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The Spin Structure of the NucleonThe Spin Structure of the Nucleon
Highlights from HERMESHighlights from HERMES
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HERA: eHERA: e++/e/e-- (27GeV) (27GeV) -- proton (920 GeV) colliderproton (920 GeV) collider

HERA @  DESYHERA @  DESYHERMES @ HERAHERMES @ HERA
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The HERMES SpectrometerThe HERMES Spectrometer

Internal Gas Target: He , H , D , H unpol: H2,D2,He,N2,Ne,Kr,Xe
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Time [h]
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p: 103.6 [mA] -1.0 [h] 920 [GeV/c] e+: 41.0 [mA] 6.9 [h] 27.6 [GeV/c]

 luminosity run 

Tau(e)
Protons
Leptons

Kinematic Range: 0.02 < x < 0.8 at Q2 > 1 GeV2 and W > 2 GeV
Reconstruction: Δp/p < 2%, Δθ < 1 mrad

Particle ID: TRD, Preshower, Calorimeter

 1997: Cherenkov, 1998 : RICH & Muon-ID
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News on the spin structure of the nucleonNews on the spin structure of the nucleon

NaNaïïve parton modelve parton model
4
3Δ =vu 1

3Δ = −vd
BUTBUT

1989 EMC measured1989 EMC measured
ΣΣ = 0.120   0.094   0.138= 0.120   0.094   0.138± ±

Spin PuzzleSpin Puzzle

Unpolarised structure fct.Unpolarised structure fct.
Gluons are important !Gluons are important !

Sea quarksSea quarks ΔΔqqss

ΔΔGG Full description of JFull description of Jqq and Jand Jgg
needsneeds

orbital angular momentumorbital angular momentum
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Deep Inelastic ScatteringDeep Inelastic Scattering
scattered lepton
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Important kinematic variables:Important kinematic variables:
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The quark content of the nucleonThe quark content of the nucleon

HERA F2
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How to measure Quark PolarizationsHow to measure Quark Polarizations

3/ 2 (~ )q xσ −

* 3 / 2NSSγ + =
r r

N qSS = −
r r

1/ 2 (~ )q xσ +

* 1/ 2NSSγ + =
r r

N qSS =
r r

Virtual photon Virtual photon γγ** can only couple to quarks of opposite helicitycan only couple to quarks of opposite helicity
Select Select qq++(x)(x) or or qq--(x)(x) by changing the orientation of by changing the orientation of 
target nucleon spin or helicity of incident lepton beamtarget nucleon spin or helicity of incident lepton beam
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Asymmetry definition:Asymmetry definition:
qq q−+Δ = −

inclusiveinclusive DIS: only DIS: only ee’’ info usedinfo used semisemi--inclusiveinclusive DIS: DIS: ee’’+h+h info usedinfo used



88JLab Users Meeting June 07JLab Users Meeting June 07EE.C. Aschenauer.C. Aschenauer

World data on inclusive DISWorld data on inclusive DIS
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HERMES: IntegralsHERMES: Integrals
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Saturation in deuteron integral is assumedSaturation in deuteron integral is assumed
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The Gluon PolarizationThe Gluon Polarization

NaNaïïve parton modelve parton model
4
3Δ =vu 1

3Δ = −vd
BUTBUT

1989 EMC measured1989 EMC measured
ΣΣ = 0.120   0.094   0.138= 0.120   0.094   0.138± ±

Spin PuzzleSpin Puzzle

Unpolarised structure fct.Unpolarised structure fct.
Gluons are important !Gluons are important !

