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DVCS

v —>~:H E,H,E

> The cleanest channel to access GPDs

- Experimental access restricted to CFF

= Theoretically accurate at NNLO

= X-section decomposition w.r.t. Beam and

target polarisation states:

BH

+ + + + +

+PSy dafg
+PSrdopfl +

= Unpolarized target

= Longitudinal target

DVCS

e
eedotryy + dofry;
engdaiU + Pgdafr}/cs
egSLdo{jL + SLdagECS
egSTdarIjT + STdog}/cs
engSLda'iL + PgSLdO'EXCS

engSTdO’iT —+ PgSTdO'EJYCS

:GPD H

GPD H

= Transverse target: GPD [/
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Exclusive Hard Processes at

DVCS Meson Production

v —>~:H E,H,E
> The cleanest channel to access GPDs = Unlike y: L and T states possible (VM)!

- Experimental access restricted to CFF - Factorization only proven in collinear
approximation for vz — (o1, wr, ¢1)

> Theoreticall r NNL
eoretically accurate at O - y,—p, suppressed by 1/Q

= X-section decomposition w.r.t. Beam and

target polarisation states: - Y, suppressed by 1/Q*

do ~ doBH & eydol + doBYCS | - Y.~ P, transitions calculable
+ eePudol, + PudolY S . . .
ePudopy + Pedory " > Sensitive to and £’ in twist-2
+ elSrdoy + Sidoiry — ~
I DVCS . .
+ eeSrdofyp + Srdofly - H and F in twist-3
-I—PgSLdO'EIII{ + engSLda'iL-i-PgSLdO'EXCS

+P,Srdoff  + eePeSrdoly + PSrdopy ©°

> Unpolarized target: GPD H
> Longitudinal target: GPD H
= Transverse target: GPD [/
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Exclusive Hard Processes at

DVCS Meson Production

v —>~:H E,H,E
> The cleanest channel to access GPDs = Unlike y: L and T states possible (VM)!

- Experimental access restricted to CFF - Factorization only proven in collinear
approximation for vz — (o1, wr, ¢1)

> Theoreticall r NNL
eoretically accurate at O - y,—p, suppressed by 1/Q

= X-section decomposition w.r.t. Beam and

. . _ 2
target polarisation states: ¥; suppressed by 1/Q
do ~doBH 1+ eudoly, + doBYCS | - Y.~ P, transitions calculable
+  egPydoly + PudoPV S . . .
e oLy Ao > Sensitive to /1 and F in twist-2
+ elSrdoy + Sidoiry — ~
I DVCS . .
+ eeSrdoyr + Srdoyr - H and F in twist-3
-I—PgSLdO'EIII{ + engSLdJ£L+PgSLdO'EXCS — — 3
+PSrdoPE  +  eoPiSrdoty + PiSrdoty ©S = Pseudoscalar mesons (it*):

> Unpolarized target: GPD H
> Longitudinal target: GPD H
= Transverse target: GPD [/

- Sensitive to f[ and F in twist-2
- Hpin twist-3
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Exclusive Hard Processes at

DVCS (no recoil) ep — e/vX

= Missing mass technique

Myx =(p+e—¢ —7)?

-
Lx=p\

E%’o.a—ﬁ » edata
> i L o & data f‘f

g [ K — MCsum /

2 [ o e elastic BH

02— | P wm associated BH
I 1 semi-inclusive

X=n"+ .. .
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Exclusive Hard Processes at

DVCS (no recoil) ep — e/vX
= Missing mass technique
Myx =(p+e—¢ —7)?

-

| X=p §
%’0.3— Sl otlf
E i o & data / /
g | — MCsum |/
] I . elastic BH
0.2 wm associated BH
I 1 semi-inclusive
[ X=n"+ .. .
01— || ¢ o
Qbowst™ 0 10

2 M2 (Gev?)

W e

DVCS (with recoil detection)
> Kinematic fitting ep — e'yp’

pure
-
2 o02f
Z ® experimental data
3 :E= ——  simulation (sum)
Ox 0.15 ) Fi i r
3 I ! Mo e epepy
t<) i 94 H i -,
- ep—eA’y

o
2
N

semi-inclusive

o
o
&

o

0 5 10 15 0 5 10 15 0 . 5 10 15
M2 [GeV?] M2 [GeV?] M2 [GeV?]
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DVCS (no recoil) ep — e/vX VM ep — ¢/ VMp/

