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Overview

e HERMES experiment
* |longitudinal nucleon structure
» 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 via
» deeply virtual Compton scattering
» exclusive meson production
* search for 2-photon exchange signal
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A
HERMES @ HERA ks

1= @ e 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 sty * Beam polarization measured by
ol N‘“@W t [ two independent polarimeters
f gﬁﬁ T’% e Spin-rotators = |ongitudinal
! B ﬁ ‘ Ps up to 65% I Tﬁﬁ !DolarizaFion at .H ERMES
ik - : - o Interaction region

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. (1995-2000)
H, D, He
» Transverse pol. (2002-2005)
H
» Rapid reversal of

polarization direction

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

Polarization:
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HERMES Spectrometer %‘fé
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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, RICH (Cherenkov before 1998)

Achim Hillenbrand 5 Pan Pacific Spin 2009, Yamagata, Japan



rmes

n:

.
’

25
02
0.15
0.1

Particle Identification

O
"o
&
S %
s .2
T &
c o N
., 0 TN
g2
C
o o e
T O 3
VT 5
X c O

p [GeV]

Pan Pacific Spin 2009, Yamagata, Japan

Achim Hillenbrand



Achim Hillenbrand

Quark helicity distributions from
longitudinal double-spin asymmetries
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A
Deep-1nelastic scattering %@é

(E k)
E R / QQ — _C/2 — _(k o k/)Z
e

lab
¥ v = E-—F

Q2
P X =

2Muy

lab  Ehad
Z p—

I,

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
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A
Inclusive DIS hk

Q_1—U'Ul'
, , . O | © HERMES (Q% <1 GeV?
* inclusive DIS = spin dependent = *006f o ro EQz; Gz\,z; %
. [ 2
structure function g; 2-05F # SMC (low x - low @°) !
0.04f * SMC
- ¢ E143 i
= 0.03} & E 155 '+
A= —= = 0.02} \
o= +o0~ o | |
0.01;- &

J J OF A Fdepe Ko '*’%‘ .......... "(Q"(Ogs<> ................................................................................................

o | & COMPASS (low x - low Q°)

saturates towards low x X003t | Compass
In central uncertainties 0.02}
NNLO value  theor. exp. evol. i

AY —ap C0.330 20011 0.025 0.028 °'°‘;‘ | %
Au+Au 0842 0.004 0.008 0.009 obasa & ok A‘%‘A’]LA L aan g§ ..............................................................

Ad+ Ad -0.427 0.004 0.008 0.009 f*‘%oﬁ %1

As+As  -0.085 0013 0008 0009 | | |
'.1.6-4 2 PR ...1.6-3 2 — ...1.6 -2 2 — ...1.6 -1 2 PR .;..1
Phys. Rev. D 75 (2007) 012007
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Semi—inclusiye DIS

e semi-inclusive DIS =

disentangle quark-antiquark

helicities (flavor tagging)

* needs information about the
fragmentation process, either
from FF parameterizations or

Monte Carlo models
* first moment for As

As = 0.028 4+ 0.033 £ 0.009

in the measured range

0.023 < zp < 0.3
® no sensitivity to A3

Phys. Rev D 71 (2005) 012003
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A
Strange PDFs with 1isoscalar target e

*isospin symmetry between proton and neutron

Assumptions: , o , , ,
echarge conjugation invariance in fragmentation

* 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:
AN¥(z)  Q(z) ng(z)dz + S(x) [ DS(2)dz
dNDPIS(z) 5Q(x) + 25 (x)
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A
Fitting dNK(x)/dNPIS(x) %e@%

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
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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)
-
-

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

e shape incompatible with CTEQG6L 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 o | ‘ 0.5 F +
4 _ o= — =) eest 0 f___,__-__._,__.__?___-__ .
H o= ) o= (1) 003 04 0.4, 003 01 04,
dZNDIS
Allal®) = dQ(f) = Kro(z, Q%) [BAQ(x) + 2A5(x)]
d2NDIS
Aﬁ,d(:z:) - dQ(;E) = Kro(z, Q%) {AQ(w)/Dg(z)dz—l—AS(z)/Dg{(z)dz}

