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Quantum phase-space tomography of the nucleon

F, -log,,(x)

a HI (prel) 9900

TR AT
x=632E-5
x= 6l B ZEUS NLO QCD it
'+ fooa=0. S
4 AT 2 i H1 PDE 2000 fit
& % 005
S, 00632 ® HI1 9400
. X , i)
[ ,"
¥ 4 =0, 00
a # &
e BCDMS
i w =

'..
. g M“H,..p -;‘i‘%
_*,.'!‘;""" T
2k Pt
— e _‘.1“.--‘:._..!7 =005
i
B iRt Rituid a bt e S
L
. i aa e PP T
T i a4 e man g _l_!_.._E
T i s oy en mt g et L N S S
e i \=0.65
1] L PR | n PR | n n Fi Laao
1 10 T 10° w! 1®

QU(GeV?)
Longitudinal momentum

structure of the nucleon



F, -log,,(x)

Quantum phase-space tomography of the nucleon
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3D picture in coordinate space
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The nucleon spin structure at leading twist

transversity

momentum helicity
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Proton comes out of the screen photon goes into the screen , functions in black survive im‘egraﬂon
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The nucleon spin structure at leading twist

momentum Lhelici‘ry
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TMDs can be studied by measuring
azimuthal asymmetries in SIDIS
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TMDs can be studied by measuring
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The SIDIS cross section up to twist-3 | 99X

Beam Target
Polarization
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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 amplitudes based on their peculiar azimuthal

dependences. 8
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The Boer-Mulders effect
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Accessed through azimuthal modulations in SIDIS with unpol. H and D targets



The Boer-Mulders effect
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Accessing the polarized cross section through SSAs
Full HERMES transverse data (02-05 data with (B)~73%)

The Fourier amplitudes of the yields for opposite transverse target spin states were
extracted through a ML fit alternately binned in x, z, and P, but unbinned in ¢ and ¢q:

DF(2(sin(¢ £ ¢s))ur, ..., ¢, ¢s) = ${1 + Pr(2(sin(¢ £ ¢s))ur sin(¢ + @) +...)

This is equivalent to perform a Fourier decomposition of the cross section asymmetry:
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in the limit of very small ¢ and ¢ bins.

Z[...]: convolution integral over initial (p, ) and final (k,) quark transverse momenta 14
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2-D Collins pions amplitudes

Kinematic dependencies often don't factorize — correlations among variables
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Sivers amplitudes
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Sivers pions amplitudes

@ Slignificantly positive
@ clear rise with z
@ rise at low P, , plateau at high P,
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M Isospin symmetry fulfilled

10 -1 04 0.6 0.5 1
X z P, [GeV]

Large positive n* signal is dominated by scattering off u-quarks:
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null signal for n- indicates that d-quark Sivers DF > O (cancellation)
Confirmed by phenomenological fits (Torino group) and theoretical predictions (Gamberg)! 23
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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)

Xvs. P,

0.2

0.2

0.2

0.1

0,023 <x <005

Xvs. Z

005 x<009

009 < x < 0.15
(0%)=13Gev (Q%)=19Ge¥? (Q%)=28Gev® (0%)=42Gev? (0Q%) =62 Gev’

015 <x <022

022 <x <040

R -~ HERMES PRELIMINARY 2002-2005
N L Lepton Beam Asymmetries—3.1%scaleuncer‘taint¥
RO T T LTS SR TLY S

e e . . S
: '%‘: : NPT {
e -‘H"'_-A'A':s'#'#'_‘“:ﬁ-*-_-é--ié'"_‘;'#*}f# i
I 1 1 I_ 1 1 I_ 1 1 I_Ir_.l_ll_ll_lll_; _I 1 ..I .I 1 1

