n:z- J {
: - {H §{+{#"'} N e 1 T Ti 1

2 - 1 - -
1073 107 ) 107 102 10 1




Summary on SIDIS

e transversity is non-zero and quite sizable ! ‘

can be measured, e.g., via Collins effect or
interference in 2-hadron fragmentation

e Sivers and Boer-Mulders effects are also non-zero
direct probe of “physics of the QCD Wilson line”
possibly large evolution effects

e so far no sign of a non-zero pretzelosity distribution

e first evidences for non-vanishing worm-gear functions

e let’s prepare for
precision measurements at ongoing and future SIDIS
facilities
fundamental QCD tests in Drell-Yan experiments

Gunar Schnell QCD Evolution 2013, JLab
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Drell-Yan processes (single-spin)

Hadron plane (Collis-Soper)

A(P)
e i
\\

B(P,) \sl/(

Arnold, Metz, Schlegel PRD79(2009)034005 R e ()
2 q2 q2
do agy, " X, = X, =

(1'4(1 dQ) F qQ | 2|Z)1 . 2P2 .q

{((1 + COSQ f) P[IL' (1-— cos* Hl Pl T sin 2 HCU\()I‘( 0 44 + sin” (7(‘()\ Q)}Coq""’)
+ Sa[__(\lll H\lll()f”m(' + sin? #sin 20 1~Z‘L“,""’)

+1S.7] lsiﬂ g ([1 + cos” A) Fip + (1 = cos™ ) Ffpy + sin 26 cos ¢ Fros© + sin fcos 26 FIE‘E?E“)

e | C D . o psin? 36
+ cos iy (511135' sin ¢ F;lﬁ“b + sin’ fsin 20 Fp “b)]



1 Parton model (leading twist, single-spin)

i MMy LTy needs F';, and F' ;

sin 2 y E{E'EETJ{E'EW}_EGT'E&T 17l —
Frp™ = C [ M bishi).  For pp Drell-Yan all

b kg Cornestoun QCD T’ﬁ > f h
o - _% i) oreico Allows uniquely

™\

o[ s ,
pance-so) _ ¢ |1d an) easure most PDFs!
Wik

pein(2e+éa) _ o 2(h - Far) [2(F - Far) (R - For) = Rar - For] = Kp (7 - E&ﬂ@
TIT ’ 1T "1

MM,

Clwlkar, ko) fifa] = "h,_z Eg ft-jz,l;ﬁ_jp L{Ekbr {'EKEJ[@T—L'GT—.I:bT,'I?_L'Li.I[:E_T,J[J.{jTJ ¥
g

i
N

[ff':rm 'E_‘:ET:I fglr.EbIET] T ff':-ra.'l 'I-‘ET,] fqui'bEtE.T]] .

37



Parton model (leading twist, double spin, LL and TL)

Fi, = -C g1z FiL) -
. E{E'EuT:I(E'EbT]—EuT'E&T
cos g ’
Fly = —C ! 3
LT [ TR
con(Tdtb) (k- ﬁ'aﬂ[ﬂiﬂ et (R dar) — kar - hr] —kEp(R- k) -
FLT =L = hir hir |,
2M, M,
- E’ 'EEII:I
Frp = —C [ 7, T]*
F;iﬂm;—mh = {7 hﬂ;»: hlh ]:
con{ddtda) -EEE'E:T][E{E'EaTHh kyr) — kot - hur] — Bl (R-Rer) o)
2020,




. EIIE'IEF'.;T:I(E'EH]_EGT'E&T _
F‘]]'.'T =L [ Eﬂ;ﬂ,ﬂif—a (f]_J‘i" f]_J‘i" — 01T .';'1‘]") :

F%T = —( [

(2 —ghg g )
F:-:-:l 4
TT

[2p+da —ds)
Ffl:lﬂ
TT

(Db +idy )
F'-':':'. Y a %%
TT

=

=

=C

II.!_|'-1'-:|‘.'.|" "E-E\T _
ST (fﬁ' fiy + o 91:r)] :

FT:;?I'E-I-—#"d._'I"b:l — l:'_-" [_Ir]!.l hl] 1

Parton model (leading twist, double spin, TT)

IRYEIYF:

.
2(h - dar)” — ki
200} hfir
oh Fur) — R | -
Eﬂ-ﬂ? Jr.'!'lfl"hl
4R Ror ) (b kyr) [2(R - Rar ) (R kar) — kar - Far )
IRYEITE:
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| | Prediction for RHIC ‘
Let us simulate Sivers-q:

) + 25% )

f#qu(;ﬂ} _ f#qu(;c) % (fi+ fi(x) Collins, AE et al. Phys.Rev. D73 (2006) 094023
—_—
best fit (flu + fii) I:.L)
ATED S e l'TX wRHICQ=1Ge\  ATTT ™' i plo—'IX at RHIC Q=4GeV

RHIC — P

T B 01 r

op'p—ITI"X

Valence ¢ and sea ¢ on equal o0s -
footing. Sensitive to Sivers-¢

In certain y-region. - s
¢ RHIC can test “change of .es . | 008 | e
. . . . M m .
sign” & provide information 3 5 4 e 1 2 3 32000 1 2 3 v
| 7l . .
on SI\!EFS-Q. yellow = l-o region, blue = effects due to Sivers-¢

