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Quantum phase-space tomography of the nucleon
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Quantum phase-space tomography of the nucleon
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The table of TMDs
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The table of TMDs
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TMDs can be studied by measuring e'E)
azimuthal asymmetries in SIDIS V
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The SIDIS cross-section
. @ quark
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The SIDIS cross-section
) @ quark
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The SIDIS cross-section
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The SIDIS cross-section
. @ quark
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The SIDIS cross-section
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The SIDIS cross-section
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The SIDIS cross-section
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The Sivers effect
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2 (SI n(q)'(l)s))UT

Siver's pionS ampli‘l‘udes [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(¢'¢s)>ur

[Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]

Sivers pions amplitudes

011+ ¥ {f @ significantly positive
o.osf—+ +++++f— +++++ AR t| @ clear rise with z
S * s @ rise at low P,,, plateau at high P,

o

slightly positive

0.05 T @ consistent with zero

0F
0.05 - [ g First evidence of non-zero Sivers func.
10" 0.4 0.6 0.5 1
X z P, [GeV]

Large positive n* signal is dominated by scattering off u-quarks:

2(sin(g— g )\ o = %@Dg;ﬂ(;ig) — u-quark Sivers DF < O

null signal for n- indicates that d-quark Sivers DF > O (cancellation)

confirmed by phenomenological fits (Torino group) and several theoretical predictions! 22



2 <5in(¢'¢s»UT

Slver's kaons ampllTudes [Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]

021 K* : g @ significantly positive
0.1F f - + +j— '} ® clear rise with z
:++++++:+++ +:+++ + . .
N o L @ rise at low P,,, plateau at high P,

@ slightly positive
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Slver's kaons ampllTudes [Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]

0.2 Kk* -

2 (sin (q)'(bs»m'
o

o .
||:||||||||

'

'

E

i

:

i

:

10 04 0.6

0.5 1

z P, [GeV]

@ significantly positive

@ clear rise with z
@ rise at low P,,, plateau at high P,

@ slightly positive

n*/K* production dominated by u-quarks, but:

2 <Sin(¢'¢s)>u'r

o
|
'
1
:
1
1
1
1
1
1
o

01 + 0.2

0.05 b+ 41 |oql

0.15F

o
o ©
o G =
AR
——
:+
:—I—
Ve
—
e
1
1

2 (sin(0-dg) - 2 (sin(6-dg)

o

o

(3]
T

m a E‘UCT>, K* E‘U§> — non trivial role of sea quarks

m impact of different k; dependence of FFs in the convolution integral ®,
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2 (Sin (¢'¢S»UT

Slver's kaons ampllTudes [Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]

0.2 K* 2 @ significantly positive
01f + + +j— bt @ clear rise with z
- t H + [ 4 ' - +++ + . .
"3 B L LN LI @ rise at low P,,, plateau at high P,

0.1 —K - ++ ’_ @ slightly positive

* each x-bin divided into two Q? bins

e ———— - only in low-Q? region significant
10" %4 00 °-5 . (90% C.L.) deviation is observed
P, [GeV]

X 4

n*/K* production dominated by u-quarks, but: m Higher-twist contrib. for Kaons

0.1F + 0.2 015: F Q7 <(@(x) E Q7> (Q(x)

Ht _ il“j‘ _ml

0.05 b+ 41 |oql

2 <Sin(¢'¢s)>u'r

o
|
'
1
'
1
1
1
1
1
o
|
i
1
1
1
1

2 <sin(¢-¢5)>5$ -2 <sin(¢<p5)>{i?

m a E‘UCT>, K* E‘U§> — non trivial role of sea quarks

m impact of different k; dependence of FFs in the convolution integral ®,
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The Collins effect

Q quark
, : U L 1
_ y 4 nul 1 O (@ -®
dx dy do g dz dop dP2 ryQ22(1 —¢) (1 = x) u
{ [F MF (I: L 9 (®-® | &-@
UU,T +€'UUL
o e L@-ol
2¢ (1 +€)cos (0)Fyy co=(%) | ¢cos (29)Fgy (2¢) o|T|fiz @'—-@'
I hir-os)-onk

+ Al -msm (qf))Fsm (¢)]
+ 5 \/26 1+ o) sin (¢)Fr® 4 esin (20) o W”]

+ St N -\/1 — €2F 11, + /26 (1 — €) cos (é)FEES(@]

+ FEn=4s)

+ St
esin (3¢ — ¢S)Ff]i-[11~(3¢_¢5)
®s)

+v/2e(14+¢€)sin (290 — ¢ 5)Fyy S‘“(% ¢5)]

+ St A [\/ 1 — €2 cos (¢p—os )F°°5(¢-¢s)
2¢ (1 —€)cos(¢ps)Fip (¢s)
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Co”ins pions ampli‘l'udes [Airapetian et al., Phys. Lett. B 693 (2010) 11-16]

@ significantly positive
@ clear 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]

2/(sin(9+0g))ir

ot
=)
-

0.05 -

-0.05
0.4 5=

M Non-zero Collins effect observed

uf

(4}

o O,

Both transversity and Collins
function sizeable!