0.2 04 06 02 04 06 02 04 06 02 04 06 02 04 06

Zz
0202030 030 22040 040 =2 < 0.50 0.50 = 2 £ 0.60 060 =2 <070
‘mxt - . - - +
far 3 a1 H
o et HE R
__AEA_A__4__-:441\-__.)':-.__é‘”_é-.+_.__+¢ré__%_ l_#‘#_;__ll:_.
0 0.2 0 0.2 0 0.2 0 0.2 0 0.2

2 (sin(o-0shur 2 {(sin(o-0s))uT

2 (sin{op-dehuT

2 (sin{d-dshuT

0.2

0.2

0023 < x <005

005 < x<0.09

009 « x<0.15

015 « x«0.22

022 «x<04

(0¥ =13GeV? (0%)=19GeV (Q%)=28Gev? (Q%)=42GeV (Q%)=62 Gev’

Fm ot - HERMES PRELIMINARY 2002-2005
AT — Lepton Beam Asymmetries — 8.1 % scale uncertainty
) . I 'l

I AL L L N .

l sl l : }
ot paeg -0
—————————r—7t

0 0.5 10 0.5 10 0.5 10

3 b 9 3 2 + g
TLE: L tE T e
TP I L T S S S L
s E. : r ........ -—-—-—u—r"'_—' =
I i : I A A
-#&A-A-- _..Ha-é ..... _El_é-.g_..ﬁﬁ.A-$_ -._-é-{___-
_......_....+.....|'...:T'._|'...:—._ﬂ...|
0 0.2 0 0.2 0 0.2 0 0.2 0 0.2

x 24



The pion-difference asymmetry
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N N S LEECEELEEEELE e RRRE, R CIEEESEE % o1p ! SR SR f
th 01:_ E - o i++
lr c s 0 fF----mmmmmmrmmmmes SRR e
02 L -~ = | 01— [ =
W N T N ST FE T ST ST N S S EEE T | —|||I||||I||||I||||I—||||||||||||||||||||||||—||||||||||||||||||||
01 02 03 03040506 02040608 1 01 0.2 03 0304 0.5 06 02040608 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 o5



The pion- dlfference asymme‘rry

0.1

2 <5 in(¢"¢'s)>UT

-0.1
-0.2

0.2 F

Contribution by decay of .7, LR ] e
exclusively produced vector S ) BT, T, :
mesons is not negligible o i oy b e e
X z P, [GeV]
z* . zt T~
AT (p. g )= 1 (0,4 —0yp) -0y, —0y,)
- S, (67— 0"+ (67 —0"))
T u?t u?t Ul ul
Contribution from exclusive p° largely cancels out
HERMES PRELIMINARY 2002-2005
lepton beam amplitudes, 8.1% scale uncertainty
-7 - - 1, U L .d,
t 4 - ' 3 ++ t AW*—W* - 4j flT
* by ?+ ¥ o uT - Uy Je
SRS RN :__f ____________ j jl
3 3 3 N (cancellation of FFs assuming charge-
e e —— conjugation and isospin symmetry)
01 02 03 03040506 02040608 1
X z P, [GeV]

Z> provides access to Sivers u-valence distribution!
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2 <Sil‘l((|)-([)s)>UT

Sivers kaons amplitudes

02 K* - - @ Slignificantly positive
o1l +++++f— +++++:_++++ + @ clear rise with z
) ; TR @ rise at low P,,, plateau at high P,

@ Sligthly positive
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2 <Sil‘l((|)-([)s)>UT

2 <Sin(¢'¢s)>UT

(@ [GeV?]

