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deeply virtual Compton scattering

(v —): H, E, H, E (twist-2, chiral even)

®/_ H and H conserve the nucleon helicity

(/‘ \

®_ E and E describe the nucleon helicity flip
®_ Jj relation
1 1

= lim dwx[HQ(wagvt)_i_EQ(x?gat)]

1
SA%g + Lq

why DVCS?
®._ the cleanest probe of GPDs

®_ theoretical accuracy at NNLO

( N

Y. no gluons in the LO

Compton form factors

®._ convolutions of GPDs (F : H, E, H, E) and hard

scattering functions
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exclusive meson production

factorization in collinear approximation -Collins, Frankfurt, Strikman (1997)-
Ao F(z,&,t;1%) @ K(z,€, 2;10g(Q /11?) ® ®(z; 1?)

at leading-twist: H, F, ﬁ, E

i\>

®)_ H and H conserve the nucleon helicity

(.
-

*) _ FE and E describe the nucleon helicity flip

guantum numbers of final state selects different GPDs

®)_ vector mesons (y: — pr,wr, ¢r): H, E

factorization for o, (and pr,, wyr,, ¢, ) only

*_ o5, — o suppressed by 1/Q

®)_ o7 suppressed by 1/Q?
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exclusive meson production

modified perturbative approach -Goloskokov, Kroll (2006)-
Ao F(z,6,t; 1) ® K(x, €, 2;10g(Q?%/1?) @ (2, k1 5 4?)

at leading-twist: H, F, ﬁ, E

i\>

®)_ H and H conserve the nucleon helicity

-
-

*) _ FE and E describe the nucleon helicity flip

guantum numbers of final state selects different GPDs

®)_ vector mesons (y: — pr,wr, ¢r): H, E

factorization for o, (and pr,, wyr,, ¢, ) only

*_ o5, — o suppressed by 1/Q

®)_ o7 suppressed by 1/Q?

power corrections: k| is not neglected

o

. regulate the singularity in the transverse
amplitude

v
(
=

&L 4% — pY transitions can be calculated
(model dependent)
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exclusive meson production

modified perturbative approach -Goloskokov, Kroll (2006)-
Ao F(z,6,t; 1) ® K(x, €, 2;10g(Q?%/1?) @ (2, k1 5 4?)

at leading-twist: H, F, ﬁ, E

i\>

®)_ H and H conserve the nucleon helicity
®)_ E and E describe the nucleon helicity flip
guantum numbers of final state selects different GPDs

®)_ vector mesons (y: — pr,wr, ¢r): H, E

factorization for o, (and pr,, wyr,, ¢, ) only
*_ o5, — o suppressed by 1/Q

®)_ o7 suppressed by 1/Q?

power corrections: k| is not neglected

®._ 4% — pY transitions can be calculated
(model dependent)

B .°: contributions from H and E
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Deeply Virtual Compton Scattering (DVCS)

e 7 y e %\%y S

same initial and final states in DVCS and Bethe-Heitler = Interference!

oep < |Taul? + | Toves)® + TeuThves + ThaToves

z
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Deeply Virtual Compton Scattering (DVCS)

e

same initial and final states in DVCS and Bethe-Heitler = Interference!

oep < |Taul? + | Toves)® + TeuThves + ThaToves

~~

z

beam:
Pl
DVC’S single spinterms: LU, UL, UT
do ~ do +  edofry +dog; ®)_ no pure Bethe-Heitler contribution
DV CS > . . .

T eﬁPEdULU + Ppdory ) project imaginary parts of Compton
- egSLdO'UL —+ SLdO'DVCS form factors
+  egSrdolp + SpdafyC® unpolarized and double-spin terms:

—I—PgSLdO'EI{LI + GEPESLdO'LL —I—PgSLdO'DVCS vu, LL, LT

+PySpdeBH  + eyPySpdot . + Py SpdoP S ®)_ project real parts of Compton form

factors
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Deeply Virtual Compton Scattering (DVCS)

e

e

Bethe-Heitler contribution:
®)_ calculated at QED

DVCS contribution:

DV CS -
eePpdot; + Ppdo ®._ HERMES: [Tpves|? << |Tau|?
eeSpdol;, + SpdoBY ¢S

GESTdO'UT + STdO'DVCS

DVCS

interference term:

*_ depend on a linear combination of

+P;SpdoBH eePpSpdol ; + P SpdoPY C® Compton form factors

+P,SrdoBH

+ + 4+ + + +

=
(
S

e PySrdol . + P,SpdoPy ©S ®)_ access to GPD combinations
through azimuthal asymmetries
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express asymmetries in terms of Fourier coefficients

o (¢, Prye0) = ouu () x |1+ PARYO%(6) + eoPe ALy (6) + ecAc(9)]