Sea quarksSea quarks ΔΔqqss

ΔΔGG

1 1 ( )
2 2 v v su qd= + Δ+ΔΔ

( )Δ + Δ + Δ + Δ + Δ + Δs su d u d s s
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Unpolarized Gluon Distribution Unpolarized Gluon Distribution 
HERA F2
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How to measure How to measure ΔΔGG

Indirect from scaling violationIndirect from scaling violation
fixed target experimentsfixed target experiments

small Qsmall Q22--x lever armx lever arm
even sign of even sign of ΔΔG unknownG unknown
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The golden channelsThe golden channels

Idea: Direct measurementIdea: Direct measurement ofof ΔΔGG
Isolate the photon gluon fusion process (PGF)Isolate the photon gluon fusion process (PGF)

Open Charm productionOpen Charm production
Reaction:Reaction: * 0 0p D D Xγ → + +

⇒ * 0reconstruct Dc ,Dc
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ˆ ˆ( , )

PGF

gPGF

N PGF

g
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Δ Δ
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LLa
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Δ
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LOLO--MC: AromaMC: Aroma

HERMES sqrt(s) to low for reasonable statisticsHERMES sqrt(s) to low for reasonable statistics
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The golden channelsThe golden channels
Idea: Direct measurement ofIdea: Direct measurement of ΔΔGG

Isolate the photon gluon fusion processIsolate the photon gluon fusion process
detection of hadronic final states with high pdetection of hadronic final states with high pTT

high phigh pTT pairs of hadronspairs of hadrons
single high psingle high pTT hadronshadrons

hh±±hh±± vs. hvs. h±±::

hh±±hh±±

hh±±

2 1Q >
2 0.1Q <

2 0.1Q >
2 0.1Q <

less subless sub--processes contributing processes contributing ☺☺
more submore sub--processes contributing processes contributing 
higher statistics higher statistics ☺☺

hh±± more inclusive more inclusive →→ pQCD NLO calculations (easier) possiblepQCD NLO calculations (easier) possible

less subless sub--processes contributing processes contributing ☺☺
more submore sub--processes contributing processes contributing 
higher statistics higher statistics ☺☺
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The MethodThe Method

Measured asymmetry is an incoherent superposition of Measured asymmetry is an incoherent superposition of 
different subdifferent sub--process asymmetries:process asymmetries:

Signal: Gluon of the nucleon in the initial stateSignal: Gluon of the nucleon in the initial state

Background: all other subBackground: all other sub--processesprocesses

The gluon polarization is then:The gluon polarization is then:

|||| ||| |( ) ;B Sig
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gmeas i i
t i i

i t
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g f AA p f A ff A σ

= = + =
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Asymmetry of the Asymmetry of the 
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t Sig Sig
GA p a a

G
Δ

=

|| ||ˆ
]1 [ meas

Sig

Bg
Bgf

G
A

a
AG

f
−

Δ
=



1616JLab Users Meeting June 07JLab Users Meeting June 07EE.C. Aschenauer.C. Aschenauer

From Measurements From Measurements ……

““AntitaggedAntitagged”” data:data:
Scattered lepton not Scattered lepton not 
in the acceptancein the acceptance
ppTT measured measured 
w/respect to beam w/respect to beam 
axisaxis

Curves from Curves from 
MC+asymmetry model MC+asymmetry model 
usingusing

ΔΔg/g(x)=0: centralg/g(x)=0: central
ΔΔg/g(x)=g/g(x)=--1: upper1: upper
ΔΔg/g(x)=+1: lowerg/g(x)=+1: lowerTheThe ΔΔg/g=0 asymmetry is due to quarks only!g/g=0 asymmetry is due to quarks only!

Gluons contribute to the cross section Gluons contribute to the cross section 
(asymmetry) above p(asymmetry) above pTT≈≈1 GeV1 GeV
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Fractions and AsymmetriesFractions and Asymmetries
Subprocess FractionSubprocess Fraction Subprocess AsymmetriesSubprocess Asymmetries

(using GRSV std.)(using GRSV std.)