Sivers kaons amplitudes

0'2:_K+ C +:
i -
0.1F } - I S
++++++:++++ ! ++++ +
) iR SRR TR
0.1} :
| + | }
0_++“H lT +.+.-} ....... *_{a“;"; |
0.1 e ———
0" 04 06 P:f[GeV1]
< T \ °
0.1 ¢$ .- I * q #} #
¥ ¥ :
AR RSN AT A
e

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

@ Sligthly positive

test presence of 1/Q?-suppressed
contributions

separate each x-bin in two Q? bins

hint of higher-twist contributions to
the K* amplitude
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The Sivers ©n*/K* riddle

n*/K* production dominated by .2 *'r* 5 02yt
scattering off u-quarks: T 405l RN P AP S
£ T i £ T Pt
u u—r /K" 7 » L + : +
oc—f‘l;:’ (x’p72")®W Dl ' (Z7k7%) ;:L 1) AR R./ 0"__+ ________________
A G pr) @D (2.ky) — —
10" x 10" x

nt = ‘uc7>, K*=|us) — non trivial role of sea quarks
E!] impact of different k;dependence of FFs in the convolution int. ®W
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The Sivers ©n*/K* riddle

e
-
I

+

n*/K* production dominated by = ™'fn 5 02fg?
scattering off u-quarks: L 005l tt 41| T g4 |
E T + =4 b 't }
u u—r /K" v . 7 7 L + :
o — f1JT_ (x, p§)®w D1 ' (Z,sz) ~ Y SR ~ O——-+ _____________ +
A G pr) @D (2.ky) — =
10 1 X 10 1 X

nt = ‘uc7>, K*=|us) — non trivial role of sea quarks

impact of different k;dependence of FFs in the convolution int. ®W

5 e o' ix) [ = o*-ixy | - Difference of ©* and K* amplitudes
0.15F - CE '
: : : - Separate each x-bin in two Q? bins

o
-
I
I
-—

2 (sin(0-0g)fs - 2 (sin(0-0))ir

o.osg— | ++} | — l HT 1 | — | | - only in low-Q? region significant
o r--;—{---' ------- e —~|H% (90% c.l.) deviation is observed
0.05 - -
e s e Higher-twist contrib. K
o et L igher-twist contrib. for Kaons
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quark
@ U L T
Ve \ 1 (<o %2
3 U f1 > & ‘\> =)
’/'(;)\‘ - /©\ 1 @\ -/ ®
(I: L gl NV \®/ hlL
& hl—/;)»\-» - —@»
T |t e B | Gl dom e = a0 A A
o fir =8 » == B | 91T 0% > = < w0 jpr——— D
n 17T \?/ﬂ»- QO- M

1
do =do,, +cos2¢ do,,, +—cos$ doy, +A,

/ pretzelosity \

+ o<l (x, pr) @ H (2. k7))

* correlation between parton transverse
+{ momentum and parton transverse
polarization in a transversely polarized
nucleon

L+

Ao {dO'EL +écos¢ dO'ZL}

1 sing do;,,

Q

~
10

V

1 .
do,,. + 5 sin g, d o,

1

E cos(2¢ — ¢ )do), }
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2 (sin(3¢-0g))y

2 (sin(30-0g))y |

The sin(3¢0-05) Fourier component

j£+ HERMES:PRELIMINARY
0.04 7.3% scaler uncertainty
0.02 - | +f .
0344t '+ v ¥ -.|.-ﬂ-+--.|.--+ """
0.02- CF :
00550 ‘; =
oboophnf --+--+-+- oyt
005~ 1 + | {1 { -} it
0.04 T - -
0.02- = -
) }J T N L
0F ¢ RLES o
-0.02§1r it oE f+”+ H }
-0_04:.”””. m— =
0.1-K - -
: b
0—-+--i-;++-+--+--—*-;--‘--r---r{‘Tﬂi'*"j ¥
0.1 o F -
01 - SRS
K
-, i
O_j""ﬂ'*'{"{ 1-+-+-+-+--||----_+.H.+J.-+ +
0.1+ - .\—
- \ e
10'1 0.4 0.6 0.5 1
X z P, [GeV]

- Sensitive to pretzelosity

- suppressed by two powers of P,
w.r.t. Collins and Sivers amplitudes

* no significant non-zero signals
oberseved
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The sin(20+¢s) Fourier component

