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Overview

e HERMES @ HERA

* Longitudinal nucleon structure
» Spin-dependent structure function g
» Strange quark distribution s(x) and As(x)
* Transverse structure of the nucleon
» Transversity and transverse momentum dependent
distribution functions
e 3D picture of the nucleon
» Accessing Generalized Parton Distributions (GPDs)
via Deeply Virtual Compton Scattering (DVCS)
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A
The Quest: Spin Structure of the Prot%ﬁé

! N> « quark spin

2
+ AG « gluon spin
+ Lo+ L, « orbital angular

momentum
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A
The Quest: Spin Structure of the Prot%%é

1
—  A)
2
+ AG
+ Lo+ L, « orbital angular
momentum
EMC (1988):

= 0.120 + 0.094(stat) 4 0.138(syst)
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HERMES @ HERA ks

e e Y * Fixed target experiment
= only using HERA lepton (e*/e")
beam
e HERA lepton beam self-
polarizing
— =) Ccross section asymmetry in
~———— = synchrotron radiation
' emission leads to build-up of
w Comparison of rise time curves transverse polarization
I B (Sokolov-Ternov effect)
o e e %*WW * Spin-rotators = |ongitudinal
ol M‘W X [ polarization at HERMES
| gﬁﬁ ﬁ% interaction region
” - ﬁ ‘<pB> up to 55% I Tﬁﬁ . Beam polarization mea.sured by
iy — two independent polarimeters

Time [hours]
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A
The HERMES Target %@é

Gaseous target in storage cell aligned with lepton beam

Features:
* Pure target (no dilution)
 Unpolarized targets:
variety of nuclear targets
» H, D, He, Ne, Kr, ...
* Polarized targets:
» Longitudinal pol. (<=2000)
H, D, He
» Transverse pol. (2002-2005)
H

» Rapid reversal of

polarization direction

longitudinal: ~85% within 0.5s (every 90s)
transversal: ~75%

Polarization:

Achim Hillenbrand 5 Photon09, DESY, Hamburg



HERMES Spectrometer

FIELD CLAMPS TRIGGER HODOSCOPE H1
" Y N
DRIFT CHAMBERS
2 —
PRESHOWER (H2)
DRIFT -
1 CHAMBERS = 140 mrad
FC 1/2 -
+i_i _=_PROPC
- = CHAMBERS LUMINOSITY 27.5 GeV
O+--I—F------ o - - - —= =~ -----------S==~---------fEm------- >
TARGET - J[H . MONITOR €+
CELL f

14 HODOSCOPE HO

= 140 mrad

STEEL PLATE TRD  CALORIMETER _
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_2_
~—— MAGNET
I I I I [ [ [ [ [ I
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* Forward acceptance spectrometer: 40 mrad < © < 220 mrad

e Kinematic coverage: 0.02 < xgj < 0.8 for Q2> | GeV? and W > 2 GeV
* Tracking: dP/P = 0.7% - 2.5%,00 < | mrad

e PID: TRD, Preshower, Calorimeter, Cherenkov (RICH after 1997)
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Particle Identification
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The spin-dependent structure function g
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A
gi1: Inclusive DIS i

(4
@ ' " long pol.undiluted
et @276 GeV 0> ... . 8 .
Ps ~ 53% I e 7 gas target:
o) H (P~ 76%, 85%)
D (P~ 84%)
Fi, F2 unpol
Cross section = structure functions gl 82 pol

bi ... b4 pol (spin-1I)

1
91(x, @) = 5 ) €; [Aa(x, @°) + A4(x,Q*)] inL0 QcD
q

Ag=q= —q=
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Measured Inclusive Asymmetrles

P..=083%0.03][ A.. ~001] wmp = A
_ f * i} (measulred by HERMES)
0 = Ounpol |1+ PBPzAH + %PZZAZZ measured DIS cross section
] ! a
Deuterium

2\ - 2
91(X, Q%) = —— T2 | 8roly dxdQ2 I k%w “92(x, Q )I

kinematic factors param. meas. fac. param.
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Results for p and d

HERMES (Q% <1 GeV?)
HERMES (Q*> 1 GeV?)

SMC (low x - low Q?)

