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The table of TMDs

’

quark

| &

n@®'®

=00 -—0C S

-




The table of TMDs
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The SIDIS cross-section
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The SIDIS cross-section

d

quark

L

[FUU,T +eFuuL

2¢ (1 +€) cos (é)F[CjOS( + ecos (20)

i
h%@ - @

r|Cc

91—

hip @ -

00D —0C =S

gllT - -@-

s

-

+ Al - 2¢ (1 — €) sin (O)an((,%))]
+ 5L —\/2 €(1+¢€)sin (o)FS n(9) | esin (2¢)F§E(2¢)]

+ 5L A v1—€ 2F1L + /26 (1 — €) cos (¢) COS(¢>]

+5r [sin(@—os) (Fong *% +eFgp

+esin (o + @ S)Ff;,'ll(¢'+¢5) + esin (3¢ — éS)FLSIijE(%—(ﬁs)
2¢ (1 + €) sin (¢ S)Flsjl.lll(és).
2e (14 €)sin (2¢ — @S)F[F}lfl{(%—qbs)]

+ S'T /\l [mCOS (O— G')S)FCOS(Q')—(;&S)
2¢ (1 —€)cos (¢ 5)Fip (¢5)
+v/2e(1—€)cos (26 — ¢ 5 )Fﬁg‘s@é—d’s)}}

11




The SIDIS cross-section
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The SIDIS cross-section
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The SIDIS cross-section
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How can we disentangle
all these contributions ?

EXPERIMENT: setting the proper
beam and target polarization states
(U, L, T)

ANALYSIS: e.g. fitting the cross
section asymmetry for opposite spin
states and extracting the relevant
Fourier components based on their
peculiar azimuthal dependences.
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The SIDIS cross-section
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Selected results from Ay SSAs
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The Sivers effect
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2 (SI n(q)'(l)s))UT

Siver's pionS ampliTudes [Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]

011+ ¥ {f @ significantly positive
o.osf—+ +++++f— +++++ AR | @ clear rise with z
05 b r* ;+++ @ rise at low P,,, plateau at high P,

slightly positive

0.05 T @ consistent with zero

20.05 . M First evidence of non-zero Sivers func.
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2 <SI n(q)-q)S))UT

Slver's plonS ampll‘l‘udes [Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]

01 - +; # significantly positive
o.osf—+ +++++f—+++++ =ttt 1] g clear rise with z
0"‘ ___________ : _______________ _*++ ____________ @ rise at low P,,, plateau at high P,
@ slightly positive
0.05 : @ consistent with zero
0-
-0_05: g First evidence of non-zero Sivers func.

-1 04 0.6 05
X z P, [GeV]

Large positive n* signal is dominated by scattering off u-quarks:
_fa (% p?) ®y DI (2,k7)
(%, pr) ® D" (z,k7)

null signal for n- indicates that d-quark Sivers DF > O (cancellation)
confirmed by phenomenological fits (Torino group) and several theoretical predictions! 20

2(sin(g— gy )\ o — u-quark Sivers DF < O



2 <5in(¢'¢s)>UT

Siver's kaons ampli‘l'udes [Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]

0.2 K* 2 g # significantly positive
01f f : + +j— by ® clear rise with z
PELEE bLo toE g ? )
St pt et @ rise at low P,,, plateau at high P,

@ slightly positive
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The Collins effect
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Co”ins pions ampli‘l'udes [Airapetian et al., Phys. Lett. B 693 (2010) 11-16]

@ significantly positive
@ rise with x and z

@ consistent with zero

@ large and negative!

e

1 ,unfav 1. fav
= Hi (z) =~ —H; (2)

1'0-1 04 06 05 1
X z P, [GeV]
Consistent with Belle
M Non-zero Collins effect observed measurements at e*e-
collider machines
M Both transversity and Collins ete” >z, o, X
. . ] Jets
function sizeablel
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Co“ins kaons amp'i‘l‘udes [Airapetian et al., Phys. Lett. B 693 (2010) 11-16]
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@ significantly positive
@ rise with x and z