Fourier expansion in azimuthal angle ¢

2
rol® o D B cos(ng)
n=0

2
oves? o Y eV S cos(ng) + Py st S sin g

n=0 €
3 2
| Z ¢ cos(ng) + Z Py s sin(ng)
n=0 n=1
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express asymmetries in terms of Fourier coefficients

o (¢, Prye0) = ouu () x |1+ PARYO%(6) + eoPe ALy (6) + ecAc(9)]

Fourier expansion in azimuthal angle ¢

2
rol® o D B cos(ng)
n=0

2
oves? o Y eV S cos(ng) + Py st S sin g

n=0 €
3 2
| Z ¢ cos(ng) + Z Py s sin(ng)
n=0 n=1
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express asymmetries in terms of Fourier coefficients

o (¢, Prye0) = ouu () x |1+ PARYO%(6) + eoPe ALy (6) + ecAc(9)] I

Fourier expansion in azimuthal angle ¢

2
rol® o D B cos(ng)
n=0

2
oves? o Y eV S cos(ng) + Py st S sin g

n=0 €
3 2
| Z ¢ cos(ng) + Z Py s sin(ng)
n=0 n=1

DVCS term:

azimuthal
modulation () — y(p') relative order

constant 1

cos ¢, sin ¢ 1/Q
cos 2¢, sin 2¢ 1 (gluon GPDs)
1/Q? (quark GPDs)
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express asymmetries in terms of Fourier coefficients

o (¢, Prye0) = ouu () x |1+ PARYO%(6) + eoPe ALy (6) + ecAc(9)]

Fourier expansion in azimuthal angle ¢

2
rol® o D B cos(ng)
n=0

2
oves? o Y eV S cos(ng) + Py st S sin g

n=0 €
3 2
| Z ¢ cos(ng) + Z Py s sin(ng)
n=0 n=1

interference term:

azimuthal
modulation ~*(u) — v(p') | relative order

constant

cos ¢, sin ¢
cos 2¢, sin 2¢
cos 3¢, sin 3¢
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DVCS at HERMES (pre-recoil data)

etp—e +y+p

detected particles:
lepton and photon

missing mass technique for
ep — e’y X :
M5 = (p+e—e —9)?

[~ FIELD CLAMPS — TRIGGER HODOSCOPE H1
m
FRONT DRIFT CHAMBERS - 270mrad
2 MUON --
HODO -7
- PRESHOWER (H2)  _ — —
DRIFT - - // _
14 CHAMBERS E =
L= i: + [ LUMINOSITY
0T-- TITUR IR
TARGET F-1- \i:
ceLL A 4D
SILICON pve )
14 HODOSCOPE H0
STEEL PLATE BC 34
-2+ "L 270 mrad
WIDE ANGLE
MUON HODOSCOPE
T MAGNET

170mrad — — ~

140 mrad

27.5 GeV

0 1 2 3 /4 P \5 6 7 8
| X=p |
Zg 0.3 . e_+ data 5
S L o € data //
§ i — MCsum /
- O L s elastic BH
0.2 mm associated BH

0.1

--------- semi-inclusive
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unpolarized-target asymmetries

(6) % |1+ PeARY OS5 (9) + e PLALy (9) + e0Ac (@)

beam-helicity asymmetry (single charge):

do— —do™—

Aru(¢) = do— + do—

() 5 - -
*__ projects the imaginary part of Tpy s
®*._ no separate access to sPV S and s!

beam-helicity asymmetry (new approach): beam-charge asymmetry:

7\

*_ charge-difference beam-helicity asymmetry

dot — do—
Ac($) = dot +do—

_(doT7 —doT) = (do™ " —do™ )
~ (dot— +dot) + (do—— +do—<)

I
ALU(¢) 7
.. projects the real part of Tpy s

*__ charge-averaged beam-helicity asymmetry

(dot— —do ™)+ (do~— —do~ ")

DVCS
ALo = (9) (dot— +dot<) + (do—— +do—)

»)

F_ sPVES and s! can be disentangled
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beam helicity asymmetry

sin @
LU,DVCS

A

sin (2¢)
LU,

A

Assoc
fraction

2 2
AL (¢) = Z ASLH(}(’?@ sin(ng) o Z s! sin(ng)
n=1

-HERMES Collaboration: arXiv:0909.3587 (2009)-

n=1

sin ¢ DVCS sin ¢

LU,DVCS & 51

&% VGG Regge —.—. Dual-GT Regge

sin ¢
ALU,I
-

L twist-2:

.. large overall value

..~ no kin. dependencies

sin ¢ sin 2¢
ALU,DVCS’ ALU,I

* twist-3

\.7 “‘\
- overall value

compatible with O

{
=

LU,I

—

(
=

-Ami Rostomyan-

"/~ no kin. dependencies

*_ overshoot the magnitude of A%™% by a factor of 2

*__ describe the shape of kin dependencies on z 5 and Q2, but not on ¢

*_ overestimation is not due to the associated production

-n.9



beam charge asymmetry

cos (09

A

cos @

cos (29

A

cos (3¢)