2 006, 5" ~ HERWES PRELIMINARY arises solely from longitudinal (w.rt.
£ 002- T +i+ virtual-photon direction) component
§ . Og"'+"i'*r"*""'*'*""*" ----- ~Hyvt-t of the target spin
@ 0050 - -
o pprb b

-0.05 - + | ? o HH'}

LRI, S C—

0.02 T - - 4

L =

0.02° J,Jr+ ++}| T

-0.04 - - -

06
s K : :
> o1 3 o » related to <sin(2¢)>,,, Fourier comp
PP Y PR A, MR WL, FRF S UL
S : : + sensitive fo worm-gear /i
P S
~ 0':_,_};____-4{_ Flhpr by g A * suppressed by one power of Py,

SRR ! it f w.r.t. Collins and Sivers amplitudes
-0.1+- __'_._'_f ; -

A - nho significant non-zero signal
x z P, [GeV] observed (except maybe for K+)



@ quark
U L T
nu| hf @ hf@'@
u
cl: L 91' hfL_
e h= o=
T |fir= 0 wm= 0 =lgr
o|T |- —Er o, o

4

do £dg,), +cos2¢ do,,

+ SL{sin 20 do, +

+ ST{ Si_?.i(¢— Y

) do,,, +sin(¢
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2 (sin(2¢-0g))y,

2 (sin(20-95))y

The subleading-twist sin(20-65) Fourier component

205l | HERMES| PRELIMINARY sensmve to pretzelosity, worm-
ohtep bt ety L. gear ng and Sivers function:

z : z + -
-OOO?T-;-—T} e e e e et e et e e e x Wi(pr.kr,Phl) (xfTDI_%hITE)
0.05" : .

AN N TR T )L e ) M, Gt
-O.Dg: + { ]l bty Hib — Wa(pr.kr, Pny) (XhTH1 +thlT_)
0'1'-15" B ¥ Mthi

0.05- - - + +| xhgHy — - fir

05‘+ [ +T!-+ -+ rE- ! *--+--+- *_H*-*T*-'*' 4-----1
01EK* g g * suppressed by one power of P, |

: w.r.t. Collins and Sivers amplitudes

Oyt +m+';'+-+--*-+*++r+----;- P
'°'1_K_. t—————————r—s= .« g significant non-zero signal
0.1} | i + ~+ | observed

ob bbbt b gL

10'1 0.4 0.6 0.5 1



2 (sin(dg))y,

2 (sin(dg))y.

The subleading-twist sin(¢s) Fourier component

047 _ HERUES PRELIMINARY| .+ gensitive to worm-gear g, Sivers
0.05- N function, Transversity, etc
* significant non-zero signal

observed for w and K- !




2 (sin(dg))y,

2 (sin(9g))y

The subleading-twist sin(¢s) Fourier component

C C . . J_ °
047 _ HERUES PRELIMINARY| .+ gensitive to worm-gear g, Sivers
0.05 - v b, function, Transversity, etc
0;..*.-‘ i.*-! --j--él-*-.*.-!-.r---* ;-!i*..t.-.*-- +.-
0.05 ey e | * SigNificant non-zero signal
E 0 E C
0.05-7 observed for T and K- !
e
005- 111 - +++
01~ = = . .
045 e e Q% dependence observed in 1 signal:
Oty 2 [ yeRespRELMNARY
oosf Elng Y " ol oar>@x)
01} : - 5 | = Q% < (@(x)
015 s e ——— TR S A SE—
02 K g g ! 'P+$$¢+¢
01: - b E 0.1} f
b - i
0=+ +L+¥.+_$ - ¥ .+._* C ¥ f.+.+.T 3 } N ——
-8:11 ——'—'_'_i g ) .o
: *K e b = i . [ ]
o 5 it
_0.1+ ¥H+?++HH+++ } | b= " 1.(;_1
X
-0.21 Ba g
10 1 04 06 0.5 1



