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P : P
TMD basically unknown ! leading-twist projections
T-even T-odd
known x parametrization | TMD ] U | L T u| L | T
poorly known p; °
(gaussian and with no u @ fir
flavor dependence; I JdqL Jdq1
other functional forms are - N 1
possible — orbital L) t Nt [h”’ h”:l ,
chiral-odd
Hautmann, arXiv:0805.1049 [hep-ph] h,

“...multi-jet events are potentially sensitive to QCD initial-state radiation that depend on the finite
transverse- momentum tail of partonic matrix elements and distributions...’
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" A
spectator diquark model : advantages
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P | p P p—P | Y p

®(z,pp,S) = MO ) MO(8) + ...

MO)($) = (p - P|y(0)|P, S)

- PP=() —> 1* =) £ @)
simple, covariant, offshellness, mainly 3 parameters
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spectator diquark model : advantages

_ [ 2 e o L1 L 0) () pq(0)
®(z,pr,5) = 2n)? e (P, 5[¢(0) Up ¢ (&) P, S) = 2 201 — o) PF ME(S) MY(S) + ...
0
| —— i ) — "o
— @ — e F— —

P ! P E p—Pl(b

_%(5) = (p— Pl$(0)|P,S)

Y vertex (p— P)2 = — p2 = T(%P%) #@

N — quark (q) — pointlike diquark

Dqg
2*in N c.m.
(@ 2@ ) simple, covariant, offshellness, mainly 3 parameters

spin=0 flavor-singlet [ ~{ud-du} ] Vs = igs(p*)1 need axial-vector diquarks
| to describe din N!

spin=1 flavor-triplet [ ~{dd,ud+du,uu}] y+ = igflg)7”75
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" A
our spectator diquark model : new features
ref. . Bacchetta, Conti, Radici, P.R. D78, 074010 (08)

 systematic calculation of ALL leading-twist T-even and T-odd TMD — PDF

» improvement from model of Jakob, Mulders, Rodrigues, N.P. A626 (97) 937 and

Bacchetta, Schaefer, Yang, P.L. B578 (04) 109 :
» several functional forms for g(p2) at N-g-Dq vertex

» several choices of polarization states in \"\ | jp
the spin=1 diquark propagator d (p-P) i
» non-gaussian p; dependence upon x & q P Y, P b Y Tp

» fix model parameters by fitting low-scale parametrization of f,“d(x), g,“¢(x)

» representation of ALL T-even and T-odd TMD as overlaps of
Light-Cone Wave Functions (lcwf) including spin=1 Dq'’s :
» broken SU(4) symmetry of N={q, Dq} system : orbital L, =0
» universal operator that distinguishes T-even from T-odd overlaps
» generalization to spin=1 Dq of relation between f,+ 9 and «d
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27-Sept-09

our model cont'ed: T-even TMD

p.l.
igs(p?) 1 N132 2 <—£(2N,q2,D) 2
2y dip _pc—m* __ p;dip (p=m*) (1—x)
={ N =
T B TR i T = O
vz s NETP (p*=m?) /]
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/ our model cont'ed: T-even TMD
jp

27-Sept-09

y
P , gp(p?) =
Vi = iJ—lg"'\/% s

M. Radici - TMD in diquark model

« kill pole (p?-m?)-Tand
log divergences

* suppresses large p
« ~ (1-x)3 for x— 1
(Drell-Yan-West)



" A
our model cont'ed: T-even TMD
A

—_ Of\ s = igs(p®)1
Y P | Y
3 LI g gp(p®) =
W

2
i 9a(p )7’“75

|
g

* kill pole (p2-m?)-1 and

log divergences

—g/“”/ “Feynman” see 7\‘8 = i’ O, t * suppresses Iarge Pr

Bacchetta, Schaefer, Yang, P.L.B578 (04) 109 °* ~ (1-x)? for x— 1
(Drell-Yan-West)

gt + P”PV see A, =X,y,zonly for P at rest
Jakob, Mulders, Rodrigues, N.P.A626 (97) 937

spin=1 diquark propagator

.

d"(p— P) = q .
_gwv 4 (p=P)"(p=P)”  “covariant’ see i, =% 0
Mg Gamberg, Goldstein, Schlegel, arXiv:0708.0324 [hep-ph]
(p—P)!n¥ +(p—P)'n" M?2 " i . _
7 nY “light-cone” see ) =
\ I + (p_P)'n— [(p P) ‘n_ ]2 n_n_ g a

Brodsky, Hwang, Ma, Schmidt,
. N.P.B593 (01) 311
d"(p-P)=3 &"(p-P)e5 (»-P)

a
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spin=1 diquark propagator

.

\.

d"(p-P)=3 & (p-P)e§ (p-P)

a
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/ our model cont'ed: T-even TMD
jp
Qf\ s = igs(p?)1
- F o gp(p?) =
Yo = 1 aﬁ 7”75

« kill pole (p?-m?)-Tand
log divergences
—g/“”/ “Feynman” see 7\‘8 =+, O, t * Suppresses |arge Pr

Bacchetta, Schaefer, Yang, P.L.B578 (04) 109 °*~ (1-x)* for x— 1
(Drell-Yan-West)

—gh" + PA’}]ZV see A, =X,y,zonly for P at rest
‘ Jakob, Mulders, Rodrigues, N.P.A626 (97) 937

_gwv 4 (p=P)"(p=P)”  “covariant’ see i, =% 0
Mg Gamberg, Goldstein, Schlegel, arXiv:0708.0324 [hep-ph]

(p—P)Hn” 4+(p—P)"n" M2 m

9t e e ettt Jightcone see A, =

Brodsky, Hwang, Ma, Schmidt,
N.P.B593 (01) 311

because...
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our model cont’'ed: spin=1 diguark propagator

DIS : diquark=charged boson = not only

spin=0 diquark contributes to F_ only

Q20
Call ross gL /5 0 but but also
T

2 F(z) = %, 2 [fi(z) + fi(z)]

« with “light-cone” d~v, also spin=1 diquark does the same,
while with other choices it does not !