0.7% (STAR, PHENIX)

B 1y 54—
Accuracy ([ Ldt = 125pb™"): 0A = ‘0,1% (RHIC 1)



Predictions for Sivers in PAX and COMPASS ‘

aGauss Zf_‘l {lflfmz (ll)fl (T‘))
Za -'a.fl (Tl)fl (T'Q)

Ao

ffgrlf_llfgu_ﬂg \J = +

ﬂ = . - - -
Ap-geb A5 e X at PAX in o e (X af COMPASS

01s - 015 - -
[ s=45GeV?, Q2=(2.5GeV)? - [ s=400GeV?, Q?=(25GeV)?

e PAX at GSI
pTﬁ — [T17X (byproduct) Annihilations of valence dominate.

e COMPASS
pla— — 1T~ X
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The BM-Pretzelosity Asymmetry in 1 p Drell Yan
? o ()47 10=0200; (P, ) =0.08 GeV?
(pZ; )=0.05GeV?, (pZ% )=0.092 GeV?

1. Liéht Cone Model Boer-Mulders function of pion generated from S-P
wave interference in one-gluon exchange approximation,

2. COMPASS kinematics: x, X, =Q%4/s with Q2 =20 GeV? and s=400 GeV?,

E, A

kg, M

|
|
|
|
|
|
|
- I
T -
|

"ﬁu
m
.

3. Evolution equations for hl# and |"llL are not yet used — we include
“approximate” evolution effects using transversity evolution,

| | [ Sin(2¢+4,)
[AE, Pasquini, Schweitzer, Yuan, in preparation] sin(2¢+¢4,) ' TU
. U o 1
Also Lu, Ma, She: A 524+ ¢,) 20+ F
arXivi1101.2702  op—— . AN Uu
102 i
i “Approximate” 91
r . i
.04 evolution -
.06} -
R -0.03 —
.08 TP 0.04|— T p
_{I':I I_I‘-J!IIIII-IIIIIIIIIIIIIIIIIIIIIII!II'II - 7|||||||||||||||||\|||||||||||||\II|\
8 -06-04 02 0 02 04 0.6 0.8 42 05T 06 -04-02 0 0.2 0.4 0.6 08

X, X,



TMD evolution phenomenology
Sun and Yuan, 1304.5037 and Feng Yuan 1304.5037

* recently applied the CSS original evolution scheme at one loop
to account for TMD evolution of the unpolarized TMD PDFs,
and extended this formalism to the Sivers function as well.

SlVeI‘S(Q b) SlVGI‘S(QO) ) SSud(Q7Q0ab)
Q
Ssudzch/ dit as(1) [1 (QZ) 1 O _§]
0.08

o BT i g 2

There is no Landau pole singularity in the integral ; AZ':(% " RHIC s
Almost parameter-free 0.06- P
No Q-dependent non-perturbative form factor 7 7
Gaussian assumption at lower scale Q, 0.04- -
Fit to Sivers asymmetries in SIDIS ?

Predictions at RHIC 0.02L ]
This can be used to calculate the asymmetries up - ]
to W/Z boson production 0 05 1 15 2 25y

EIC will be perfect, because Q coverage 43



Q
Q_
7,
©
S
O
o)
o
Q
S
S

Drell-
NICA Layout & Ma

in Elements

Synchrophasotron yoke

Existing beam lines

(F

_s)

ixed target exp

Spin Physics
Detector (SPD)




MC estimation of precision for 100Kevents
(~2 years data taking s~670 GeV?)

Si“(q’*q’s)%, AlsJi:(¢+¢S)
uT |
i 2.5<Q%<8.5 GeV?2 0.05[ | 9.5<Q*<16 GeV?
0.05 + C
L _O:ﬁ
'0__ L [
: : Transversity
-0.05 -0.051
C C and B'M
-0.1¢ -0.1-
'0'15__.|...1...|...|...|...|...|. -0_15_—....|...|...|...|...|...|.
-06 -04 -0.2 0 0.2 04 0.6 06 -04 -0.2 O 0.2 04 0.6
X Xg
s‘"(wsﬁ—u Si"(¢'¢s)%
Jt ut
0.15/ 2 2 Glor 9.5<Q%16 GeV?
- |2<Q“<8.5 GeV 01:
0.1 F .
5 oos Sivers
0.05[ ; . .
; - Sissakian at al.
o- ; EPJC46(2006)147
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‘ Conclusions

« TMD PDFs are necessary for complet hadron spin structure
description.

« Well motivated approximate model relation are valuable
(estimation, proposal motivations for experiments).

« WW-type relations supported by existing experimental data.
« Exiting relation: pretzelosity = - quark angular momentum!
« Experimental information about all TMDs are now available.

« Evolution schemes (not one!) & first attempts to
phenomenological study of TMDs are in progress.

* More data on TMDs from SIDIS and DY are necessary and
planed (COMPASS, JLab, RHIC, FemiLab, JPARK, PAX,

NICA). Difficult but possible!

Thank You!
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