C

A

Assoc
fraction

0.1

-0.1

03¢
0.2
0.1

3 3
Ac(¢p) = Z A((i?s(mb) cos(ng) o Z c

-HERMES Collaboration: arXiv:0909.3587 (2009)-

n=0

n=0

| — vGe Regge, no D

| -.-. Dual-GT Regge

overall

-Ami Rostomyan-

cos(no)

twist-2 GPDs: A% ?, A%0°0¢
*._ strong t-dependence

* _ no zp, Q? dependen-
cies

A(C:Z(’)qu X FlReH

~ 0: twist-3 GPDs

~ 0: gluon helicity-
flip GPDs

theoretical predictions:

*._ does not describe the
beam-helicity data, but
in good agreement with
this data
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unpolarized deuterium targets

coherent: e*d — e*dy incoherent: etd — e*pny
®) -~~~ Bethe-Heitler ®_ pvcs *__ Bethe-Heitler
e, % e,
®)_ target stays intact - target brakes up
®._ spin-1 targets described by 9 GPDs: —~ spin—j; targets described by 4 GPDs:
H{, HI, Hi, H{, HY, H{, H}, H3, H} H,E , H, E
Z5 -1 e Data
;> 10 - —— Monte Carlo sum
. C - incoherent BH + DVCS
§ ‘ - coherent BH + DVCS coherent:
- BH with resonance exc. > ) .
L. contribution at small —t
10} incoherent:
*__ contribution at larger —t
- R ® _ contribution from coherent [0.06 : 0.7] GeV?2:
0
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beam-charge asymmetry

cos(0g)

= e'd - eyX ]

A €'p-eyX ]

4 [GeV/2

-Ami Rostomyan-

-HERMES Collaboration: arXiv:0911.0091 (2009)-
twist-2:

ACOs o)

C.coh X G1ReH;

cos ¢
C,inco

h X FlReH

cos 0¢
AC

t Acos @

higher twist :

Acé?s(2¢) ~ 0

Acos(3¢)

o ~ 0

@_ d and p results consistent

@_ small values of —t:
differences due to coherent
contribution

Q_ larger values of —t:
differences due to neutron
contribution
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transversely polarized target

o (¢, Pr, S1) = ovu(9) X |1+ SrAPYS (9, 65) + SrecAlr(6,65) + e2Ac(9)]

transverse target-spin asymmetry:

> 1 do" (¢, p5) — doV(p, pg) Nt
Avr($:¢s) = St do® (¢, ds) + do¥ (¢, ds)

b -ch try:
eam-charge asymmetry ‘%‘ ~
dot —do~ )

Ac(¢) = -

. 1 dot(,¢s) — dot¥(¢, ¢s) +do~ (¢, ¢s) — do— ¥ (8, bs)
» ST d0'+ﬂ(¢, ¢S) + d0'+‘u(¢, ¢S) + dO'_TT(¢, ¢S) + dd_i}(¢, ¢S)

1 dotM(¢,ps) —dot¥(¢,ds) — do~ (e, ¢s) + do (¢, ¢5)

I — .
Ayr(é,¢s) = St doth(é, ¢s) + dot¥ (o, dg) + do—T (¢, ds) + do—¥ (¢, ds)

7

*._ separation of sPVCS, ¢PVES and s, ¢! terms with same harmonic signatures

® projects the imaginary part of Tpycs
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transverse target-spin asymmetry

Avr (¢, ¢s) o Im[Fo'H — F1&E]sin(¢ — ¢g) cos ¢ + Im[Fo'H — F1E]sin(¢p — ¢s)
+ Im[HE" — EH + EEHT — HEE ] sin(¢p — pg) + ...

, 5 r T r T T T L T T ' ! o 1

02| 81% scalle uncertainty 1 Aut pvesd I
[ 1 T J=06--1

oa—— 1 ¥

in(Q-@)

ASl

uT

A Sn(@-¢gcosp

L UT

S

c

D

&

S

g5
<

-0.2

& AER@#s) %59 found much more sensitive to J,, than others

*__ insensitive to J4, assumed J; = 0 (supported by lattice QCD)

. with a good model, allows a model-dependent constraint
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GPDs, DVCS and HE

RMES

AEOS(O 0
Acéos ®
ACCOS(Z 9
AEOS(3 0}
i
AL s
AL
)

sin(cp—cps) cos @

uT,l

cos((p—cps) sin @

uT,I
sin @
AUL

sin(2 )
AUL

cos(0)
ALL

cos @
ALL
cos(29)

ALL

® Hydrogen
HERMES DVCS A Deuterium
O A Preliminary
8
aa
-
= e ;
35u—o—u
|-;-o—.—o—|
e
|y —O—+—
l—o—O—Eo—l

-0.3 -02 -01 O 0.1 0.2 0.3
Amplitude Value

bgam-charge asymmetry:
* _ ReH

beam-helicity asymmetry:

& ImH

transverse target-spin asymmetry:

& Im(HE)

longitudinal target-spin asymmetry:

®) Imﬁ

double-spin asymmetry:

\,. ]
o

12
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iy

p(p) —

—~ p(p)