= Missing mass technique > Small missing energy |
2 / 2 . . g
My =(p+e—¢ —17) = Elastic scattering Zam | [
P M2 — M2 ool
=p | AE = —X ~ -
3%’0.3 . ej:at,a L\TX _p/ . 2M 0 2000
g " oo /. > Little energy transferred -
Y . aseocieted BH to the target "

........ semi-inclusive

t=(q—v)? e S

0.1

LI L L R L I B |

g 02
Z experimental data
g’ 0.15 [ ) ; F ; [ ——  simulation (sum)
S | i i | ep—epy
=} i i i i
- | i i = ep—ea’y
04 [ i i L
: i i i 771  semi-inclusive
| i | :
| i |
! i !
1 1
0 i - & i A 1 1] 1
0 5 10 15 0 5 10 15 0 5 10 15
2
M2 [GeV?] M2 [GeV?] M2 [GeV?]
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Exclusive Hard Processes at
DVCS (no recoil) ep — /v X VM ep — e’ {VM}p’

= Missing mass technique = Small missing energy

2 / 2 . . £
My =(p+e—¢€ —7) = Elastic scattering Fam |
PR M)2( — M? 30001
E%’o.s— + ¢ data L\:(:_p/ ’ AE - IM ~0 20004
2 |  com / > Little energy transferred w
"o = aseooisted BH to the target "

........ semi-inclusive

t=(q-v)

o1 | 4

Tt* (no neutron detection) ep — e/'7+n
Nemcl — (7T+ . W—)data . (7_‘.—|— . 7T_)MC
= n*-m yield difference used

. . . . / / ]
= Kinematic fitting ep — €7Yp for background subtraction " o
207 v .. | 1= Missing mass technique =
T fMi=eredomtr L
0.05 | ; i | 1;', 0 L {ﬂm, {
L % LE , o , , 2 1t Nmmw
’ 5 M2 [GeV?] M2 [GeV?] M2 [GeV?| "5 0 2 a 5 3

MZ  (GeV?
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GPD H: DVCS on Unpolarized Target

Pre-recoil data [JHEP 11.(2009) 083

o(¢, Piyer) = ouu(9)[L + RALG 7 (¢) + elPlALu(¢) +eAc(9)]
A (¢) _ (G’+_’ + G’+4_) — (G'__} + G’+1_) cos(no)
C T )t (o — 1o o % < Re[F1H Z Ag cos(ne)

02 =  HERWES - —— VGG Regge,no D [ e t+tp—e tpty ZAzlr(lj(?¢) sm TL¢
-
g 2 0.1
< —— . Beam-charge asymmetry
O e T, - Large signal
T — 7, - Strong t-dependence

overall 1 [GeV’] Xg Q*[GeVa - No Q2-dependence
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GPD H: DVCS on Unpolarized Target

Pre-recoil data
o(¢, P, e)) = ouv(9)[1 + PALY “° () + eszAéu(qb) + et Ac ()]

[JHEP 11 (2009) 083]

-

m HEBRMES

W
_______ S DO S XY A ET T
| B X
overall " 1 [G::\:'“] 1:; Q*[GeVE b

— (G—+_> + G-+4_) _ (G—__} + G—+4_) cOos cos(n

Ac(o) = T Fo )t (o— 107) AS®? o Re[F1H Z Ag (nd) cos(ne)

02 = HERMES | —— VGG Regge,no D e +p—E& Pty Z Asir(}(?(ﬁ) s1n nqb)
o
< | — . . Beam-charge asymmetry

O e T, - Large signal

" T ] % = Strong t-dependence
overall 1 [GeVa Q? [GeV] - No O2-dependence

. o gV (= g o —nd v

R CATRY o Tm[F H]D

Charge-difference beam helicity asymmetry

- Large signal

- No kinematic dependences

Charge-averaged beam helicity asymmetry
- Consistent with zero

' AS];lU pves X Im[HH™

— HH]
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GPD H: DVCS with Recoil Detector
Single-charge (+) beam helicity asymmetry

[JHEP 10 (2012) 042]
o(¢, Pryer) = ouu ()1 HPALY 2 (9) + et PAL 1 (6) + et Ac(9)]
Aru (¢ Z ASln(n¢) sin(ne)
T B D B o
O] Dty vt gy | <
g 02k _
0 T DR VTS B T S e _
02 — - e ——
{ overall N ° 1

Magnitude of the leading asymmetry has increased by 0.054 + 0.016

1[GeV?

