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The Proton:
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.. it's representation:

6TMD s Wigner Distrib.
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integrated DFs
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integrated DFs
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semi-inclusive

integrated DFs
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The HERMES Detector (°1995, 12007)

@ pure gas targets

@ internal to lepton ring
@ unpolarized (*H ... Xe)
@ longitudinally polarized: 'H, 2H

@ transversely polarized: 'H

G. Schnell 5 Transversity 2011



HERMES schematically
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Inclusive DIS




Inclusive DIS

Spin Plane

d*o(s,S) 2ma’y?
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Scattering Plane
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Inclusive DIS

Spin Plane
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Lepton Tensor

Scattering Plane
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Inclusive DIS

Spin Plane

d?o( 2may?
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Lepton Tensor
P Hadron Tensor

parametrized in terms of
Structure Functions

Scattering Plane
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Inclusive DIS

Spin Plane
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Check the details!
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Check the details!

<« two-photon exchange
important?!

Xg
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Two-photon exchange

® Candidate to explain discrepancy in form-factor

k

measurements

@ Interference between one-
and two-photon exchange :
amplitudes leads to SSAs
in inclusive DIS off transversely polarized targets

@ cross section proportional to S(kxk') - either measure
left-right asymmetries or sine modulation

@ sensitive to beam charge due to odd number of e.m. couplings
to beam

gunar.schnell @ desy.de 10 CPTEIC 2012 - Jan./Feb. 2012
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No sigh of two-photon exchange
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Why measure F2 at HERMES?

L ILI|

1 ZEUS

7] Fixed Target Experiments:

SLAC, BCDMS
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Collider experiments

Fixed target experiments

HERMES

complementary kinematic
coverage compared to colliders
direct info at HERMES kinematics
higher statistics compared to

other fixed target experiments:
» HERMES: 58 million DIS (P+D)
» NMC: 9 million DIS (P+D)
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HERMES kinematic plane
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Agreement
with world

data in the
overlap region
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proton

New region
covered by

HERMES
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Integral of gi(x)
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Saturation

w close to full integral?
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Integral of gi(x)

A.Airapetian et al. [HERMES], PRD 75 (2007)
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Integral of gi(x)

A.Airapetian et al. [HERMES], PRD 75 (2007)
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most precise result; only 1/3 of nucleon spin from quarks
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Spin Plane

Extraction of g
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Spin Plane

Extraction of g2

fit to double-spin
asymmetry

1 5(1+’72) g1

Ay = Ar +
d(l+~E) T 1+~v€ Fy

gunar.schnell @ desy.de 18

Scattering Plane

CPTEIC 2012 - Jan./Feb. 2012



Spin Plane

Extraction of g

fit to double-spin

parameterizations
asymmetry

1 €(1+’72) g1

A, = Ar +
U d1+E) 1+v€ F,

F Fl('Y y f) g1
—) g = Ap —
27 A1 ++8 " T A1+ F
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A.Airapetian et al. [HERMES], arXiv:1 1 12.5584

Results

on Az and Xg2
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Semi-Inclusive DIS




Strange-quark distributions

@ use isoscalar probe and target to extract strange-quark distributions

® only need inclusive asymmetries and K*+K™ asymmetries, i.e., Ay 4(z, Q?)

and Aﬁ<++K (z,z,Q%), as well as K*+K- multiplicities on deuteron
N dZNK(X) ¥
S(X) / D (z)dz >~ Q(x)[ NS (x) — / Dy (2) dz]
dZNDIS(X) ,
Aa) —g 50 = K11(x, Q%)[5AQ () + 2AS5 ()]
AKE ) d?NX (x)
A1a W gedqz

=ICLL(x, Q ) AQ(x)/D (z)dz—l—AS(x)/D (z)dz
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Strange-quark distributions

@ use isoscalar probe and target to extract strange-quark distributions

@ only need inclusive asymmetries and K*+K™ asymmetries, i.e.,AH,d(x, QQ)

_|_ —
and Aﬁ(d +iR (z,z,Q%), as well as K*+K multiplicities on deuteron

0-15'_ ! ! 1 — F T T T
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0.1 F
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Strange-quark distributions

@ use isoscalar probe and target to extract strange-quark distributions

® only need inclusive asymmetries and K'+K” asymmetries, e, Ay a(z, Q%)
and AL T (z,z,Q%), as well as K*+K multiplicities on deuteron

|,d
. . w 0.15 LA
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i — Fit i - 0.1 B
aﬁ‘b_‘ . CTEQSL | 3
i . . X(ux)+d(x)) 0.05 [ ‘~. . :
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i i i A i 0o gl i L i A i
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Q = , A A A
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C 0.02 0.1 0.6
X
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Strange-quark distributions

@ use isoscalar probe and target to extract strange-quark distributions

® only need inclusive asymmetries and K'+K” asymmetries, e, Ay a(z, Q%)
and AL T (z,z,Q%), as well as K*+K multiplicities on deuteron

|,d
. . E 0-15 ! T T T LA B B |
A. Airapetian et al., PLB 666 (2008) 446 g, [ ,
— . EESESESS | == ©, [
i — Kb i - 0.1 N
aﬁ‘i_‘ . CTEQ6L | s |
i e, x(u(x)+d(x)) - 0.05 [ '~
Qz . A — . L "*-‘.._H
L . 0 — T s i e
L i i A i 0o gl i L i A
¥ 10? : e ——
{% - o, ™ st
A g L = 1;111““‘|‘
c 0.02 0.1 0.6
X