At(z) + Ad(x) + Ad(x) \ /

(from S(x) extraction)
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Helicity distributions at Q%=2.5 GeV#™"

02F — Leader et al., PRD73, 034023 (2006)
0.1 ¢
0f
02— —
0.1 XASK) ; +
() S +—----? ----- o Pt S
-0.1 . — .
0.02 0.1 0.6
X |Phys. Lett. B 666
002<xp<06 |AS = 0.037- 0.027 (2008) 446
As =0 As = 0.028: 0.009 Phys. Rev D 71
002<xg<03 |AS = 0.1294 0.129 (2005) 012003
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Transverse Structure
of
the Nucleon
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m
Single spin asymmetries and transveriéﬁi
structure

Nucleon spin puzzle:

1:—A2+AG+L%J)

2 ZT \/

~0 33 belleved N
to be

small
non-zero angular quark-p: dependent
momentum nucleon structure
* Measurement of azimuthal asymmetries in
the one-hadron production cross section
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A
1-Hadron Production (ep—ehX) %@é

1 1
do = do¥, + cos2¢dol,, + 3 cosp dop, + Aea sing do? |
( 1
+ SL<Siﬂ2¢d06L‘|—55m¢d08L+>\e[ ]}

(

+ Srisin(g— ¢s) dods +sin(p + ds) dogr + sin(3¢ — ¢s) dol

O xy 5 (sin(2¢ — ¢s) dojr + sin ¢s do 7 )

Y N
Beam Target 13 1 14 15
Polarization _|_>\e COS(¢ T ¢5) dULT T 5 (COS ¢S dULT T COS(2¢ o ¢S) dULT)
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1-Hadron Production (ep—ehX)

do = doj, +cos2¢ dabuﬁ

Boer—MuIderé-DF ® Collins-FF
+ 5, <sin2¢ dabe -+ 1 sin @

o @ -@

+ 57 <‘Siﬂ(¢ — ¢s) dopt +‘Sin(<b + ¢s) dor|+sin(3¢ — ¢s) do}>
1 11 - 1
O xy +— (sin(2¢ Wds) doj + sin s doj+

v 4 T}get Sivers-DF ® unpol FF . |0g-DF ® Collins-FF
Zoll

Polarization + 5 (CC
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Sivers Amplitudes for Pions

. = - = L q
%0'1;n+ | ASO<f1T®D1
£ . i : .
g 005p, ft + A ttor *+ AR positive, except for TT°
= Of * ++' * implies non-zero orbital
SRR G S angular momentum of quarks
oq T ! +i_ * isospin symmetry of TT-mesons
R +51 | Sty fulfilled
ST AT T
0 A A e

R | ==

0.05 T - - |
_ T _
T B Y
0__1____‘_'!_*___]__:1_} + _+__{__|___|_T _I__+__.+ ______
i | Tl T:
-0.05 - N — -
Lol ! T N I
10 1 04 0.6 0.5 1
X z P, [GeV]

A.Airapetian et al., arXiv.0906.3918
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Sivers Amplitudes for Pions & Kaons

= = - L q
S 0lre | ASO<f1T®D1
é’_) | | L L s ¥ ; . e
g o005, fr i . ttop a | ® positive, except for TT°
2 ) * ++' * implies non-zero orbital

S G S angular momentum of quarks

C o] T S BT B S '

0.2F K+ - - * jsospin symmetry of TT-mesons
bt fulfilled

| : |
T, — L | L
AR RS A tf e 1T K*:

2 <Sin(¢'¢s)>UT
o

o [] []
T I 1T T T T 1

[

|

LS S — ' ------------- - saturation at P, > 0.4 GeV
= : ' _H?T m— - consistent with predicted
01F : | + I | linear decrease P, —0
! T L o 1| difference between K* and 11"

suggests significant role of non-

L T L
T e e e ————— u-quarks
10" 0.4 0.6 0.5 1
X z P, [GeV]

A.Airapetian et al., arXiv.0906.3918
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A
1-Hadron Production (ep—ehX) %@é