SMIC 0
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<> o X @ O
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* Proton data:

» Stat. precision comparable to
previous data

* Deuteron data:

» Most precise data in valence x
region

* <Q?> lower compared to SMC/
COMPASS
*HERMES points: stat. and syst. errors
added in quadrature
»Stat. uncertainties are correlated
from unfolding of bin-to-bin
migrations (shown are the diagonal
elements of the cov. matrix)
» Syst. uncertainties dominated by
target and beam polarization

Photon09, DESY, Hamburg
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. Integrals

Phys. Rev.D 75

0.16] d d
N I I Q=5 GeV? I'T = / dx g1 (2007) 012007
o . - .
Sxo12f ¥ g ; ! I * NS 1 Assuming saturation in the deuteron integral:
0L ty ! =d '
i 3 ¢ b "+ Use only deuteron data!
0.08} " 3 | L -
[ ) d __ MS MS
0.06:- i I'Y = (1 — 5(&)1}) % |:4CL()ACS + QSACNS}
0.04f ' EEIoa, oI
0.02f - — \D buti
N -;---f--*---*---i-"‘- ______ a0 2 AY -wave contribution to
| CFEEEC deuteron
-0.02:— - Ezf =
III I1
X
in central uncertainties
NNLO value  theor. exp. evol.
ag 0.330 0.011 0.025 0.028
Au+ Au  0.842 0.004 0.008 0.009
Ad—+ Ad -0.427 0.004 0.008 0.009
As+ As -0.085 0.013 0.008 0.009

Achim Hillenbrand

Q? = 5GeV2, NNLO in MS scheme
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g1 : Integrals

0.16 p ; Phys. Rev.D 75
N I I Q=5 GeV? 'Y = | dx g7 (2007) 012007
o . - .

Sxo12f ¥ g { 4+ NS | Assuming saturation in the deuteron integral:
~— : i i ; ZI I * N

o1t ! «» | " Use only deuteron data!

0.08} " 3 1 -

0.06| 'K!I rMd—=1(1- —wp | — {4CLOAC£45 + agAC]]\\f{ég}

ooal T orEEs 2 30 theory T theory

041 L T _ 7Y

o.ozf— B -

: N . MS Ay from hyperon beta decay
N ;zzz****"‘ ------ 0 = (28=0.586+0.031)
0.02f Ik xS
' 3
10 1
X
in central uncertainties
NNLO value  theor. exp. evol.

a0 € 0330 %0011 0.025 0.028
Au+ATL 0842 0004 0.008 0.009
Ad+ Ad -0.427 0.004 0.008 0.009
As+ A5 -0.085 0.013 0.008 0.009

Q? = 5GeV2, NNLO in MS scheme
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. Integrals

Phys. Rev.D 75

0.16 d d
LS I, 0=5GeV’ '] = / dx g7 (2007) 012007
o . - .
Sxo12f ¥ g ; { I * NS 1 Assuming saturation in the deuteron integral:
01:_ : : ¢ I = d |
i 3 ¢ b "+ Use only deuteron data!
0.08} " 3 1 - L
[ Y d __ MS M S
0.06:- i ['T = (1 — 5(&)1}) % |:4CL()ACS + agACNS i|
T theory T theory
0.04 | Y
0.02} - —
[ " IEN from hyperon beta decay
O CppEee e o T o (2s=0.58620.03 )
.02} EE*0 | : 1
“2rypEitt i Au+ Aul = = [2a0 + ag +/2
10" 1 : : 6
X - 1
In central uncertainties | Ad + Adi — 6 2a0 + as —
NNLO value  theor. exp. evol. | | 1
a € 033090011 0025 0028 ;As+As = S| ao—as]
Au+ Au  0.042 0.004 0.008 0.009 from neutron beta decay
Ad+ Ad -0.427 0.004 0.008 0.009 (23=1.269+0.003)
As+ As -0.085 0.013 0.008 0.009
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Q? = 5GeV2, NNLO in MS scheme
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Strange quark distributions
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Semi-i1nclusive DIS
et @ 27.6 GeV (HERA)

(E, k)
(E, R)
e

: (o=
9 <’@ Targets:
( ® H: <Pgrans>~7416%
@

D: <P|ong>~84.5 i3.5%

Cross section contains Distribution Functions and Fragmentation Functions:

oPTN N DT @ g7 @ FETT
q

DF: distribution of quarks in the nucleon
FF: fragmentation of (struck) quark into hadronic final state

