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DVCS on hadrons other .
than the nucleon

Deeply Virtual Compton Scattering
= hard exclusive leptoproduction

. flips nucleon conserves of a real photon
spln' I /2 helicity nucleon helicity P

does not

depend on E H

quark helicity

Ny W

depends on
quark helicity E H

4 chiral-even quark GPDs at leading twist

(4 more GPDs for chiral-odd case
related to transversity)
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DVCS on hadrons other .

than the nucleon

Spin-1/2

flips nucleon
helicity

conserves
nucleon helicity

does not
depend on
quark helicity

E

F+

>

depends on
quark helicity

s

E

~

forward limit
£—0,t—0

F+

4 chiral-even quark GPDs at leading twist

(4 more GPDs for chiral-odd case

related to transversity)

Deeply Virtual Compton Scattering
= hard exclusive leptoproduction
of a real photon

q(x)

> Aq(X)
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DVCS on hadrons other .
than the nucleon

Deeply Virtual Compton Scattering xr

I

. flips nucleon conserves
spln' I /2 helicity nucleon helicity

does not

depend on E H

= hard exclusive leptoproduction
of a real photon

> q(x)

quark helicity

forward limit
~ —~ £—0,t—0

depends on
quark helicity E H

4 chiral-even quark GPDs at leading twist

(4 more GPDs for chiral-odd case
related to transversity)

> Aq(X)

9 chiral-even quark GPDs at leading twist

Spin- |

Hi, Ha, H3, Hy, Hs,
Hi, Ha, Hs, H4\

Y
bi(x)

tensor structure function

Hs, Hs associated with 5% D-wave
component of deuteron wave function
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DVCS on hadrons other .
than the nucleon

Deeply Virtual Compton Scattering xr

- I = hard exclusive leptoproduction
. ips nucleon conserves
spln' I /2 helicity nucleon helicity of a real photon
does not E H
depend on > X
quark helieity forward limit q( )
~ —~ £—0,t—0
depends on
quark helicity E H > Aq(X)
: H\, Hz, H3, Hy, Hs,
Spin- |
4 chiral-even quark GPDs at leading twist H |y H2, H3, H4
(4 more GPDs for chiral-odd case
related to transversity) 9 chiral-even quark GPDs at leading twist
bi1(Xx)
tensor structure function
How does the nuclear H3, Hs associated with 5% D-wave
environment m0d|fy the DVCS component of deuteron wave function
amplitude!?
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HERMES at DESY
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HERMES at DESY
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DVCS at HERMES 1996-2005
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DVCS at HERMES 1996-2005

2006/2007: recoil
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(talk by S.Yaschenko)
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Deeply Virtual Compton Scattering

@ Cross-section
Oy N \if\ % \%

DVCS Bethe—Heitler (BH)

Exactly calculable in QED

given the nucleon elastic
2 small at I_&ERMES form factors F| and F2

=|Tovcs|? + |TeH|? +
(TovesTeu™ + Tpoves*TBH)
DVCS-BH interference term
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Deeply Virtual Compton Scattering

Cross-section Exactly calculable in QED

given the nucleon elastic
2 small at I_&ERMES form factors F| and F2
7
O, N~ =|TDVCS|2 + |TBH|2 +
(TovesTeH™ + Toves™TaH)

DVCS Bethe—Heitler (BH) DVCS-BH interference term
. 2 Lepton beam with
9 I BH BH, _ Af' charge e and
TBHI" = 5 Parg) | 2o (n?) W el
Harmonic expansion | S ;
2 ' —(DVCS DVCS
Unpolarized target Toves|” = )2 { N ((M el \ N Jsin ¢ /)
Case of polarized L e .
target is more —ey K —~ ~ .\ /1
. | = ¢, cos(no) + Als, sin(no)
complicated! D (D) Pold) Z s ' —_ 7 |
Pl( 4 ) P')((' ) n=_ n=1
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Deeply Virtual Compton Scattering

