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http://th.physik.uni-frankfurt.de/~jr/gif/phys/bohrpaul.jpg

In Japan, 

we have a game with tops, 

called “be-goma”.

http://f.hatena.ne.jp/ser/20070728164337

Try to kick the enemy's tops out. 
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http://th.physik.uni-frankfurt.de/~jr/gif/phys/bohrpaul.jpg

http://f.hatena.ne.jp/ser/20070728164337

To probe the elements,

let's hit with this top!

It was hard to polarize target...

Now it becomes possible
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Semi-inclusive measurement of DISSemi-inclusive measurement of DIS

σ e N →e ' h X= ⊗ σ̂ e q→ e ' q

Q2=−q2
x= Q 2

2M ν

ν=E−E '

∑
q

e N →e ' h X

f N →q

Parton Distribution Function

f (x ,Q 2)

F q→h⊗

Fragmentation Function

F (z ,Q 2)

z=
E h
ν

X
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HERMES experimentHERMES experiment

e

Reconstruction: Δp/p < 2%, Δθ<0.6 mrad

Lepton selection efficiency: > 99% 

with hadron contamination < 1%

Hadron ID with RICH: π, K, p in 2 < p < 15 GeV/c

Reconstruction: Δp/p < 2%, Δθ<0.6 mrad

Lepton selection efficiency: > 99% 

with hadron contamination < 1%

Hadron ID with RICH: π, K, p in 2 < p < 15 GeV/c

Targets: Unpolarized H, D, nuclei

Longitudinally polarized H, D (P ~ 85 % )

Transversely polarized H (P ~ 75%)

Targets: Unpolarized H, D, nuclei

Longitudinally polarized H, D (P ~ 85 % )

Transversely polarized H (P ~ 75%)

e+N →e '+h+X

HERA: 27.6 GeV

polarized
electron/positron

HERA: 27.6 GeV

polarized
electron/positron
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Transversely Polarized Nucleon

Longitudinally Polarized Nucleon

Unpolarized Nucleon

Parton distribution functionsParton distribution functions

Cross section asymmetry

>> Flavor decomposition of Δq

PRD71(2005)012003PRD71(2005)012003

High pt hadron >> ΔG

JHEP08(2010)130JHEP08(2010)130

Preliminary results on

Charge difference asymmetry

Valence quark distribution

Cross section asymmetry

>> Flavor decomposition of Δq

PRD71(2005)012003PRD71(2005)012003

High pt hadron >> ΔG

JHEP08(2010)130JHEP08(2010)130

Preliminary results on

Charge difference asymmetry

Valence quark distribution

Parton Densityf 1

Hadron multiplicity

(pion) EPJC21(2001)599EPJC21(2001)599

(kaon) PLB666(2008)446PLB666(2008)446

preliminary results

by N. Bianchi on 20by N. Bianchi on 20thth

…..

Hadron multiplicity

(pion) EPJC21(2001)599EPJC21(2001)599

(kaon) PLB666(2008)446PLB666(2008)446

preliminary results

by N. Bianchi on 20by N. Bianchi on 20thth

…..
Helicity

g1L (=Δ q)

Transversity
h1T(=δq)
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Quark helicity distributionsQuark helicity distributions
PRD71(2005)012003PRD71(2005)012003

0.023x0.6

Inclusive measurements PRD75(2007)012007Inclusive measurements PRD75(2007)012007

ΔΣ=0.330±0.025±0.011±0.028
Δ s+Δ s̄=−0.085±0.013±0.008±0.009

From charged kaon asymmetry PLB666(2008)446From charged kaon asymmetry PLB666(2008)446

Δ s+Δ s̄=0.037±0.019±0.027
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Difference asym. & valence quarkDifference asym. & valence quark

A1d
π+−π−=

Δ uv−Δ d v

uv−d v

A1p
π+−π−=

Δ 4uv−Δ d v

4uv−d v
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http://th.physik.uni-frankfurt.de/~jr/gif/phys/bohrpaul.jpg

Let's kick from side
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Azimuthal angles in SIDISAzimuthal angles in SIDIS

e+N →e '+h+X
d σ∝
1+(1− y)2

2
FUU+(2− y)√1− ycos ϕh FUU

cosϕh+(1− y)cos 2ϕh F UU
cos2ϕh

+S L [(1− y)sin 2ϕh F UL
sin 2ϕh+(2− y)√1− y sin ϕh FUL

sin ϕh]