10
Q% [GeV?]

All sets are strongly correlated but the unresolved samples contain an
average contribution of 12 -14 % of associated processes
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Single-charge (+) beam helicity asymmetry in associated DVCS

0
AT — pr
., os|. PRECMNARY Lol i Sl Lo Fractional purity:
02 of e SN +---+- ---------- 4441 Associated DVCS/BH 85.7 + 1.8

A
&
&
T
—.—

Elastic DVCS/BH (ep—eyp) 1.1 £ 0.1
p————————=! SIDIS13.2+1.9

sin{2y)
L]
o &
-
T
]
i
i
—-
!
i
i
i
i
i
i
i
i
—
-

10° 10! 10! 1 10

AT > nrt
o5 PRELSARARY | * + i I  Seate Lne 1“’“‘* Fractional purity:
§ - + ___________ Associated DVCS/BH 75.6 + 2.6

AV BANEE H _________ ii Elastic DVCS/BH (ep—eyp) 0.1 + 0.1
ﬁ%mﬁg_l | SIDIS24.4+3.4

: l4
overall -+t [GeV] s Q@ [GeV)
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GPD f[ : with Longitudinally Polarized Target .7 /v x°

Pre-recoil data
o(¢p,P., P e)) = opu(d,e)[l + P Ay (o) + PP, AL,

= No separate access to DVCS and Interference terms possible

Z ASln(n¢) sin(ng)

Avr (¢

gind4
UL

— WGE Angge

Aaln {24}

UL

ACoE 105}

LL
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[Nucl.Phys.B842 (2011) 265]

Z ACOS(W} sin(ng)



gind4
UL

UL

Aaln {24}

coB (04}
AL

GPD f[ : with Longitudinally Polarized Target .7 /v x°

Pre-recoil data
o(¢p,P., P e)) = ovu(p,e)[l + P Ay (o) + PP, AL

= No separate access to DVCS and Interference terms possible

Avr (¢ Z ASln(n¢) sin(ng)
= VGG Angge
ok .-.+.-. .-.+-....--.-..-....-_..-.+-.*..-.....-..-.--..wﬂ.--.-..-.
a2t | M - N -
o= b e
SIS AR A
0.2 - - + -
0.6 'il : . — - F = Y55 Raggw
0.4b - |
off —— [p—t | M Lt
0.21 } [ .—i ]
0 02 04 06 0 01 02 0.3 O 5 10
integrated -t [GeV 7] Xg Q° [GeV 7
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[Nucl.Phys.B842 (2011) 265]

Arr(¢

sin ¢
AL D‘{

(9]

Z ACOS(W} sin(ng)
DVCS : twist — 3
[:twist —2

A?]ir}ﬂ) x FyImH



gind4
UL

UL

Aaln {24}

cos ()
AL

GPD H : with Longitudinally Polarized Target .5 . /7 x "

Pre-recoil data
o(¢p,P., P e)) = ovu(p,e)[l + P Ay (o) + PP, AL

= No separate access to DVCS and Interference terms possible

-] Asin 2¢

[Nucl.Phys.B842 (2011) 265]

(9]

Arr(¢ Z ACOS(Mb) sin(ne)
sin ¢ DVCS : twist — 3
AvL D‘{ I : twist — 2

A?]ir}ﬂ) x FyImH

|

[: quark twist — 3

or gluon twist — 2
DVCS : twist — 4

[

vrp X

| Unexpectedy large value

Avr(¢ Z ASln(n¢) sin(ng)
¢
bl —_— e
ST A R
-0.2f - + -
0.6 'I._— — —— F = Y55 Raggw
0.4} - |
0.21 } [ .—i 1 T
0 02 04 06 0 01 02 03 O 5 10
integrated -t [GeV 7] Xg Q2 [GeV 7]