Cross-section Exactly calculable in QED

given the nucleon elastic
2 small at I_&ERMES form factors F| and F2
~ =|Tovcs|? + |T e +
GY “y N — [ U DVCS BH
(TovesTeH™ + Toves™TaH)

DVCS Bethe-Heitler (BH) DVCS-BH interference term
. 2 Lepton beam with
O 1 K ' BH\ - A:' charge e and
‘l“lll - ’Pl(fJ)'P')('(_')) ‘n cosle) :’ < helicity A
Harmonic expansion ) = =
o | —(DVCS DVCS
Unpolarized target Toves|” = Q? { N enalnd}+ 2% pin O
Case of polarized # S
target is more —ey K —
complicated! = Pi(d) Pa(o) {Z Los(ng) Z A, *“'(””)}
e n=0 n=1

Express cross-section in terms of azimuthal asymmetries

ALI_T
a(qb; Py, eg) = oyu(@) X [1 - P[AE[\T( S(_ ) + EI.‘PI;?'A{,I_T(C") Sl E—’EA(Z'-(@)] Beam Targe
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Azimuthal Asymmetries and GPDs

Ary
Beam Targe

y 2
= - : C,, COS(NQ) + AS, SInlno)
p NP A n \ ) n , )
Pi(®) Pal() -

n=>_>

Fourier coefficients = azimuthal asymmetry
amplitudes are related to certain linear or
bi-linear combinations of CFFs.

Compton Form Factors (CFFs)

F(&t) = Z/_l dz CF (&, z)F(z, &, t)
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Azimuthal Asymmetries and GPDs

’ALU Single-charge
Beam Targe beam-helicity
asymmetry
do™ —do™
ALu(¢) =
do— +do—

no separate access
to si' and s,PVCS

I‘:l’ I":l

; 3 2
I =4 t [\I I f \ \ l . f )
= , g C,, cos(no) + E AlS,, S1In(no
/Pl(())‘P-)I:()} L : : £ : '

Fourier coefficients = azimuthal asymmetry
amplitudes are related to certain linear or
bi-linear combinations of CFFs.

Compton Form Factors (CFFs)

F(&t) = Z/_l dz CF (&, z)F(z, &, t)

8 twist-2 GPD
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Azimuthal

’ALU Single-charge
Beam Targe beam-helicity
asymmetry
do™ —do™
ALu(¢) =
do— +do—

no separate access
to si' and s,PVCS

Asymmetries and GPDs

Beam-helicity asymmetries
with 2 beam charges

Charge-average
Aru

Charge-difference
Aru

s1PYCS and si' can be disentangled

; 3 2
I =4 t [\I I f \ \ l . f )
= , g C,, cos(no) + E AlS,, S1In(no
/Pl(())‘P-)I:()} L : : £ : '

n=>_y0

n=1

Fourier coefficients = azimuthal asymmetry
amplitudes are related to certain linear or
bi-linear combinations of CFFs.

Compton Form Factors (CFFs)

F(&t) = Z/_l dz CF (&, z)F(z, &, t)

twist-2 GPD
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Azimuthal Asymmetries and GPDs

BALU ::'agl:‘ e_:;?;%; Beam-helicity asymmetries Beam-charge
€am Targe asymmetry with 2 beam charges asymmetry
| do— — do— Charge-average || Charge-difference Al dot —do~
ALU (@) = Ay ALy 225600 e dot+ + do—
do— +do—

s1PYCS and si' can be disentangled
no separate access

to si' and s,PVCS

. 3 5
—ep K , : o :
. /Pl(rm)‘P-)(:ul) {2:(21 cos(ng) + § A '\.Ez '\”“:”")}

II:[’ IA':l

Fourier coefficients = azimuthal asymmetry
amplitudes are related to certain linear or
bi-linear combinations of CFFs.

