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exclusive meson production

factorization in collinear approximation -Collins, Frankfurt, Strikman (1997)-
Ao F(z, &t p?) @ K(x, €, 2;10g(Q*/1?) @ D(z; u?)

at leading-twist: H, F, ﬁ, E
®_ 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 (v§ — pr, wr, ¢1): H, E

)

—

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

Y. op — o7 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, &t p?) @ K(z, &, 2;10g(Q%/1?) @ ®(2, k1 5 pu?)

at leading-twist: H, F, ﬁ, E

(@

®_ 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 (v§ — pr, wr, ¢1): H, E

)

—

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

Y. op — o suppressed by 1/Q
®_ o7 suppressed by 1/Q?

power corrections: k| is not neglected

(\/.7 5 \\

"L regulate the singularity in the transverse
amplitude

T A% — pY transitions can be calculated
(model dependent)
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exclusive meson production

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

at leading-twist: H, F, ﬁ, E
®_ 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 (v§ — pr, wr, ¢1): H, E

)

—

factorization for o7, (and pr,, wr,, ¢, ) 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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exclusive vector meson sample
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_ elastic scattering:
_ non-exclusive events:
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y=(a)

p(p) — ~~ p(p)

-Eduard Avetisyan-

— Quarks and Nuclear Physics 2009,Beijing, China — page 4



vector meson cross section

do do

de g dQ2 dt des dpdcosddyp  drg dQ? dt

W(xBa Q27 t) qu? Qb, COSI&? 90)

o 1,

k’
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vector meson cross section

do do
drp dQ? dtdes dpdcosVIdy  drp dQ?dt

W(%B, Q27 t) ng? Qb, COS 197 90)

.. production and decay angular distributions W decomposed:

W =Wyu+PWry+StWyr + BBStWerr + StWyr + BB.STWirr
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vector meson cross section

do do
drp dQ? dtdes dpdcosVIdy  drp dQ?dt

W(%B, Q27 t) ng? Qb, COS 197 90)

*__ production and decay angular distributions W decomposed:

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

oL parametrized by helicity amplitudes 7T, or
-Schilling, Wolf (1973)- -Diehl notation (2007)-

Bl &

%gﬁ -Eduard Avetisyan- — Quarks and Nuclear Physics 2009,Beijing, China — page 5



vector meson cross section

do do

v irds didogids ~ T aoraV @B, @7t és, 6, cos v,
dexp dQ? dtdps dpdcosIdp  dxp dQ?dt (zB,Q Ps, P, cos v, p)

*__ production and decay angular distributions W decomposed:

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

oL parametrized by helicity amplitudes 7T, or
-Schilling, Wolf (1973)- -Diehl notation (2007)-

N p’

Bl &

®*_ or alternatively by spin-density matrix elements (SDMES):
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vector meson polarization

-
~ L

~v* and p?, ¢, w have the same quantum numbers

B nelicity transfer v* — p0, ¢, 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 ¢ w(ntherestframe): J=L+ S =1

u T K:5=0,L=1

)

*__ signature: decay angular distribution
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oV: unpolarized & beam-polarized SDMEs

SDMEs shown according to hierarchy of NPE helicity amplitudes:

Too|? ~ |T11|? > |To1]? > |T1o]? ~ |T-11]?

Y S Lt e e Sl *_ unpolarized SDMEs: Wy
CmL Ay -l . ¥
2 Fi-1 | * 0 —+o+ 7\ 0 0 .
—2im 2, yr - PT - L. hierarchy confirmed experimentall
oL .. S y P y
2V2Reris | B:lInterference y, — pl & yr — p2 _:_T_
2v2 Im 15, (- '
e - ", proton and deuteron data consistent
2V2 Re 5 ——— . . .
S re :?3 ey e e ®)_ s-channel helicity conservation:
PO ol + proton (p° conserves the helicity of ~*)
10 | T e (deuteron
1/v2r% | L . e 0 0
) ~rh = i significant v; — p; and v} — pr.
mM o e : :
—1/¥2 1% ==h B . substantial interference
V213, o~
_\/2 r?_1 _._' 7 . . . .
i i . s-channel helicity violation
vAIm (vertical line corresponds to SCHC)
-v2 H;-1