ﬁ/

—

©
)=

\

\

y=(Q)
Py

p(p) — ~~ p(p)
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vector meson polarization

® _ ~*and p°, ¢, w have the same quantum numbers

B nelicity transfer v* — 0, ¢, w

-

*_ signature: p°, ¢, w production angular distribution

*_ the spin-state of the p°, ¢, w is reflected in the orbital angular momentum of decay
particles
B 0 4 w(ntherestframe): J =L+ S =1
P | T K:5=0, L=1

N

*__ signature: decay angular distribution
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vector meson cross section

do do

deg dQ2 dt ds dpdcosddy  drp dQ? dt

W(xBa Q27 t) ¢S7 (b, COS 1197 90)

ol 1,

k’

-Ami Rostomyan-
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vector meson cross section

do do
drp dQ? dt dps dpdcos¥dy  drp dQ?dt

W(xBa Q27 ta ¢S7 Qb, COS 1197 90)

-
o

¥ production and decay angular distributions W decomposed:

W =Wyu+PWry+StWyuyr + BBStWerr + StWyr + BB.STWirr

-Ami Rostomyan-
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vector meson cross section

do do

~ W(zp, Q% t, ¢s, ¢, cos ¥,
drp dQ? dtdps d¢ dcos ¥ dy dep dQ? dt (zB,Q Ps, ¢, cosV, )

-
o

¥ production and decay angular distributions W decomposed:

W =Wyu+PWry+StWyuyr + BBStWerr + StWyr + BB.STWirr

o~

*__ parametrized by helicity amplitudes T’/ or s

-Schilling, Wolf (1973)- -Diehl notation (2007)-

o’ p’

Gl S

-Ami Rostomyan-
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vector meson cross section

do do

v g an ™ Traoz (@B, Q7 t ¢s, ¢, cos D,
drp dQ? dtdps d¢ dcos ¥ dy dep dQ? dt (zB,Q Ps, ¢, cosV, )

(I production and decay angular distributions W decomposed:
W =Wyu+PWry +StWur +BStWrr +StWyr + PSTWirr

®._ parametrized by helicity amplitudes T’ 5, or Tﬁg:
-Schilling, Wolf (1973)- -Diehl notation (2007)-

o’ p’

Bl &

®__ or alternatively by spin-density matrix elements (SDMES):
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(un)natural-parity exchange

*__ Regge theory: the diffractive production of vector meson via an exchange of a particle

natural parity

B P - (-1)’: exchange of p,w, fa, a2
or pomeron

- x M/W

B P- _(-1)’: exchange of 7, a1, by
H - (M/W)?

*__ unnatural-parity exchange contribution is expected only at lower values of W
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(un)natural-parity exchange

*__ Regge theory: the diffractive production of vector meson via an exchange of a particle
natural parity

B P - (-1)’: exchange of p,w, fa, a2
or pomeron

Hvw

B P- _(-1)’: exchange of 7, a1, by
o - (M/W)?

*__ unnatural-parity exchange contribution is expected only at lower values of W

* _ GPD formalism: generalized to characterize the symmetry properties of amplitudes under
the helicity reversal of the v* and p°
natural parity

. related to GPDs H and F . related to GPDs // and

pomeron exchange =- gluon exchange reggeon exchange = quark exchange

7

*._ only NPE *._ NPE and

-Ami Rostomyan-



exclusive vector meson sample

0
DN
3 L
1N
.\: ; iy ..,,, ..\&»
&1, "\ NN \\\\\ °
B
-

S1UBAN]

0

Y
Y

i

— V)2

transverse four-momentum transfer is used
t — 1o

2
a5

M

(

t
t/

AV

SIDIS background estimated by PYTHIA MC

only little energy transferred to the target
q

elastic scattering:
non-exclusive events:

]
=

_ main contribution at small values of AE and ¢/

—n. 20
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o': unpolarized & beam-polarized SDMEs

1 —r%

21,
-2 Im ri_,

2V2Rerl |

V2 1M 1,
2v2 Im 1,
2v2 Re 5,
2 Rer%
—2 Re rig
21m i,

1/v2 1% |

_r:ao

21m i
/N2 1S
V215,
—v2ri,
V2 im s,
v21im ri_,
v2ri,

-HERMES Collaboration: arXiv:0901.0701 (2009)-

SDMEs shown according to hierarchy of NPE helicity amplitudes:

Too|? ~ |T11]? > |To1]? > |Tuo|? ~ |T—11|?

