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TMD quark DFs of Nucleon

At twist-two we have
6 T-even & 2 T-odd
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h(P/?)

YYYY

Using current conservation + parity conservation + hermiticity one can show that

18 independent Structure Functions describe one particle SIDIS cross section in one
photon exchange approximation.

Moreover, the dependences on azimuthal angle of produced hadron and of

the target nucleon polarization are calculated explicitly and factorized
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SIDIS, polarized lepton and target

(1, 4,)+N(P,S) = £() +h(P.) + X

dxdy, g;%dphi - xyQ? 2(1— g)( gx){Fuu r HeR L +/2e(+€)cosg, FCSS%
+£€08(24,) F%2 + 2, J2e(1—¢)sin g, F* + 5, [\[2e(L+ &) sin g, B + gsin(2¢,) Fo2
S, 2 [\1- £ F +J2e(—g)cosg, F* |+ S, [sin(g, — g ) (F4 ) + g Fnth-o))
+esin(g, +ds)For " + esin(3¢, — g )Ry ™ +msm #s For ™

+42e(L+ £)sin(24, —¢S)|:J‘iTn(2¢h—¢s)]+S [\/175005(% ¢S)Fcos(¢h —4)
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18 structure functions F, "%’
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SIDIS, unpolarized lepton

/()+N(P,S) > ¢(I")+h(P,)+ X

do _ ot ){

dxdyg, dzdg,dR;  xyQ’ 2(1 g) X
Four +eFu, ++/28(L+g)cos g, RS + & cos(24,) Fio ™"

+8, [ 2@+ e)sing, B +esin(24,) R

+5,[sin(g, —go ) (R 4+ g Rnen®)

+&sin@, + . )FEI@H) 4 osin(3g, — g, )F )
+2s(L+£)sings BT +J2e(L+£)sin(24, — g5 ) T ¢3)]}

12 structure functions F,\*%’
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SIDIS, unpolarized lepton, LO parton model

do o (
dxdye, dzdg dP?  xyQ® 2(1 g)s  2X
+S,&5in(24,)F5"2 +S_[sin(g, — g ) F S —4)

+esin(g, +¢S)|:JiTn<¢h+¢s> + £sin(34, — ¢S)Fsm(3¢h ¢S)]}
6 structure functions F, %’
Fuu g fq & Dlhq, FUCSS(Z%) < h' ® Hlth’ Fsm(2¢h) h1 1 ® H 1h

sin(g, —d¢s) 1q h sin( ¢, +4;) q Lh sm(3¢5h ~¢5) 1q Lh
Fo oc f; ®D1q, Fo: oc hy ®H1q, F och1T ®H1OI

){ R +&cos(24,)F o
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Crossing

/(1) +N(P,S) = £(1) +h(P,) + X

0
h(P)+N(P,S)— 2(I"+ 7(1) + X
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DY processes
H.(FP,)+ Hy(P,S) = v (¢) + X = 1" () +1"(")+ X
7 (P)+p(R,S) > u +u +X

H,(F.)
e —
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Angular variables

PJH;TF — (E? U! D? P-:iTF)!

i

PE:-LTF — (.ﬂ»‘fb.‘, 0? U'.' D) y

drr = (qorr, qr, 0, qL1TF),

SE'L’F = (U, |§T| CDS(J)S, |§T| sin Q‘I)S, SL)

Target rest frame (TF)

lhe = %(1, sinfl cos ¢, sinf sin ¢, cos 19) :
E%‘S = %(1? —sin# cos ¢, —sinf sin ¢, — cos 9)

Collins-Soper frame (CS)
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General expression for DY cross section

(only target is polarized)

S. Arnold, A. Metz and M. Schlegel, PRD 79, 034005 (2009)
48 structure functions if both spin-1/2 hadrons are polarized

7 (P)+p(R,S)>u +u +X

do Ofezm - cos . cos
940 chz{((lJr cos® O)F! + (1-cos? O) F2 +sin 20F. cos ¢ +sin® OF 2% cos 2¢)

+5, (sin 20F™ sin ¢ +sin OF "% sin 2¢)
+S. [(Fﬁ””’S +cos? OF "% )sin ¢ +sin ZQ(FTS‘”(¢+¢S) sin(g + ¢ ) + F"7%) sin(¢ — ¢, ))
+sin? O(FS"@ ) sin(2¢ + g ) + F" %) sin(2¢ — ) ) |

®=4/(PR)? ~M2M? - flux, F, “*)(x,, %, d,Q?)