@ significantly positive
@ clear rise with x and z

@ consistent with zero
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The "pretzelosity”
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2 (sin(30-0g))y.,

2 (sin(3¢-9g))y ;.
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New results from A, DSAs




The worm-gear g,7-

@ quark
u L T

do " ot y? Y nly i
drdydog dz dgde?th - 2yQ22 (1 —¢) (1+ J;) u h @ hi @
{ [ s 1 ®-O [h &-S
Fyur+eFuuL
T S g RCES,
2¢ (1 Fc05(¢) 24 F & (20) ollT fi B gJ_ )
€ (1 + ¢€) cos () + ecos (20)F iy ] . 1T'®' .@.‘ 1T h-lLT )

+ Al -msm (qf))Fsm (¢)]
+ SL —\/ 2e (1 + f) sin ((ﬁ)FI?E (¢) 45 €sin (2¢)Fsm(2¢)]

+ 5L /\; -\/1 — EQFLL 4+ /%€ (1 — f) COS (é)FEES(@]

+ 57 [sin(¢—os) ( Fﬂi%,(r?_‘“) 5@ F{f}i};’(f—rﬁs)
tesin(¢+ ¢5)FInOHS) 4 cgin (3¢ — ¢ 5)FinE—5)
+1/2¢ (1 + €) sin (qSS)Fsm (¢5)
+1/2¢ (1 + €)sin (2¢ — ¢ 5) F'y e (2"5 ¢3)]




The worm-gear g,

. . quark
> The only TMD that is both chiral-even and | @ : -
naive-T-even
: U fi I @ = @
» 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 ) . %% ﬂ-"f:fype . ' ({U q .
g () = e (y)  (Wandzura-Wilczek appr.)
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The cos(¢-¢5) Fourier component New results!
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The cos(¢-¢5) Fourier component New results!
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The cos(¢-¢5) Fourier component New results!

2 (cos(0-0g)) |
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> slightly positive ?

x
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>

> slightly positive ?
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The cos(¢g) Fourier component New results!
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The cos(2¢-¢s) Fourier component New results!

T
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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

- first results on 4;; SSAs sensitive to worm-gear g1+
— non-zero amplitudes observed for the cos(¢ — ¢s) Fourier component for = (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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Sivers amplitudes

[A. Airapetian et al., Phys. Rev.Lett. 94 (2005) 012002] 3
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g First observation of T-odd
Sivers effects in SIDIS!

2 (sIn(dg) )y
o

2 (sin( ddy) )y
=)
&

[ Main features confirmed by
new high-statistics results




Collins amplitudes

[A. Airapetian et al., Phys. Rev.Lett. 94 (2005) 012002]
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[ Main features confirmed by
new high-statistics results
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The pion-difference asymmetry

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

3% for kaons), though substatially 14:#

limited by the requirement z<0.7.

0.1

2 <5in(¢'¢'s)>UT

0.1 |
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p
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& E 3 F A I PYTHIAG
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o [ @7 [
© L AT LS
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[ m 0 [ A m A
® amsbL o =L B 2 B
t % e § pfe o ° I *®e o 8
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X z P, [GeV]

A " (4.5)

1 (o5y —o5) = (0§, —03,)

Pr (6l —o5:)+ (0], —0],)

Contribution from exclusive p@ largely cancels out!

HERMES PRELIMINARY 2002-2005

lepton beam amplitudes, 8.1% scale uncertainty
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- 3 - Vb

' I
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701 02 03 03040506 02040608 1

P, [GeV]

2 (sin(o+dg))yr
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0.1

-0.1

HERMES PRELIMINARY 2002-2005

lepton beam amplitudes, 8.1% scale uncertainty

X

T 3
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= L — 4yt ;
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* significantly positive Sivers and Collins amplitudes are obtained

* measured amplitudes are not generated by exclusive VM contribution
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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
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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
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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-D Sivers 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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Collins amplitudes:
twist-4 contrib ?
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Siver amplitudes: additional studies
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Probing g;; through Double Spin Asymmetries
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Probing g;; through Double Spin Asymmetries
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The simplest way to probe worm-gear 1LT is through the cos(¢ — ¢ps) Fourier component
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arXiv:hep-ph/0603194v5
*  Wandzura-Wilczek app.
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 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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Experimental status
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COMPASS results on
transversely pol. D target:
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* never published
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proton target
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Experimental status

JLAB Neutron Transversity Collaboration
preliminary results on transversely pol. 3He target (neutron target)
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Structureof the Nucleon (2010), URL
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2 (sin(2¢+¢g)
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The sin(2¢+¢s) Fourier component

HERMESPRELIMINARY

» arises solely from longitudinal (w.r.t.
virtual photon direction) component
of the target spin

* related to <sin(2¢)>,, Fourier comp:
. 1 . .
2<S|n(2¢+¢55)>[’JT oc ES|n(nsl,y,k)2<3|n(2¢5)>3L
. o g e _ J_
sensitive Yo worm-gear h

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

* no significant non-zero signal
observed (except maybe for K+)
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2 (sin(20-0g))y
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2 (sin(2¢-9g))y,

The subleading-twist sin(2¢-¢5) Fourier component
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* sensitive to worm-gear (J;; ,
Pretzelosity and Sivers function:

My, , H

x Wl(pT'kT*Ph_L) (Xf’i‘LDl = “ﬁth;‘)

M, Gt
'L — ——
(XhTH1 + N BT, )

Mp,, Dt
+ (xh,fo - ﬁhffTT)]

— Wa(pr,kr, Phy)

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

* no significant non-zero signal
observed



The subleading-twist sin(¢s) Fourier component

0.1:T HERMESEPRELIMINARY
’ 7.3% scalef uncertainty

2 (sin(dg))y

2 (sin(dg))y,

-y L .
* sensitive to worm-gear (;;, Sivers
function, Transversity, etc

e significant non-zero signal
observed for - and K-!

j TC- HERMES PRELIMINARY
) i 7.3% scale unc:zertalinty2
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* low-Q? amplitude larger

« hint of Q2 dependence for -



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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