- Ay - P

-0.3 -0.2 -0

= proton
e deuteron

scaled SDME

®) hierarchy confirmed experimentally
-

<

L proton and deuteron data consistent

*_ s-channel helicity conservation:
(p¥ conserves the helicity of v*)

B significant v — p% and i — pY,

. a substantial interference

"._ s-channel helicity violation
(vertical line corresponds to SCHC)

M significant 7. — o0
B smaller vi — pd and v* . — pd,

. 2 — 100 level violation
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0’ — ¢: comparison

pO y *
- HERMES PRELIMINARY
" = p’proton, <Q®>=1.9 GeV?, <W>=5 GeV
1-r% B e @ proton and deuteron o
214 A ; g
— Yo -VL & yr -V7 .
2Imr2
2R S SN o e e T
y €0 L B:lInterference y -V & yr Vs —
2Imryg = ——
v2Iimriy [ P
VZ'?eféz B e
2Rer01% C y VO .._._. -
— T—-VL -
-2Rer110 | ——
w2rd, | > =
r1 — HEH
00 | ———!
21m r:io -0—.—0-
eSS ==
V2 rél | D yL _>V_(|)_ -#;‘
-2 r%_]_ | ;.—c
\/Zlm rl_l | o—.—o:
v2imry, S——
\/2 ril :
V2 roiil = — ——— —_—
ra .  Eyr-Vy _{
1 il
ré_l | e
Im 1 ,,,l,,,L,,,i,,,i,,,l,,,’:’j‘,I.,,.,l,,,1,,,1,,,1,,,1,,,1,,,1 i e N e

0.2 0 0.2 04 0.6
scaled SDME value

SDMEs shown according to hierarchy of NPE helicity amplitudes:
Too|? ~ |Ti1]? > |To1|* > [Thol? ~ |T-11]?

unpolarized SDMEs: Wy
beam-polarized SDMEs: Wy,

polarized SDMEs have been
measured by HERMES for the first
time

no statistically significant

difference between proton and
deuteron

no s-channel helicity violation

hierarchy of amplitudes:
Too ~ T11
T01 ~ T10 ~ T_11 ~ 0

-Ami Rostomyan-
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p": observation of unnatural-parity exchange

04 04 1 1 5 5 8 8
up =1—rgg+2r{21 —2ry; —2ri_1, wu2=r171+7r7_1 ,u3=7r71 +7r7_1

0.3 : 0.3

. = (g proton (integrated) . u

- e (o) deuteron (integrated) i 1

- I u & DESY [Q°F1.05GeV’
0.2F l 0.2F | 1 OSLAC79 Q0.9 Gev?

} | 1r + % ASLAC74 Q%309 Gev?
= HERMESproton [Q?Z1.95 Gev?
i o HERMES deuteron

oH1M*E3GeV?

e

I I " 0 b 1 T S S— u—
0.1 T 0.1} * . — . i
’ ) 1 u v ZEUS BPC [0%30.41 GeV?
I . I LT * 01F 2 A ZEUSDIS [Q%32.4 Gev?

0 _ ....................................................... 0 _ ................................................ 01k |
i s 5 a4 6 o oz oa. orth |
Q° (GeV) _t/ (GeVZ) 0 _{ ............................................................................................
0.1+ | |
& proton: 1 10 10°

w1 = 0.125 = 0.0215¢q¢ = 0.0505ys W (GeV)

Q. . devErn: UPE contribution is W -dependent

Ul = 0.091 :l: 0.0163‘&@'[; :l: 0.0463y3
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@: observation of unnatural-parity exchange

0.5

-0.5
0.2

oo
[6201)V]

-0.5

HERMES PRELIMINARY

-

04 04
.Ul =1-rpo+2r,-2r

1
1-1°

ep(d) - e @p(d)

2r

1
11

5 5
U2=r,,+ry,;

u3= M

1
0.7 08 09 1

05¢f

R — e

HERMES PRELIMINARY  ep(d) - € ¢p(d)

0
04 04 1 1
Ul=1-rpo+2r ,-2r,,-2r,
-05F .
0.2}
0 -

oo
[621\N]

-05¢F

8 8
u3= ra+ry,

1 1 1 1 1 1 1 1 1 1

0 01 02 03 04 05 06 07 08 09 1
- 2

- (GeV?)

— 002 :l: O.O73tat :l: 0.163y5
—003 :l: O°018t(1t :l: 0-038y8

us

—005 :l: O.letat :I: 0.07sys

no signal of unnatural-parity exchange

expected since dominant contribution to the production is from two gluon exchange

12
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/

/
'transverse’ SDMEs: n*", and s*¥

mr 1!
T 1 |m(n00+en00) T— —
++O+ 000 B % 0
0 Im (no+'no+) | y|_ o p|_ e—t
p Imn_. i vy O p9 ——
Im(n; +n, +2eng0) | et
|ms: e+
Im (s -sy.) | dominant transitions ——t
Im ng, ——
. : Im(no-nl + ZTnESO) I —+
_ -HERMES Collaboration: arXiv:0906.5160 (2009)- o o
7\ . - | an 0 ———t
transverse SDMEs: Wy me [ L
Im (si-si+2€sgg) i 1t
msY | e
u average kinematics: '”‘(”"*I*""*.B f
mn,, | y* 0 po +—o—t
(—t'y = 0.13 GeV? msg s | —
ms. o+
(xp) = 0.09 B I e
0+ 0+ |
(Q2) = 2.0 GeV? mo o) | ——
. . . O_Im+no-+ - yyO0 pl A
. related to the proton helicity-flip Im(sg,-s0.) | ——
. Im (s, +&sg) +He—+
amplltUde |m(:_+++ " single spin flip —t
‘,." ’ |mn?_? -+
" suppressed by a factor \/—t/2M,, mn® [ —
Imn;; | +o—+
Imn: i — e+
|m5?f | +——0—+
|m5:0 | ——t
mSe. | gouble spin flip ™
Ims., R s e T
-0.2 -0.1 0 0.1