Compton Form Factors (CFFs)

F(&t) = Z/_l dz CF (&, z)F(z, &, t)
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Azimuthal Asymmetries and GPDs

ArLu : i
:L“agl:‘e hc;?;%(; Beam-helicity asymmetries Beam-chirge
Beam Targe - . asymmetry
g asymmetry with 2 beam charges
do— dor— Charge-average || Charge-difference A=) do™ —do~
: [ — 0 ../: ~( O =
ALu (o) = ALy A AN dot + do—
do— 4+ do _ LC
s1PYCS and si' can be disentangled
no separate access
to si' and s,PVCS
AuL(o, er) = Target-spin asymmetry
—ep K S - o7 (d,ep) + 07T (D, ep)] — [0 (d,ep) + 0~ (o, ep
[ = — : I, Z('L (‘(.)-*’(I-'“)*Z/\slzsin(nu) [ —— I'f: _( {)] [ —— Iﬁ: _( ")]
P1(®) Pa(9) | i e o= (¢ e0) + 07 (P, ee)] + [0 (0, er) + 07 (D, er)]

Fourier coefficients = azimuthal asymmetry
amplitudes are related to certain linear or
bi-linear combinations of CFFs.

Compton Form Factors (CFFs)

F(&t) = Z/_l dz CF (&, z)F(z, &, t)
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Azimuthal Asymmetries and GPDs

BALU ::;gnlﬁhc;?;%i Beam-helicity asymmetries Beam-charge
eam Targe asymmetry with 2 beam charges asymmetry
‘ do— — do— Charge-average || Charge-difference Al dot —do™
Apu(o) = Ay ALy RO dot 4+ do—
do— +do—

s1PYCS and si' can be disentangled
no separate access

to si' and s,PVCS

AuL(o, er) = Target-spin asymmetry

. 3 2 e _ 2y —— l o] —a— 1 — — = 4 =l
—ep I I , _ 1). . _ [(_T (@,ep) +0 (@, t;)] —_ [U (P,ep) + 0O (@, ey )]
— E ¢, cos(no) + E A, sin(no)

s 1 -t 1 —
P1(0) Pa(o) ; [0==(,e0) + == (), e0)] + [07(d, e0) + 0= =(8, e2)]

Il:l’ ’t':l

Fourier coefficients = azimuthal asymmetry
amplitudes are related to certain linear or
bi-linear combinations of CFFs.

ArL(0, ep) = Double-spin asymmetry

[0™7(¢,e0) + 07 (@, e0)] — [077(d,€0) + (9, €0)]

Compton Form Factors (CFFs) 0= (8, e0) + 0= (, e0)] + [0 (8, e¢) + 0 (, €¢)]
1
Fen =Y [ doCioFingn
~J-
8 twist-2 GPD
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Coherent vs. 1nhcoherent
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Coherent vs. 1ncoherent
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Coherent vs. 1ncoherent
eA—eAy eA—-e(A-1)Ny

Coherent contribution
rapidly decreasing with -t
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Coherent vs. 1ncoherent
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Asymmetries on polarized
deuterons

Lepton charge|Target population (deuterons)| Beam helicity
A=+4+1 A=-1 A=0 D=+4+1 A=-1 Coherent

+1 —1 = = 0 — — sensitivity
E*ﬂ = = " + O " - B SIm(Hq,Hs)
- -
'% Auvp| B &) - O " + g Im Hl )
"_;.:f:,l AL [ L] — [l [ — ] (BH)
P A, B E - ®E - = " - = Sm(Hs)
% Aol R - B " + B B |Sm/Re(H1,Hs)
- —=
% A o H + B " - B L] (BH)
E’f" - I s HE - B " - B O Im/Re( H 1)
) M=

_ HERMES data set available

Not all combinations of beam-charge and beam-helicity available!
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Asymmetries on polarized
deuterons
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Asymmetries on polarized
deuterons
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A=+4+1 A=-1 A=0 D=+4+1 A=-1 Coherent

+1 —1 = = 0 — — sensitivity
E*ﬂ = = " + O " - B SIm(Hq,Hs)
- -
'% Auvp| B &) - O " + g Im Hl )
"_;.:f:,l AL [ L] — [l [ — ] (BH)
P A, B E - ®E - = " - = Sm(Hs)
% Aol R - B " + B B |Sm/Re(H1,Hs)
- —=
% A o H + B " - B L] (BH)
E’f" - I s HE - B " - B O Im/Re( H 1)
) M=

_ HERMES data set available

Not all combinations of beam-charge and beam-helicity available!