Strange-quark distribution
softer than (maybe) expected
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Strange-quark distributions

@ use isoscalar probe and target to extract strange-quark distributions

® only need inclusive asymmetries and K'+K” asymmetries, e, Ay a(z, Q%)
and Aﬁ(d +iR (z,z,Q%), as well as K*+K multiplicities on deuteron

A. Airapetian et al., PLB 666 (2008) 446

0.0 [ — Leaderetal., PRD73, 034023 (2006)

x _ Fit -
@04 | . CTEQL |
i e . X(ux)+d(x))

Strange-quark distribution

softer than (maybe) expected
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Strange-quark distributions

@ use isoscalar probe and target to extract strange-quark distributions

® only need inclusive asymmetries and K+K™ asymmetries, e, Ay a(z, Q%)
and Aﬁ(d +iR (z,z,Q%), as well as K*+K multiplicities on deuteron

A. Airapetian et al., PLB 666 (2008) 446

] —— _
3‘34_‘ .. CTEQL |
: & . XQEHE) -

0.2 | ~— Leaderetal, PRD73, 034023 (2006)

Strange-quark helicity distribution

Strange-quark distribution

softer than (maybe) expected consistent with zero or slightly positive

in contrast to inclusive DIS analyses
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Helicity density - valence quarks
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Helicity density - valence quarks

8 xAu HERMES PRELIMINARY xAd HERMES PRELIMINARY
L V. M fromx and K charge difference asymthetries L V. B fromm and K charge difference asymmetries
0.6 @® from purity method 0.6 @® from purity method
L xAu, DNS LO, <Q>=2.5Ge V" . L xAd, DNS LO, <Q*>=2.5GeV*
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to extract, at LO, valence
distributions
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Helicity density - valence quarks

0.8 xAu HERMES PRELIMINARY 8 XA HERMES PRELIMINARY
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going beyond collinear



Spin-Momentum Structure of the Nucleon

1 1 i g Lol i 4
§T1”[(7++>\7+W5)q)} = 5 hi +S€‘7k‘7gf1T+>\A91+>\SkEQ1T
1Tr [(,er — s7i0 T s) CID} | E 1+ S”eijlcji fiir + Sief"jkji hi + s"S'h,
2 2 m m
i (91.0i7.] 2 cijyai L gL igi L1 _
+ s'(2k'K — k70" )57 — hip + As'k'— hig
quark pol. 2m e
U @ each TMD describes a particular spin-
— momentum correlation
2, fi
- @ functions in black survive integration
'qo): L over transverse momentum
)
= 1
= K @ functions in green box are chirally odd

@ functions in red are naive T-odd
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Spin-Momentum Structure of the Nucleon

1 1 i ijgg L il
§Tr[(v++)\7+75)<b} = 5 fi +S€jkjaffT+AA91+ASkE91T
1 t it L i L L g Lol g
§Tr[(fy — stio 75)<I>} AL fi +5%€ kgflTJrse kahl + 5°5"hy
Ok — K269)ST —— hik 4 A sk~ hl_
helicity quark pol. RO G e I AR

U @ each TMD describes a particular spin-
- rrelation
S 2 Boer-Mulders
- @ functions in black survive integration
8: L over transverse momentum
)
= 1
= K @ functions in green box are chirally odd
Sivers pre’rzelosu’ry red are naive T-odd
Tfransversity
worm-gear
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TMDs - Probabilistic interpretation

Proton goes out of the screen/ photon goes into the screen

U nucleon with transverse or longitudinal spin flj_T — —C)} —_ —@}

=) (® parton with transverse or longitudinal spin

parton transverse momentum

i

©
s

1
[courtesy of A. Bacchetta, Pavia]
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Cross section without polarization

target
polarization

Fxyz =Fxvz(z,y,2,Pn1)

_beam virtual-photon
polarization polarization

Y L+ 1) (B )
X | €
alarjdydzal¢halPﬁL 9 Uuu,T UU,L

2Mx
fy:
Q
_ 1 — _i,YZyZ
1 —y+ 392+ 1727

E

[see, e.g., Bacchetta et al., THEP 0702 (2007) 093
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Cross section without polarization

target
polarization

Fxyz=Fxyz(x,y,2,Pn1)

_beam virtual-photon
polarization polarization

d50' 2
X (1 | J >{FUU,T‘|‘€FUU,L

+/2e(1 — €)F55 %" cos ¢y, + eF33 2% cos 20 )

2M x
fy:
Q
_ 1 — _i,yQyZ
L—y+ 552+ 172

[see, e.g., Bacchetta et al., THEP 0702 (2007) 093
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.. possible measurements