+S L P z
l [ 1−(1− y)2

2
F L L+ y√1− y cosϕh F L L

cosϕh]
+S T[ 1+(1− y )2

2
sin(ϕh−ϕS)FUT

sin(ϕh−ϕS )

+(1− y )(sin (ϕh+ϕS )F UT
sin(ϕh+ϕS )+sin (3ϕh−ϕS)FUT

sin(3ϕh−ϕS ))
+(2− y)√1− y (sin ϕS F UT

sin ϕS+sin (2ϕ−ϕS)FUT
sin(2ϕ−ϕS ))]

+S T P z
l [ 1−(1− y)2

2
cos (ϕh−ϕS )F L T

cos(ϕh−ϕS )+ y √1− y (cosϕS F LT
cosϕS+cos(2ϕ−ϕS)F LT

cos(2ϕ−ϕS ))]
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Transversely Polarized Nucleon

Longitudinally Polarized Nucleon

Unpolarized NucleonParton Densityf 1

Helicity
g1L (=Δ q)

Transversity

h1T(=δq)

Leading-twistLeading-twist
Transverse Momentum Dependent PDFTransverse Momentum Dependent PDF

Pretzelosity
h1T
⊥

Mulders-Kotzinian
h1L
⊥

Boer-Mulders
h1
⊥

Siversf 1T
⊥

Worm-gear

g1T

h1T⊗H 1
⊥∼sin (ϕ+ϕS)

h1T
⊥⊗H 1

⊥∼sin (3ϕ−ϕS )

h1L
⊥⊗H 1

⊥∼sin 2ϕ

g1T⊗D1∼cos (ϕ−ϕS)

h1
⊥⊗H 1

⊥∼cos 2ϕ

f 1T
⊥⊗D1∼sin (ϕ−ϕS)

Preliminary results

Indication to

be non-zero

Preliminary results

Indication to

be non-zero

PRL94(2005)012002

PLB693(2010)11

Different from zero

PRL94(2005)012002

PLB693(2010)11

Different from zero

PRL94(2005)012002

PRL103(2009)152002

Different from zero

PRL94(2005)012002

PRL103(2009)152002

Different from zero
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Sivers & Collins amplitudesSivers & Collins amplitudes

PRL103(2009)152002 PLB693(2010)11f 1T
⊥⊗D1∼sin (ϕ−ϕS) h1T⊗H 1

⊥∼sin (ϕ+ϕS)
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Boer-Mulders amplitudeBoer-Mulders amplitude

h1
⊥⊗H 1

⊥∼cos 2ϕ
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Leading-twistLeading-twist
Transverse Momentum Dependent PDFTransverse Momentum Dependent PDF

Transversely Polarized Nucleon

Longitudinally Polarized Nucleon

Unpolarized NucleonParton Densityf 1

Helicity
g1L (=Δ q)

Transversity

h1T(=δq)

Pretzelosity
h1T
⊥

Mulders-Kotzinian
h1L
⊥

Boer-Mulders
h1
⊥

Siversf 1T
⊥

Worm-gear

g1T

f 1T
⊥⊗D1∼sin (ϕ−ϕS)

h1T⊗H 1
⊥∼sin (ϕ+ϕS)

h1T
⊥⊗H 1

⊥∼sin (3ϕ−ϕS )

h1L
⊥⊗H 1

⊥∼sin 2ϕ

g1T⊗D1∼cos (ϕ−ϕS)

h1
⊥⊗H 1

⊥∼cos 2ϕ

PLB562(2003)182

PRL84(2000)4047

Consistent with zero

PLB562(2003)182

PRL84(2000)4047

Consistent with zero

Preliminary results

small

Preliminary results

small

Preliminary results

Consistent with zero

Preliminary results

Consistent with zero
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Leading-twistLeading-twist
Transverse Momentum Dependent PDFTransverse Momentum Dependent PDF

Transversely Polarized Nucleon

Longitudinally Polarized Nucleon

Unpolarized NucleonParton Densityf 1

Helicity
g1L (=Δ q)

Transversity

h1T(=δq)