SDME values

-Ami Rostomyan- —p. 25



/ /
'transverse’ SDMEs: n*", and s"?,

[ 1] LLLL
Im (n33+engg) .7 ) »—o—’—«
m(ng-ng) | Vo0 g e
Imn_. i vy O p9 e+
-HERMES Collaboration: arXiv:0906.5160 (2009)- ' eI SNEE N H——t
’7* _ pO and ,y* _ . pO ms’, | T
L L T T Im (sgr - s5.) | dominant transitions —
and 0+ -0 |ml;;3 B T
deviate from 0 by 2.5 AR N
evia 5o i k e
o [ WO
) v’ msg, | He—i
S eXpeCted nlu,u/ Im (sor - st + 26500 i ——t
(if identical indices) ms2 | e S
: Im (ng; +15.) | ——
and involve mng. | o —
++ - B L T
-Manaenkov (2008)- 'm(s"*:ms‘:_f - ::
B the biggest NPE S — e
amplitudes A =
— O+ 0- +0—+ B yTD p'T
N_+ Or N Im (s, - Sg, ) | ——
+_ O . Im(s;+++es;;) i H—+
H e biggest amplitude ms™" | single spin flip ——
Im n?f e+
Imnf : +——+
®._ signal for unnatural-parity mne T
mn_, | B —
exchange ms® | —_—
| ++0 +——+
M rclated to GPDs /7 and et
Im So+ | double spin flip ™
Ims_, L —0—0—‘ — —0—‘ L
-0.2 -0.1 0 0.1

SDME values
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/ /
'transverse’ SDMEs: n*", and s"?,

[LLL [LLL

00 00, °
Im(n,, +éeny)

-HERMES Collaboration: arXiv:0906.5160 (2009)-

0 0 0 Im (ngs - ny. ) v O e
P ’yz 7 pL and 7; — pT Imn’. i vy O p9 e+
Im(n.. +n,, + angg) i T+
2l ms | S
deviate from 0 by 2.50 Im (sq. -s5.) | dominant transitions >
/ Imng. S ——
", expected n*v, m @ -n® e 2en”) | —
:Ll/l’l/ ++ ++ 000+ |
4 (if identical indices) Tl R e T
msSo, | H—o—1
and inVOIVe Im (si-s;()++2£sggoz i —+
Ims_, ——+t
-Manaenkov (2008)- mogng) | = —
B e biggest NPE Cmng |y g —~
. Im (sq, + 54, ) +—+
amplitudes mss | ot
- O+ Im no_ _n+0 ] ——
N - TorN (g, ~1o,) |
—+ o 0+ Im (n, +engy) i e
H e biggest amplitude mnl | g po T
Im (Sg. - Sg0) | ——
Im (s-:+ + es;;) H—+
N . ) Ims., single spin flip —-t
L signal for unnatural-parity mn® —
exchange mn’? | ——
Imng, +o—+
M rclated to GPDs /7 and mn” | —
Im S?f : +—+
Im sio | ——t
- Im SC+J++ | double spin flip ™
. 2.50 deviation from O ms.. T |
-0.2 -0.1 0 0.1
SDME values
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p": transverse target-spin asymmetry

*_ theoretically at leading order in 1/Q

(’7* . po). -HERMES Collaboration: arXiv:0906.5160 (2009)-
L L)
00 & i I I i
agngo=e) _ Il E Ll [ [oreenr]
400 is02 | | : {
EAN BRI
*._ asymmetry in terms of GPDs 0 | i 1 { } I I 1 |
Asin(¢—¢s) E ET+ B9 0.2 7 7 } - 7 [ T
urT < — X -0.4 B B L B
H HY+ HY i i i i
= g” i I O o 0
*_ experimentally: s 04 ) - SRR 3
Il:<5 02 L { - , }
o L4 SENE { I Tl {
; RN
02 | - - -
F w9 and Y, are expected to be G
negligible o 2 o o1 o o2
overall Q2 [GeVZ] Xg -t' [GeV2]

& similarly, v — p9:

compatible with O overall value:
0 _: -
APLSMPT0) — 0033 4 0.058
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exclusive 7" production: ep — e’ (n)

*_ no recoil nucleon detection

*_ select exclusive 7 reaction through the missing mass technique:

Mm2 = (Pe + Pp — Pe’ — Pﬂ,_|_)2

_N—

+
T

N

PYTHIA
+ — —
Tt NT[ )

data
= N,)™ = (N

+
T

(N

1

M2 (GeV?)