G« 1 th (Fyu T + eF
x [ 1-
dzdydzde,dP2, 5 vur + €Fuu.L

+1/2e(1 — ) F3%" cos gy, + €FF05 2" cos 20 )
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.. possible measurements

hadron multiplicity:

normalize to inclusive DIS
cross section

d°o
drdydzdondP? |

>
X (1 | gx> {Fvur + €Fuu.L

+1/2e(1 — ) F3%" cos gy, + €FF05 2" cos 20 )
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.. possible measurements

hadron multiplicity:
normalize to inclusive DIS

cross section — d*M™(x,y, 2, P2)) (14 v\ Fuur +eFuur
2 _incl.DIS | dZCddedP}%J_ 2x FT -+ EFL
: ilxdy/@L
d°o 72
o | 1+ Four+eFuu L
drdydzdondP? | 2x { ’ |

+1/2e(1 — ) F3%" cos gy, + €FF05 2" cos 20 )
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.. possible measurements

hadron multiplicity:
normalize to inclusive DIS

cross section | ) d4Mh(3§', Yy, z, P}%J_) ~ 1 n ’72 FUU,T - GFXJ’L
2 _incl.DIS | drdydzd Py | 2 Fr + 6%
o i P
/ Y, el fi(z,ph) ® DI (2, K7)
| > g €2 fi(x)
d° o 72
x| 1+ Fvur + eFyur

drdydzdondP? | 2x { ’ |

+1/2e(1 — ) F3%" cos gy, + €FF05 2" cos 20 )
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.. possible measurements

hadron multiplicity:
normalize to inclusive DIS

cross section > d4Mh(33,y,Z,P;%L) ~ (14 v\ Fuur + €FXJ,L
]2 incl.DIS / | dmdydzdPﬁ 1 21 Fr + e%
dxdy / bt elt
> g fi(x,p7) ® D$7"(z, K2)
> .62 fi(z)
d° o ( v? )
x [ 1+ {Four + efvur
2 g ’
drdydzdondPy | 20
2

+1/2e(1 — ) F3%" cos gy, + €FF05 2" cos 20 )

moments:

normalize to azimuth-
independent cross-section
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.. possible measurements

hadron multiplicity:

normalize to inclusive DIS
i - dAMP P2 2\ F F
cross section Mz, y, 2, P7 ) N <1 L7 ) vu.T + € XJ,L

2
- dxdydzdP? 2 Fr+ X

2 5incl.DIS Y hl T

U ﬁ}:’e;i

h

> g e fl(z,p7) ® DI 7" (2, K7)

dxdy /
> € f1(z)

Y

“ 1 v {FyuT + €F
X | €
alxdyalza@hCZP}%L o Uu,T UU,L

+1/2e(1 — ) F3%" cos gy, + €FF05 2" cos 20 )

[doncos2¢ds eFn??

2{cos 2 =2 -
( Plov [ dondo Four +€elfyur

moments:
normalize to azimuth-
independent cross-section
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.. possible measurements

hadron multiplicity:
normalize to inclusive DIS

cross section > d4Mh(33,y,Z,P;%L) N <1 L 72> Four + GFXJ,L
: | dxdydzdP? 21 F —FG%
2 ;incl.DIS / Yy hl T
F F
drdy /T

Y ( 72 )
x | 14 Fuvur + efyu,L
2 ; :

drdydzdondPy | 20

+\/26(1 — €)FE5%" cos ¢y, + €F032%M cos 2

UU h+ eFpy ™" cos 20 §
2(cos 2¢)yy = Qfdgbhcos 2¢da = GF((}(%?%

moments: J déndo Four + GFXU,L
normalize to azimuth- Zq 6?1 hiL’q(fCap%ﬂ) XBM Hf’q_)h(za K7)
. - ~ €
independent cross-section Zq e2 Fi(z, p2) ® Df11—>h( 2, K2)
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Charged-meson multiplicities

slight differences
between proton and

| deuteron targets

1 most exhaustive data

set on (pr-integrated)

| electro-production of
| charged mesons on
1 nucleons

1 valuable input for

I future FF fits,

| especially quark/anti-
— quark separation

CPTEIC 2012 - Jan./Feb. 2012



2-D z-pt dependence
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only data on multi-D
dependences in
electro-production of
mesons on pure p and d!
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Nuclear targets: study hadronization

A.Airapetian et al. [HERMES], EPJ A 47 (2011) 113
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Nuclear targets: study hadronization

A.Airapetian et al. [HERMES], EPJ A 47 (2011) 113

h
h _ Ma

R =

strong prt dependence of
nuclear attenuation

needs to be considered
when interpreting TMD
effects off nuclear
targets (at not-too-high
energies)
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Nuclear targets: study hadronization

A.Airapetian et al. [HERMES], EPJ A 47 (2011) 113

h
h _ Ma

R =

strong prt dependence of
nuclear attenuation

needs to be considered
when interpreting TMD
effects off nuclear
targets (at not-too-high
energies)

(other 2D dependences

available)
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Azimuthal modulations

BOER-MULDERS
EFFECT

CAHN EFFECT

Interaction dependent
— “|terms neglected

hJ_'pTx hiH Y _Phl-kalel _I_/
M, M

(Implicit sum over quark flavours)

[courtesy of F. Giordano]