@ consistent with zero
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The "pretzelosity”
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The worm-gear g,7-
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The worm-gear g,
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» requires interference between wave funct. ‘|= L 91(8) - by, @) -@)
components that differ by 1 unit of OAM e | ) (-
o | T |/ {Dr D [ 2] |
§ L0 n o~
1T
0.4 S. Boffi et al. (2009)
sl Phys. Rev. D 79 094012
’ Light cone constituent quark
0.2} model — related to quark orbital motion
flavorless insid |
0.1} \ dashed line: interf. L=0, L=1 InsSide nuclieons
0 dotted line: interf L=1, L=2

0 025 05 0.75 X

» Many models support simple relations among 1LT and other TMDs:
" gir=—h ff (also supported by Lattice QCD and first data)
1

q(1) N VW _type ‘ ({U q .
g () = l—/.fh(!/) (Wandzura-Wilczek appr.)
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2 (cos(9-0g))(

K
LL

2 (cos(0-dg))

The cos(¢-ds) Fourier component

j 02 - +
0.1F

HERMESPRELIMINARY
8.0% scale :_uncertainty
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2 (cos(0-0g)) |

The cos(¢-ds) Fourier component
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2 (cos(0-0g)) |

K
LL

2 (cos(0-dg))

The cos(¢-ds) Fourier component

0.2 =  HERMES[PRELIMINARY
01 - + C 8.0% scale :_uncertainty
T E - : slightly positive ?
Of+% #-+-#-+-+----:.l._*-.+--+--+-}-}- B -+-++ + + > g yp
-0-1 i T 1 | i ||||||||| i ||||||||||
C 0 C C

! MHWHW | > -

3 " 3 bogr +
0 ;_f_u.__ §_+_ \. RN ' ++ _;_+_+_+_+_f_} _____ > positive!

> slightly positive ?
o
oE T “* Y e ~0
_0.24*11&*1 =
10 . 0.4 o_ez p:f[ge\;]



T
LL

2 (cos(¢g))

2 (cos(9g))y,

The cos(¢s) Fourier component

et C HERMES[PRELIMINARY
0.1 C C 8.0% scale [uncertainty
C C 4 C >
B L B " [ % ~ 0
0 :_.+__!___+___+____;*_.L___+____+__f_:__§_+_+_.¢.__+____+_

~ 0
> sign change?
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T
LL

2 {cos(2¢-dg))

2 (cos(20-0g))r,

The cos(2¢-¢5) Fourier component

)

04t" L e [t ARY
0 "'+"i'*'*'Lr}"é“"*'*';"*"{-+-;";*1'*"r-1""f-
01F —__ —_-
1.4 | Ly g
(KT T A
0f * | N H;H“ 7t
12
obvitytpip byttt
0.1F 2 3

03 +-H-+-+""§+-+-+-+-+ +'}';"+';j+'+"-.|. +
-O.Zﬁ“[ _-_.;--_.l..l._;E....|,,,,|
0.2_-K' - -

T AR T A

~ 0
> sign change?

p =0
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Conclusions

The existence of an intrinsic quark transverse motion gives origin to
azimuthal asymmetries in the hadron production direction in SIDIS

* significant Collins amplitudes observed for charged pions and K+
— preliminary results enabled first extraction of transversity and Collins FF (by Torino group)

* significant Sivers amplitudes observed for n* and K+*

— clear evidence of non-zero T-odd Sivers function

— (indirect) evidence for non-zero quark orbital angular momentum

— hint of non-trivial role of sea quarks and of higher-twist contrib. for positive kaons

e new results on 4;;7 DSASs sensitive to worm-gear g7+
— non-zero amplitudes observed for the cos(¢p — ¢5) Fourier component for n~ (n*,K* ?)
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Accessing the polarized cross section through SSAs
Full HERMES transverse data (02-05 data with () ~73%)

The relevant Fourier components were extracted through a ML
fit of the hadron yields for opposite target transverse spin
states, alternately binned in x, z, and P, |, but unbinned in ¢
and ¢g (— acceptance effects on azimuthal angles cancel out )

Q% >1GeV?