Conclusions

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

* Non-zero Boer-Mulders effect observed for identified charged pions
— clear evidence of non-zero Boer-Mulders function and Collins FF

« significant Collins amplitudes observed for charged n-mesons
— enabled first extraction of transversity and Collins FF

« significant Sivers amplitudes observed for n+ and K+

— clear evidence of non-zero 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

- additional Fourier components recently extracted

— no evidence of non-zero pretzelosity (though amplitude kinematically suppressed)
— first glimpse on worm-gears hjL and gﬁf related observables

— significant non-zero <sin(¢s)>thT amplitudes for negatively charged mesons
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The HERMES experiment at HERA
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The Boer-Mulders effect

analysis based on a gl

= —n
multidimensional Myorn [HEXP Ba?]
unfolding of data to /

correct for acceptance, Probability that an event generated with Includes the events smeared into
d etector sm earin g and kinematics w is measured with the acceptance
lkkinematics w'

higher order QED effects

[ ] = Kinematic range of integration <[x]x f: 0NN OOOEE OOC
BINNING x x| x X x|x x:x X x
900 kinematical bins x 12 ¢,-bins X— P
Vatiable Bin limits H# x|x|x R|x|x|x = ol ® ® ®
X 00231 0042 | 0078 | D145 02 0.6 5 x x| x| x x x|x|x|x x|x|x|x x|x[x|x x|x
v Pl oe ||os | os | @7 || o 5
z 02 | o3 | os | o5 [ oe os| 1| 6 OO0 OOOom OOOOom oo x! ol x! -
Pt 0os || o2 || o5 |l ol 07 1 13| 6 x xii JOA0E On00d ooann .: Paxl
A x x
X X X x X X X X X X K. X X X . |..I’.
[[] = signal not expected and not observed ' %, ARAE BN BONOE ESOAN BOOOE O
; X X X x X X X x .l ‘. ..l . ....
, SMEBBE DR BRnn .x x|x |.x X x x
. ..\\‘ x x| x X X X % x| x| x|x x| x|x | x x| % |x|x x|x
[x] = signal expected and observed Y +— : b aC 2lzls]- Jf fejejei-§ fx -
Q [ |uN-N |(nEEE |(REEE |[EEEN
X X Xx x x .X X x .l X X .... ....
X X X x x X X X x x .l X X X .1 X x .l X X
Bl = signal expected but not observed AO0E OO0 EO0ON EO0OR BODON NOE




2(cos(2¢9, ),

The Boer-Mulders effect for n*

X I I 1 HERMES preliminary ]
T+ + 4 1

‘&~ Hydrogen vs. Deuteron
target data

2(cos(§, ),

| @ The two samples are
compatible

(@3 [GeVY

ol . [ g O [ W1 %0 e eq e | %O 0 &g O e

107 04 06 08 04 0.6 0.2 04 06 0.8 1
X Y z P.. [GeV]



2(c0s(9, ),

s(20,),,

2{co

-0.05F

(Q% [GeV?

0.1f

-0.1F

-0.2F

0.05-

The Boer-Mulders effect for

E‘BE R erX E HERMES preliminary ]
IT#F # ﬁﬁﬁtﬁ_ﬁﬁ IH’%_W
SENUR N ﬁ .....
IRV FUALT
| r

P,, [GeV]

‘&~ Hydrogen vs. Deuteron
target data

‘@ The two samples are
compatible



Standard cuts

inclusive DIS semi-inclusive DIS
Q? > 1GeV? Q% > 1GeV?
W2 > 4GeV? W2 = 10GeV?
0.1<y<0.95 y <0.95
0023 <+ <04 0023 < x <04

Iﬁ',:r*h = 0.02 rad
2GeV < P, < 15GeV
02<z<0.7




2 (sin(¢+og) )