Caroline Riedl (DESY), 1.10.2010 spinED



Asymmetries on polarized
deuterons

Lepton charge|Target population (deuterons)| Beam helicity
A=+4+1 A=-1 A=0"1)\=+4+1 A\=-1 Coherent

+1 —1 = — 0 - — sensitivity
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N Ar,| B " - B - | " - B Im(Hs)
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o =

_ HERMES data set available

Not all combinations of beam-charge and beam-helicity available!
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Asymmetries on polarized
deuterons

Lepton charge|Target population (deuterons)| Beam helicity
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_ HERMES data set available

Not all combinations of beam-charge and beam-helicity available!
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Asymmetries on polarized
deuterons

Lepton charge|Target population (deuterons)| Beam helicity
A=+4+1 A=-1 A=0 A=4+1 A=-1 Coherent

+1 —1 =. = 0 — — sensitivity
E*ﬂ = = " + O " - B SIm(Hq,Hs)
- -
'% Auvp| B &) - O " + g Im Hl )
"_;.:f:,l AL [ W — L Ll — L] (BH)
Z Arzz| B " + B - 0 " - B SIm(Hs)
% Aol R - B " + B B |Sm/RNe(H1,Hs)
- —=
% A o H + B " - B L (BH)
E’f" - I s HE - B " - B O Im/Re( H 1)
) M=

_ HERMES data set available

Not all combinations of beam-charge and beam-helicity available!
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Asymmetries on polarized
deuterons

Lepton charge|Target population (deuterons)| Beam helicity
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+1 —1 = = 0 — — sensitivity
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_ HERMES data set available

Not all combinations of beam-charge and beam-helicity available!
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Asymmetries on polarized

deuterons

_ HERMES data set available

Lepton charge|Target population (deuterons)| Beam helicity
A=+4+1 A=-1 A=0 D=4+1 A=-1 Coherent

+1 -1 = g 0 — — sensitivity
éf' A L= = | O " - B SIm(Hq,Hg)
- -
SlAun | ® E - = E + B Im(H1)
"_;}l,l AL [ | — L [ — [l (BH)
P A, | ® " - ®E - = " - = Sm(Hs)
% Aol R - B b [ B |Sm/Re(H1,Hs)
- —=
ZlA, | ® + m | B - H N (BH)
] [
'.—g'l A s H - B " - B [ Im/Re( H 1)
) M=

Not all combinations of beam-charge and beam-helicity available!
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Asymmetries on polarized
deuterons

Lepton charge

Target population (deuterons)

Beam helicity

+1

= +1 A=-—-1 A 0

—

— .
prem— —

(0

_— —_—

Coherent

sensitivity

Sm(Hq, Hs)
Sm(H1)
(BH)
Im(Hs)

‘_
=N
A'

Single-helicity]

_ HERMES data set available

Not all combinations of beam-charge and beam-helicity available!
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Asymmetries on polarized
deuterons

Lepton charge|Target population (deuterons)| Beam helicity

A=+4+1 A=-1 A=0 D=4+1 A=-1 Coherent
+1 —1 = = 0 — — sensitivity
Sm(Hy, Hs)
Im(H1)
(BH)

Im(Hs)
Im /Re(H1, Hs)

Sm/Re(H )

Single
) N
a
)
|
&
3}
|
O
l

_ HERMES data set available

Not all combinations of beam-charge and beam-helicity available!
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Target-spin asymmetries on
the deuteron (spin-1)
1n comparison to
the proton (spin-1/2)
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HERMES 4, on H and “H
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fraction

dominates at low values of the
squared momentum transfer

0.4
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Coherent contribution

Accepted by
Nucl. Phys. B
arXiv:1008.3996 (hep-ex)

Search for

Fraction of resonant
excitation stays part
of the signal

scatter off deuteron scatter off nucleon
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HERMES 4, on H and “H

Accepted by
Nucl. Phys. B
arXiv:1008.3996 (hep-ex)
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w«epted by
HERMES Ay on *H and “H ~memne

( Search for
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Accepted by

HERMES 4, on H and 4H .. ueimwee

0.6} - @ VGG Regge p+n
B VGG Regge p

VGG:
Phys.Rev. D60 (1999)
094017 and
Prog.Nucl.Phys. 47
(2001) 401

overall -t [GeV?] Xy Q° [GeV?]