; . "Boer-Mulders modulation”
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T Boer-Mulders modulation
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@ Cahn effect (@’rwus’r 4) kmema’rlcs modn‘uca‘non due to
transverse momenta- often assumed flavor blind
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TR Boer-Mulders modulation
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@ Cahn effect (@’rwus’r 4) kmema’rlcs modn‘lca‘rlon due to
transverse momenta- often assumed flavor blind

@ l|arge flavor dependence points at significant (leading-twist)
Boer-Mulders effect
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T Boer-Mulders modulation
L girL hiLL
T | fir | oir | ha, hig
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@ Cahn effect (@’rwus’r 4) kmema’rlcs mOdlfICClTIOH due to
transverse momenta- often assumed flavor blind

@ l|arge flavor dependence points at significant (leading-twist)
Boer-Mulders effect

@ opposite sign for opposite pion charge can be expected from
same-sigh BM functions for up and down quarks (if considering
opposite sign for up and down Collins functions -> Collins effect)
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; . "Boer-Mulders modulation”

giL hf_L
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@ hardly any dependence on target!

@ consistent with same-sign up/down BM of similar size
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@ no dependence on hadron charge expected for Cahn effect
= flavor dependence of transverse momentum

= sigh of Boer-Mulders in cos¢ modulation
(indeed, overall pattern resembles B-M modulations)

= additional "genuine” twist-3?
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for kaons
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Lo strange results
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L 91L hip
T | fi5 | 917 | b1, hip _
intriguing behavior
for kaons
different pattern

for kaon Collins  _-

function?
(cf. BRAHMS An
and SIDIS Collins)
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.. add more transverse spin ...
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AR Transversity distribution
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chiral-odd transversity involves quark helicity flip
| )
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AR Transversity distribution
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T | fix | 17 | ha, hir

chiral-odd transversity involves quark helicity flip
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Transversity distribution

chiral-odd transversity involves quark helicity flip
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need to couple to chiral-odd fragmentation function:
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Transversity distribution

chiral-odd transversity involves quark helicity flip

) |
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need to couple to chiral-odd fragmentation function:

O transverse spin transfer (polarized final-state hadron)
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AR Transversity distribution

= G

giL hiLL

T | fix | 17 | ha, hir

chiral-odd transversity involves quark helicity flip
) |

Q@ 4-@-@- #-

need to couple to chiral-odd fragmentation function:

O transverse spin transfer (polarized final-state hadron)
¥ 2-hadron fragmentation
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AR Transversity distribution

= G

giL hiLL

T | fix | 17 | ha, hir

chiral-odd transversity involves quark helicity flip
) |

Q@ 4-@-@- #-

need to couple to chiral-odd fragmentation function:

O transverse spin transfer (polarized final-state hadron)
¥ 2-hadron fragmentation
& Collins fragmentation
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Transversity distribution
(2-hadron fragmentation)

A.Airapetian et al. [HERMES], JHEP 06 (2008) 017
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AR Transversity distribution

o s (2-hadron fragmentation)

-

A.Airapetian et al. [HERMES], JHEP 06 (2008) 017
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[ first evidence for T-odd 2-hadron fragmentation function in semi-inclusive DIS
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AR Transversity distribution

o s (2-hadron fragmentation)

-

A.Airapetian et al. [HERMES], JHEP 06 (2008) 017
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[ invariant-mass dependence rules out Jaffe prediction of sign change at p mass
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[ first evidence for T-odd 2-hadron fragmentation function in semi-inclusive DIS

[ invariant-mass dependence rules out Jaffe prediction of sign change at p mass

[] more asymmetry amplitudes coming out soon
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Collins fragmentation

@ spin-dependence in
fragmentation

@ left-right asymmetry in
hadron direction transverse to
both quark spin and momentum
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Collins fragmentation

@ spin-dependence in
fragmentation

@ left-right asymmetry in
hadron direction transverse to &
both quark spin and momentum \<_T

@ leads to particular azimuthal
distribution of hadrons
produced in DIS
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AR Transversity distribution

= G
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[ 7 Lo M (Collins fragmentation)

@ significant in size and

[A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]

opposite in sign for charged .5 o2[ . B
ions + 01 f i
P - T * ______ RSP
® disfavored Collins FF large ~ ;L. ... ...
and opposite in sign to _0:’ *+“+ """ + """""""" g ++
favored one ' -
0.2 + .

0.1 0.2 0.3 0.3 04 05 0.6 0.7
X z
2005: First evidence from HERMES
SIDIS on proton

@ |eads to various cancellations Non-zero transversity
in SSA Observables Non-zero Collins function
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@ significant in size and
opposite in sign for charged 2
pions =

(sin

@ disfavored Collins FF large
and opposite in sign to
favored one

@ leads to various cancellations
in SSA observables

gunar.schnell @ desy.de 40

AN _

Transversity distribution
(Collins fragmentation)

[A.Airapetian et al., PLB 693 (2010) 11]
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Transversity distribution
(Collins fragmentation)

[A.Airapetian et al., PLB 693 (2010) 11]
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scattering:
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The kaon Sivers amplitudes
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@ chiral-odd = needs
Collins FF (or similar)