« with “Feynman”, d»v propagates unphysical polarization states
A, =10, t
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" A
our model cont’'ed: spin=1 diguark propagator

DIS : diquark=charged boson = not only

spin=0 diquark contributes to F_ only

Q20
Call ross gL /5 0 but but also
T

2 Fi(z) =Y, 2 [f{(z) + fi(x)]

« with “light-cone” d~v, also spin=1 diquark does the same,

€

while with other choices it does not !

« with “Feynman”, d»v propagates unphysical polarization states
A, =10, t
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conventions of Lepage, Brodsky, P.R.D22 (80) 2157  QUr model cont'ed: LCWF

following Brodksy, Hwang, Ma, Schmidt, N.P.B593 (01) 311

PR

/e

©

II/ u p\ \\‘
spin-0Dg .- - o—
M) T WPy Y S pp
AN — p u\p, A\q \\-_’,/

P\ (@, pr) = J P—p)F 2 —m? U(P,\y)
spin=1 Dq

B epn = T BB e p i e

)\d: )\(I. m, pT _ Q (P _ p)+ p2 _ m2 Eﬂl p y M sy AN
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conventions of Lepage, Brodsky, P.R.D22 (80) 2157  QUr model cont'ed: LCWF

following Brodksy, Hwang, Ma, Schmidt, N.P.B593 (01) 311

~ \\\ P
II u p\ \‘ ;Z
spin=0D¢g .- gm— O
S FUY g VP
+ 57 N ,
Ay _ p u(p, \q) Se_ -
P3N (, pr) —J(P_pﬁ 2 —m? U(P,A\N)
spin=1 Dq
)\q:)\a mjpT T Q (P_p)+ p2 _m2 E)U’ p » 'y AN
Remarks : A, + (1,) + Lop, = Ay
» ex: spin=0 Dg=s, L=+, xq=— = Lqu=1 'qb—_}_ n
enhanggd w.r.t. _k,\.,=fr , xq=+ = Lqu=O ’QD_|_
spin crisis as relativistic effect? -\+
0
&
» g.s.ofqginN= % £ SU@4) - \
O
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conventions of Lepage, Brodsky, P.R.D22 (80) 2157  QUr model cont'ed: LCWF

following Brodksy, Hwang, Ma, Schmidt, N.P.B593 (01) 311

e \\\ P
II u p\ \‘ IZ
spin=0D¢g .- gm— O
N it \\—PhU Y ,'qﬁ b ¥ g
TR O FN B A IED) U(P,Ay)
Ao (P—p)*t p?2—m? ’
spin=1 Dq
Vb = P O s e
’t'b)\q:)\a. mjpT _ Q (P_p)+ p2 _m2 E)U’ P—5Aa » AN
Remarks : A, + (1,) + Lop, = Ay N
» ex: spin=0 Dg=s, A=+, L;== = L p=1 n L =10
enhanced w.rt. A=+, A=+ = L =0 ’QD_|_ 9-Dg
spin crisis as relativistic effect? - i+

\ 0
» g.s.ofqginN= % £ SU@4) + +p \
_Q
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our model cont'ed: T-even TMD as LCWF overlaps

fie,p?) = % (27103 5a _1x)P £ T [(FO(8) MO(S) + KO(-5) MO (=) 4¥] + hec.
1 w2 N2 [pF 4 (m+aM)?] (1 —x)3
- 167r32 Z Z V1" = (2m)3  2(p2 4+ L2(A2))*

0. 2 11 o N2 [p7(14+a?)+ (m+aM)?(1-2)%(1-a)
f@pr) = 153 2ANZ=i /\qzigzﬂ l%‘q ™= (2m)3 2(p7 + LZ(ND)*

1
D 2y + 2 _ .+ 2
g1.(z,pT) = 1673 Z)\D [Iw-l-,kpl LAY l L3(m?) = aM3 + (1 — z)m? — z(1 — z) M?
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our model cont'ed: T-even TMD as LCWF overlaps

Bapd) = ;oo T (O MOS) + O (-5 MO(-9)) 4]+ huc

4 (277)3 2(1 —z)Pt
1 N2 [pF+ (m+aM)? (1 —=)®

)\NQ
- 167r32 Z Z 1= (2m)3  2(p7 + L2(A2))*

0. 2 11 o N2 [p7(14+a?)+ (m+aM)?(1-2)%(1-a)
f@pr) = 153 2ANZ=i /\qzigzﬂ l%‘q ™= (2m)3 2(p7 + LZ(ND)*

1
D 2y + 2 _ .+ 2
g1.(z,pT) = 1673 Z)\D [Iw-l-,kpl LAY l L3(m?) = aM3 + (1 — z)m? — z(1 — z) M?

non-gaussian p; dependence

unfactorized from x
depends on flavor
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" A
fixing model parameters

- 3 1
Dg model of  Jakob, Mulders, Rodrigues, N.P. A626 (97) 937 fo = = 5+ = £

s = (spin=0 isospin=0) SU@4)of |p> = .

a = (spin=1 isospin=0) 1 = fi

a’ = (spin=1 isospin=1) SU@d)of p> = fI = 2 f5 4l ff
model parameters = cg, i

Parameters: m=M/3; N ,N,,N, ; M, M, M, ; A,,A,,A,; cCg,C,,C,
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" A
fixing model parameters

- 3 1
Dg model of  Jakob, Mulders, Rodrigues, N.P. A626 (97) 937 fo = = 5+ = £

s = (spin=0 isospin=0) SU@4)of |p> = .
a = (spin=1 isospin=0) 1 = f1
a’ = (spin=1 isospin=1) SU@d)of p> = fI = 2 f5 4l ff
model parameters = cg, i
Parameters: m=M/3; N ,N,,N, ; M, M, M, ; A,,A,,A,; cCg,C,,C,
fixed by

1,211 = 11f,201 = [1f,2]] =1
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" A
fixing model parameters

- 3 1
Dg model of  Jakob, Mulders, Rodrigues, N.P. A626 (97) 937 fo = = 5+ = £

s = (spin=0 isospin=0) SU(4) of [p> = .
a = (spin=1 isospin=0) 1 = f1
a’ = (spin=1 isospin=1) /SU/(4) of|p> = [ = 2 ff+cf8
model parameters e = cg, ff’
Parameters: m=M/3; N ,N,,N, ; M, M, M, ; A,,A,,A,; cCg,C,,C,
- ~ /) N —— -
fixed by
12| = [If,2]] = |If,2]] =1 9 parameters fixed by fitting

fu(x), f,9(x), 9:4(x), 9:4(x)
at lowest possible scale:

[ f,u(x), f,9(x) at Q2 =0.3 GeV?