Achim Hillenbrand 14 Photon09, DESY, Hamburg
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*isospin symmetry between proton and neutron
echarge conjugation invariance in fragmentation

Strange PDFs with i1soscalar target

Assumptions:

* strange quarks carry no isospin = S(X)proton = S(X)Neutron

e deuteron target (isoscalar!):
fragmentation process in DIS can be described by isospin
independent FFs

e Charged kaon multiplicity in LO:

IN(x) Q) [ DE(:)dz + S(a) [ DX (2)ds
dNPIS (1) 5Q(x) + 25 (x)

Achim Hillenbrand 15 Photon09, DESY, Hamburg



A
Fitting dNK(x)/dNPIS(x) %@@%

o 0.15
3 Assuming S(x)=0 for x>0.15:
z% 0.1 F - 08

0.05 - ; D§(z)dz = 0.398 + 0.010

. ; 0.2
"L = -~ — . .1 de Florian et al., PRD75, | 14010 (2007):

N> 10 E ' ' ' T T ' AIA AT E 0.8
& | Caaaanast! | D¢(z)dz = 0.435 + 0.044
o 1 NS il S 0.2

INK(z)  Q(a) [ DE(2)dz +[S(x) [ DE(2)dz

CTEQ6L

Achim Hillenbrand 16 Photon09, DESY, Hamburg



A
S(x) at Q%=2.5 GeV? hiks

e xS(x) obtained by evolution of data to Q?=2.5 GeV?
using 0.8
D& (2)dz = 1.274+0.13
de Florian et al.,, PRD75, 114010 (2007)

0.2

X it
0 0.4 | . CTEQSL
: . xX(u(x)+d(x))

=
- -
-
-._-
i)
-
-

-
- -
~
-
= -
-~
-~
-

0.62 - HO.1 I 0;6

X
e Shape incompatible with CTEQ6L and with average of the
isoscalar non-strange sea
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A
Extraction of AQ(x) and AS(x) e

0.3

Double spjn LA L(x) 1 A(x)
asymmetries from long. 02| + - d
pol. deuteron target ‘ ‘ 0.5 +
0.1 - I
4 _ o= —g= () T eae o[ o tase’oy
H o= ) o= (1) 003 04 0.4, 003 01 04,
dZNDIS
Allal®) = dQ(f) = Kro(z, Q%) [BAQ(x) + 2A5(x)]
d2NDIS
AT ey e,00) a0t | D&g)dz\MS(x) /D/fé;z)dz}
AQW) = Au(z) + Au(z) + Ad(z) + Ad(x) (from S(X) extraction)
AS(X) = As(z)+ As(x)

Achim Hillenbrand 18 Photon09, DESY, Hamburg
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Helicity distributions at Q%=2.5 Gev’ﬁﬁg

0.2 -
0.1 ;

0

—— Leader et al., PRD73, 034023 (2006) Phys. Lett.. B 666

(2008) 446

0.2 |
0.1}

0

-0.1 ¢

0.02

e 0.02 < xg < 0.6

e Ags=AQ-2AS

* from hyperon decay constants

(assuming SU(3) symmetry):

ag — 0.980 -

Achim Hillenbrand

- 0.031 ~ Agy

0.1 Y

Moments in measured range

AQ  0.359 + 0.026(stat.) £ 0.018(sys.)
AS  0.037 + 0.019(stat.) + 0.027(sys.)
Aqs 0.285 + 0.046(stat.) £ 0.057(sys.)

19 Photon09, DESY, Hamburg



Transverse Structure
of
the Nucleon

Achim Hillenbrand 20 Photon09, DESY, Hamburg
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Distribution functions (I) =
Leading twist:

3 DFs survive integration over transverse quark momenta

momentum helicity transversity
distribution distribution distribution
q() Aq(x) x) = hi(z

O, @ @

basis of transv. spin

helicity basis eigenstates

Achim Hillenbrand 21 Photon09, DESY, Hamburg



Transversity 099
* 0q: helicity-flip of the quark =chiral-odd

N N Y
e I U N

+=q(x) —= Aq(z) 0q ()

Achim Hillenbrand 22 Photon09, DESY, Hamburg
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Transversity 9q
* 0q: helicity-flip of the quark =chiral-odd