•• VMDVMD (elast.+diffr., (elast.+diffr., lowlow--pT)pT)
decreasing w/pdecreasing w/pTT

•• DISDIS increasing with pincreasing with pTT
•• QCDCQCDC//QCD2QCD2-->2(q) increasing with p>2(q) increasing with pTT
•• Signal processes are PGF and Signal processes are PGF and 

QCD2QCD2-->2(g) (resolved photon>2(g) (resolved photon))

•• DIS positive; increasing with pDIS positive; increasing with pTT (x)(x)
•• VMD flat and smallVMD flat and small
•• QCDC/QCDC/QCD2QCD2-->2>2, , flat and smallflat and small

Important for Important for backgroundbackground asymmetryasymmetry
•• |PGF| increasing with p|PGF| increasing with pTT -- negativenegative

QCD2QCD2-->2(g) opposite to PGF, small>2(g) opposite to PGF, small
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World Data on World Data on ΔΔG/G G/G 

Long way to go till Long way to go till ΔΔg(x)g(x)
xx
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1 1 ( )
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Quark Orbital Angular MomentumQuark Orbital Angular Momentum

NaNaïïve parton modelve parton model
4
3Δ =vu 1

3Δ = −vd
BUTBUT

1989 EMC measured1989 EMC measured
ΣΣ = 0.120   0.094   0.138= 0.120   0.094   0.138± ±

Spin PuzzleSpin Puzzle

Unpolarised structure fct.Unpolarised structure fct.
Gluons are important !Gluons are important !

Sea quarksSea quarks ΔΔqqss

ΔΔGG Full description of JFull description of Jqq and Jand Jgg
needsneeds

orbital angular momentumorbital angular momentum
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The Hunt for LThe Hunt for Lqq

Study of hard Study of hard exclusive processesexclusive processes leads toleads to
a new class of PDFsa new class of PDFs

GGeneralized eneralized PParton arton DDistributionsistributions
, , ,q qq qH H EE % %

possible access topossible access to
orbital angular momentumorbital angular momentum

( )( )1

1 0

1
2

q
q

q

t
HJ Exdx

− →
+= ∫

1
2q qLJ Δ +Σ=

exclusive:exclusive: all products of the reaction are detectedall products of the reaction are detected
missing energymissing energy ((ΔΔEE) and missing Mass (M) and missing Mass (Mxx) = 0) = 0

from DIS:from DIS:
HERMES ~0.3HERMES ~0.3
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GPDs IntroductionGPDs Introduction
What does GPDs charaterize?What does GPDs charaterize?

unpolarized unpolarized polarizedpolarized

( ), ,qH x tξ ( ), ,qH x tξ%

( ), ,qE x tξ%( ), ,qE x tξ

conserve nucleon helicityconserve nucleon helicity
( ,0,0) , ( ,0,0)

qqH x q H x q= = Δ
flip nucleon helicityflip nucleon helicity
not accessible in DISnot accessible in DIS

DDVVCCSS

Δ
2

P +ΔP -
2

x - ξ ξx +

γ∗ γ

GPD

quantum numbers of final state           select different GPDquantum numbers of final state           select different GPD

0+

P - Δ
2

P + Δ
2

π  , π  

x - ξ ξx +

γ∗

GPD

q 0ρ  , Φ , ω
q

P + Δ
2

P - Δ
2

x - ξ ξx +

GPD

γ∗

,q qH E% %
pseudopseudo--scaler mesonsscaler mesons

,q qH E
vector mesonsvector mesons

AACC,A,ALULU,, AAUTUT,   A,   AULUL

qE%qH%qEqH
AAUTUT,,σσππ++ AAUTUT,,σσρ,Φ,ωρ,Φ,ω



2222JLab Users Meeting June 07JLab Users Meeting June 07EE.C. Aschenauer.C. Aschenauer

Exclusive Exclusive ρρ productionproduction

Meson production:Meson production:
factorization forfactorization for longitudinal longitudinal photons onlyphotons only
σT suppressed by suppressed by 1/Q1/Q22 → at at large Qlarge Q22, σL dominatesdominates