Eduard Avetisyan | Exclusive Reactions at HERMES | 22.05.2013 | Page 15



= No separate access to DVCS and Interference terms possible

gind4
UL

UL

Aaln {24}

coB (04}
AL

GPD f[ : with Longitudinally Polarized Target .7 /v x°

Pre-recoil data
o(¢p,P., P e)) = ovu(p,e)[l + P Ay (o) + PP, AL

[Nucl.Phys.B842 (2011) 265]

(9]

Aur( Z ASln(n¢) sin(ng) Arr( Z ACOS(R@ sin(ng)
= WGE Anjge ASi"¢ ~ DVCS Dtwist — 3
oy ++*tu\* UL [: twist — 2
-0.2 : M - N : AP0 o FyImH
| 1 | | | » [: quark twist — 3
L e R ""'"+ T}' }' 1 4329 or gluon twist — 2
UL :
¢ * + + 1 +* + DVCS : twist — 4
0.2 - + -
0.6 — 'I m— Y Fagyu - e —
0.4} g [ .
021 —_— | *_*—-—+ M : m Aiothir ~ { ?\f;i?qt t_WéSt -2
] N S S S PR
-0.2f L T ACOS% x FiReH
0 02 04 06 O©O 01 02 03 0 5 10
integrated -t [GeV 7] Xg Q° [GeV 7
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(g ps) =

(61T — W) (o

= _g—Ji)

GPD E: with Transversely Polarized Target " — /v X’

Pre-recoil data
o(p, ps, e, S1,\) = UUU( {1+ et Ac(d) + AADYE (6) + el ANALy ()

[JHEP 06 (2008) 066, 24]

DVCS(¢ bs) + elSJ_AUT(Qb bs)

( +1 = U+J'I'} == (g'_ﬂ -+ g'_'U-)

=
b

in(¢-¢,)coso
At
S
b2 —

e uncertainty

&R

?
i

S
=

|||||||l||l||]JJ“JJlnluulni Losaalosyy

‘ch:

‘% 5
RS

‘|‘S )\AE¥+DVCS(¢7 ¢S’) + el)\SJ_ALT(¢7 ¢S)}

XX Im[FQH - Flg]
o Im[HE" — EH* + EEH* — HEEY)
v A%r%(’?_%)cos ) has the highest
sensitivity to GPD E and, through
Ji formalism, to J total orbital

angular momentum of quarks
v With a good model allows a model-
dependent constraint
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GPD E: with Transversely Polarized Target " — /v X’

Pre-recoil data [JHEP 06 (2008) 066, 24]
o(¢, ps.e1,S1,A) = ouu(d){l+ e Ac(d) + ALY (¢) + e NALy ()

(6t —a™¥) (0" — oY) +S 1 ADYE (¢, ds) + eS LAY (0, ¢s)
(ctt+ot¥)+ (e T +0-%) 45, AABH+DVCS<¢, ¢s) + e ASLAL (¢, ds)}

Apgp' (@, ¢s) =

E 8.1% aJ: I rI,a] t o “ - ‘J‘IL 1'..1>\('IH .' —- - AUTI - I— X Im[FQH B Flg]
scalle uncertainty { i E . . S
g 02 * E3 3 1087 "] Im[HE" —EH" +EEH™ — HEET)
= ] E 3 0.2 3 in(¢—
%F F E{ 3 v A%I%(ff ps)cos ) has the highest
-Ufa:;’-uz 3 i 3 3 sensitivity to GPD E and, through
T R 3 i Jiformalism, to J total orbital
04 o F . 3 angular momentum of quarks
' 002 04 06 0 00 02 03 0 3 4 ¢ s 10 v Withagoodmodel allows a model-
overall -t (GeV?) Xy Q?(Gev®  dependent constraint

[PhySLettB 704 (2011) 15_23] AI,BH+DI-’(?5'{¢ $ :] B (?+1‘|‘ L gt FH F+1‘r}+(?—1‘ L F A F - {F—?j
LT 9S5) = (E’+ﬂ+‘g+u+F+u+*—+1})+(—’+ﬂ+?+u+?+J.L_|_*E+1"r}
x Re[FoH — F1 €]