+=qle)  —= Agw

e Collins-FF H |+ describes correlation between transverse

polarisation of fragmenting quark and the transverse
momentum Py, of the produced (unpolarised) hadron

Achim Hillenbrand Photon09, DESY, Hamburg



124
Distribution functions (II) s

5 other sets of distribution functions exist which do not
survive integration over transverse momentum

) ‘unintegrated’ or ‘transverse momentum
dependent’ distributions (TMDs)

Sivers function:

correlates quark’s transverse _
momentum with transverse nucleon

spin

Boer-Mulders function:
correlates quark’s transverse @ — @

momentum with transverse quark spin

non-zero Sivers and Boer-Mulders functions require non-

vanishing orbital angular momentum in nucleon wave function!
Achim Hillenbrand 23 Photon09, DESY, Hamburg
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1-Hadron Production (ep—ehX)

1 1
do = dop, + cos2¢daj,, + 0 cosp dog, + Aea sing do}
1
+ 5 {sin 2¢ doy + 5Sinq§d08L + Ae [ ]}
+ St {sin(cp — ¢s) dog+ +sin(¢p + ¢ps) dop+ +sin(3¢ — Ps) ol r
1, . .
Oxy +5 (sin(2¢ — ¢s) dor + sin ¢s do 7 )
Beam Target 13 1 14 15
Polarization —|_>\e COS(¢ _ ¢S) dULT T 6 (COS ¢S dULT T COS(2¢ o QbS) dULT)

Achim Hillenbrand 24 Photon09, DESY, Hamburg
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1-Hadron Production (ep—ehX)

do = dogy +cos2¢ C/ULlfu«Boer-Mulders-DF ® Collins-FF |

1
+ S {Sin 2¢ dof); + o sing doy); + Ae [ ] }
+ St {‘Sin(qb — ¢s) dO-LSJT‘_I_‘Sin(¢ + ¢s) dopr|+sin(3¢ — Ps) ol
1, |
O xy +— (Sln ¢—§[)5)d0'(1/17-—|—5m Os dabT

o2, mie |Sivers-DF ® unpol FF | ‘6q-DF ® Collins-FF |
15
Polarization e p——| 5 (C dO_LT)} }

Achim Hillenbrand 24 Photon09, DESY, Hamburg



0.2

-0.2

Evidence of transversely polarized quarks in unpolarized nucleons!

Boer-Mulders Amplitudes

Extraction challenging: azimuthal moments also possible due to e.g.
acceptance effects

* Fully differential analysis, unfolding in 5D (z,y,z,pnT,P)

Lt
'®@ Hydrogen

[ Deuterium I

HERMES Preliminary

i_‘_JJ‘; i !;--’; i",
g 1 N

10 1

0.2 0.4 0.6
P, [GeV]

h
(@ Hydrogen

(@ Deuterium 1

HERMES Preliminary |

5‘1""#; °
E:;:=il.;@ -

Achim Hillenbrand
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A
Azimuthal Single-Spin Asymmetries e

Measurement of cross-section asymmetries depending on the azimuthal
angles @ and Ps

1 o —o!
AUT(¢7¢57"') — SJ_ O'ﬂ—I—O'U
| | , Soes T Pale.p7) - Hi (= k)
Collins Amplitude ~ ---‘Sm(éb + ¢s)| .2 q(z) - D (=)
Seea | Afif (@, p7)  Di(z, k7
Sivers Amplitude + . Jsin(¢ — 0s)| > 7
4 >, & (@) DI()
' 1S

convolution integral over
initial (pt) and final (k7)
quark transverse momenta

Achim Hillenbrand 26 Photon09, DESY, Hamburg



Collins Amplitudes for Pions

|—
- .
= o1pm -HERMES PRELIMINARY 2002-2005
= | lepton beam asymmetry, Collins amplitudes
g_ - 8.1% scale uncertainty
< B B I
£ 005 | |
> b1 y
i B ' | |
N —_* ] I u u ! [ N * +
0 - I
= i Ll [ oLy | Ll |_;
E2 0.05 0 —
— - @ T n
2 A |
+ I - -
< | ) |
A e T SN A S RN
n | i | [ |9
~ ] ® i | ® L * |
o~ | | | ?
-0.05 — — |
h 1 1 | 1 | 1 1 1 1 | I_LI 1 11 11 I_
== A T I
(2]
- S ARl R
R ‘4 A I
= Ay '
D 005 |- A - t
~— V- i | i
N | B
T L
0.1 — : ' .
I N | oo v Pvv g v v by v s Tvv v v Pvr T g I