12 structure functions F, %

as expected from crossing symmetry
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DY-LO, only transversely polarized target

do '© Olezm A cos
Fodn " Fo 6 {1+ Doy AV €OS 26
+S. [A?in¢s SiNgs + D -, (A?in(zm%) SiN(2¢ -+ ) + A" sin(24 - ))]}
1o Lo f(0)
6, = Ry (1+c0s°8), Dy py = Y,

Only 5 structure functions F, (%)
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DY-LO asymmetries, transversely polarized target

LO _
Ajosz¢ = C|: Z(h'kaT)(h.ka)_kaT'ka)hthlL }/I\/IaI\/IbFUl
_ Lo _ . LO _
Aimqjs - A?MS = C[h'ka f, flTL}/MbFu1
LO
= —Q 2(hky ) [0k (k) —K Ky 1 -k (k) Ry |/4M M2 RS

sin(2¢—ds ) :LO_C hk 1y 2M Fl
AT B aThl hl:|/ a u

A?in(2¢+¢5)

LO

R = [ f,T,] ho n

a ‘a O+

— 1 2
C[W(kawka) fl f2:| U N_Czq:es jdzkaszka 5( )(qT _kaT _ka )W(kaT ’ka)

[fq(x kT)fq(x kT)+fq(x K £, 00 kT)J
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Intrinsic transverse momentum in SIDIS

P. Schweitzer, T. Teckentrup and A. Metz, arXiv:1003.2190v1 [hep-ph,]
Comprehensive analysis of existing unpolarized SIDIS and DY data

exp(—pp/(pT))
1)

exp(~K3/(KR)

m(KZ)

fe.pr) = [x)

SIDIS, factorized Gauss model:
Di(z.Kt) = Di(2)

d*opu(r.y.z. Phy) 47%a®s 1, ,
! , / — 1 — _ e L o Dﬂ. P
dedyd=dPz, oL Y+ v Zajeauafl(»a) $(2) G(Pad)
|

6(Pi) = s exp( = 2 ) - #he) = 208) + (D)

9 .
.2y [0.25GeV? 2y | 0.20 GeV~* | Torino: EMC data
Old extractions: {p7) = { 0.33 GeV2' (K1) = { 0.16 GBVQ' Bochum: HERMES

In many analyses, for example, extraction of transversity, BM function from SIDIS
and pp and pd DY processes this values are applied
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New data from JLab

R(P,.) = d*opu(z,y,2,Pr1)/dzdydzdP?, exo [ — P2
el = dioyy(z,y,2,0)/dedydzdP?| - P Kk3(2)
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FIG. 2: (a) The ratio R(P;, ) as defined in Eq. (9) as function of the hadron transverse momentum square P? . The data are
for 77 from CLAS [33]. The dotted line is an effective description in the Gauss model, see text. (b) The average transverse
momentum square (P? ) of 71 produced at z = 0.34 and Q? = 2.37 GeV? in SIDIS at CLAS [33] as function of z. The dotted
line is an effective description in the Gauss model assuming the Gauss width of fi'(z, pr) to be z-independent. This describes
data within 20% in the region 0.2 < z < 0.5 as the shaded region shows.
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Test of Gauss model at HERMES

2 T 52
(Pri(2))” = 7 (Php(2)
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FIG. 4: Transverse momenta of hadrons

in SIDIS off deuterium at HERMES vs. z.
We compare (Pr | (z)) (triangles) from [39]

i

with 3 VT (P2 (2))Y? (squares) from [35].
In the indicated SIDIS range of HERMES

these quantities are predicted to coincide
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Parameters from HERMES and cross check with CLAS
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FIG. 5: (a) (P2, (z)) of hadrons in SIDIS off deuterium at HERMES vs. z from [35]. The dotted line and the shaded region
are the best fit and its 1-o region from Eq. (13), see text. (b) (P2, (z)) of 7T in SIDIS off proton at CLAS vs. z [33]. Dotted
line (shaded region) are the best fit (its 1o region) to HERMES data from Fig. 5a, see text.

(p7) = (0.38 +£0.06) GeV?
(K%) = (0.1GiD.Dl)GeV2'
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Cahn effect at EMC
AZO@)

[ EMCdata & |
0.1 Cahn effect —

FIG. 6: Azimuthal asymmetry A5 in charged hadron pro-
duction vs. z. The data are from the EMC experiment [31].
The theoretical curve is the “Cahn-effect-only” approximation
for this observable, which is justified under certain assumptions
(see text), using the Gauss model with parameters fixed from

HERMES, Eq. (13).
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Intrinsic transverse momentum in DY: testing Gauss

Popy dra® 5 . exp(—g2/Kk%y)
_ a a 9 T/Kpy) 2 2 2
dzidrodgr  90Q? Z_ ea f1 (x1) 1 (#2) 2qr o kpy = (Pir) + (Por)
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FIG. 7: The mean dimuon transverse momentum square (g7) vs. zr as measured in the Fermilab E615 experiment [52]. The
data points for (q%“} are marked by circles, the data points for %(qT)Q are marked by triangles. Both quantities are predicted
to be equal in the Gauss model, see Eq. (28), which is the case within the statistical accuracy of the data.
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Intrinsic transverse momentum in DY: pion vs nucleon

d’c
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FIG. 8: Left: The invariant differential cross section Q%ﬁ% for p Pt — p"pu~ X at (y) = 0.21 for two different Q-bins from