W2 >10 GeV?
0.023<x<04
y<0.95

0.2<z2<0.7

2GeV <P, <15GeV

L= HP(¢i,¢S|,PT,,2<S|n(m¢+n¢S)>UT) b+PT,( sm(m¢+n¢s)> sin(mg, +n¢8,))]

\ \

probability of iy, SIDIS event free parameter

. : h 1 do'h(¢,¢s)—do'h(¢,¢s—l—7z)
This i uivalent t =
per?orsmeg Foisgr ° A (9.6) |P. | do" (¢, @) +do" (4, ¢ + 1)

decomposition of

1 . ) -k 13 iy
the cross section ~ sin(¢ + (?)S)Zeg 7|2 hs h{“ p?
asymmetry in the M
limit of vanishingly - 5
small ¢ and ¢4 bins + sin(g—ag)y €T PEEBL, poallis
r ¥ q M 1T

I[...]: convolution integral over initial (P;)and final (K;)quark transverse momenta
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The pion-difference asymmetry

T g F .T[+ - A I PYTHIAG
Contribution by decay of exclusively .. 00 g “Ufer i Soijees. s
produced vector mesons (p%,m,p) is Y\ 7 g Y, 3 S I
not negligible (6-7% for pions and 2- / | T 0%fe. O !I » tETell
3% for kaonS), thOUgh SUbStatia”y z > . 01 02 o.xo.z 0.3 04 05 o.sz 02 04 Ig.:l‘iléell]

limited by the requirement z<0.7.

1 (6j,—0)y) (o), —0],)

Pr (6l —o5:)+ (0], —0],)

A " (4.5)

Contribution from exclusive p@ largely cancels out!

HERMES PRELIMINARY 2002-2005 HERMES PRELIMINARY 2002-2005
lepton beam amplitudes, 8.1% scale uncertainty lepton beam amplitudes, 8.1% scale uncertainty
5 + = : 5 04 4 3 3
= mw —T r = FTT — T C r
EART, b booo g o3p 3 ]
£ 0.1 * L] + :—+ ] ’ — = 0.2 + + r o
- : ; ¥ E - g il t
S S S aRhRR b 1@ eaf TR — 4yt
PN 3 = o 14- - -
elE u u L [romsmemsm s [roseemnnnnnes
o i 1 | 1 :__l[ 1 ] 1 E_ 1 I | ] 1 o ::'_I_I_I E_ E__'_'_'_,_

01 0.2 03 0.3 0.4 0.5 0.6 02040608 1 01 0.2 03 0.3 0.4 0.5 0.6 0.2040608 1

X z P, [GeV] X z P, [GeV]

* significantly positive Sivers and Collins amplitudes are obtained

* measured amplitudes are not generated by exclusive VM contribution 4



Contribution by decay of exclusively .. 00
produced vector mesons (p° w,d) is %
not negligible (6-7% for pions and 2-

| - f 2 f‘ ° L : ® o : o .
EIIII|.\I\'I|III.IlIEllfwll.\III\Il\IIIIIEII\'IIIII'IIITI\'I\'I'I
3% for kaons), though substatially 14:# "1 ez 30203 04 05 0 0204 s EE

limited by the requirement z<0.7.

2 <5in(¢'¢s»UT

The pion-difference asymmetry

0.1

-0.1
-0.2

0.2 |

T g E arn - A T PYTHIAS
S o015 0 - [ modified by HERMES
o [ @7 C [
© T £ m
— CLI Y o C
Mn 7 g ™ E ‘ 2
> B, i " 2
005, & 4

P X z

1 (o5y —o5) = (0§, —03,)

Pr (6l —o5:)+ (0], —0],)

A " (4.5)

Contribution from exclusive p@ largely cancels out!

HERMES PRELIMINARY 2002-2005

lepton beam amplitudes, 8.1% scale uncertainty

Z> provides access to Sivers valence quarks distribution!