@low t, scatter off deuteron  @higher t, scatter off nucleon

= spin| object: Re(g'[;) = spinl/2 object: Re(‘]‘l;
3 Caroline Riedl (DESY), 1.10.2010  spinem



Beam-hel1icity and
beam-charge asymmetries
on tensor-polarized
deuterons with P,,=0.827
1h comparision to
unpolarized deuterons
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HERMES 4,y on (un)polarized °H

Accepted by
Nucl. Phys. B

arXiv:1008.3996 (hep-ex)
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HERMES 4Ac on
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for coherent
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Nucl. Phys. B
arXiv:1008.3996 (hep-ex)

i

|
al

1
lgf__ I -

] =

.

_—
S5

74

o
2R

I
776

%
XX

RIS
R R

&

XXX

o

-
2%
<

XX
3
0‘:
o]

X
28

&
0003

XL
%
X

ptetet

|
]
j----

la%% %
LR —_—— )
+ i u i ]
— X — 1 — I — 0%
KXY
i - , - \ - 0%
H ] N ]l -m= i -n i : el
Q 5o
p J 1 B B p 1 ool
q o]
1 1 I 1 o
- - - - %o
| ! 1 K3
- e = -p—- | e ] e et
[ ] - - ﬂ - -
1 1
- ! - ! - ! - !
1 1 1 1
1 1 1 1
1 1 1 | I | | 1
- 1 - 1 - 1 - 1
- I - I - I - I
- 1 - 1 - 1 - 1
n — I n s [ e o e ] e | n | —
N !
- \ o I - I - [ -
,
S | |
1 1 1
4 e | \ 4 | 4 —— < e [ e
1 a
1 1 ‘
1
|

— = VGG Regge p +n

<
& a%

.
5
R

o%
3R
%

N
- e

2
<
3
% e
R

e

o

%%
o%
XX

7
%
o208

2
X
X

755K K,
R
5

<
%

<3
5
5582

%%
g
R

T

35
%

2%
5%

XIS
RRRRRIRRRKS

%

-

(0) =3

¢ so

°<

- =
S_ ¢
(0) =73’

g&vmood.

|
N
<

e
o

(¢g)so

o

(0) =3,

°<

-
o
1

10

Q% [GeV?]

XN

10

-t [GeV?]

10

overall

Caroline Riedl (DESY), 1.10.2010 spinED

|6



0.2 — wx VGG Regge p +n — u
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W oo (un)polarized ‘H

Search for
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Beam-sp1in and beam-charge
asymmetries
on heavier nucletl

Caroline Riedl (DESY), 1.10.2010
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HERMES
Phys. Rev. C 81 (2010)

Nuclear data sets e

Target Spin L (pb")
'H 1/2 227
He 0 32
N | 51
Ne 0 86
Kr 0 77
Xe 0, 1/2,3/2 47

Heavy target data taken at
the end of each HERA fill
(“high density runs”)

DIS

Xe Monts Carlo sum

w— cohsrent BH

....... incoherent BH

1000 N/N

azsociated BH

0.1 .
incoheren

enriched

coherent _:
enriched

0.05

b 002 004 0068 008 01 0.12
~t [GeV?]

Separation of coherent-enriched and incoherent-
enriched data samples by t-cutoff such that ~same
average kinematics for each target.