-HERMES collaboration arXiv:0707.0222 (2007)-
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sin(@-q.)
AUT, I %
o =

UT, |
1
B
T T

Asin((p+q§)
o

sin(2p-q.)
AUT,I s

sin(3p-q.)
AUT,I E

sin(2 p+q.)
AUT,I b

. . -
kinematic dependences of A7

-HERMES Collaboration: arXiv:0907.2596 (2009)-
*_ 6 azimuthal moments extracted according to
-Diehl, Sapeta (2005)-

*__ average kinematics:
(—t'y = 0.18 GeV?
(xp) = 0.13

(Q?) = 2.38 GeV?

no 7 /5. separation

*._ small overall value for leading asymmetry

amplitude A?}r}(‘b—%)

unexpected large overall value for asymmetry
amplitude A?}r}%

other moments: consistent with O

evidence of contributions from transversely polar-
ized photons

-Ami Rostomyan- —p. 29



. : . T
theoretical interpretation of A7

Sln(qb Ps)

Ieadmg azimuthal amplitude A,

*_ not large asymmetry W|th pOSSIble sign
change

*__ theoretical expectation: Asm(qb $s) o /=t ”

*__ large negative asymmetry 05

*__ are the differences due to v.? A ———
0 0.2 0.4 0.6
-t [GeV?]

azimuthal amplitude A?}gﬁjs -Goloskokov, Kroll (2009)-

*_ no turnover towards 0 for ' — 0 7 *
*_ milde t-dependence sl ’+ _________ *

*_ canbe explained only by v7 /~7. interference

sin 08
AUT, |
|_\
I

*._ predictions Asm ?s ~ const ,
o " W 0.5
*__ non-vanishing model predictions: contribution [ ——
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GPDs, Meson Production and HERMES
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backup slides
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transverse target-spin asymmetry

2
AB}CCS (p,05) = Z A?}I;S%_‘/qbggcos(n@ sin(¢ — ¢g) cos(ne)
n=0
2 .
+ D ATRGIET " cos(é — ¢s) sin(ne)
n=1

2
Ayr(d,0s) = > ALY P9 gin( — ¢g) cos(ng)
n=0

2
+ Z A(g});(f?_%) sin(ng) cos(¢ — ¢g) sin(ne)
n=1
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longitudinal target polarization

o(¢, Pp,Sr) = ouu(¢) X 14+ PeAry + St Aurn(¢) + SLPr AL (9)]

beam helicity asymmetry: do— — do—
Aru(9) =

®_ projects the imaginary part of 7py c's

do— +do*—

®._ no separate access to sPVCS and s!
longitudinal target-spin asymmetry:

(do™= +do" ) —(do ™ +do <)
(do== +do =)+ (do—= +do )

Avr(¢) =

®_ projects the imaginary part of Tpv s
double-spin asymmetry:

(do7 = +do"<)—(do~= +do— )
(do== +do =)+ (do == +do—<)

ALr(¢) =

®_ projects the real part of 7pv s
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longitudinal target-spin asymmetry

2
Avr (o Z ASln(n¢) sin(ng) « Z s}l, SBVCS

n=1

g— _,0-4 T T T T T T T T T 8- 0.4 T T T T T T T T
B _D HERMESPRELIMINARY £ 3 HERMESPRELIMINARY
< &' pld - e'yX (M <17 GeV) < e p/d - e'yX (M <17 GeV)
0.2 (in HERM ES acceptance) 0.2 (in HERM ES acceptance)
' ® proton ' ® proton
e deuteron | | @ deuteron +
proton (WW tw-3, b, =1): proton (b,=1, b=1):
- fac, b1 - Regge, WWtw-3
— fac, b - Regge, no tw-3
- Regge, b= - fac, WWtw-3
- Regge b=1 — fac., notw-3

st twist-2

unexpected large value

ASn o F._ sl: quark twist-3 or gluon twist-2

x 31 X FllmH

7\
“

T sDVOS: twist-4

& sDVCS: twist-3 -
model does not describe the data

model in good agreement with data
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double-spin asymmetry

cos (0

LL

cos @
LL

cos (2¢)

LL

A

reso. frac.

0.6
0.4
0.2

-0.2

0.4
0.2

-0.2
-0.4

0.4
0.2

-0.2
-0.4

0.31
0.2}
0.1}

Arr (o)

2 2
X Z Ag}fmqﬁ) cos(ng) Z cl CEVCS
0

n=0

C [ HERMES PRELIMINARY [ Ep-epy [ 5.3% scale uncertainty

B | — VGG Regge

[ ——= [ + : — [ +4' : : T :