2 (sin(¢+og) X

e
o

o
-
(=]

e
-

0.05

-0.05

-0.1

0.15 |,

0.1

0.05 F

-0.05

-0.1

-0.15

Collins moments: Pion-kaon comparison

- HERMES PRELIMINARY 2002-2005

[ lepton beam asymmetry, Collins amplitudes
[ 8.1% scale uncertainty

NN I X
Jf+u+j+¢_+:+ﬂ; ________ Fw;;%

CIA 7~~~ 777 __":_} ________ T _________ — % ______________
A A
A A A A A . A A ‘#
L 3
04 02 0302 03 04 05 06 02 04 06 08 1
X z P, [GeV]

- K and 7" amplitudes
consistent (u-quark dominance)

« K and & amplitudes with
opposite sign
(but K (us) originates from

fragmentation of sea quarks)
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Siver samplitudes: additional studies

o
V)

g

2 <Sin((|)'(|)s)>u'|'

. o

-_—
T

o Q<4 GeV?| K" + T ® No systematic shifts
b o Q*>4GeV’ || + ﬁl ; observed between high
o e pd gbf - +H - % it + and low Q2 amplitudes for
SRR P A OV 1AM both m* and K-
AT L bt an
| - No indication of
— — = important contributions
: N from exclusive VM
0900°° 00000 o flmentihe [ time n e
0.4 0.6 05 1 04 0.6 0.5 1
z P, [GeV] z P, [GeV]

47



2 (sin(9+dghyr

2 (sin(@+dghyr

2 (sin(@+dghyr 2 (sin(@+dg)uT

2-D moments for t*: z vs. P,

Collins Sivers
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An alternative channel to access transversity
Interference FF

(does not depend on quark transv. momentum)

T s Chiral-odd T- odd

IIIII

ep—e’h;h,X

==l R ¥ L N . .
s ﬁﬂ'-"'ﬂ' Correlation between transverse spin of the
fragmenting quark and the relative orbital
b s angular momentum of the hadron pair.
dime
/ Describes Spin-orbit correlation
in fragmentation

Oy S, amﬁ'aln{ﬁh + ¢ }Zt’q h azimuthal asymmetries in th

e
q Qirection of the outgoing hadron pairs/

Sinfjg, shosing

ooo|f o’ 1 I * Independent way to access transversity
Bals , P i - No complications due to convolution
oasf 'y t BRI bt | ! integral — interpretation more transparent
°Tﬁf..ﬁ.—ffﬁ.if._._.7.1.1.._._.7._._.7._._.._._.?._._.T._._.Tf._._.f._._._._..._._._.f._._._._.._._._._.f ....... - ...but limited statistical power (v.r.t.
Zoml = . comdS . 0_7_% Lt ow® single-hadron SSAs)
o I it =12« published on JHEP 06 (2008) 017

M_. (GeV] X z



The extraction of the Distribution Functions

| . [a0.d’B sing+9y) doy,
<sm(¢+¢s )>UT - J'd¢8d2ﬁhldO'UU

?{%@m p%)]Hﬁ%z,k%)}

Convolution integral on transverse momenta p, and k.

h Jd¢5d2ﬁhL sin(@—9;) do_UTg% b, B
e = # B e

Exper'i ment: only partial coverage of the full P,, range (acceptance effects)

Theor'y: difficult to solve => Gaussian ansatz

Y ki

h (x) W L4(, k2) = Hllq(Z) _W
(p2) A= i)

(extraction assumption-dependent)

h(x, p;) =
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Extraction of transversity and Sivers function form global analyses

ASin(¢+¢S )

1

Ip — I'hX

ld = 1'hX

ﬁrst extraction of TransversityN

=01

02 04 06 08 1

k;(GeV)
Anselmino et al. Phys. Rev. D 75 (2007)
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o o

2 04 06 08 1

\ld %l'hX)
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1

X

1= ==
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0 02 040608 1

x=01
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Welmino et al. Eur.Phys.J.A39 (2009)