u significant v, — p%

04
Mo

B smaller vi — pyand v* . — pd,

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

pO y *
. HERMES PRELIMINARY
: = pO proton, <Q?>=1.9 GeV?, <W>=5 GeV
1-r% e @ proton and deuteron e
1 ———
2l Aty -V & yr -\f T
-2Imr%_1 ezt e T T
2/2Rerio | B:Interference y, -V & yr -V7 -
2'\/2|mr%0 | —O—
2y2Imr7g -
2V2ReM0 | e L
2Rer0ﬁ) C y VO ,_._.. -
— TV D om
IN2r3y : > =
r%)0 | _._.L"'
2Imrio — i
0SS — -
\/2r%1 . Dy, -\ +_0.+;
-2 r%_]_ | ;.—o
\/2|mr1_1 | I =
~V2Imrig o —*=
v2ré, : o
WCyTE =
O 0
il Elyr-Vi 5
r%l | | e
Imrl-l ,,,,L,,,1,,,1,,,1,,,1,,,':,;‘7179,1,_,11,,,1,,,L,,i,,,1,,,1,,,1,,,i,,,i,,,],,,j,,,j,,,
-0.2 0 0.2 04 0.6

scaled SDME value

SDMEs shown according to hierarchy of NPE helicity amplitudes:

Too|? ~ |T11|? > |To1]? > |T1o]? ~ |T-11]?

unpolarized SDMEs: Wiy
beam-polarized SDMEs: W

no statistically significant

difference between proton and
deuteron

no s-channel helicity violation

hierarchy of amplitudes:
Too ~ T11
T()l ~ T10 ~T 11 ~0
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hase difference o between 7Ty, and 773

m (0) proton (integrated)
e (o) deuteron (integrated) neglecting spin-flip amplitudes
@

®)_ sign of § obtained from polarized SDMEs:
(for the first time)

04 04 4 .1
\/Too (1 =700 + 711 —

sind =

*._ results on § (in degrees):
- proton: ; 0 = 30.6 £ 5.05¢at = 2.45ys
M deuteron: 16 = 36.3 £ 39500t £ 1.7ys
*._ values are consistent
B \with each other
B with H1 results: |§] = 21.5 & 4.35¢a¢ =+ 5.34ys
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comparison Wlth a GPD model

(1- 0004)/2 r

0.3 0.3

Re r105
0.22 : : -0.12
(0 — -0.14}
0.18f Tl { -0.16
0.16§\ -0.18
0.14 { -0.20}
0.12

N
> 1 - 7“88 X r}_l X —%r%_l ox 111

<=

L"._ describe data for various W -ranges

interference of v; — p% and v — pb,

®) 72, o< —Sr¥, o Too and 11 interference

*_ model does not describe the data

-Goloskokov, Kroll (2007)-
0.2} oo T o.z{‘_.:.'_::_ ::: - o Q?-dependence calculated for 3 differ-
J ent W values:

;f;l:) model uses phase difference 6 = 3.1 degree between Tyo and 7711

=

.. HERMES result: 6 =~ 30 degree
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(un)natural-parity exchange

(I Regge theory: the diffractive production of vector meson via an exchange of a particle

natural parity

| - (—1)7: exchange of p,w, f2, a2
or pomeron

u x M/W

o - —(—1)7: 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

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

|- (—1)”7: exchange of p,w, f2, as
or pomeron

P | x M/W

Hr- —(—1)7: exchange of 7, a1, by
H - (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

P | related to GPDs H and F P | related to GPDs // and

pomeron exchange =- gluon exchange reggeon exchange = quark exchange
*__ only NPE ®._ NPE and
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p": observation of unnatural-parity exchange

"), UPE contributions measured from SDMESs:

04 04 1 1 5 5 8 8
up =1—rgg +2r721 —2ry1 —2ry_4, w2 =771 +7r7_1 ,u3 =771 +7r7_1

®)_ the combinations of SDMEs expected to be the zero in case of NPE dominance

. 0.3
03. = () proton (integrated) . U
- e (o) deuteron (integrated) i 1
I I u @ DESY [Q°F1.05 GeV?
0.2r 0.2} 1 O SLAC79 [Q°E0.9 Gev?
l} I | 1+ »_%_# ASLAC74 [Q2E0.9 Geg/2
+ m HERMESproton [Q?F1.95 GeV?
r r o HERMES deuteron
0.1'_ | | % 0-1'_ il " 0 b e e S
| { u | o | e, ey
I 1 I i - 0 H1M*E3GeV . _
| 1 I 0 _+ ........... G ’ﬁ_F( .........
) 0 0 R 01 __
B S S e B R i LT
Q° (GeV?) -t/ (GeVz) O pr
-0.1F | |
1 10 10°
wp = 0.125 + 0.0215¢a¢ £ 0.0504y 5 W (Gev)