ZEUS, P.R.D67 (03) 012007
Q.2 ~ 0.3 GeV? g.“(x), g,9(x) at Q?>=0.26 GeV?
L GRSVO01 atLO

hadronic scale of the model

N
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2 =
e ol A o v2/d.o.f.=3.88
0.6 o5t Chekanov et al. (ZEUS),
_ \ P.R.D67 (03) 012007
o4 _ \J
0.2 \&ii
0.2 [ T ]
o iﬁ* our fit; error band
%{»\
’ 0 O-IIJ 0.2 0:4 06 0:8 X from MINUIT
P~ covariant error matrix
0.4 0 7/ f
¥
0.3 e / {ﬁ | phenomenological
m . arametrizations
0.2 | it ”H P
o | 015 H 9 GRSV01 at LO
Yooz oa o5 08 x o 4 os 08 x
Dg Mo Ao i P, = Jo! dx x (f,u + f,¢) = 0.584 £ 0.010

S 0.822 + 0.053

0.609 £ 0.038 | 0.847 +£0.111

a 1.492 £ 0.173

0.716 £ 0.074 | 1.061 +0.085

a | 0.890+0.008

ZEUS =0.55

0.376 +0.005 | 0.880 + 0.008 g, =, dx (g,4-g,9) = 0.966 + 0.038

27-Sept-09
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GRSV01 = 0.969 + 0.096
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HERMES data

| Iﬁﬂ'_ﬁf]l ~_ P.R.D71,012003(05)
1} - ]
48 | $=56.2 GeV2
06 -“"'"-d—_‘ <Q2>=2_5 “
0.4/ 1 ymin(x)<y<0-85
0.2} 1 0.023<x<0.4
o4 id 4 _ ]
0.2} | | | | ;
: 0 01 02 03 04 05 06
X > D, » DSS
ALL(Z) A2 P.R.D75, 114010(07)
”-5"'___ R R R LR R R fav.+ unfav.
04! 0.3} x
ai 02! ] model PDF
+ + - }. + * L jevol.— Kumano
0.2 | HNG ~{——‘}r : 1C.P.C. 94,185(96
_u + + + + 0 L f o)
0.1}
; 01}
| | | | | | | —0.2} :
02 03 04 05 06 07 08 02 03 04 05 06 07 08
Z i
C Y2 zgi(x,Q%(2)) D1(2,Q%(x)) _C
ALL(ZU Z,Qz) (y(x)) q q 1 5 5 (y) A]_(SU,Z,QQ)
A(y(x)) Lye2 of{(z,Q%(x)) D1(2,Q%(x))  Aly)
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pr_model dependence

£ (x, p2) i o pd
3.5} 1 8
3 a ]
2.5} - 6
2} ]
15} - 2
1r ' 2
0.5¢ :
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
2 (GeV/c) 2 .
pr (Lev/c p7 (GeV/c)
up, x=0.2 down, x=0.2
4} ] ST
41
3 L i
3! — f1-04
21 ]
£t — f1+04
1} ] 1t
0t ] 0t ]
0 0.2 0.4 0.6 0.8 0 0.2 04 0.6 0.8
p2 (GeV/c) p? (GeV/c)
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" S br.model dependence

IF'1LI [.K: p'%]

3.5¢ : 8
3 a ]
25} ] 5
2t .
15| - 2
1 : 2
0.5} :
0 0.2 04 0.6 0.8 0 0.2 0.4 0.6 0.8
P} (GeV/c) p} (GeV/c)
up, x=0.2 down, x=0.2
4! . 5F
4 L
3 [ ]
3! — f1-04
2 [ ]
= — f1+04
1} - 1}
Ot ] 0L ]
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
2 ; 2
pr (GeV/c) pr (GeV/c) Pr— 0
& p={d (uu)} y*, . hasl p, =1 ——0
f,] +g1 ~ ._-.. - T f1_g1 ~ --—. T \V+_+ Lq-Dq =O doeS nOt

p={u (ud)} mix with y*,(L=0) and y*_(L=1)
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" A
our model cont'ed : 1-pol. T-even TMD as LCWF overlaps

need to define the state with polarization along $§; = (cos¢, sing)
UP,1) = = (U(PA) +e9U(P,-)) T

V2

AN p+ T_J.'r(p, )\q) )
U(Pl) = % (U(P,+)+ei(¢+w)U(P,))\i; 7 —m? Vs(p?) U(P,Ay)

agree with Barone, Ratcliffe, Transverse Spin Physics
(World Scientific, Singapore, 2003)

D=s 2=0 Pr ST p 2 1 i 2 T2

D=a 1 =1 v @ eR) = e 3 [lek) ~ 1L\,

PT " SqT , | D oy 1 o+ 2 4 (2]

v; hit, (CCapT) = 163 )\XD: -‘wT,)\D| |7’bl,/\D| ]

ST -8¢T , >y , PSP PT-Sg7 1 p, oy _ 1 T2 2)
M hir(z,p7) + [V Y hir (z,p7) = 167r3§ _W)T:/\,Dl Wl,/\pl_
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gin(z,p8) =

iz pr) =

giplz, P =

g5z, pr) =

1=
h.]_L (IJ p‘%‘:l e

la
Ih].i[- & P-%") =

hiplz, P‘T:'

Hir(z, pr) = -

i (1 58) = -

Bz, p) = 0.