_______ L] """-."W"""".""{+"r__""_""""._"}-ﬁ%__""""

- | — I —-—'_'—| ' | — L

S S . ++__* ________ {L}_ __________ Q_H ___________

©)
o o co0 © 00 © ©

|O L L L L L L L L L L
0O 02 04 06 0 01 02 03 ©0 5 10

integrated -t [GeV ¥ X g Q?[GeV ¥

-Ami Rostomyan-

twist-2: o< Iy ReH

model predictions:
®__ the same model, as for
BCA and BHA

U in good agreement with
data
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p": observation of unnatural-parity exchange

—

®__ UPE contributions measured from SDMEs:

04 04 1 1 5 5 8 8
uy =1—rgg+2ry-1 —2ry; —2ry_1, u2=ry;+ri_1 ,uz=7ry; +7r7_1

. UPE contributions expressed through amplitudes:

ur < €|Uro]* +2|U11 + Ur—1]%, w2 +iug o< (U1 + U1—1) * Uo

*__ the combinations of SDMEs expected to be the zero in case of NPE dominance:

-Ami Rostomyan-
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' ' }

unpol long pol | |trans pol | [trans pol
(normal) (sideway)
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hase difference o between T,

m (0) proton (integrated)
® (o) deuteron (i ntegr ated) -HERMES Collaboration: arXiv:0901.0701 (2009)-

®)_ sign of § obtained from polarizes SDMEs:

(for the first time)
2/e(Rrdy — Sl

04 04 1
\/7"00 (1 —Too TT1-1

sind =

®__ results on § (in degrees):

u proton: ; 0 = 30.6 £ 5.05¢0¢ £ 2.45ys
®__ values are consistent

B \ith each other
B with H1 results: |6] = 21.5 £ 4.3510¢ =+ 5.35ys
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comparison with a GPD model

K r0004)/2 r.

0.3 0.3 .
-Goloskokov, Kroll (2007)-

02t TTTT T o.z{_.-f_f___:_:_‘_f:\ . Q?-dependence calculated for 3 differ-

I E— X ent W values:
0.1b 0 - - . - -

3 4 5 6 78 3 4 5 6 78

5
Re r

0.22 —10 0.12

0.20F cozzoooooonny -0.14

0.18 T 41 -0.16

0.16‘&\ -0.18

0.14 1 -0.20¢

0.12

@ = 7“83 X "“%—1 X —%r%_l ox Th1
_ describe data for various W -ranges
- 0 0
interference of v; — pj and 7. — pr.

&L 8 oc =378, oc Tho and T interference

*)_ model does not describe the data

model uses phase difference § = 3.1 degree between Tyg and 171
") HERMES result: § ~ 30 degree
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p": comparison with GPD models

o

. asymmetry in terms of GPDs
4+ 9

—_— K _—

H HY+ HY

0
ep"Jep.p

ASIn (@)
uT

0.2 |

- Ellinghaus, Nowak, Vinnikov, Ye (2004)-

parametrization for H4, HY, HY 01 | 3202

FE1 is related to the total angular R — N Sk S

momenta J* and J¢ o |-
B predictions for J¢ = 0 ﬁ ¢
| <Q?>=2.0GeV’

<x> =0.09
<t'> =0.13 GeV?

FE9 and EY are neglected

-0.1

data favors positive J“

B statistics too low to reliably determine
the value of J* and its uncertainty

®_ within the statistical uncertainty in other GPD model calculations
agreement with theoretical calculations - Goeke, Polyakov, Vanderhaeghen (1999)-

B indication of small E9 and E7 ? ~Goloskokov, Kroll (2007)-
-Diehl, Kugler (2008)-

overall
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w: transverse target-spin asymmetry

?’ 1 - HERMHS PRELIMINARY [e+pt — e+p+w [  8.2% scale
s C C C :_ uncertainty
2 R bbyop ST
¢ | ; i
lz‘ lﬁ‘+”i”1£“ + { i‘o‘ — +=
* 6 azimuthal moments extracted using ¥ o1 s s | g
integrated angular distributions L ,,J* 77777777 +, 777777777777 + 77777 ~+ 777777777 ¢ |
due to low statistics no wy, /w7 separation 1 e ot + SR
predictions) for large asymmetry %"’F 1t ] ] + '+ +
sin(¢—¢s) “%Coab 4 Y SN DR YO i AT SR JUUURR
Asin ~ —0.10 < o t : : P :
indication of negative sin(¢ — ¢s) i Pt T
amplitude %{5 ; oy DL + |
A?}I{;—,((ﬁ_ng) = —0.22 :l: 0-16stat :‘:O.llsfys 0: i + I E + * E +
e - C N ===
no contradiction with p° predictions f; 1f s s g
0 _ TS L Ed £S5 | i : i
Ap ,SlH((}S ¢S) T - mq: ;”j””;} 77777777777 [ + 7777777777 ~+ 777777777 + 77777
UT S \2HY + HI 1 HI op Tty + 't
d —~ 1 L [\ [ | [
qessin(e—9s) o J 2B — B A B I -
UT 2H" — H4 S,y P bty
ottt S e
. rﬁﬁt/ﬁf—%
t 0 025 O 0.1 2 4
overall -t [GeVz] Xg Q2 [GeVz]
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