UPE contribution is W-dependent

*_ deuteron:
u1 = 0.091 £ 0.016544¢ &= 0.0465y5
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@: observation of unnatural-parity exchange

: 05 )
**| HERMES PRELIMINARY  ep(d) - e gp(d) HERMES PRELIMINARY  ep(d) - e @p(d)

%§§ ~~~~~~~~~ S T |

of 0
04 04 1 1
_ 04 04 1 1 Ul=1-rpo+2r,-2r,-2r,
-0.5 .Ul =1- oo * 2r1—1 - 2r1—1 - 2r11 -0.5
0.2 0.2

5 5 5 5
Uz2=r,,+ry, U2=r,,+r;,

oo
[6201)V]
.
ob
[621\N]

8

8
0.5 -0.5 Ud=r,,+r,

8 8
u3= ratr;

1 1 1 1 1 1 1 1 1 1
07 08 09 1 2 3 4 0 01 02 03 04 05 06 07 08 09 1
- 2
-t (GeV?)

u2 —003 :I: 0.0lstat :I: 0035y5

us —005 :I: 0-12stat :I: 007sy5

no signal of unnatural-parity exchange

expected since dominant contribution to the production is from two gluon exchange
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'transverse’ SDMEs: n*”

IIII

/andS

IIII

_ -HERMES Collaboration: arXiv:0906.5160 (2009)-
. transverse SDMEs: Wy

u average kinematics:

(—t')y = 0.13 GeV?
(xg) = 0.09
(Q?) = 2.0 GeV?
. related to the proton helicity-flip
amplitude

_ suppressed by a factor /—t/2M,,

Im (n + snoo)

Im (n0+ n0+)
-+
Imn_,
Im (n T+ n,, + anoo)

Im s_+

++ -
Im (n0+ + n0+ )
-+
Imng,
++ -
Im (s, + S, )
-+
Im s,
0- +0
Im (n0+ “Nos )
-+ -+
Im (n,, +eny)
++
Imn_
0- +0
Im (Sg, - Sgy )

-+ -+
Im (s,, +€Sy,)

ylt 0 pE ——t

vr O p?

-+

dominant transitions

| single spin flip

| double spin flip
L ‘ L L L L ‘ L L L L L L L L ‘ L L

-0.2 -0.1 0 0.1

SDME values
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'transverse’ SDMEs: n*”

IIII

/andS

IIII

-HERMES Collaboration: arXiv:0906.5160 (2009)-
0] 0
YL — PT, and Y1 — P
and

deviate from O by 2.50

/
. expected n’v,
o

(if identical indices)

involve
-Manaenkov (2008)-

and

M ihe biggest NPE
amplitudes
—+ 0+
N_{ or Nyt
M ihe biggest

amplitude

®)_ signal for unnatural-parity

exchange

. related to GPDs // and

Im (n + snoo)

Im (n0+ n0+)
-+
Imn_,
Im (n T+ n,, + anoo)

Im s_+

Imng,
o+ -0 o+
Im (n,,-n,, +2eny,)
0+
Imn_,
00
Imsg,
0+ -0 0+
Im (S++ -S,t 28300)
0+
Im's

++ -
Im (n0+ + n0+ )
-+
Imng,
++ -
Im (s, + S, )
-+
Im s,
0- +0
Im (n0+ “Nos )
-+ -+
Im (n,, +eny)
++
-+

0- +0
Im (Sg, - Sgy )

-+ -+
Im (s,, +€Sy,)

v O ey
vr O p?

e

dominant transitions

| double spin flip

-0.2

0 0.1

SDME values
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'transverse’ SDMEs: n*”

IIII

/andS

IIII

-HERMES Collaboration: arXiv:0906.5160 (2009)-
Vi — p% and v — p%
. and
deviate from O by 2.50