27-Sept-09

our model cont’ed: T-even list

TMD
N2 [-pk + (m+ zM) (1 - 2P Bacchetta, Conti, Radici, P.R. D78, 074010 (08)
(2m)? 2(ph + L2 ’
NE [PR(1+2%) - (m+zM)*(1- 2% (1-x) PDF
(27)® 2(pk + L2) : ) = NI O[LEHAD +2(m+ =M (1 - 2)°
. (2m)? 24 LE(AZ)
NP M{m+ =M)(1-2)° fo(z) = N2 O[EAAD L+ 2% +2(m+2M)P (1- 2)*](1- =)
(2x)? (ph + LE)4 : (27)* 24 L3(AZ)
NE oM (m4zMI(1-=)*
(27 (ph + L2 ’ e NZ Rlm+zM)? - LIAD (- =)
' (2x)* 24 LS(AZ)
N M(m+zl) (- ) e NE [2(m4=MP (-2 - (142 LEAZ) (1 - =)
2rF  (ph+ LI ) (2x)? 24 LE(A2)
NE M(m+zM)(1-2)?
(27)* (pi + L34 ! T NE (mt+eM)P(1-z)°
s (2m)? 12 LI(AZ)
NE [ph+ (m + 207 (1 - 2)° he(a) = N, z(l-z)
(2%) 2(ph + L) : (=) (2r)* 12 IZ(AZ)
NI pral-z)
(27)® (pp + L2}
N® ME(1- )
(2x)* (pf+ LI
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our model cont’ed: T-even list

TMD
- N2 [-pk + (m+ zM) (1 - 2P Bacchetta, Conti, Radici, P.R. D78, 074010 (08)
P (e 2+
2 2 2 2 PDF
EFL(IPT) [PT(]-"'EJ_(m‘l'IM:l fl—I:I](l—I:I
(ETII 2pp+ L) ’ ) = NZ [LAAD) +2(m + =M)%| (1 - =)
5 (2x)* 24 LS(AZ)
o o NP M(m4zM)(1-2)° oo e [LE(A (A + =Y +20m+ z M) (1 - 2 (1 - =)
SR = E R me A= Ty 24 18]
NE oM (m4zMI(1-=)*
Ao P = pReEdt ey = N U MY - LA Q- 2P
: (27)* 24 L(AZ]
s NP M (m+zM) (L - z)? o NE [2(m4=MP (-2 - (142 LEAZ) (1 - =)
) e A Ty 2 EEE)
wiots o) = NE M(m+zM)(1-2)?
LR (27 (pZ + L2} d K = NE (mt+eM)P(1-z)°
: (2x)% 12 LE(AT)
N2 [ph+ (m + 207 (1 - z)? B _ NE ozl - %) |
Be(n P = G amAnE ] ") =~ rorE T2 rEAD)
o 2y _ N prafl-s) Pretzelosity
s P = s R B 911(z, pF) — h1(z,p7) = 21])\52 hi7(z, D7) Avakian et al.

NEOME(1-z

hir(, Ph) = =

Bz, p) = 0.

27-Sept-09

P.R.D78, 114024 (08)

M. Radici - TMD in diquark model 27



our model cont’ed: T-even list

TMD
. N2 [-pk + (m+ zM) (1 - 2P Bacchetta, Conti, Radici, P.R. D78, 074010 (08)
SRS (ET)S 2 (’P%* 3 flie J PDE
Pl [p%—-fl+zzj—(m+IM]3fl—z]|3](l—I]|
1( Pt tzs-r:l 2(ph + L) prry = 2 [LAAD +20m + 2M (1 - 2
e 24 LE(AZ)
o o NP M(m4zM)(1-2)° oo e [LE(A (A + =Y +20m+ z M) (1 - 2 (1 - =)
gipl% pp) = (2 fp%+L§]I‘* 1 filz)= (2x)* 24 LE(AZ)
i NE oM (m4zMI(1-=)*
Ao P = pReEdt ey = N U MY - LA Q- 2P
t ()2 24 LE(AZ)
Ler gy NP M(m4zM)(l- )’ s NE [2(m4=MP (-2 - (142 LEAZ) (1 - =)
h.]_L (IJP'T:I = _(ETF (p% _l_LE:Iq lﬁ( :I (E‘I’:lz E":I-L,E(f‘ii:'
hl”‘(z 2y NE M(m+zM)(1-2)?
LR (27 (pZ + L2} d K = NE (mt+eM)P(1-z)°
g ()2 12 LE(AT)
N2 [ph+ (m + 207 (1 - z)? B _ NE ozl - %) |
e S T 7 TR . W)= T s
o 2y _ N prafl-s) Pretzelosity
s P = s R B 911(z, pF) — h1(z, p7) 7! 21])\52 hi7(z,pF)| Avakian et al.
P.R.D78, 114024 (08)
h’f_’l"sfz P-%") SR, NE o (1 = I:Id, !
iz, ph) = 0.
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our model cont’ed: T-even list

TMD
a2 = N2 [-pk + (m+ zM) (1 - 2P Bacchetta, Conti, Radici, P.R. D78, 074010 (08)
T (o z(pT + Lg;, ’
NE [ph(1+4 +2M)(1 - =)¥ (1 - PDF
(5 21) = 7y oy 1 s N [EAD +20m ab)(- of
: (2x)* 24 L5(AZ)
: - NP M(m+zM)(1-2)° g NEO[ZEAD I+ 2 42 (m+ 2M)P* (1 - 2)*] (1 - =)
AP s T (phe e =y % I8)
i NE oM (m4zMI(1-=)*
gtz ph) = (2 (pB + L2} = S N2 [2(m4zM)® - LEAR| (1 - 2)°
: (27)? 24 LI(AZ)
o 4 NP M(m4zM)(l- ) o NE [2(m4=MP (-2 - (142 LEAZ) (1 - =)
Ia"'*].J-I.- (x,pp) = _(EI’:IS (P% + LI ’ ﬁ( ) (2x)2 M LEAZ)
wiots o) = NE M(m+zM)(1-2)?
WASPTI T e T (PR LEE L G
s (2m)* 12 L3(AZ)
N2 [ph+ (m + 207 (1 - z)? B _ NEoa(l- ) |
e S T 7 TR . W)= T s
o 2y _ N prafl-s) Pretzelosity
ki(z, pr) (2] [ph + L2 91L(~’Bap:2f) — hl(x,p%)%QIEQ h (2, pT) Avakian et al.
P.R.D78, 114024 (08)