X Z

-7 - ,
E = 4 pl s N I,

t ' . b ey t i tt—m— 4]1T . jl'T
g _—+ ] - A — — :
F + E = UT 4 U, '([,.
fmmmmmem et P-mmm e S . fl _ f1
3 3 3 [ (cancellation of FFs assuming charge-
T T T T e T T conjugation and isospin symmetry)

0.1 0.2 03 0.3 04 0.5 0.6 0.2040608 1

P, [GeV]
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2 (sin(o+dghur 2 (Sin(d+ds))ut

2-D Collins pions amplitudes

Kinematic dependencies often don't factorize — correlations among variables
=—=)> bin in as many independent variables as possibles (multidim. analysis)
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2 (sin(¢-dghut 2 (sin(d-0ghut

2 (sin(@-dghur 2 (sin(-dsPut

2-D Sivers pions amplitudes

Kinematic dependencies often don't factorize — correlations among variables
=—=)> bin in as many independent variables as possibles (multidim. analysis)

Xvs. Z X vs. P,
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Collins amplitudes:

twist-4 contrib ?
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Siver amplitudes: additional studies

o2 T @’ <aGeV?| K % g T # No systematic shifts
20 : [0 Q%> 4 GeV?|| +“L : Ly observed between high
=01 " - o bIF : 2 :
ol i o ion @ anpies or
N Q frrermerennseenaeens B %Jf ------------------ o e % ------- T
01 e —— . = No indication of
R e ——— —_—— e important contributions
< I " E : from exclusive VM
§Z:01 r . . - . i N
0000000°° o000 o Sllentbohe [ 5MAL 5 b
0.4 0.6 05 1 04 06 0.5 1
z P, [GeV] z P, [GeV]
5 <@ K & test presence of 1/Q2-suppressed
£ 01 | “Jf # contributions
ot T T separate cach xebinin two 2 bin
—— ——— . . . . .
. — ‘ hint of higher-twist contributions to
$ oo | oo the K* amplitude
Ng’: | o ° a i . :I .
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Probing g;; through Double Spin Asymmetries

CcOS I:L
Feos(on—9s) _ c[ A?Tmr 1}

o 2M M, E
FLT(f’S — Q C{ (IJTDl —!—\—[hl—)

kr-pr [( . .1 Mp— D+ Mh , Gt
+ oMM, [(“THl — 8 ) + \=erHL + 2

cos(2¢p—0s) __ % _2(’:”'pT)2 _p%“ Mp , E
FLT = Q & 2‘]\[2 lJTD1+ M h

oM M, erHi ul“_

- (1€TH1 Uth' GLL):]}

The simplest way to probe worm-gear 1LT is through the cos(¢ — ¢ps) Fourier component

A

,| b-Pr@EE
kR [Cf}s(‘?bh_‘i’S) k1= Y 7 (. p%)] D{ (z,2%k2)
2(cos(¢—os))pr = V1-—¢€? JFuU.T B Cf{ (x,p7) D (2, 22k7)]
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A. Kotzinian et al. (2006) Model pr'edlc-l-lons for, ALTCOS(¢_¢S)

arXiv:hep-ph/0603194v5
*  Wandzura-Wilczek app.

Proton A%S(¢,7%9) .
« LO GRV98 (unpol. DFs) . r " ° S. Boffi et al. (2009)
« LO GRV2000 (pol. DFs) — gt -—-x--2°] Phys.Rev. D 79 094012
 Kretzer FFs 005 . 1 Light cone constituent
Proton and deuterium targets ~~ -~ quark model
Similar predictions for COMPASS and JLAB of 1
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2 (sin(2¢+¢g)

2 (sin(20+dg))y
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-0.05

The sin(2¢+¢s) Fourier component

a3 HERMES-PRELIMINARY

- 7.3% scale[_uncertainty
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» arises solely from longitudinal (w.r.t.
virtual photon direction) component
of the target spin

* related to <sin(2¢)>,, Fourier comp:

2(sin(@p+4,))}, o sin(8,-)2(sin(@9)),,
- sensitive fo worm-gear hlLL

* suppressed by one power of P,
w.r.t. Collins and Sivers amplitudes

* no significant signal observed
(except maybe for K+)
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2 (sin(20-0g))y

S
-

2 (sin(2¢-9g))y,

The subleading-twist sin(2¢-¢5) Fourier component
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7.3% scale[_uncertainty

0.1"

e g 1
* sensitive to worm-gear (J;; ,
Pretzelosity and Sivers function:

My, , H

X Wl(pT'kT*Ph_L) (Xf‘i‘LDl = ‘ﬁth;)

M, él
-L — —
(XhTH1 + N BIT )