. expected n’v,
o

¥ (if identical indices)

involve
-Manaenkov (2008)-
M ihe biggest NPE
amplitudes

and

—-- 0+
N_] or Nyt
M ihe biggest

amplitude
®)_ signal for unnatural-parity
exchange

. related to GPDs // and

: 2.50 deviation from O

Im (n + snoo)

Im (n0+ n0+ )

-+
Imn_,

Im (n T+ n, +2£n00)

Im s_+

++ -
Im (n0+ + n0+ )
-+
Imng,
++ -
Im (s, + S, )
-+
Im s,
0- +0
Im (n0+ “Nos )
-+ -+
Im (n,, +eny)
++
-+

0- +0
Im (Sg, - Sgy )

-+ -+
Im (s,, +€Sy,)

y::l:l pE +—o—+
vr O p?

dominant transitions <<3—.—+_‘_>

| double spin flip

-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
(v; — PL):

00
Asin(¢—ds) Imngg

UT - 00
Upo

*._ asymmetry in terms of GPDs
gein(e—es) B BT+ B

UT “H ~ Hix HY

- depends linearly on the helicity-flip
GPDs E%9

B o kinematic suppression E4-9
with respect to H -9
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p": transverse target-spin asymmetry

*__ theoretically at leading order in 1/Q

(vi — pY):

00
Asin(é—¢s) _ Im ngg
UT — 400

00

*._ asymmetry in terms of GPDs

goin(e—es) B BT BT

urT OCH

» .
~ . experimentally:

—= Uiy ++

Y0 and Y are expected to be

negligible

& similarly, v — p9:
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p": transverse target-spin asymmetry

*__ theoretically at leading order in 1/Q

('72 . p%)i -HERMES Collaboration: arXiv:0906.5160 (2009)-
00 & i i I I
Azi_r}(cb—cbs) _ Imggoo S oa | CepiDepp |
Yoo G500 [ | g :
<ol bbb
& asymmetry in terms of GPDs 0 | i S| I | I ] T
0.2 | - - -
sin(¢p—¢s) E £+ B9 i I } I I [ T
Avr “H™ 04 | - -
s . g’ 0.4 a a iepDD e prp ,
. experimentally: R f : : }
":<5 02 - { - -
o 4 SR { |7 Tl {
BRI
0.2 | - - -
) u,“+“+. gnd n'", are expected to be 0.4 I R
negligible o 2 0 01 0 02
overall Q? [GeVd Xg -t' [GeV?]

& similarly, v — p9:

compatible with O overall value:
0 _: -
APL MO0 — 0033 4 0.058
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pY: comparison with GPD models

(/‘ \\

U asymmetry in terms of GPDs

goin(e—os) B BT A BT

uT o " Hat Hy

- Ellinghaus, Nowak, Vinnikov, Ye (2004)-
parametrization for 742, H9, HY

E1 is related to the total angular
momenta J%* and J¢

B predictions for 72 = 0
FE% and EY are neglected

data favors positive J“

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

within the statistical uncertainty in

agreement with theoretical calculations

B indication of small E9 and E7 ?

e pD O e' pﬁ p
Ji=0
JY=0
e 0=02
........................................................................ N T ot U
®
| <Q%>=20GeV?
- <x> =0.09
<t'>=013GeV? 1
overall

other GPD model calculations
- Goeke, Polyakov, Vanderhaeghen (1999)-
-Goloskokov, Kroll (2007)-
-Diehl, Kugler (2008)-
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w: transverse target-spin asymmetry

6 azimuthal moments extracted using
integrated angular distributions

due to low statistics no wy, /wr
separation

predictions for large asymmetry

AZO=P9) v _0.10

indication of negative sin(¢ — ¢s)

amplitude

ASin(¢_¢s)

UT — —O.22i0-163tat :l:O'l]-SyS

no contradiction with p° predictions

o _.
P aSln(¢_¢8)
AUT X
o 2E% 4+ E4
\S‘ B ——
2Hv + Hd + H9
2FEY — R4
xXx F{ ——mM8M —
{QHu — Hd }

W, Sin(¢_¢8)
AUT

ASIN@-0.)

uT

ASIN(@+9,)

uT uT

Asin(cps)

sin(2¢-q.)
Agr 7S

sin(3¢-q.)
Agr s

sin(2¢+q.)
Aot s

?_HERMEf_S PRELIMINARY f_e+p1 L oeHprw [ ﬁfg/ér?;ﬁ:fy
R LSRR RS R
L o
IR SN R + ””””” g L -
R A B L A
,+»++ ,,,,,,,, +k++ ,,,,, * ,,,,, H*+ ,,,,,,,,, + ,,,,,
SO U S O S +,++ ,,,,, o H++ ,,,,,,,,, t |
NI A

[ J".ﬁT.