Nf MA(1- g

P (1 p8) = -

(@) = X [f5(2) + ¢i(x)] SPIN=0Dq
2 saturates Soffer bound

Bz, p) = 0.
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transversity

x h{ 04,p%)lxz0.1

0.25

0.20

0.15

0.10}

0.05}

0.00 —

0.2 0.4 0.6 0.8 1.0
X pTl (GeV)

x h¢ () x hS 0¢,p3)ly-
0.05 T T T B B B S E 1‘ ''''''' 0.05 T T T T T T T \1 T lpTl x| U‘II T T T T T

0.00} e 0.00¢

_0.05 1 ~0.05]

~0.10} ] _0.10/, ]

015 02 0.4 0.6 03 10 OB s o8 1.0

X IpT| (GeV)

o tion us f
parametrization  Prokudin DIS08 arXiv:0807.0173 [hep-ph] ﬁl‘l’;r’t;?:r::gég ,f/ﬁgaem':’m

flavor-indep. pr dependence ~ exp[-p+%/<p+>>] C.P.C.111,150(98)
factorized x dependence ~ x* (1-x)? no sign change allowed

27-Sept-09 M. Radici - TMD in diquark model 30



transversity

x hY (0 u 2
| Lk S _ 005 . xh1 I(X,IPTI)|xI=o.? |
0.20 ;
0.15 ;
0.10f ;
0.05[ ;
0.00
=002 0.2 04 0.6 08 1.0
X pr| (GeV)
xhd(x) x h¢ X,p3)x -
0.05 T T T T T T T T 1‘ ''''''' 0.05 T T T T T T T \1 |( lpTl)|x| U‘II T T T T T
0.00 e 0.00}
AN Q=25 - ]
| \Y -~ d I
—0.05¢ ,/ 4 —0.05 N
I _ - Q°=0.3 GeV ]
~0.10} ] _0.10/, ]
015 02 0.4 0.6 03 10 OB s o8 1.0

o tion us f
parametrization  Prokudin DIS08 arXiv:0807.0173 [hep-ph] ﬁ‘l’;r’tﬁ:r:;gg I(\;/I?Saemfm

flavor-indep. pr dependence ~ exp[-p+%/<p1°>] C.P.C.111,150(98)
factorized x dependence ~ x* (1-x)? no sian change allowed
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" A
diquark model : T-odd TMD

TEr€ (b, 515(0) Ui g #(©)IP, ) ~ .
(27)3 ! [0:4] ! (2m)3 2(1 — z) Pt

®(z,pp, S) = MO (5) MO)(s) +

P gd
—o

{._\- T
PY{p—_PEqJYP
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" A
diquark model : T-odd TMD

TEr€ (b, 515(0) Ui g #(©)IP, ) ~ .
(27)3 ! [0:4] ! (2m)3 2(1 — z) Pt

1 1 [m(o)(S)M(l)(S) + M(l)(S) M(O)(S)}

(27)3 2(1 — z) Pt
e
L | 5 /P p1 | ; v
JT T © + | ®

P P Y Y p p Y pP1l'! pPY 'p

®(z,pp, S) = MO (5) MO)(s) +

|
=12

P

P d f b
M) p, MO (s)
d* ien” (f —1 +m) { Fsp Vs U(P,S)

J (2m)* D1 Dg D3 Dy e (p— P, Aa) T4 dyu(p — 1 — P) Vi U(P, )

M(l)(g) —
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" A
diquark model : T-odd TMD

1 1
(2m)3 2(1 —z)PTt

4e i
(353 Pt (P, S| (0) Ulo] P(€)|P,S) =~
(271r)3 2(1 —1;E)p+ [M(O)(S)M(l)(s) + ﬂ(l)(s)M(O)(s)}

CD(LU, PT, S) —

MO(5) MO (5) +

P gd
?[ @ —_—~

P —_—

4 oo P
(1) _ d*l den” (Y =V +m)
ME(S) J (27)* D1 Do D3 Dy

Fsp = ie(QP-2p+1),

rvg, = —ie [(2P = 2p+1),6" — (P—p+ (1+v)1)7 gy — (P—p—0l)”g] Vo pointlike YWW

_

_ Peskin-Schroder
. / v spin=1 Dg anom. magn. mom.
similar to

Robinson, Rizzo, | Cutkosky rules — put on-shell D,, D, — analytic results (do not depend
P.R.D33 (86) 2608

from v, but for other d+ they do)
34
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Sivers

our model cont'ed: T-odd TMD

_% (271r)3 2(1 —1a:)P+ Tr [(MB () MO (8) - MDD (=5) MO (=-9)) 4F] + hc.
N2 Me*(m+aM)(1-2z)3
S (2m* 412(A2) [P} + L2 (AP
Ng Me2(m+ M)z (1 — )2
(2m)* 412(A2) [p7+ L2(AD))3

1] ~
€1 PTi STj
M

f]J__T(xa p%)

fi7 (2, p7) =

la
fir'

(z,p7) =

Boer-Mulders

L pr; 1 1 1 - o |
ET]\ZTJ hi(z,p7) = 4 (2n)3 21— )P Tr {(M(l)(S)M(O)(S) + M(l)(—S)M(O)(—S)> it 75] +he.
hi(e,p7) = fiy'(z,p7)
1 X .
hi“(z,p%) = - f17 (z,p7)
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0.02