1 1
do = do¥, +|cos2¢ dop, - 3 cos ¢ dopy|+ Aea sing do? |
( 1
+ SL<Siﬂ2¢d06L‘|—55m¢d08L+>\e[ ]}

(

+ St <‘Sin(¢ — ¢s) dU?/T‘JF‘Si”(Cb + ¢s) dalng‘Jr‘Sin(w —%s) daboT‘

\

1
O xy sin(2¢ — ¢s) doir|+Hsin s dojf
Begﬂ 'I}'get Q { ‘ ‘]_ TI)
Polarization e {COS«b _ ¢5) dO'i%— T 5 (COS ¢5 dO'i%— + COS(2¢ B ¢S) do_i%—)} }

See talk by
F. Giordano
tomorrow @ 10:05
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Accessing Generalized Parton Distribution Functions (GPDs)
via
Deeply Virtual Compton Scattering (DVCS)
and
exclusive meson production
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Form factors

Transverse distribution of
quarks 1n space
coordinates

Achim Hillenbrand

|
]
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Ll
V“. i ""“‘--..__* X
L)
s+ f(X)
]
Wy

Parton Distribution
Functions

Quark longitudinal
momentum fraction
distribution 1n the
nucleon
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GPDs

Correlation between
transverse position and
longitudinal momentum
fraction of quark in the

nucleon
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A
Probing GPDs in Exclusive Reactions%@é

e

e *
Y
X+E ‘ X-§
p — = AP
t

Form factors PDFs: unpolarized| polarized
= moments: = limits: no nucleon ~

. . hel. flip H H
/dxH (x,& t) = F'(t) /—/q(X,S —0 t= O) _ q(x) leon E E
/deQ(X,g, 0 = F3() HI(x,£=0,t=0) = Ag(x) hel. flip

(+ 4 more chiral-odd functions)
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Probing GPDs in Exclusive Reactions

Form factors
= moments:

e
4////( )

o= |

1

1

Ji relation (1997)

dxx (Hg(x, &, t) + Eq(x, &, 1))

=» Moments of certain GPDs relate

quarks

directly to the total angular momentum of

/4

PDFs:
= limits:

/dxHq(X,E, t) = F{(t) /—/q(X,E —0 t= O) _ q(x)
/deQ(x,g, 0 = F3() HI(x,£=0,t=0) = Ag(x)

Achim Hillenbrand

(+ 4 more chiral-odd functions)
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unpolarized| polarized
no nucleon T
hel. flip H H
nucleon —
hel. flip E £
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A
DVCS/Bethe-Heitler Interference %@é

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

32(27r))4\/ 4 M
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Azimuthal Dependences in DVCS

Fourier expansion for &:
* beam polarization Pg

* beam charge Cg

* unpolarized target

KBH
P1(¢)PZ(¢)

Tan|® = Z c cos(ng)

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)_
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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] - Coscb
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, ...)
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Ac on a@ hydrogen target

| HERMES PRELIMINARY

e+p—>e+p+y

- Accep & smear — sys error |

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

COS 2¢
C

o

© -

o &
-

Res. frac Agos 3¢ A
S

0.4 | .
03¢
o
0.2
o1 ° -.‘. eet * ° oot
0 l. llllllllllllllllllllllll
0 02 04 0.6 0.1 0.2 0.3 2 4 6 8 10
overall —t[GeV?] Xg Qi GeV?

All data
1996-2005

constant term
COS @
_AC

X RG[F1H]

[higher twist]
[gluon leading twist]

resonant fraction:

‘ep — eA+q/|

GPD model:VGG Phys. Rev. D60 (1999) 094017 & Prog, Nucl. Phys. 47 (2001) 401
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All data
1996-2005

Ac on a hydrogen target

| HERMES PRELIMINARY

02r = FPERNESFRELIVINARY b VGG Regge, D
= e+ p—>e p+y — egge, no
3 - Accep & smear — Sys error | VGG Regg b1 Constant term
o
o COS @
AC
s o2l | For other results on DVCS
0 . | & . v
O _ y D
Se | . . @ HERMES ]
g o - = see talk by Y. Miyachi |
8 . O mmsiaf rist]
< 01 [ today @ 16:15
g' 0.1 I . .
P ding twist]
< —0.1_' I
8 oal | I | resonant fraction:
7 0.2 ¢ I ° * I ° ° I o °
g o1+ | ‘ ep — eATy I
0 ,,,,,,,,,,,,,,,,,,,,,,,,,
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