0 025 O 0.1 2 4
overall -t [GeV2] Xg Q2 [GeVz]
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exclusive 7 production: ep — e’ (n)

*)_ no recoil nucleon detection

*._ select exclusive 7+ reaction through the missing mass technique:
M2 = (Pe+ P, — P, —P_1)?

T

-HERMES collaboration arXiv:0707.0222 (2007)-

exclusive 7w+

'Zn:

|

Zl:'

. n+ — 7~ yield difference was

e — used to subtract the non exclusive

T ; T exelme background

;T i ¢ —._ exclusive peak centered at the

5 o 1 it nucleon mass

T W N

F e S ~ based on GPD
M2 (GeV?) model
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1 : :

uT, |

o

ASING-9)

uT, |

ASIN©+9)
o

sin(2¢-¢.)
Aot s

sin(3¢-q,.)
Ajr s

sin(2et+q,)
Agrr s

o

: : +
Kinematic dependences of A7

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

average kinematics:
(—t') = 0.18 GeV?
(xg) = 0.13

(Q?) = 2.38 GeV?

no 7 /5 separation

*)_ small overall value for leading asymmetry

sin(p—¢s)

amplitude A,

unexpected large overall value for asymmetry
amplitude A?}r}"ﬁs
other moments: consistent with O

evidence of contributions from transversely polar-
ized photons
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: : : +
theoretical interpretation of A7

leading azimuthal amplitude A

\.]
-

sin(¢p—¢s)
urT

theoretical expectation:large negative
asymmetry

A?}r}w—(bs) ox v/ —t’ -Frankfurt et al. (2001)-

-Belitsky, Muller (2001)-

not large asymmetry with possible sign
change

calculations for v; and for ~7 /7 Contribu-
tions

- - sin ¢ g
az!\muthal amplitude A ;.

no turnover against O for t’ — 0
mild ¢t-dependence

can be explained only by ~7 /~7. interference

predictions AP ~ const

non-vanishing model predictions: contribu-

tions Hy and Hyp

sin @
Ayt

-Goloskokov, Kroll (2009)-
-Bechler, Muller (2009)-

! ! ! ! |
0.4 0.6
1 [GeV?]

-Goloskokov, Kroll (2009)-

1:- *
05| i/+ """"" %
O [
05F
1 ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ |
0 0.2 0.4 0.6

1 [GeV?]
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HERMES and GPDs

/@\ —
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HERMES Spectrometer

TRIGGER HODOSCOPE H1

FIELD CLAMPS
m 'um =\
) EAF:J%I\;IT DRIFT CHAMBERS - 270 mrad |
HODO 170 mrad - - -
PRESHOWER  (H2)_ -
DRIFT -7 - 140 mrad
1- CHAMBERS
_FC1l2
== ’i; :ilii o, LUMINOSITY 275 Gev
OT--E—=F o g T e T e NoR. T Tt B
TARGET ~ ©~~__ :%H e+
CELL -
” DVC T -
14 HODOSCOPE HO = |
STEEL PLATE TRD ~ TCALORIMETER | _ 140 mrad
IRON WALL™ 7.5 —
-2 - _ 270 mrad /170 mrae- —
} WIDEANGLE MUON HODOSCOPES
MUON HODOSCOPE
~—— MAGNET
T T T T T T T T

6

7 8 9 10 m
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p": observation of unnatural-parity exchange

./ UPE contributions measured from SDMESs:

04 04 1 1 5 5 8 8
uy =1—rgg+2ry-1 —2ry; —2ry_1, u2=1771+ri_1 ,us=r7j; +7r7_1

. UPE contributions expressed through amplitudes:

u1 o< €|Uro|? +2|U11 + U1-1|*, w2 +duz o< (U1 + U1—1) * U1o

*._ the combinations of SDMEs expected to be the zero in case of NPE dominance:
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' ' }

unpol long pol | |trans pol | |trans pol
(normal) (sideway)
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