0
—0.02
—0.04¢
—006¢
0 02 04 06 08 1
X
T 11
= ;—x 17 (X,P1) Ix=01
p
05

Sivers
x 1174 (%) —_—
0.1 . .
0.08 Anselmino et al.
P.R.D79, 054010 (09)
0.06 ]
0.04
0.02 1 Collins et al.
0 hep-ph/0510342
6 0'.2 0:4 0I.6 0:8 1
X
—2 Ex fi'1 0GPT) Ixco1
0.1 g

parametrization: flavor-indep. p; dependence ~ exp[-p+%/<p;%>]
factorized x dependence ~ x* (1-x)P
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Boer-Mulders moments

x h, L (112) (x)

005

-0.05

-01 r

agreement with sign of lattice calculations Hagler et al. (LHPC), P.R.D77, 094502 (08)
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py (GeV/c)

spin densities in p+ space
density of unpol. quarks ((q in pT )P & DI D
Py X Sp '
q/pT fl(@"aPT) f1 Q(m? T) Trento conventions for SIDIS
T (x=0.1) fgpt (x=0.1) . -P ” Z ” q
06 7 0 .. 0 if st, = deformation A
0.4 A oC — pTy / M
fitY<0 =>A>0
s ™ i f9>0 = A<0
- similarity with lattice
Hagler et al. (LHPC)
-04 P.R.D77, 094502 (08)
06 - 3.58 oo 11.26  but no direct comparison!
-06 -04 02 0 02 04 06 -02 -01 0 01 02
px (GeV/c) px (GeV/c)

fi)y= % f(z,p%) — hy Uz, p3) (pr X Sqr) P density of pol. quarks q' in unpol. p

M
T (x=0.1) foip (x=0.1)
0.6 0
0.4
0.2 - : if sqrx = deformation A

ht¥<0 =A>0
hitd<0 =A>0

-0.2

-0.4

-06
-06 -04 02 0 02 04 06
px (GeV/c)

5.7
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" A
our model cont’'ed: T-odd TMD as LCWF overlaps

so far for Sivers fnct with spin=0 diquarks only Brodsky, Gardner, P.L.B643 (06) 22
P| -2 Zu, Schmidt, P.R.D75 (07) 073008
2

A
M (pr X 87) -2 fllT(map%) — fq/pr - fq/pl @—@

1 N apl D ™ O
ﬂ(pszqT)'zhl(mapT) = qu/p—fq.l/p @‘@ 5 Y ppil P Y

2 © dply ; 1% ) / | * l /
ﬁ(pTXST) Z [ (z,p7) = mG(ﬂi;pT:pT) ) [zb)\q (z,p1) ) (@, PT) — ¥ (x,pT)w;\q(a:,pT)}
q
2 ' dp;}' /
~pr xS 2@ py) = [ GGG er e X [0, @ pr) vy @0 — el @) vy (7))
/\qs)\rr
L orxsm) 2h @) = [ Papr |t T [0 @ pr) 6 (o) — 6 @) 2 )]
M Pr ql pT 1671'3 » PT' pT > w 1% y PT 1 :pT | * y PT l 1pT
1 ~11la _ ' dp,T / 1 /\N * )\_,-\.-' ! )\j\-‘ * )\_,\.-' !
~- (o1 X 8¢1) - bt “(2,P7) e s|Clpr Py X [N G pr) o (e ph) = o) (e pr) ¢ (e P

)\‘\-'- /\u
e2 1

FSI operator G universal  ImG(z,pp,pr) = -
DT 2 2m)2 (pr - pp)?
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" A - -
Sivers function and

. anomalous magnetic moment
N anom. magn. mom. k also described
via overlap of lewf  zu, Schmidt, P.R.D75 (07) 073008 pr=pr+(l-2)qr
, e 1 dpp dx . P /1
s = lim —F = — , ,PT ) = dx K
S Mo 0 = [ Te X W @ P v @] |, = | de ks
1 N2 1-z(1-2)3(m+2M)
Ka = dx ko(x . = 5
Jo e e 0= G 2 2P
. N2 2 (1-2)3(m+aM)
from model input calculate ka(z) = o212 20
; . 3M e? ks(x
@ = [dop ) = 20 B
™ 1l—=x 1
- 3M €2 kq(z) dz (1 —2) fiz'(z) =
fir () = / dpy fi7'(z,pF) = - /0
. 8m 1—=2 1
/O dz (1 - 1) fii(z) =
isospin symmetry + valence picture N={qq q’} spectator diquark N={q Dq}
Kp=2€e,K,+egxg=179 [ _, Jx,=0.835 K, = G2 K¢ + C,2 k, = 0.997
Ky=2e4Kk,+te,Kkq=-1.91 Ky = - 2.03 Ky = Cy% Ky =-0.345
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"

Results: weighted SSA

why?
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" A
Results: weighted SSA

why?
unweighted SSA ==  do =) Clwfif2]

..... dPh_L
Ex: SIDIS \

Clw s D =232 [ prd®ky s (or — kp - Py /2) w(pr kr) £z, p3) DUz, k)
q

need numerical calculations (next step of our work; work is in progress..) or
break convolution with model p; and k; dependence in fa and D4

— gaussian dependence not consistent with our model p; dependence
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" A
Results: weighted SSA

why?
unweighted SSA ==  do =) Clwfif2]

..... dPh_L
Ex: SIDIS \

Clw s D =232 [ prd®ky s (or — kp - Py /2) w(pr kr) £z, p3) DUz, k)
q

need numerical calculations (next step of our work; work is in progress..) or
break convolution with model p; and k; dependence in fa and D4

— gaussian dependence [||not consistent with our model p; dependence
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" A
Results: weighted SSA

why?
unweighted SSA ==  do =) Clwfif2]

..... dPh_L
Ex: SIDIS \

Clw s D =232 [ prd®ky s (or — kp - Py /2) w(pr kr) £z, p3) DUz, k)
q

need numerical calculations (next step of our work; work is in progress..) or
break convolution with model p; and k; dependence in fa and D4

