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The Nucleon - QCD picture

Constituents: quarks and gluons

Properties: longl’rudmal momentum x? intrinsic fransverse __
momentum pr, spin’s, orbital angular momentum T2
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4 gg Angular distributions in electroproduction

d: angle between lepton scattering plane
and hadron production plane

¢s: angle between lepton scattering plane and
transverse spin component S, of target nucleon




do =

déc

dx dy dz d¢ do, dP+

TMDs from SIDIS

do =day, +c0s2¢ doy, +%cos¢ doy, +keésin¢ doy,

Sin(¢— ) dot; +sin(g+¢s) dody +sin(3¢ ;) dois

dcxy

v N\

Beam Target
Polarisation

1 . 1 .
+63|n(2¢—¢5) do: +63|n g.dos

{cos@ ~4) do %cos%doii +écos(2¢ —g)do }}

{sin 2¢ do), +ésin é dajL{dafL +écos¢ da@}

Detailed studies require: longitudinally polarised beam (),
longitudinally and transversely polarised target " -



' M TMDs from SIDIS
do=do, +cosz¢+%cos¢ do’, +ke%sin¢ do;,
+5,{ sin(p—gs) @oiy +sin(p+ g) @amy +sin(3p - )
1 . 11 1 - 12
7\ +—sin(2¢—¢;) doj; + =singsdo;
Beam Target Q Q
Polarisation
{cos(¢ ¢S) —cos¢sda Qc:os(2¢5 — ¢ )do> }}
+SL{sin2ésin¢dGSL +Xe{dafL+écos¢da[L}

6 leading twist contributions 8 subleading (~1/Q)
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' gg’ TMDs in SIDIS at LO

LO Function
T

sin(¢ + ¢) h, ® H* Transversity

U
do® 1 sin(p- o) F1®D, Sivers
dotyy cos(20) ht®H* Boer-Mulders
dotfr sin(3¢ - ¢,) h, - ®H* Prezelosity
do?,, sin(20) h,t®H,-  Worm-gear 1
\ Mulders-Kotzinian
do;LT cos(d - b)) 0+ ® Dy Worm-gear 2

The others are subleading, i.e., suppressed by 1/Q .
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Transversity, Collins Amplitudes

Transversity DF ~ T T T
2(sin(p + ds)Pyr OC\RQ(X) ® H{l\q(z) ® - @ - B :
Collins FF —
arXiv:1006.4221
;:pro’ron " ] + ]
- +++ : + i +—+++++ i t| @ Both Collins fragmentation
;‘“'* L P T function and transversity

distribution function are sizeable

*+{++*+”+H%m+*+ @ Surprisingly large ©- asymmetry

@ Possible source: large contribution
(with opposite sign) from
unfavored fragmentation,

1 ~ 1L
Hl disf ~ 7 Hl fav
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Siv/er's DF

Sivers Amplitudes for Pions
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PRL 103 (2009) 152002
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@ First observation of non-zero
Sivers DF in DIS

— @ Rise at low P, |,
plateau at high P, |

0.1}

R
0.05[ T

-0.05

TN . .
@ Clear rise with z
™ @ Non-zero at low x

C Experimental evidence for

orbital angular momentum L

q
of quarks
But: Quantitative contribution
04 06 05 1 of Lq to nucleon spin still
z Py [GeV] unclear



t éfﬂ TSA in inclusive hadron electroproduction

TSA: Tranverse target single-spin asymmetry

Reminder: Large Ay in pT p = = (K) X
Interpretation: Collins?, Sivers? Twist-3? ..?
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TSA in inclusive hadron electroproduction

TSA: Tranverse target single-spin asymmetry

Reminder: Large Ay in pT p = = (K) X
Interpretation: Collins?, Sivers? Twist-3? ..?

Inclusive hadron electroproduction:
et pT > h X

Front view of HERMES

Scattered lepton not detected:
===} quasi-real photoproduction

+

T

T

K+

K_

66.4 M

56.8 M

55 M

30M

Target-spin reversal every 90 s
mmm) acceptance effects cancel

(P\\ig

Tarqe‘r spin

Ayt (X, Q

Q%,9) =

Ayt (xgQ7) sing
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Sign change for =-

etpl s+ X

etpl - K +X

Inclusive hadron TSA

ep! - K +X
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8.8% scale uncertainty
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drop at high p+
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t éfﬁ Inclusive hadron TSA

Sivers Collins
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A\ resembles Sivers as predicted in m. anseimino et al., PRD 81 (2010) 034007
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Boer-Mulders DF & Cahn effect
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Boer-Mulders DF & Cahn effect

Ng | U | LT
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L J1 hlt

(€0S20) “"”/P“ = \‘/P @ i @

(COSOY L, f,, A _ z
\‘_,/ 3

intrinsic transverse momentum p; of quarks
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t gg cos(ng),y moments for n* - H, D target
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Pretzelosity DF h;+'

F;‘l;(&.bh —ds)

C[Z(ﬁ*pfr)

(pr-kr) +p3 (h-kr) —4(h pr)?(h-kr) | |
h'lTHl

N/q U L T
U fy h,*
— L 91 hi P
T flLT Oit hl(hiT I

HERM ESEFRELIMINARY

7.3% scale

uncertainty

|||||||||

2 (sin(3¢-dg)),

& Suppressed w.r.t. Sivers
and Collins amplitudes
due to p+**ks

& Compatible with zero
within uncertainties

@ h;t' might be non-zero,
look at higher p,,,
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$ gg GPDs