® |eads to sin(3¢-os)
modulation in Ayt

@ suppressed by two powers
of Pn. (compared to,
e.g., Sivers)

gunar.schnell @ desy.de 43

Pretzelosity

CPTEIC 2012 - Jan./Feb. 2012



AR Pretzelosity

U
L girL hf_L
T | fiz | oir | ha, Bag
3 o : HERMES| PRELIMINARY
~5 0.04 n 7.3% scale[uncertainty
L 0.02F - : |
@ chiral-odd = needs N Ao by ++_+ _____ +T
) . £ Oyt by FTE
Collins FF (or similar) @ 002 : ]
0.05_—:“:0 | N N
9 . _ | : | i
leads to Sln(3(i) (l)s) °_T++1T_+}++T{+_I+++++
modulation in Aur oost t 1 il

@ suppressed by two powers 01 e E e

of Pn. (compared to 00417 ;_ ;_
! 0.02 ; ’

e.g., Sivers) of

-0.02f
® data consistent with zero _,,.———

gunar.schnell @ desy.de 43 CPTEIC 2012 - Jan./Feb. 2012



Subleading twist - sin(¢s)
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Subleading twist - sin(¢s)
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Exclusive reactions



Another 3D picture of the nucleon
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Another 3D picture of the nucleon
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Probing 6PDs in Exclusive Reactions

x: average longitudinal momentum fraction of active quark
(usually not observed & x # xz)

£: half the longitudinal momentum change % xg/(2-xg)
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Probing 6PDs in Exclusive Reactions
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(+ 4 more chiral-odd functions)
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Probing 6PDs in Exclusive Reactions

/dxHq(X,E, t) = F{(t)
/deq(X,E, t) = FJ(t)
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Probing 6PDs in Exclusive Reactions
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X+E - X-g
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l ‘ no nucleon Y
helicity flip H H
/dXHq(X'E' t) = F(1) Hi(x,£=0,t=0) = q(x) nucleon = E
helicity flip

/deq(x,g, t) = F5(t) ﬁ"(x,g =0,t=0) = Aqg(x)
(+ 4 more chiral-odd functions)
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Probing 6PDs in Exclusive Reactions

/

o —

Ji relation (1996)

1t
5 lim [ dxx (Mo, €. 0) + Eql,,0)

J=»Moments of certain GPDs relate directly
to the total angular momentum of quarks |

4

¢

/dxHq(X,ﬁ, t) = F{(t) /_/Q(X’g — 0. t= O) _ q(x)
/deq(x,g, 0 = F9() H(x,€=0,t=0) = Ag(x)

gunar.schnell @ desy.de 48

P
no quark quark
helicity flip | helicity flip
no nucleon Y
helicity flip H H
nucleon —
helicity flip E S

(+ 4 more chiral-odd functions)
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Real-photon production
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Real-photon production

DVCS o Bethe-Heitler

e e e e’
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Real-photon production

DVCS o Bethe-Heitler

d*o Y2
>
dQ2 dxg dtdd 122m) \/1 e

(IToves|® + | Tenl* + Z)
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Azimuthal dependences in DVCS/BH

» beam polarization Pg -
* beam charge Cg
* here: unpolarized target

Fourier expansion for ¢:

“— calculable in QED
(using FF measurements)
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.........

» beam polarization Pg
* beam charge Cg
* here: unpolarized target

Fourier expansion for b

KBH
PL@IP:) Z " cos(n9)

Ten|® =

Toves| = Kovcs Z cy "> cos(ng) + P ZSDVCS 5'”(”@
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Azimuthal dependences in DVCS/BH

* beam polarization Pg
* beam charge Cg
* here: unpolarized target

Fourier expansion for b

KBH
PL@IP:) Z " cos(n9)

Ten|® =

Toves| = Kovcs Z cy "> cos(ng) + P ZSDVCS 5'”(”05)

CBKI

L= 5P ; e cos(ng) + P ,;S% Sm(”d))_
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Azimuthal dependences in DVCS/BH

» beam polarization Pg
* beam charge Cg
* here: unpolarized target

Fourier expansion for ¢:

KBH

> BH
TeH|” = 731(<b)772(<b) nz::o ¢ cos(ng)

Toves|® = Koves Z cy ' > cos(ng) + Ps
- n=0 |

CeK1
P1(¢)P2(9)

bilinear (* DVCS") orlmear in GPDs

gunar.schnell @ desy.de CPTEIC 2012 - Jan./Feb. 2012
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Azimuthal asymmetries in DVCS/BH

Cross section:
o(p, ¢s, P, Cg, Pr)=ouu(®) - [1 + Ps AR (¢) + CaPeAly(¢) + CaAc(d)

Axy
X=UL Y=UL,T
beam target

polarization
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Azimuthal asymmetries in DVCS/BH

Cross section:
o(p, ¢s, P, Cg, Pr)=ouu(®) - [1 + Ps AR (¢) + CaPeAly(¢) + CaAc(d)

1
Toves|® = Koves Pe »  sp¥ sin(ng)

Axy
X=UL Y=UL,T
beam target

polarization
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Azimuthal asymmetries in DVCS/BH