FNAL-288 [50]. The Gauss model, Eq. (29), provides a good description of the data for (¢%) = 1.4 GeV2.
Right: The differential cross section % for m™W — pTp~ X from FNAL-E615 [55]. Here the Gauss model, Eq. (29), provides

< 3 GeV with (g2) = 1.7 GeV?,

a good description of the data up to

K2y "9 (p2) = 1.4 GeV?| Kpy = (Prr) + (Phr) = 1.7GeV?|

(Pir) =07GeV?, (pig) =10GeV? at /5~ 23GeV
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Energy dependence of intrinsic transverse momenta
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FIG. 10: Mean dimuon transverse momentum square
{q%} as function of the center of mass energy square, s,

in m~ N induced Drell-Yan. Following [125].

FIG. 11: Mean square transverse momenta (P2, (z)) in
SIDIS around z ~ 0.5 as function of s from Jefferson Lab

33, 34], HERMES [35], COMPASS [40].

(P%(s))n = (p%(0)) +Cy s

(p3-(0)) = 0.3 GeV”

2.1 for h =
0.7 forh=p

C, =103 x{
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STM conclusions

* “Gauss model works very well in SIDIS and DY”

— No evidence for flavor- or x- or z-dependence of
Gauss widths

— Gauss width increase with energy in DY
— This property holds in SIDIS too

* “More precise data from SIDIS are needed...”

“The Gauss Anzatz remains to be tested, in particular,
when polarization phenomena are included, and future
data may demand to refine it, which will improve our
understanding of intrinsic transverse parton momenta.”
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Exercise for Sivers effect in DY@ COMPASS

— A ¢
== 6,41+ D, ., AT cos2¢

------
------------
. a,
. .
. .
.
. ‘e
* 3

LO LO

A?in% = A" = C[h'ka f1 f_lTL}/MbFUl
Fo= C[f,T,]

a a

— 1 2
C[W(kaT,ka)flfz} 0 N—Czq:eg [d%K 0%k, 6 )(q_l_ K, —k, WK, K, )
q 2 v¢0 2 q RVL 2
% {fl (%, k2 1) (% K2+ BT (x K2 £ (xb,ka)}

Unpolarized PDFs: GRV-P1 pion PDFs (Zeit.Phys.C53(1992)651) and GRV98 LO for proton
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Parameterization of TMDs
exp —ki/kir
7Ky

ki /K&

ST

i (x k)= ()

(0 K2) = £ —

Torino parameterization for Sivers function (with changed sign for DY case)

0 (0, k2) = T (0h(K,) £7(x k2)

e |
ﬂ aq+hy |k |
Ny (0 =N, ——=——x 1-x ", h(k;) =2e “Hexp —k3/M/
a,' + 1
o +p exp —kZ /K3
flqi(x kT) \/_ 2 Nq qa q . x% 1—x Ay flq(X) ;’ ST
kUTb o’ + fy Ky
2 _ Mk,
ST
1 +kl2JTb

Extracted parameters (Melis talk) kSTb, M., Nq, oy ,Bq
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Torino-STM

0.3 _ > 03, :
0.25" Proton Torino g 0.25- proton Torino
F 02 STM "& g

0.25.  peuteron Torino ——— g |_()_;_;5 ~ Deuteron Torino

VHs - <" 0z ST

01:c 01

0.05- 0.05 -
0 0-

0.05 -0.05 -

01 04 02 0 02 04 06 010 05 1 15 2 25 3 35 4

xF qT
Torino STM STM1

k2., =0.25 (GeV/c)? ki = 0.55 (GeV/c)® k2., =0.55 (GeV/c)?
k2. =0.25 (GeV/c)? K{ra =1.05 (GeVic)* k2 . =1.05 (GeV/c)?
M2 =0.34 (GeV/c)? M/ =0.34 (GeV/c)’ M2 =0.748 (GeV/c)?
k2. =0.144 (GeV/c)’ kgr =0.21 (GeVie)’ k2. =0.317 (GeV/c)®

4/26/2010, CERN Aram Kotzinian 24



Discussion

What is the origin of energy dependence of Gauss width?

SIDIS at COMPASS can provide at higher than HERMES and Jlab energy
* new acceptance corrected data on unpolarized TMD DFs
* new data on Sivers asymmetry

* to check the energy dependence of the Gauss width of
unpolarized DFs and FFs

* Energy dependence of parameters of Sivers DF

First DY measurements with transversely polarized target at COMPASS
will allow to study the universality of spin dependent TMD DFs

* Size and shape of Sivers DY asymmetry dependence on x; and
g, will are sensitive to Gaussian width of Sivers function at
high energy and Q? and allow to understand if

e this width is energy dependent?

e Whatis universal: the Sivers PDF or the ratio of Sivers PDF
to unpolarized one?
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