Pan Pacific Spin 2009, Yamagata, Japan



A
Beyond DV(CS: exclusive meson producti%%é

M . Quantum number of final
state selects different GPDs:
) vector mesons:
H, E

» pseudo-scalar mesons:

~N N

H, E

Achim Hillenbrand 29 Pan Pacific Spin 2009, Yamagata, Japan



ep»e’n*(n): do/dt’

:" —~
o'

* model only describes O
 GPD E expected to dominate
(=GPD H neglected)

GPD model:VGG, Phys. Rev. D60 (1999) 094017

— ‘ 1<Q’<2 GeV? 2 < Q%<3 GeV? :& 3<Q%’<4GeV® [ 4<Q%<11 GeV?
N> 10 2 | \. 0.02<x5<0.15 |\ 0.06 <x5<0.23 |\ 0.11 < x5 <0.31 S 0.15 <x5<0.55
Q - - - ~

(O) - R - AN

B | - \‘ *\‘ B '}!..\

210 = *s 3 . 3 §- = i‘

— oS N

-c B ‘ \\ B \\ B ) \\ B \, ’.’.’ \\ E

~~ - . N — S I~ S Y N S o

-8 1 = \ \\\E = \1 = . ) \1 3 ‘\. / o
:\ | / \‘} ‘ INT || ‘F’J [ | 1 ‘\\\:\ [ | | ‘ | * | 11 ‘ \“\’~\ | ‘ | :\ [ | 1 ‘ \\.\ [ 1 ‘ [ 1 1 ‘ | \‘“\‘ | ‘ | :\ [ \\‘ I T ‘ 1 1 | ‘ | ‘\’W | ‘ |
0 0.5 1 1.5 20 0. 1 1.5 20 0.5 1 1.5 20 0.5 1.5 2

-t' (GeV?) -t' (GeV?) -t' (GeV?) ¥ ( GeV?)
LO| |+ power corrections & soft overlap contribution ol |o+oT

* at large -t’ data may receive significant contribution from the O

Achim Hillenbrand
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Regge model calculations: Laget, Phys. Rev D 70 (2004) 054023

Phys. Lett.. B 659
(2008) 486
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A
ep»e’n*(n): do/dQ? %@é

A 0.02<x,<0.15 VGG model:
10 21 ® 0.15<x5<0.26
- 8 . B 0.26 <x,<0.55 ---- LO

— LO+power correction

O (nb)

Regge model:
s OLtoT

10 |-

Q®> (GeV?)

e Q? dependence well described by the GPD model including
corrections

Phys. Lett.. B 659
(2008) 486
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ep»e’nt(n): do/dQ?

10? A

A 0.02<x5;<0.15
® 0.15<x5<0.26

O (nb)
I ——
.7 4
P Ve
. Ve
,/ Ve
7~ 7/
_ Ve
/ A
. 7 .
. j ,
e 4
/// ’I
| a_

10 |-

VGG model:

1 M

For other results on exclusive meson
production @ HERMES:

= see talk by A. Rostomyan
today @ 16:40

:" —
o'

correction

e Q? dependence well described by the GPD model including

corrections

Achim Hillenbrand
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Two-photon exchange

32
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Two-photon Exchange

Elastic scattering:

e two-photon exchange best candidate
to explain discrepancy of proton
Ge/Gm measurement from Rosenbluth
method and polarization transfer method

DIS:

* interference between one- and
two-photon exchange could lead to SSAs in inclusive DIS off
transversely polarized targets

* |nterference sensitive to the beam charge (odd number of e.m.
couplings to the beam)