Generalised Parton Distributions (GPDs)

Generalisation of Form Factors (moments of GPDs) and
PDFs (forward limit)

Generalised description of nucleon structure in 2+1 dim
AV

oz, ~1/Q AL,

xp ﬁ J D
&

e "
1/ - \\u
ﬁ i U X

P

Number density of quarks with longitudinal momentum
fraction x at radial position r, "



ggfg; GPDs and quark total angular momentum

Ji relation: See talk by M. Guidal

T 217205 oL )= lim [ dx x [H(x.2.1) + E(x L 1)
H(x,z,1), E(x,C,1): Generalised Parton Distributions
Access: exclusive processes

QZ/‘ E Final state sensitive to different GPDs
e v.p' ... Spin-3 target: 4 chiral-even leading-twist
g quark GPDs
| H,H (E,E) conserve (flip) nucleon helicity
V%\”’ Vector mesons (p, o, ¢) H,~E~
\/ Pseudoscalar mesons(zt,n) H, E

t DVCS () H, E, H. E
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%M Deeply Virtual Compton Scattering & GPDs

@ Same initial and final states in DVCS and Bethe-Heitler == Interference

J

s 2 -
gep X |Tpu|” +|Tpves

2 £ k e P g P
| T }_BH }}___JT;’(_'TE{ + }_BH I}_‘_}Ij(_'.*f_i;
\_\—/

T

do ~ cf.o'g lr_{jr

+Pp ST, cfrJ'BH

Py SpdoBH

+ ey dG’{rU + ('I]:{Tg:? g;’CS

-+ E;j‘Png‘iU + Py dJDI’ ¢S

+  eeSL dU{rL + S f{TDL ¢S

+  erST dJI{TT + ST EJDL ¢S
+ ePySpdopy + PiSpdop) ©°
+ e PySpdot . + PpSpdoP S

4

BH calculable in QED
Tovesl << |Tenl @ HERMES

Access to GPD combinations
through
azimuthal asymmetries
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Y DVCS @ HERMES

Complete measurement of amplitudes in eN — e'N y possible at
HERMES:

& Both beam charges
Longitudinal beam polarisation (both helicities)
Unpolarised H, D and nuclear targets

Longitudinally polarised H and D targets

Transversely polarised H target

¢ ¢ ¢ ¢ ¢

Recoil Detector

Axy

beam target
polarisation
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DVCS asymmetries measured @ HERMES

® Hydrogen

HERMES DVCS 4 Deuterium

< A Preliminary

oL |
"

"o

hﬁﬁ Bﬂ%

-03 -02 -01 O 01 02 03

Amplitude Value

Beam charge asymmetry
GPD H

\H: THEP 11 (2009) 083
/ D: Nucl. Phys. B 829 (2010) 1

Beam helicity asymmetry
GPD H

Transverse target spin asymmetry
GPD E H: JHEP 06 (2008) 066

Longitudinal target spin asymmetry
GPD H
S H: JHEP 06 (2010) 019
/D: to be published soon

Longitudinal double spin asymmetry

GPD H
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%‘Z\:% Strong T\dependence

JHEP 11 (2009) 083

Proton: beam charge asymmetry

VGG: Phys. Rev D 60 (1999) 4017, Prog. Nucl. Part. Phys. 42 (2001) 401

Dual: Phys. Rev D 79 (2009) 017501
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t {?g Proton: beam charge asymmetry - new data

Large 2006/07 data set (1700 pb-1)
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Proton: beam helicity asymmetry
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JHEP 11 (2009) 083
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$ Zﬁ% Ac Ly : Proton vs deuteron

Nucl. Phys. B 829 (2010) 1
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Proton and deuteron data are compatible for all leading amplitudes 27
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Sensitive to GPD E THEP 06 (2008) 066
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Model: VGG with variation of J,, while J4=0

overall

Proton: transverse target pol. asymmetry

sensitive to J;:

|m(F2H - Flf) .

n(¢ — ¢s) cos(ng)

NOT sensitive to Jy,:

Im (F2H — (Fy + £F2)E) -

cos(dh — dhs) sin &b
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$ {fg Proton: transverse target pol. asymmetry

Sensitive to GPD E THEP 06 (2008) 066
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t gfﬂ The ,Kaon Challenge™
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@ K;dependence of FF? @ Different kinematic dependences ?
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%gfg Azimuthal dependences in DVCS

Example: unpolarised proton target
@ Cross section

O, (9. P, Cp) =0yl 4;]:?:5 Hep Py 4£U *E‘ic]

@ Beam-charge asymmetry

(c-"_’ ™) (cr"_ +677) 1 x;

3
= - B T
Ac(9) = LG_J,_, g ]+ (D'_‘:_ N G"_’J D) v ch cos(ng)

@ Charge-difference beam-helicity asymmetry

I B (J'_’+J_{_)—(J+{_+G“}J_ 1 x; &3
Aiy(9) = [cr'_:' + c::'“_)+ [J*‘_ + J'_’J T D(¢) 0° 5 o

@ Charge-averaged beam-helicity asymmetry

475 () = - )-lc"-07) 1 B@E@w

~ beam target
(CF+_> +o )+ (c'r_*_ + o"_}) N D(¢) | 0’ :

s1(¢h)

@ Measurements of these beam-helicity asymmetries allow to separate
contributions from DVCS and interference term

@ This separation is impossible in measurements

of single-charge beam-helicity asymmetry A (d)= i
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