Coherent enriched samples: =65% coherent fraction

Incoherent enriched samples: =60% incoherent fraction
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ACOS(t)

0.2

DVCS asymmetries on Nucletl

Leading amplitude of

Leading amplitude of
beam-charge asymmetry

H Kr + Xe
e i i } °
K 3 |
¢
(‘)‘ | ‘OIZ‘ | ‘0I4‘ | ‘OIG‘ | (‘)‘ | ‘OIZ‘ | ‘0I4‘ | ‘016‘ | (‘)‘ | ‘OEZ‘ | ‘014‘ | ‘0l6‘ |
-t [GeV?] -t [GeV?] -t [GeV?]

® Targets with 2 beam charges available.
Ac and charge-difference ALu sensitive to
DVCS-BH interference term

ASin(I)

ASin(I)

O Targets with only one beam charge available.
No Ac and single-charge ALu
with entangled s coefficients

LU,(l,+)

LU,(l,+)

beam-helicity asymmetry
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A-dependence of DVCS
asymmetries

® How does the nuclear medium modify parton-parton
correlations!?

® How do the nucleon properties change in the nuclear
medium?

® |s there an enhanced ‘generalized EMC effect’, which
could be revealed through the rise if Tovcs with A?

- B g 0 //'
e / # i '/// + —,/

- //" APats — a .
. g sk 2 l/\ l'." . ?/— .':.:
] 2 L/‘ (/‘
-7 9
P )
Nucleus at rest
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DVCS Nuclear Mass Dependence

ACCOSd) VS. A

coherent enriched

-t< _tcoh.)

Sin¢ (
LU,(l,+)

incoherent enriched

1 10

nuclear mass number A

Beam-charge asymmetry

HERMES
Phys. Rev. C 81
(2010) 035202
arXiv:0911.0091

21

2
10

Normalization to

hydrogen 'H =

coherent enriched:

sing
ALU ( +§_t > _tincoh.) A

ALusin® vs. A

o

o
N

T ‘ T
o

0.4}

-0.2 — §

j
S

2
10 10
nuclear mass number A

Beam-helicity asymmetry

Average ALu” / ALt

0.91%0.19

incoherent enriched: 0.9310.23
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HERMES results for
spin-1/2 GPDs

See talk by M. Duren

(A) Beam charge asymmetry:
GPD H

(B) Beam helicity asymmetry:
GPD H

(C) Transverse target spin asymmetry:
GPD E from proton target

(D) Longitudinal target spin asymmetry:
GPD H

(E) Double-spin asymmetry:
GPD H
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HERMES results for
spin-1/2 GPDs

See talk by M. Duren

(A) Beam charge asymmetry:
GPD H

(B) Beam helicity asymmetry:
GPD H

(C) Transverse target spin asymmetry:
GPD E from proton target

(D) Longitudinal target spin asymmetry:
GPD H

(E) Double-spin asymmetry:
GPD H
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Summary: DVCS on nuclear
targets at HERMES

® HERMES has analyzed its rich set of DVCS data on nuclear targets
(Deuterium, Helium, Neon, Nitrogen, Krypton, Xenon):
»beam-helicity, beam-charge, target-spin and double-spin asymmetries.

Final results. Unique data set!

® These measurements allow for the search for

® the coherent sighature expected for a deuteron target at low t.

® the tensor signature expected for tensor-polarized deuterons.

No obvious signatures revealed within the experimental
uncertainties.

® No A-dependence of the DVCS asymmetries was found within the
experimental uncertainties.

® Measure these observables with greater precision at an EIC
23 Caroline Riedl (DESY), 1.10.2010 spinem
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Backup slides
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Systematics and corrections

® Results corrected for background from decays of neutral mesons
(semi-inclusive: 4.6%, exclusive: <0.7%)

® Dominant contribution to systematics: limited spectrometer
acceptance and finite bin widths.

® Combined contribution from acceptance, finite bin width,
detector misalignment and kinematic smearing determined from

MC simulation.

® Scale uncertainties due to polarization measurement:

® deuterium target polarization: 4.0%

® beam polarization, unpolarized deuterium: 2.4%, polarized
deuterium: 1.9%

25 Caroline Riedl (DESY), 1.10.2010 spinED
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Nuclear

DVCS backup
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