— gaussian dependence [||not consistent with our model p; dependence

SIDIS SSA prototype Drell-Yan SSA prototype
Sqe2 f9 D1 Yee2 4 ff
A 1) 2 (q ! 2 q _— .
If f=F,.g,,h, e Tt p=p. Ff or f_=f,,gp.h,

evolution— Q2 evolution — DSS evolution— Q2 ditto

Miyama, Kumano, C.P.C. 94,185(96) P.R.D75,114010(07) _ :
or Hirai et al., C.P.C. 111, 150 (98) fav.+ unfav. valence approximation
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weighted SSA: SIDIS .
Wyxy _ [ dbgdend?Py W doxy g
AV (2,y,2) ( =
A (Lyu | dpsdpd? Py doyy &%
2
AQ% CoS2¢), _ 5 <%ﬁ[h COS 2¢p,) U _ 5 B(y) 2q€3 mhl (1)q(:13) HL(l)q(z)
vu (Do Aly)  Tge2zfi(z) Di(2)
2
QT sin2¢y, _ 5 <%ﬁ[h Sin2¢p)u L B(y) ¥q€q th(l)q( x) Hj (l)q(z)
Aui (Do Aly) Yge2zfi(x) Di(2)
AQr sin(@rtes) _ 5 <1\Q/[_€ sin(¢p, + ¢9))ur B(y) >q€q xhq () Hy (1)q(z)
vt (Do Aly) Y,e2zf{(z) DI(2)
AQpentonas _ o GF SN = 0ur |, AG) ycfefin @) D)
vt (L)yu Aly) Y,e2zfi(z) DI(2)
Q3
(@snGo-os) _ et NG~ 9T | By) T4 a:hl Ly gDy
Ao (Luu A(y) >peg o fi(z) D(2)
AQr cos(@n—6s) _ (% cos(ép, — ¢s))uT C(y) 2qeq m’ng)q(l’) Di(z)
H (Dyy Aly) Y,€e2zfi(z) Di(z)

27-Sept-09

f@) = [dpr (
M. Radici - TMD in diquark model

Ay)
B(y)

C(y)

()

1-y+ 552 + hy%y?
22 (147)

1-y—-39%7°
22y% (1 +12)
y(l—%y)

2Mzx
Q

]_32 n
Q—A’;Q) f(z,p7)
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weighted SSA : SIDIS TR
AW (2 2y o W)y _ [ désdgnd®Phi W doxy ) W
A MNpu [ desdepd®Pp doyy \"%% > >
\3}% - " S Li:*x

Q2 cos 2, ) ( COS 201U _5 B(y) Y, €2 mhl (1)q(33) H; (1)Q( ) but later. 4w - - y+ L2 + L2902

A = = - 72y 2
UU (Wou W) E,d e Dl NS
B(y) = 55—
. y2( 2)
(Gsn2e _ ( Sin 2niu _ o BW) T4 2 b D1(g) D) o y(li;;
Aur (1)yu Aly)  Yge2afi(z) Di(2) 1457
AQT sin(d+és) _ 5 (% sin(¢p, + ¢s))ur — 5 B(y) Zq q xhq (x) Hl (1)Q(z) v(z) = )
vt (1)yu A(y) Y,e2fi(z) DI(z)
AQpentonas _ o GF SN = 0ur |, AG) ycfefin @) D)
vt o (L)yy Aly) Y eaafi(z) DI(2)
QT sin(3¢y,—és) _ < sin(3¢p, — ¢39))uT _, B(y) Xq€; a:hl (Q)q( )HlL(l)q(z)
Aot (L)yy Aly)  Tge2zfi(x) Di(2)
AQr cos(on—05) _ 5 (% cos(¢n — ds))ur _ 5 C(y) Xq€q ff?ng)q(fE) Di(z)
1 (L Aly) Y,€e2zfi(z) Di(z)

2 (i
[ = [dpy (%) /(@)
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weighted SSA: SIDIS =+, .
\\ N b ~
W)xy _ [dpgddpd?Py Wdoxy - —I -
‘. . . 1

@ 1 J- 1 1.2 1.2.2
AL = 2< COS00U _, B) Tyckain T I I e g = Lt
<1>UU A(y) Zq qxf]_(x)D (Z) () 1- y— ly2’y2
Bly) = ——""—=<
- P (1+79)
A sin2e, _ 2< SIN26p)UL | B(y) Yge2 ey DH(a) Hy P(2) o) - y(l_%y;
UL - v = 2,2 2
(Duu Aly)  Xgezaxfi(z) Di(2) 214
AQT sin(éy+ds) 2<1\Q/_r—€ sin(on, + 05))uT B(y) Xq€ qa:hq(x) Hj (1)q(z) y(z) = 0
vt B L)y Aly)  Y,e2afl(z) Di(z) HERMES
LQrsint—ds) _ o (3 Sin(én = ds)ur _ AW Ty 0l 2y pi(z) | preliminary (old) data
vt (L)yy Aly) Y,e2zfi(z) DI(2)

QT sin(3¢n—og) 5

( sin(3¢p, — ¢5))uT

B(y) S e2ahi D) H M1(2)

prediction

Aur (Dou Aly)  Lgezzfi(z) Di(2)
AQr cos(on—05) _ 5 (% cos(ép, — ¢s))uT C(y) 2q€ qm’ng)q(m’) Di(z)
- (Luv A(y) Y,e2zfi(z) Di(2)