Q2>>, t<<

t

Q2

hard scale

Meson production:Meson production: wave function: wave function: 
additional information/uncertaintyadditional information/uncertainty

2~| ( ( , , ) ( , , , ) |dxH x t E x tσ ξ ξ+∫
~ Im( , )UTA H E

E E not kinematically suppressed not kinematically suppressed 
sensitivity to sensitivity to JJqq

2UT theoA Aπ
−=
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⎯⎯  data

……  MC

ΔE

0

100

200

300

400

500

600

700

-2 0 2 4 6 8 10 12 14 16

AAUTUT -- Exclusive Exclusive ρρ
              H - 02/04

  35.50    /    23
P1   61.51   20.10
P2  0.1552  0.5265E-01
P3  0.7761  0.2899E-01
P4   1.834   3.447
P5   11.88   3.485
P6  -1.953   6.576
P7  0.8769   5.279

M2h(GeV)

0

50

100

150

200

250

300

350

400

450

500

0.5 0.6 0.7 0.8 0.9 1 1.1

e p e p⇑+ → + + ρ

reconstructreconstruct ρρ00 from hfrom h++hh--

Transverse Target Spin Asymmetry:Transverse Target Spin Asymmetry:

1
| |

( )UT
T

s
N N

P N
A

N

⇑ ⇓

⇑ ⇓
Φ

−
−

+
Φ =

exclusivity ensured byexclusivity ensured by ΔΔEE
background estimated by MCbackground estimated by MC

-0.5

0

0.5

-0.5

0

0.5

-0.5

0

0.5

0 2 0 0.1 0 0.2 0.4

A
U

T

si
n
 (φ

-φ
s  )

HERMES PRELIMINARY
e p⇑ ➞ e′ ρ0 p

e p⇑ ➞ e′ ρ
0
L p

overall Q2 (GeV2) x

e p⇑ ➞ e′ ρ
0
T p

-t/ (GeV2)

-0.6

-0.4

-0.2

0

0.2

0.4

0 0.05 0.1 0.15 0.2

x
A

U
T

si
n
 (φ

-φ
s  )

HERMES PRELIMINARY

e p⇑ ➞ e′ ρ
0
L p

< Q2 > = 2.0 GeV2

< t/ >  = 0.13 GeV2

Ju = 0
Ju = 0.2

Ju = 0.4

Jd = 0
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JJu u seems to be positiveseems to be positive
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The end of polarized targets at HERMESThe end of polarized targets at HERMES
DVCS exclusivity by missing mass MDVCS exclusivity by missing mass Mxx

Improve ExclusivityImprove Exclusivity
Detect recoiling protonDetect recoiling proton

modify target regionmodify target region
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The HERMES Recoil Detector The HERMES Recoil Detector 

Build by DESY, Erlangen, Ferrara, Frascati,Build by DESY, Erlangen, Ferrara, Frascati,
Gent, Giessen and GlasgowGent, Giessen and Glasgow

detection of the recoiling protondetection of the recoiling proton
p; 135 p; 135 --1200 MeV/c1200 MeV/c
76% 76% φφ acceptanceacceptance
ππ/p PID via dE/dx/p PID via dE/dx

improved timproved t--resolutionresolution
study kinematical study kinematical 
dependencesdependences

~pp t−
~ xt M−

background suppressionbackground suppression
semisemi--incl.:   5% incl.:   5%   <<1%<<1%
associated: 11% associated: 11%   ~1%~1%

SiliconSilicon

SciFiSciFi
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The HERMES Recoil DetectorThe HERMES Recoil Detector

perfectly running since July 06perfectly running since July 06
alignment and first calibration donealignment and first calibration done
Recoil proton and deuteron seen in siliconRecoil proton and deuteron seen in silicon
PID is working nicelyPID is working nicely
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longitudinally polarizedlongitudinally polarized
quarks and nucleonsquarks and nucleons