Cross section:
o(p, ¢s, P, Cg, Pr)=ouu(®) - [1 + Ps AR (¢) + CaPeAly(¢) + CaAc(d)

/ 1

KDVCS PB Z SDVCS SIﬂ(I?(b)

TDVQ
CoKr | _
_ 7T
C T PP EZ:O o costne)

Axy
X=UL Y=UL,T
beam target

polarization
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Azimuthal asymmetries in DVCS/BH

Cross section:
o(p, ¢s, Ps, Cs, Pr)=ouu(®) - [1 + PsAR " (P) + CePs ALy () + CaAc()

Axy

/A

X=UL Y=UL,T
beam target

polarization
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Azimuthal asymmetries in DVCS/BH

Cross section:

o(p, ¢s, Ps, Cs, Pr)=ouu(®) - [1 + PsAR " (P) + CePs ALy () + CaAc(d)

+Pr ARYES (¢, ds) + C PrAGr(6, ¢s)]

Axy

/A

X=UL Y=UL,T
beam target

polarization
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Azimuthal asymmetries in DVCS/BH

Cross section:

o(¢, s, Ps, Cs, Pr)=ouu(¢) - [1 + PBADVCSw) + CePs ALy () + CaAc(d)

Azimuthal asymmeftries, e.g.,

- Beam-charge asymmetry Ac( o ):

do(e™, ¢) — do(e, ¢) x Re[F1H] - cos gb
* Beam-helicity asymmetry A u'( ¢ ):
do(e™, @) —do(e™, p) o Im[FH] - sin¢
» Transverse target-spin asymmetry Auti( ¢ ):
do(¢, ps) — do(p, s + ) o< Im[FoH — F1E] - sin(¢ — ¢ps) cos ¢
+ Im[FoH — F1£E] - cos(p — bs) sin ¢

(F1, Fp are the Dirac and Pauli form factors)
(H,E ... Compton form factors involving GPDs H, E, ...)
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Exclusivity: missing-mass technique

%W

ermes
Zcé) 0.3 e e"data
E o e data
8 —— MC sum
2 ----- elastic BH
0.2 associated BH
--------- semi-inclusive
0.1
0
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Exclusivity: missing-mass technique

b7

%e@es

%) :
o I
Z 0.3_ E
pd

S B

o B

o

D g |

0.2— associated BH

by e semi-inclusive
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Exclusivity: missing-mass technique

b7

%ue@es

%) :
o I
Z 0.3_ E
pd

S B

o B

o

D g |

0.2— associated BH

by e semi-inclusive
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Exclusivity: missing-mass technique

b7

%ne@es

%) :

o I

Z 0.3_ E

pa

S B

o B

o

™ |

0.2— associated BH

i T semi-inclusive
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cos(0¢)
AC

cos ¢
AC
cos(2¢)
AC

cos(3¢)
AC

sin¢
ALU,I
sin¢
ALU,DVCS
sin(2¢)
ALU,I
sin(o- ¢,)
uT,l
sin(¢- ¢,)
UT,DVCS
sin(¢- ¢)cos ¢
uT,l
cos(¢- ¢ )sin¢
uT,l
cos(¢- ¢)
LT,
cos(¢- ¢,)
LT,BH+DVCS
sin(¢- ¢)sin ¢
LT,
cos(¢- ¢ )cos ¢
LT,
sin¢
AUL
sin(2¢)
UL

A

A

cos(0¢)
ALL

cos ¢

ALL

cos(2¢)
ALL

A wealth of azimuthal amplitudes

® Hydrogen
A Deuterium

HERMES DVCS

O  Hydrogen Preliminary

I: H @ H

-0.3 -0.2 -0.1 0 0.1 0.2

Amplitude Value

gunar.schnell @ desy.de

0.3

Beam-charge asymmetry:
GPD H

Beam-helicity asymmetry:
GPD H

Transverse target spin asymmetries:
GPD E from proton target

Longitudinal target spin asymmetry:

GPD H
Double-spin asymmetry:
GPD H
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cos(0¢)
AC

cos ¢
AC
cos(2¢)
AC

cos(3¢)
AC

sin¢
ALU,I
sin¢
ALU,DVCS
sin(2¢)
ALU,I
sin(o- ¢,)
uT,l
sin(¢- ¢,)
UT,DVCS
sin(¢- ¢)cos ¢
uT,l
cos(¢- ¢ )sin¢
uT,l
cos(¢- ¢)
LT,
cos(¢- ¢,)
LT,BH+DVCS
sin(¢- ¢)sin ¢
LT,
cos(¢- ¢ )cos ¢
LT,
sin¢
AUL
sin(2¢)
UL

A

A

cos(0¢)
ALL

cos ¢

ALL

cos(2¢)
ALL

A wealth of azimuthal amplitudes

® Hydrogen
A Deuterium

HERMES DVCS

O  Hydrogen Preliminary

I: H @ H

-0.3 -0.2 -0.1 0 0.1 0.2

Amplitude Value

gunar.schnell @ desy.de

0.3

Beam-charge asymmetry:
6PD H

Beam-helicity asymmetry:
GPD H

Transverse target spin asymmetries:
GPD E from proton target

Longitudinal target spin asymmetry:

6PD H
Double-spin asymmetry:
GPD H
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data: -
550300 | Beam-charge asymmetry

[ —— VGG Regge, no D - .= Dual-GT Regge

constant term:
COS @
X —AC

0

cos (0¢)

-0.1 |
03

0.2

cos ¢

X Re[/—_ﬂ-[]

[higher twist]

cos (2¢)

C

A

[gluon leading twist]

cos (3¢)

C

A

¢ | ' . Resonant fraction:

overall -t [GeV?] Xg ‘ ep — e Y I

o o 1 ",
model prediction "VGG": phys. Rev. D60 (1999) 094017 & Prog. Nucl. Phys. 47 (2001) 401
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cos(09)
AC

cos ¢
AC
cos(2¢)
AC

cos(3¢)
AC

sin¢
ALU,I
sin¢
ALU,DVCS
sin(2¢)
ALU,I
sin(o- ¢,)
uT,l
sin(¢- ¢,)
UT,DVCS
sin(¢- ¢)cos ¢
uT,l
cos(¢- ¢ )sin¢
uT,l
cos(¢- ¢)
LT,
cos(¢- ¢,)
LT,BH+DVCS
sin(¢- ¢)sin ¢
LT,
cos(¢- ¢ )cos ¢
LT,
sin¢
AUL
sin(2¢)
UL

A

A

cos(0¢)
ALL

cos ¢

ALL

cos(2¢)
ALL

A wealth of azimuthal amplitudes

® Hydrogen
A Deuterium

HERMES DVCS

O  Hydrogen Preliminary

I: H @ H

-0.3 -0.2 -0.1 0 0.1 0.2

Amplitude Value

gunar.schnell @ desy.de

0.3

Beam-charge asymmeftry:
GPD H

Beam-helicity asymmetry:
6PD H

Transverse target spin asymmetries:
GPD E from proton target

Longitudinal target spin asymmetry:

6PD H
Double-spin asymmetry:
GPD H
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0.2
0

sin ¢
LU,I

-0.2
-0.4

-0.6
0.2

sin ¢
LU,DVCS

-0.2

A

-0.4
0.2

sin (2¢)
LU,

-0.2

A

-0.4

AssocC
fraction

0

data:
1996-2003 | 71.ep 11 (2009) 083]

i ﬂ — |

X VGG Regge ~ —.-—. Dual-GT Regge

0 -

0 - -

04 |
0.2 |

g
o w_
R D
== F ¥~'F~ m,:.+ - t" _*_+_,_._ .+
o
® | o o e®’ | e ese o o
1072 107 10
overall -t [GeV?] Xg

Beam-spin asymmetry

X HWW[Faf}{]

[higher twist]

Resonant fraction:

‘ep — eA+fy|

model prediction "VGG": phys. Rev. D60 (1999) 094017 & Prog. Nucl. Phys. 47 (2001) 401
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199dfj]’ﬁlm—lab 11 (2009) 083] Beam_spln asymmeTry

0.2 - ,A 2 X VGG Regge - —.-. Dual-GT Regge
1Yt |
c
a<3 0.2 1 . KIBBA

0.4 | HRE -

-0.6 [~ ————

8 0.2_— _
]
o2 Of--—f L L.
S D i
" 4 -0.2 -

[higher twist]

Resonant fraction:
‘ ep — ey I

o o 1 ",
model prediction "VGG": phys. Rev. D60 (1999) 094017 & Prog. Nucl. Phys. 47 (2001) 401
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A wealth of azimuthal amplitudes

® Hydrogen
HERMES DVCS A Deuterium
O  Hydrogen Preliminary
%
| nol!
A((:;os¢
AEOS(Zcb) !%!
%
Asin¢ —t—O—— :
LU, e :
sin ¢ H—OrH
ALu,pves H—h
sin(2¢) .H—@—H
ALU,I . H—A—H
sin(¢- ¢,) R
UT,l ;
Asin(¢-¢s) H-@—H |
UT,DVCS :
sin(¢- ¢_)cos ¢ E
UT,l :
cos(¢- ¢,)sin ¢ :I
UT,l E
cos(¢- ¢,) H O H
LT, |
AT aroucs -
sin(¢- ¢,)sin¢ I
LT, :*
cos(¢- ¢,)cos ¢ . P I
LT, E
sin¢ H_ﬂ !
AUL I
sin(29) H—@—H |
Au A=
cos(09) " :| " —@—
ALL ,
cos ¢ — @ i : ,
ALL :
cos(29) L P H
ALL N P I N

-0.3 -0.2 -0.1

0 0.1 0.2 03

Amplitude Value

gunar.schnell @ desy.de

Beam-charge asymmetry:

GPD H

Beam-helicity asymmetry:

GPD H

Transverse target spin asymmetries:

GPD E from proton target

Longitudinal target spin asymmetry:

57

GPD H
Double-spin asymmetry:

GPD H
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Transverse target-spin asymmetry
,A —=
%e};\mﬁé JHEP 0806:066,2008