27-Sept-09

M. Radici - TMD in diquark model

2 n
f@) = [ ( ) 1(@,p3)
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" A
- | Collins effect
- AUT Sin (2+2g ':'f.?ﬂ AUT Sin {2+2g 4
ol r HERMES PRELIMINARY | 051 data: {Seidl (HERMES
: DIS04
0.3 $=56.2 GeV/?
0.2} | <Q>=25"
1 ¥Yoin(X)<y<0.85
0.1} 1 0.023<x<0.4
0 | 1 [ 0 | 1
HERMES PRELIMINARY
0 0.1 0.2 0.3 0.4 0.2 0.3 04 0.5 0.6 0.7
X Z
A Sin (2+og (%) A Sin (z2+og ':[Z]
60—t 0.1 " S = N ——
02| i 0 —1 ——
: ] IR e o L i il
gl —0.2} i '\
0.4 =it Lb
e —ud- o Hl (Z) DlDSS(Z QQ)
-0.6¢ 051! D1(2) 7
-0.8 06t
HERMES PRELIMINARY HERMES PRELIMINARY
: - : : . : - - : : : HL(l)(z)
0 0.1 0.2 0.3 0.4 0.2 0.3 04 0.5 0.6 0.7 1
X J_(]_) z
2. 24 q - .
A(%% sin(gp+és) _ 5 B(y) Zq eq xhl(x) Hy (2) spect. Dg model of Hf_jm . _HlLun.j av
214 q
Aly)  Xqegafi(z) Di(z) Bacchetta et al., P.L.B659,234 (08)
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0.06 |

0.04 |

0.02 |

-0.02 {

0.06 |

0.04 ¢

0.02 |

-0.02 |

Sivers effect

A Sin {2- /(%) A Sin :j_js"[’Z]
........ ool < 0.08 . . i - A
1 0.06 ¢ |
0.04 ¢
0.02;
1
1 0 1
HERMES PRELIMINARY | HERMES PRELIMINARY
ﬁ l:l.'1 lJ.IE IJ.IE IJ.I4 l:l.'2 l:l.'3 l:l.'4 IJ.IE IJ.'E IJ.'?
X i
AUT Sin {2- S'I:Kfl A Sin (2-og Z)
T HERMES PRELIMINARY | 006 = 1. |
(1) data: $eidl (HERMES
flT (z) ] 0.04; * 1 DIS04
|\ 02 + ] e | 5=56.2 GeV?
= ¥ T g e L | <Q2>=25"
I ) J T ymin(x)<y<0-85
-0.02 0.023<x<0.4
—0.04 {HERMES PRELIMINARY
0 0.1 0.2 0.3 0.4 0.2 0.3 0.4 0.5 0.6 0.7
X i
1(1) 2 rL(1)g
A7) g2y aQrsin-os) _ o AW) Tecqefip (@) Di(2)
f1(@) ur A(y) Y,e2afi(z) Di(2)
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0.25¢
0.2
015}
01¢
0.05¢

¢ V(@)
f1(x)

f1(z,Q)

Qr cos(op—¢s)
Ay cosonos

0.25¢
0.2
015}
01}
0.05¢

A, -°°54-05) in SIDIS

s=56.2 GeV?
<Q2>=2.5"“
ymin(x)<y<0-85
0.023<x<0.4

C(y) Tee2xg$ R (@) DI(2)

A(y) Ygegafi(z) Di(2)
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"
Ay 2 in SIDIS

do®

dxdydzdedPy |

o« Fyyr+e Fyy +1/2¢(1 +€) cos ¢y, F((]:([)JS%_I_G cos 24y, FIC]:([)]SQQSh

27-Sept-09 M. Radici - TMD in diquark model
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"
Ay c2¢ in SIDIS

do? COS ¢ COS2¢
x F e F, 2e(1 4 ¢€) cos ¢y, Frrrr " +4ecos 29, F h
dzdydzdeéydPy, | vu,rte Fuy +1y/2e(1 +¢€) cos gy, ‘UU-I_/%UU
c052¢‘> cos 2¢ COS2¢
Hp:  For ™" = o lpeep + Frp ™ lau
/ high p; low p;
see, e.g., Bacchetta et al, JHEP 08,023 (08)  F1.07 ~“|,00p ~ % Fuu.Llpocn

/d¢h do® o< Fiyyyr + € Fyy 1, + Rosenbluth separation
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" J
Ay c2¢ in SIDIS

do? COS ¢ COS2¢
x F e F, 2e(1 4 ¢€) cos ¢y, Frrrr " +4ecos 29, F h
dzdydzdeéydPy, | vu,rte Fuy +1y/2e(1 +¢€) cos gy, ‘UU-I_/%UU
. c052q5 cos 2¢ COS2¢
Hp:  For ™" = o lpeep + Frp ™ lau
/ high p; low p;
see, e.g., Bacchetta et al, JHEP 08,023 (08)  F1.07 ~“|,00p ~ % Fuu.Llpocn

/d¢h do® o< Fiyyyr + € Fyy 1, + Rosenbluth separation

access to “pure Boer-Mulders” effect in cos2¢ by two SIDIS measurements

27-Sept-09 M. Radici - TMD in diquark model 53



AUU Cos 2:[){]

075} =
0.5}
0.25 |

-0.25¢}
-05¢
-0.75 |

~0.2}
~04}
—06}

-08¢

A UCOSZSb
A CDSEJ[Z] A
.,-"-"'-__-_:-;-u_..__-:-:-__ _f__:

0.2 0.3 0.4 0.5 0.6 0.7
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" A
weighted SSA : Drell-Yan
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weighted SSA : Drell-Yan
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« valence approximation in annihilations: T p ~ uu
hJ_H/W_ hjl_ﬂ/j_)

« “universal’ ratio (see Boer, P.R.D60,014012 (99) ): L N T
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» solve analvtically the convolution
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" A :
Conclusions

» why another model for TMD ? We actually don’t know much about them...

« why a spectator diquark model ? It's simple: always analytic results
why including axial-vector diquarks? Necessary for down quarks, but need to improve

« what’s new in our work ?
= systematic calculation of all T-even and T-odd TMD
= several forms for N-g-Dq vertex and spin=1 Dq propagator d*v explored
= fix 9 parameters by fitting f,“9(x), g,%4(x) at low scale = model scale Q,°=0.3 GeV?
= TMD as overlaps of lcwf ; orbital L, p, #0in g.s. of N = SU(Zf) N w.f.

results : non-gaussian, unfactorized, flavor-dependent p dependence
g.s.of NwithL . #0
encouraging comparison with available parametrizations and weighted SSA
(model-independent analysis)

 future : calculate (numerically and, when possible, analytically) unweighted SSA
add sea quarks — improve on down quark
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