ΔΔq(x): helicity differenceq(x): helicity difference

axial chargeaxial charge

knownknown

=q
1h −=q

1g −=q
1f

{ } +++=Φ nxhxgxfx T
1

5151L1
Tw2
Corr Sγγ)(γ)(S)(

2
1)(

unpolarised quarksunpolarised quarks
and nucleonsand nucleons

q(x): spin averagedq(x): spin averaged

vector chargevector charge

well knownwell known

transversely polarizedtransversely polarized
quarks and nucleonsquarks and nucleons

δδq(x): q(x): helicity fliphelicity flip

tensor chargetensor charge

measuring!measuring!

The 3The 3rdrd TwistTwist--2 structure function  2 structure function  
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=q
1h −

{ } +++=Φ nxhxgxfx T
1

5151L1
Tw2
Corr Sγγ)(γ)(S)(

2
1)(

transversely polarizedtransversely polarized
quarks and nucleonsquarks and nucleons

δδq(x): q(x): helicity flip helicity flip 

tensor chargetensor charge

measuring !measuring !
single  helicity 

flip

CHIRAL       ODD       CHIRAL       ODD       
NOT ALLOWED IN NOT ALLOWED IN 

E.M. E.M. 
INTERACTIONSINTERACTIONS

Peculiarities of transversityPeculiarities of transversity

chiral odd chiral odd FFFF

doubledouble
helicity fliphelicity flip

relativistic nature of quarkrelativistic nature of quark: : 
in absence of relativistic effects hin absence of relativistic effects h11(x)=g(x)=g11(x)(x)

QQ22 ––evolutionevolution: unlike for g: unlike for g11
pp(x), (x), 

the gluon doesnthe gluon doesn’’t mix with quark inht mix with quark inh11
pp(x)(x)

(no gluon analog for spin(no gluon analog for spin--½½ nucleon)nucleon)

sensitive to the sensitive to the valence quark polarisationvalence quark polarisation
q and q have opposite sign.q and q have opposite sign.

_

tensor charge:tensor charge: first moment of hfirst moment of h11
(large from lattice QCD)(large from lattice QCD)
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)( Sφφ − angle of hadron relative to angle of hadron relative to 
initialinitial quark spin (Sivers)quark spin (Sivers)

)( Sφφ + angle of hadron relative to angle of hadron relative to 
finalfinal quark spin (Collins)quark spin (Collins)

1T1 Df ⊗⊥
(Sivers)(Sivers)

⊥⊗ 11 Hh (Collins)(Collins)

Azimuthal angles and asymmetriesAzimuthal angles and asymmetries

chiralchiral--even naeven naïïve Tve T--odd DFodd DF

related to parton orbital related to parton orbital 
momentummomentum

violates naviolates naïïve universality of PDFve universality of PDF

peculiarity of  fpeculiarity of  f⊥⊥
1T1T

different sign of fdifferent sign of f⊥⊥
1T1T in DYin DY
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( ) ( )coll 1 1A h x H z⊥∝

Collins momentsCollins moments

Collins moment:Collins moment:
ππ++ > 0           > 0           ππ-- < 0< 0
ππ-- unexpected largeunexpected large

role of unfavoured FFrole of unfavoured FF
HHfav fav = = -- HHunfavunfav

KK++ > 0           K> 0           K-- > 0> 0
KK++ and and ππ+ + consistent withconsistent with
uu--quark dominancequark dominance
KK-- and and ππ--

complicated sea quark contrcomplicated sea quark contr
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IIIHERMES PRELIMINARY 2002-2005
lepton beam asymmetry, Collins amplitudes
8.1% scale uncertainty

Collins moments:Collins moments:
  ππ++:  0.01374:  0.01374 ±± 0.00280.0028
  ππ00: : --0.01158 0.01158 ±± 0.00780.0078
  ππ--: : --0.02260 0.02260 ±± 0.00330.0033
  KK++:  0.00229 :  0.00229 ±± 0.01010.0101
  KK--:  0.04336 :  0.04336 ±± 0.01890.0189
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opposite signopposite sign ff1T1T
⊥ ⊥ in DISin DIS

and Drelland Drell--YanYan

1 1( ) ( )Sivers TA f x D z∝ ⊥

Sivers momentsSivers moments

Sivers moment:Sivers moment:
ππ++ > 0           > 0           ππ-- ~ 0~ 0

nonnon--zero orbital angular zero orbital angular 
momentum in pmomentum in p--wave fct.wave fct.