0.1 0.2 0302 03 04 0.5 0.6

X

Achim Hillenbrand

Y 4

02 04 06 08 1
P, [GeV]
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1

* positive amplitudes for T1°
* |large negative TT" amplitude
+ 1.fa

uw—m" = H;

U — T = Hlj_,unfav

i HlJ_,fav ~ _HlJ_,unfav

® isospin symmetry in TT-
fragmentation is fulfilled

* information from another
process on Collins FF
(BELLE) allows extraction

of 0q (eg.Anselmino et. al.
Phys.Rev.D75:054032,2007)

Photon09, DESY, Hamburg



2 (sin(¢-dg) Ut 2 (sin(¢-dg))uT

2 <Si n(¢'¢s)>ﬁT

o
—r

0.05 |

0.4 |

0.05 |

0.05

-0.05

Sivers Amplitudes for Pions
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Ag « fip ® D

.t " HERMES PRELIMINARY 2002-2005
L |_lepton beam asymmetry, Sivers amplitudes
- 8.1% scale uncertainty . . o, o +
; g _ . | @ significantly positive for 1T
- ; - - . . . .
AR . o * implies non-zero orbital
K . m
S —— SR — S angular momentum of
Lo | ! ! [ L p oo b Pov e Pvva Tvv v v g I
o 0 ¥ 5 quarks
! e consistent with zero for TT-
B | - | l . .
U [ 5 + - : I * ijsospin symmetry of TT-
:_|--'--.' ............. o S SR L | mesons fulfilled
:u Lo | ! Lo Lol L la |_
A g-[j- i
- , - - |
y 4 | |
LU B SN 2 WU S
T
c oo oo s Pt v Py P v Tvv e v e Pvv v v v n Tov Ty
0.1 0.2 0.30.2 0.3 04 05 0.6 0.2 04 06 0.8 1

X
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P, [GeV]
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0.25

o
N

2 (sin(¢-dg) T

o
—r

0.05

o
-
a

2 (sin(d-dg) T

o
=)
a

-0.05

-0.1

-0.15

Sivers Amplitudes for Kaons

o
L

‘m K - HERMES PRELIMINARY 2002-2005
e ﬂ+ lepton beam asymmetry, Sivers amplitudes
- 8.1% scale uncertainty

3 3 I T

to Pyr T
W 4 O = HI] n O H :_ + |:| © o
- |E] - -
] ] e S
- - - I—
AT AR R . s T
K B
A o r C
r L E .
ok b : A
IV TSN E N
S N RN
ET—I T T T T o T T

0.1 0.2 0302 03 04 05 0.6 02 04 06 08 1
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1L q

Ag f1T®D1

significantly positive for K*
implies non-zero orbital
angular momentum of
quarks

consistent with zero for K-
K* amplitude larger than

TT" amplitude

sea quark contribution
to Sivers mechanism
may be important

KT = |us)

Photon09, DESY, Hamburg



Accessing Generalized Parton Distribution Functions (GPDs)
via
Deeply Virtual Compton Scattering (DVCS)

Achim Hillenbrand 30 Photon09, DESY, Hamburg



A
Probing GPDs in Exclusive React'ens%@é

' 4
y Yy y

u !
: I I
I I
k. — XP‘/’. L e xp/g\:' & Y*
i ._.__.-"' I __.--"' ] _‘.-"
LN e e 13T e

‘_,_,-""""; H'\‘ » Z‘,..--"""; H“‘x\* . g/'; H‘HH "

) $7 (b X+ - X5

ool R
e bJ_
X7 X / \
3
Form factors Parton Distribution GPDs p p
Functions t
Correlation between
L Quark longitudinal transverse position and
Transversli chstnbu‘uon of momentum fraction longitudinal momentum
quarks dm Space distribution in the fraction of quark in the , :
coordinates nucleon nucleon unpolarized| polarized
no nucleon H /’_‘/’
/d P AP hel. flip
X X, <, — d - - — ~
! HY(x, £ =0,t=0) = q(x) nucleon E F
i B B .
/deq(x,é, = Fi(r) HI(x,6=0,t=0) = Ag(x) hel. flip