M, ., Dt
- (thfo — ﬁhfﬁ“?)‘

— Wa(pr,kr, Phy)

* suppressed by one power of P, |
w.r.t. Collins and Sivers amplitudes

* no significant non-zero signal
observed

53



2 (sin(dg))y

The subleading-twist sin(¢s) Fourier component

. . _L °
HERMESEPRELIMINARY | » -
0.1-" 7.3% scale; uncertainty SenS.ITIVC TO worm .gear g]_T ' $|Ver's
function, Transversity, etc

e significant non-zero signal

2 (sin(dg))y,

05 observed for © and K- !
3 - HERMES PRELIMINARY
;‘ ‘e?n I 7.3% scale unczertamtyz( )>
i ~ 0.1_— o Q ><Q Xi
i 5 | - Q% < (@(x))
: N 0._¢ ..................................
ali i v b ¥ 'F ? +¢
= 0.1+ t
0.2 :
0.1: T 10+ i
L T 10 o
0 s o 4 "
r & L 0 u
01 G ¢ Latrr,
0f- S o0 o T Coutt MR &
. +HHH ++H”%%%+?+ | .10 X
- * low-Q? amplitude larger
0.2 e e g |
1 04 06 05 1 e hi 2 -
0" 2 P [GeV] hint of Q% dependence for «
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An alternative access to transversity: the di-hadron SSA
ep—e’h,h,X | / Di-hadron FF

7 = (does not depend on quark transv. momentum)
il -\, Chiral-odd T- odd
\ 3 ¢ \\c“‘\';\‘\‘ . .
< U a‘? s Correlation between transverse spin of the
N\ \¢ R M > fragmenting quark and the relative orbital
g e _#* CMS frame angular momentum of the hadron pair.
I“\ - =1 P n‘ . . . .
\ g sy Describes Spin-orbit correlation
. R . in fragmentation
Py /
O},rr“SrSi"BSi"((’m+¢'7s)zf’5h @ _ i _ .
G zimuthal asymmetries in t

a he
virection of the outgoing hadron pairs/
v

azimuthal orientation of relative transv. momentum of the 2 had.

sin(gg, s9)aN8

z | i T . .
000 !’ 1 JHEP 06 (2008) 017|  * significantly positive amplitudes
[ 2 i 1 . .
Elal¥ + | - 1st evidence of non zero dihadron FF
0.02[8 i
o : + - )
03‘++ _______ + ______ (can be measured at€ € colliders)
SR " reriP __*independent way to access transversity
Zocsf * 4 °-5"§ o g > 0.7-:—3 * * - {008% . . .
oor b . B S 1wt L .u_ 1007 * NO convolution integral involved
N EE & 2™
0.06 N VE A 06+= ax 1 . . o
I — ot S NVRITIRRRIINE &SRO NTN - limited statistical power (v.r.t. 1 hadron)
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quark

c
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niy fi oo ey €N
c|L g1 8= (&) | hyy (S =02
e A I [ S il islag
ol T jf:p -:io':ﬂ»-—il o x|91T=2 e - @1:» . .
n th-\?:/:----?/p

+S Jsin 2¢ doy, +ésin¢ doy, +xe{da& +é008¢ doﬁ}

+¢s) doyr +sin(3¢—¢;) doy,

in2¢—4,) dot +%sin¢sdaa%

57 OO acos¢sdaﬁ‘} +écos(2¢ —¢)do?> }}
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The Boer-Mulders effect

d’o 0
<{F. . +&F, . +2Je(l+¢)cosg, F% +gcos2g, F o>
[dx dy dz d¢thhl { uur UU.L ¢h uu ¢h uu }

Twist-2:  dofy™ o cosz¢.ze;{2(Pm "‘T)(f\’;ﬁv'l Pr) —kr - By thf‘“}]
q h /

Boer-Mulders effect

Twist-3: do % o cos¢-2e§2—Ml{—Mxl hH. BUGTRLIDN lel-—..}
q Q Ivlh M

Accessed through azimuthal modulations in SIDIS with unpol. H and D targets

Cahn
effect

(S)d cos
ECOS”@(J‘J,Z’B;LF fcosngb od¢ . e }

f o d¢ Egteln
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Analysis
Full-differential unfolding of detector and radiative effects