Pretzelosity
h1T
⊥

Mulders-Kotzinian
h1L
⊥

Boer-Mulders
h1
⊥

Siversf 1T
⊥

Worm-gear

g1T

f 1T
⊥⊗D1∼sin (ϕ−ϕS)

h1T⊗H 1
⊥∼sin (ϕ+ϕS)

h1T
⊥⊗H 1

⊥∼sin (3ϕ−ϕS )

h1L
⊥⊗H 1

⊥∼sin 2ϕ

g1T⊗D1∼cos (ϕ−ϕS)

h1
⊥⊗H 1

⊥∼cos 2ϕ

PLB562(2003)182

PRL84(2000)4047

Consistent with zero

PLB562(2003)182

PRL84(2000)4047

Consistent with zero

Preliminary results

small

Preliminary results

small

Preliminary results

Consistent with zero

Preliminary results

Consistent with zero
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Worm-gear amplitudeWorm-gear amplitude

Worm-gear

g1T g1T⊗D1∼cos (ϕ−ϕS)
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http://th.physik.uni-frankfurt.de/~jr/gif/phys/bohrpaul.jpg

http://f.hatena.ne.jp/ser/20070728164337

Let's keep it inside, then.

We may access the orbital motion.
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Hard Exclusive Production and GPDHard Exclusive Production and GPD

q

P P’

p p’

Form Factor: F(t), G(t)

Elastic scattering
t

eN e 'N '{ ,  ,  , ...}Hard Exclusive Production:

q

q'

P P’

p p’

t
Q21 GeV2

Generalized Parton Distribution:
H , E , H , E

J q=
1
2∫−1

1
dx x [H q x , , t0Eq x , , t0]

Fo
rw

ar
d l

im
it

∫−1

1

dx

q
P

p p’
Deep Inelastic Scattering

Parton distribution: q(x), Δq(x) 

Q 2=−q21 GeV 2
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Deeply Virtual Compton ScatteringDeeply Virtual Compton Scattering
e+N →e '+N +γ

A.V. Belitsky, D. M¨uller and A. Kirchner, NPB 629 (2002) 323

Bethe-Heitler (BH)

DVCS≪ BH

@HERMES

DVCS

=I

−
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Measurement of exclusive production atMeasurement of exclusive production at

e

e+N →e '+N +γ

Missing-mass spectrum

1996 ~ 2005: 

No detector for the recoil proton

Cut on missing-mass spectrum
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DVCS amplitudes measured at HERMESDVCS amplitudes measured at HERMES

JHEP11(2009)083

NPB829(2010)1

→　GPD H

Beam Charge

Beam Helicity

JHEP06(2008)066→　GPD E

Transverse Target Spin

DVCS asymmetries:

PLB704( 2011)53

Transverse Double Spin (LT)

→　GPD H~

JHEP06(2010)019

NPB842(2011)265

Longitudinal Target / Double Spin

→　GPD H~
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Exclusive production with Recoil DetectorExclusive production with Recoil Detector

e

e+N →e '+N +γ

without Recoil Det.without Recoil Det.

SIG
N

AL
B.G

in Recoil Det. accept. outin Recoil Det. accept.in Recoil Det. accept.

w
ith R

ecoil D
et.

w
ith R

ecoil D
et.
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DVCS amplitudes with Recoil Detector atDVCS amplitudes with Recoil Detector at
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SummarySummary
HERMES has studied the spin structure of the nucleon.

Inclusive DIS: ΔΣ=0.330±0.025±0.011±0.028 PRD75(2007)012007

TMDs

DVCS

With recoil detector

PRL103(2009)152002

PLB693(2010)11

GPDs

Semi-inclusively: PRD71(2005)012003
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END
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Exclusive events with RecoilExclusive events with Recoil

Similar background

without Recoil Det.without Recoil Det.

SIG
N

A
L

B.G

in Recoil Det. accept. outin Recoil Det. accept.in Recoil Det. accept.

w
ith R

ecoil D
et.

w
ith R

ecoil D
et.

Background free
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Exclusivity with Recoil DetectorExclusivity with Recoil Detector

No requirement for Recoil

Charged recoil track in acceptance

Kinematic fit probability > 1%

Kinematic fit probability < 1%

e

e+N →e '+N +γ
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