LLq q ????

KK+ + > 0          K> 0          K-- ~ 0~ 0
KK++ >> ππ++

sea quarks importantsea quarks important
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IIIHERMES PRELIMINARY 2002-2005
lepton beam asymmetry, Sivers amplitudes
8.1% scale uncertainty

Sivers moments:Sivers moments:
  ππ++: 0.04343: 0.04343 ±± 0.00270.0027
  ππ00: 0.02892 : 0.02892 ±± 0.00780.0078
  ππ--: 0.00579 : 0.00579 ±± 0.00330.0033
  KK++: 0.10009 : 0.10009 ±± 0.00930.0093
  KK--: 0.01081 : 0.01081 ±± 0.01650.0165



3232JLab Users Meeting June 07JLab Users Meeting June 07EE.C. Aschenauer.C. Aschenauer

qΔ ΔG

G

q
Lq,g

δδ

,, qq

x

Δg
/g

SMC

Compass (Q2 < 1 GeV2)

Compass (Q2 > 1 GeV2)

Compass (Open Charm)

HERMES (Method I)

GRSV-std
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FNS (Kretzer)

FNS (KKP)

BB-06

HERMES Method II fct. 1
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Summary andSummary and
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Summary andSummary and

ANDAND
a lot of new physicsa lot of new physics

unpolarised PDFs uunpolarised PDFs uvv/d/dvv ubar ubar –– dbar, Fdbar, F22
hadron attenuation, pthadron attenuation, pt--broadeningbroadening
hadron multiplicities, fragmentation fcts.hadron multiplicities, fragmentation fcts.
ΔΔq Millennium editionq Millennium edition
new results on DVCS and friendsnew results on DVCS and friends
final results on final results on transversitytransversity and friendsand friends

and everything we donand everything we don’’t think about yett think about yet
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Spin is fascinatingSpin is fascinating

W. Pauli
N.Bohr

Thank you for your attentionThank you for your attention
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BACKUPBACKUP
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hadron/positron separationhadron/positron separation
combining signals from: combining signals from: 
TRD, calorimeter, preshowerTRD, calorimeter, preshower

Aerogel; n=1.03

C4F10; n=1.0014

hadron separationhadron separation
Dual radiator RICH forDual radiator RICH for ππ, K, pK, p

Which Hadron (Which Hadron (ππ,K,p) is Which,K,p) is Which

π

K
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Results for Results for ΔΔQ and Q and ΔΔSS
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e + d → K± + X
→ →

-0.2

0

0.2
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0.8

1

10
-1

'e d e K X±+ →
r ur

. ( ) 4 ( ) ( )K K K K K
ds un trD z dz D z dz D z dz

+ − + −+ +
− = +∫ ∫ ∫

( ) 2 ( )strang
K K K

seD z dz D z dz
+ −+=∫ ∫

.( ) ( ) ( ) ( )( ) /
( ) / 5 ( ) 2 ( )

n
K

str strang
KK

Dis
eQ x D z dz S x D z dzdN x dx

dN x dx Q x S x
− +

=
+

∫ ∫

Fit xFit x--dependence of multiplicitiesdependence of multiplicities
using PDFs from CTEQusing PDFs from CTEQ--66

x

(d
N

K
(x

)/
d

x)
/(

d
N

D
IS

(x
)/

d
x)

0.5

HERMES PRELIMINARY (Evolved to Q2=2.5 GeV2)