(+ 4 more chiral-odd functions)
Achim Hillenbrand 31 Photon09, DESY, Hamburg
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Probing GPDs in Exclusive Reactlons

'y y 'y
— O . Ji relation (1996)

Jg = Iim / dxx (Hg(x, &, t) + Eq(x, &, 1))

t—0 _ 9

=*Moments of certain GPDs relate
directly to the total angular momentum of

Form factors

quarks
Transversli Qistribution of momentum fraction longitu dinal momentum
quar sdm sf ace distribution in the fraction of quark in the ) .
coordinates nucleon nucleon unpolarlzed polarlzed

no nucleon Ly
/d HIOTE. £) = FI(1) hel. flip H H
X X, C, — 1 o) - — — ~
HY(x, £ =0,t=0) = q(x) nucleon E F

/wmuaw:gm)H%xézﬁtzoszd@ hel. flip

(+ 4 more chiral-odd functions)
Achim Hillenbrand 31 Photon09, DESY, Hamburg



A
DVCS/Bethe-Heitler Interference %@é

DVCS o Bethe-Heitler
e
d*o % 5 2
A

32(27r))4\/ 4 M

Achim Hillenbrand 32 Photon09, DESY, Hamburg
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Azimuthal Dependences in DVCS

Fourier expansion for &: ”

* beam polarization Pg
2 %
KBH

* beam charge Cg
D BH
TeH|” = Pl(qb)Pg(qb) Z co" cos(ng)

* unpolarized target

>

Toves|® = Koves Z ¢y > cos(ne) + Ps Z Sy 5'”(”05)

R KZ T T
T PGV Pa(@) _nz::O c, cos(ng) + FPs nz;l S sm(nqb)_

Achim Hillenbrand 33 Photon09, DESY, Hamburg



A
Azimuthal Asymmetries in DVCS hak?

Cross section:
o(¢. ¢s. P, Cs. Pr)=0uu(®) - [1+ PsARYS(9) + CoPa Ay (8) + CoAc(9)

+Pr AN (¢, ¢s) + Cs PTA'ET(Cb, ¢s)]
Azimuthal asymmetries: _ i

* Beam-charge asymmetry Ac(®P): _F
do(e’, ¢) — do(e™, ¢) x Re[F1H] -
e Beam-helicity asymmetry ALu/(P):
do(e™, @) —do(e™, p) o Im[FH] - sin¢
* Transverse target-spin asymmetry Aut'(P):
do(¢p, ps) — do(p, s + ) o< Im[F>H — FE] - sin(¢p — ps) cos ¢
+ Im[FoH — F1EE] - cos(¢ — ¢s) sin ¢

(F1, Fp are the Dirac and Pauli form factors)
(H,£E ... Compton form factors involving GPDs H, E, ...)

Achim Hillenbrand 34 Photon09, DESY, Hamburg




All data
1996-2005

constant term
COS @

Ac on a@ hydrogen target

02+t | HERMES PRELIMINARY
e+p—e +p+y
- Accep & smear — sys error |

-------- VGG Regge, D
—— VGG Regge, no D I

X RG[F1H]

o
-

COS 2¢
C
o

[higher twist]

o &
-

[gluon leading twist]

Resonant fraction:

[ [ ° [ ° _|_
° _....  ee0® ° _.00’. ‘ ep % eA /Y I
0 02 04 0.6 0.1 0.2 0.3 2 4 6 8 10
overall —t[GeV?] Xg Qi GeV?

GPD model:VGG Phys. Rev. D60 (1999) 094017 & Prog, Nucl. Phys. 47 (2001) 401

Achim Hillenbrand

Res. frac Agos 3¢ A
S

o © 09
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o
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Neutron results
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Collins amplitudes for both
K* and K-

Collins amplitudes for K*
are within statistical
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Collins fragmentation
function for kaons
unknown

Sea quark transversity
expected to be small
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New region
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HERMES

Agreement
with world
data in the
overlap region
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World data on o9/c"
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Many systematic errors
common to proton and
deuteron cross sections
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