* Proportional to S - (/_{ X f(”) — either measure left-right
asymmetries or sin(®Ps) modulation
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,A
Any sign of two-photon exchange 1in DI%’%/

e—
= i
= i 0 O @%<1GeV?
"’< 0035 - e P —eX ® Q%> 1GeV?
0.02 - —E
B (1]
0.01 -5 | | | ®
o t—2|@r R .", (
o S [ Lo &f 19, " 1
0.01F" & Q "| | o
; 2 U] i
-0.02 | - |
ot —r T | . .
VO3 b ce—— Consistent with zero on the
‘e'm : mod II:IIIII I I = I I I == -
%<|5003;- — e*pTee*’X IO3 IEVEI
0.02 | - 2> |
i [ O | |
o IR ."l Il|I K
obre-t - [H1ATH4 1
= w0 |o [ Tiell Q
-0.01} 2 | ol e |
| 5 | |
-0.02:— :—"°
-0.03 _= _ |—|—|—|—|_|___.
TN S ] Lol ] L1
e 10 3 _ A A Elastics fraction 1 c
N> i . i A A A " Q> - %
8 oA mn " o
[ — A‘.II.. _510-1 ':;
A L ]
O A
\"/ I . Yaa, i, u_“j
o 102 10 X, A.Airapetian et al., arXiv:0907.5369
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Conclusions

e Quark helicity distributions:
* New extraction of As(x) (and s(x)) from isoscalar D target
* Shape of s(x) much softer than that of the light isoscalar sea
e AS consistent with zero

* Transverse momentum dependent distributions (TMDs)
¢ Rich set of information available from unpolarized and

transversely polarized data m Talk by F. Giordano
* final results on Sivers amplitudes imply non-zero orbital angular
momentum

* Generalized Parton Distributions (GPDs)
= Access via DVCS and exclusive meson production

um Talk by Y. Miyachi i Talk by A. Rostomyan

* There is no signal for 2-photon exchange in DIS at HERMES at
10-3 level
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Backup
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Measured Inclusive Asymmetr'les

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

inclusive asymmetry:

91(377 2) —

1
==L
kinematic factors param. meas. fac. param.
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g1 .

Neutron results
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50 0T g
Op—0 6%&5 . @,QAQW 9
| ## | % | n __ : _
0.5} g1 = 3 g1 — 91
} | g" from p,d: ]- — §(«C)D
-1F O HERMES (Q%< 1 GeV?)
; | e HERMES (Q% 1 GeV?) ?
| & E155
| 58
T wp =005+001
m 0 """"""""""""""""""""""""""""""""" * """"" * *xﬁﬂﬂ """"
: 1 # S *g|" negative everywhere except at very
05! | ,
055 g" from *He: h'gh X
At * HERMES °Low-Q? data tends to zero at low x
P T e » Contrary to SMC data at higher Q?
N; * * *
[ *
® 10} x X a9k <>%<§
S | * VX x b
= et e g WS
o to.9°
e 10 10" X

Achim Hillenbrand
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. Integrals

0.16 d d
B onaf | I;. O=5GeV’ Iy = /da; 91
N . - |
Sxo12f ¥ g ; { I * NS 1 Assuming saturation in the deuteron integral:
01 ty I =d '
i 3 ¢ b "+ Use only deuteron data!
0.08f ! 3 1 - L
0.06| 'K!I e — (1 — §WD> 26 {4&0A0g45 + CLgAC]]\\]%g}
T theory T theory
0.04 " ‘a
0.02} “* _
[ " MS A 5 from hyperon beta decay
O T E R o T 8 (2s=0.586£0.03 1)
.02} EE*0 | : 1
“2rypEitt | Au+ AL = = [2a0 + as +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  0.642 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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ep-»e’mt(n)
+ @ data
no recoil nucleon detection | t — Priame
=>select events via missing mass z
Background:
* background channels: :
- ep-’e"l'l'+(n'|'l') D-; : ® data
- ep—’e"l'l""(n'l'l'ﬂ) J 2 | — excl MC
e BKG from excl. p® production = - | :
e SIDIS background s i 1
. 0 | 1 Togt
Double difference: A » S A L \
S -2 0 2 4 6 8

N7er>4<rd _ (/\/er o Nﬂ_)data L (Nﬁ . Nﬂ_)PYTHIA

= peak centered at squared neutron mass
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