 Q(x)∫DQ(z)dz+S(x)∫DS(z)dz

5Q(x)+2S(x)

Non Strange contribution

Strange contribution

10
-2

10
-1

1

10
-1

( )trg
K
sD z dz∫

( )K
nstrgD z dz∫

This Work    Kretzer  KKPThis Work    Kretzer  KKP
0.410.41±±0.02     1.103    1.1110.02     1.103    1.111

1.411.41±±0.29     0.783    0.2960.29     0.783    0.296

Need a longitudinal polarized deuterium targetNeed a longitudinal polarized deuterium target
strange quark sea in proton and neutron identicalstrange quark sea in proton and neutron identical
fragmentation simplifiesfragmentation simplifies

All needed information can be extracted from HERMES data aloneAll needed information can be extracted from HERMES data alone
inclusive Ainclusive A1,d1,d(x,Q(x,Q22)and kaon A)and kaon AKK

1,d1,d (x,Q(x,Q22) double spin asym.) double spin asym.
Kaon multiplicitiesKaon multiplicities

Only assumptions used:Only assumptions used:
isospin symmetry between proton and neutronisospin symmetry between proton and neutron
chargecharge--conjugation invariance in fragmentationconjugation invariance in fragmentation
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Results for Results for ΔΔQ and Q and ΔΔSS-2
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( ) ( ) ( ) ( ) ( )Q x u x u x d x d x= + + + ( ) ( ) ( )S x s x s x= +

1

0.02
0.286 0.026 0.011QΔ = ± ±∫

1

0.02
0.006 0.029 0.007SΔ = ± ±∫

Earlier HERMES conclusions of Earlier HERMES conclusions of 
unpolarized strange sea confirmedunpolarized strange sea confirmed

factor 2 smaller error barsfactor 2 smaller error bars
Errors very sensitive to FF inputErrors very sensitive to FF input
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Cross Section DataCross Section Data--MCMC
HERMES cross section:HERMES cross section:
kkTT, p, pT T standard values:standard values:

, 0.40p
Tk GeVγ = 0.40frag

Tp GeV=
M.Anselmino et al. Phys. Rev. D71,074006M.Anselmino et al. Phys. Rev. D71,074006
2 20.25 20%tk GeV= ± 2 20.20 20%tp GeV= ± Polarized Polarized and and unpolunpol. cross . cross 

sections sections and k and k factors factors 
((B. B. JJääger ger et. al., et. al., EurEur.Phys. .Phys. 

J. C44(2005) 533J. C44(2005) 533))
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The Model in PYTHIAThe Model in PYTHIA--66

VMD VMD directdirect anomalous  photonanomalous  photon

„„SoftSoft““ VMD:VMD:
Elastic, diffractive, Elastic, diffractive, 
nonnon--diffractive diffractive 
((„„minimum biasminimum bias““,,
„„lowlow--ppTT““) ) 
processesprocesses
Hard VMD:Hard VMD:
QCD 2QCD 2→→2 2 
processesprocesses

QCDQCD--
ComptonCompton
PGFPGF
LO DIS LO DIS 
(virtual (virtual 
photonsphotons))

Splitting of Splitting of 
γγ→→qqqq
QCD 2QCD 2→→2 2 
processesprocesses

�
�

��

�
�

��

�
�

��

Model:Model: Mix processes with different photon characteristicsMix processes with different photon characteristics

Small QSmall Q22: VMD+anomalous (=: VMD+anomalous (=„„resolvedresolved““) photon dominate) photon dominate
Large QLarge Q22: LO DIS dominates: LO DIS dominates
Choice of hard process according to hardest scale involved:Choice of hard process according to hardest scale involved:
If all scales are too small: If all scales are too small: „„softsoft““ VMD (diffractive or VMD (diffractive or „„lowlow--pTpT““))
The The „„resolvedresolved““ part is modeled to match the world data on part is modeled to match the world data on σσ((γγp) p) 

k⊥

p⊥

Q
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TransverityTransverity and and SiversSivers ππ00
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DVCSDVCS
two experimentally undistinguishable processes:two experimentally undistinguishable processes:

e’e

γ

p + Δ

γ∗

p

e
e’

γγ∗

p Δp + 

DVCSDVCS BetheBethe--Heitler (BH)Heitler (BH)

p + p + ΔΔ

HERMES kinematics:HERMES kinematics:
BH c.s. >> DVCS c.s.BH c.s. >> DVCS c.s.