:;“m - 8.1% scale uncertamty = ' ~ } 7 AT " "e" 1 A m -
P t t T |
£ 1 1 — 04 o _Azr;_(cb—cbs) cos ¢
02 [——1— I _ I = _ ]
g 02f + + + ]
S : I ]
< of ot L T ; jo< Im[FoH — F €]
5 ':3*—/"’ 1
=1 - __} . —t— T — —t
2 02F I I I . ~ >
& [ I + | I I ] X |m[/:27‘[ — /—_155]
Ze of-—4o-1 -i & I T s i
o Ul i
< | I
-0.2 |- T T '+ = g
0 '0.'2'0.'4'0.'6'20 01 02 03 '0'2"4'6'2'8'1'2
overall -t (GeV") Xp Q" (GeVY)

W ",
model "VGG": phys. Rev. D60 (1999) 094017 & Prog. Nucl. Phys. 47 (2001) 401
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Transverse target-spin asymmetry
,A —=
%e)fm'ié JHEP 0806:066,2008

;m . 8.1% scale uncertamty '~ } A" T e’ 1 A T
£o02pm I I I
£ 0.4 — ] sin(¢— CoS
1 1 == R e _AUT(¢ ¢s) cos ¢
02 I — " 1 1 = N
[ ! ! i ————————+
= o2k T T T h
S : i i I ]
¥ oobe ! QYA Joc Im[F>H — [
5 : -1 -.,,*—/” -4
] — — | —
Z 02f 1 1 1 ki ~ ~
< : I + | I I o< Im[FoH — F1&E]
Z= 0 [t -i - 1T T x 9
g0 VT T
< | !
-0.2 |- T T '+ = i
0 '0.'2'0.'4'0.'6'20 01 02 03 '0'2"4'6'2'8'1'2
overall -t (GeV") Xp Q" (GeVY)

W ",
model "VGG": phys. Rev. D60 (1999) 094017 & Prog. Nucl. Phys. 47 (2001) 401
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Transverse target-spin asymmetry

i
%ler S - JHEP 0806:066,2008

:;“m 02 [ 1% scale uncertainty’ ! -
s 04 1
£ sin(¢— CoS
$ x — ASn(@=0s)cosd
- _
s ]
g o Im[F27 — [
S - ]
UJD 4
< -0.2
< _ H— —
Z 02l 1 I | | 1 | ] ~ ~
£ I, 8 | 1 1 1 o< Im[FoH — FEE]
%h 0F —do— 1 -i, n I 1 1 N
S0 Uf I
< ; 1
-0.2 - T T I = 4
0 02 04 06 0 01 02 03 0 2 4 6 8 10
overall -t (GeV") Xp Q" (GeVY)

" ",
model "VGG": phys. Rev. D60 (1999) 094017 & Prog. Nucl. Phys. 47 (2001) 401
gunar.schnell @ desy.de 58 CPTEIC 2012 - Jan./Feb. 2012



HERMES detector (2006/07)

detection of —

recoiling proton

/— FIELD CLAMPS —\ TRIGGER HODOSCOPE H1

DRIFT CHAMBERS

_.-°~ 270 mrad

—

’f////// 140 mrad

LUMINOSITY e+

MON|T0R27_5 GeV

PRESHOWER (H2)  _ _

DRIFT

Recoil CHAMBERS

14 Detector

__FC1/2 =
_- _E_ PROP.
S J[ CHAMBERS &

HODOSCOPE HO

~ — — _CALORIMETER
TRD ~ = - - _ 140 mrad

—
—

TARGET
CELL STEEL PLATE

‘270 mrad

0 1 2 3 4 5 6 7 8 9 10 m
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first DVCS data with recoil-proton detection

' HERMES 3.4% scale uncertainty | m with Recoil Det. et p— et Py
PRELIMINARY, | A in Recoil Det. accept. |
12006/07 data
0 ________________________________________________________________________________________
=
£>
-
N A
04l L + - ]
. 0.1f + I
4 f ¢4 1
N N A T
®»a |
< -0.1} :
-0.2p w—— —— - | ———
n 1F--—----- - JEJEpEpEpE——Y E e ———— Y---%--¥---V--]-- ¥----¥---V----F-----]- N---VW---V----VWeooooo-]
.5 ¢ ¢ ¢ . ¢ ¢ ¢ ¢ ¢ ¢ *
© ¢
E | [Elastic  Assoc.
e 0.5} \/ \% with Recoil Det.
3’; | ¢ o in Recoil Det. accept.
(] o
o
o | 0 o 0 o o 0 0 o o 0 0
o Op------- ¥-------r .:r"7-7‘7?-.-.1:?--’7--.-?.-.-."--.‘7-.-.".V.-r-‘7""37.-"-7'1-’V"-V."-V."-.-V{-T-.-.-rr'
10 10" 10" 1 10
overall -t [GeV?] Xg Q? [GeV?]

gunar.schnell @ desy.de

DVCS with recoil detector

basically pure DVCS/BH
sample

indication of larger
amplitudes for pure sample

extraction of amplitudes
for associated production
underway
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add referecnes for meson
rs?

Exclusive n production




ddddd ferecnes for meson
rs?

Exclusive r production

.. hext timel
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