Nborn=S"1|n — B

Bin-by-bin acceptance " Background events vi
and smearing effects smeared into acceptanceJ A

Full differential result |

Binning
900 kinematie bins x 12 ({p-bins
Variable | Bin limits 4
x 0023 004 0078 0.146 0.27 06 B
y 02 03 046 06 07 086 6 | ”
z 02 03 04 0.6 0.6 0.76 1 6 Q‘
P, hl 0.06 0.2 0.36 06 0.7 1 ‘ 13 6 7 7 = N

Extraction method checks:
« Stable versus time and major target magnet and IP geometry variations

+» Stable versus beam charge and misalignment
% Unphysical cos(3¢) and cos(4¢) terms consistent with zero

< Stable with different xsec models and binning schemes
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Unpolarized cross-section

cos¢ large and negative ! [ °°s(¢') oc[fi oD, +I ®Hl+...]/Q J
. " = [ - T p
3 odfen I tep— en X I + HERMES prehmmary-
Incredaglng with = [oxt $ { 1 ] i
SRS 5 o 3 I 3 i
o C = " IR ] $ + E 3 I I
: o [ s o1 - ; 1 9 o 1€ o :
Large difference N i ]ﬁ g O e o % 1 . 1 5 1
in hadron charge ! : 1 ] o I 4w
- % T ]
Larger in magnitude {rorarezes B R AR R o AR ]
for + 107 04 06 08 04 06 0.2 0.4 06 0.8 1
x y z P, [GeV]
cos2$ non-zero ! [ oo hibo Fit +[ji ®D; +]/Q ]
4 : 3 f[erm B lep—enX - I HERMES preli
Difference in A KLy jeP—e- ] g i ] RSERN
hadron charge ! 8§ : S 1 : i I
§ 0?: I : " : ! . 3 | % ]
Positive for n- « [ po° . 5 o g I S 2 5 5 f_" .
_ -0.05} 1 1 1 3
Negative for n+ e Se— : S ESSSSY e
:’0’0:0'0‘ CLAAAK 0’0’0’0’0 0’0’0’0’0 | AAAA m m 1 2
107 04 06 08 04 06 0.2 04 06 08 1
X y = P, [GeVl
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Difference in pion charge

%ms? e-; exX _ 2(008(%));-2(008(%))& J HERMES preliminary ]
g o R 1y _ i
< 005E I ¢ : 3 ] } I I ; §
g 3 3 1 1 3
C I I I ] } }
: i Ly ,
IR | e | ]
?: o.osi # - * 1 * * 1
SRR
4 " Y
< a4
8 | . . L
& 2r u . . o B . .
e - 107 04 06 08 04 06 02 04 06 08 1
y z P,. [GeVl

Mild flavor dependendence of k; expected

From Ay;: Collins favored (u=»n+) and unfavored
(u=>» n-) fragmentation opposite in sign

With u-dominance
Collins makes the difference !
Hint of non-zero Boer-Mulders

,.[og,”,j‘" cx[ +hl*®H1*+-..]/Q ]

Phys. Lett. B 693 (2010) 11-16

= 0.08 Y | o':i;'(ms) och]Hl-L
%:o.osl e | )
g 0.04f ¥ - +
A PV AR LT
N .002b— | _
] TS F—
+ Im
ARy \ t




Proton vs Deuteron Target

3 eep—enx X I 1 I HERMES preliminary]
A TR o : : ]
s | : ]
8 o
&

| | P ;
LT AR T

S
X

2(cos(29,)),,

oF
-0.05f
™ afF
8 | - - i
; 2' «© L s] 0 ®0 eg oo =« 0 «O eg O O
0 -!Dq:. ............ P A N P et PR T
" 10" 04 06 08 04 06 02 04 06 08 1
X y z P,. [GeV]
Quark d vs u contribution ?
DATA support Boer-Mulders of same sign for u and d
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The kaon signal

2(cos(2)),, 2(cos(¢, ),

(@7 [GeV*]
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+* Role of the sea
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The kaon signal

1 HERMES preliminary
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The kaon puzzle
Already found in A ;;: Collins+Transversity

Role of the sea in

distribution and fragmentation functions
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