( )* 2 2*~ | | | |BH DVCS DVC BS HB DVCSHd τ τ + τ τσ + τ + τ

isolate isolate BHBH--DVCS interferenceDVCS interference term        nonterm        non--zero azimuthal asymmetrieszero azimuthal asymmetries

transverse transverse target spin asymmetrytarget spin asymmetry::

2 1~ (Im )sin( )cos( )sp pd d F H F E⇑ ⇓σ − σ − φ − φ φ +

2 1( )cos(I )sinm ( )sF H F E− ξ φ − φ φ% %

sin( )cos( )s
UTA φ−φ φ

cos( )sin( )s
UTA φ−φ φ
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ΔσUT ~ sinφ·Im{k(H - E) + … }

ΔσLU ~ sinφ·Im{H + ξH + kE}
~

ΔσC ~ cosφ ·Re{ H + ξH +… }
~

)τττ(τ |τ||τ|dσ BH
*
DVCSDVCS

*
BH

2
DVCS

2
BH +++∝

ΔσUL ~ sinφ·Im{H + ξH + …}
~

polarization observables:polarization observables:

ΔσUT

beam    target 

ξ = xB/(2-xB ),k = t/4M2 kinematically suppressedkinematically suppressed

H

H

H, E

~

Ι∼Δσ
different charges: edifferent charges: e++ ee-- (only @HERA!):(only @HERA!):

H

DVCS ASYMMETRIESDVCS ASYMMETRIES
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DVCSDVCS--TTSATTSA
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2 1Im( )F H F E−

2 1Im( )F H F E− ξ% %

sin( )cos( ) ~s
UTA φ−φ φ

cos( )sin( ) ~s
UTA φ−φ φ

first model dependent extraction of first model dependent extraction of JJuu possiblepossible
Code: VGGCode: VGG
JJdd assumed to be zeroassumed to be zero
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missing mass (energy) missing mass (energy) techniquetechnique
background estimated by MCbackground estimated by MC

ee++/e/e--

27.5 GeV27.5 GeV
PPbb=55%=55%

(detected)(detected) MC

associated BH
Bethe-Heitler

+   data

no recoil detectionno recoil detection

Exclusivity @ HERMESExclusivity @ HERMES
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Can we constrain (JCan we constrain (Juu+J+Jdd))

dJ
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

uJ

0

0.2

0.4

0.6

0.8

1
HERMES 2002-04 Preliminary <1.7 GeV)X X  (Mγ + e→ ⇑ p+e

 0.033(syst)± 0.058(stat) ± = -0.149 
φ) cos Sφ-φsin (

UTA
2> = 2.5 GeV

2
,  <x> = 0.095, <Q2<-t> = 0.12 GeV

GPD Model: LO/Regge/D-term=0
[Goeke et al., Prog.Part.Nucl.Phys.47(2001),401]

Code: VGG [Vanderhaeghen et al., priv. comm.]

)2= 4GeV 2μ (val
qLattice QCDSF J 

stat. uncertainty only [PRL92(2004),042002]

])∞[1,∈ v,s

 0.06 (b
±) tot

 0.21 (exp
±

 /2.9  =  0.42 

d
+Ju

J
VGG

VGG

same statistics with electron beam on tapesame statistics with electron beam on tape
independent data set to constrain independent data set to constrain (J(Juu+J+Jdd))
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