/Asﬂ;(fb ¢s)sm ) sensitive to

s 05 i T | + the real part ot GPD E

2 ' * * | v could provide an independent
- - _E*ﬂ_ ____________ = _ b ___ e ___*—-*-—v—i%"‘:' _______

£z [ f ‘ _ constrant

< 50 _ _ + v suppressed kinematically

107 107 107 1 10

overall -t[GeVY] Xg Q? [GeV?]
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Meson Production at

g,
Y S
A i %
pip) =" T pip’) i i
Y (q)-,
G
o
/
pip) =" T~ pip’}
| -
o

Fant
——

.-F"Fd_ﬂ.
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Vector Meson cross-section decompositions

= Fully differential cross-section

do do
~ Wi(xg, Q% t, dg, b, cos,
Top dOZdido. dpdeosidp ~ drpdozar” (B Q51 ¢s ¢ 2
= Decomposed through production and decay angular distributions W
W =Wyu + PWruy + StWur + BStWirr + StWur + B.StWrr

beam: | |target:
Pl SLST

= Parametrized through SDMEs or helicity amplitudes:

= Describe the helicity transfer from virtual photon to
the produced meson

= and the parity of the exchange process:

I =

- Natural parity (vacuum quantum numbers) = @

related to H and E

5=
©

- Unnatural parity related to H and E



SDMEs on Unpolarized Target(s) ep — ¢/ 0% ep — €6/

1- I': . * _D-g- = .
2y, [ AT - 23 SDMEs in 5 classes:
2imez)[ VM -~ _ .
22 Rl + + = — | = At leading class, helicity transfer conforms
22 mee) — B: Interference Y.~ VM &1 — VM, _.:_55-* SCHC
2\2 """j - & SDMEs are 10% larger than p
2V2 Re(r®
2Rel) | <i¥  HERMES Pretiminary = B: similar values for L/T interference SDME
-2Re(r))| C: T, VM, '_0_....0...";"'- O ¢ proton
2m(2) | ES © ¢ deuteron = C: pronounced differences between ¢/p
iNag | "7 1 g HERMES, EPJC 62 (2009) 659
- i’ = ° proton _ : ; i
» o 19 deuteron Hints of smaller longitudinal quark

motion in ¢ meson

= D, E: mainly compatible with zero
Unpolarized

II 6
V2 Im{rl_l) ..
N2Im(r]

= Proton and Deuterium results compatible

Na2r
N2

04
i

-0.4 -0.2 0 0.2 0.4 0.6 0.8

scaled SDMEs
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SDMEs on Unpolarized Target(s) cp — 0% ep — W'

Imry
Re ri.
Im r'{.
Im r";.
Rerhy
Re rﬂ
Re Ty
Im ri.
Tw
Tw
Im ri.
T
T
T
Im rf_l

lmr'['.l
T
T
T
T
lmr?_l

A VM, &1“ 8

-I-

23 SDMESs In 5 classes:

= A: different sign of leading twist SDMEs
compared to p

— indication of unnatural parity exchange!

B Tnierference —
1—3‘#’!.! &Tr—ﬂMT. Ha
_o=_li_—
. .
- u.-
C w—VM {i HERMES PRELIMINARY
-ft‘-"‘ o @, proton
' o o, deuteron
_:t x n p:, proton
o™ 77 & p, deuteron
=2
D: (VM 2
o g
! °»,. Unpolarized
_u_!_
e 2
Al

o * Polarized beam

> D: Some SDMEs indicate SCHC violation

_-_.E._D_
E: yr—=VM
——
1 s | I -
0.4 0.2 0 0.2 0.4 0.6

SDMEs
Eduard Avetisyan | Exclusive Reactions at HERMES | 22.05.2013 | Page 22



Unnatural Parity Exchange Observations (p,®,0)
> Atlarge Q? and W the unnatural parity exchange should be suppressed by M /Q

= The combinations of SDMEs expected to be zero in case of natural parity exchange dominance:
ur=1-—rgp+2r3%, —2r;; —2r1_;  uz =13 +r7 ug =14 +1i_;
(Wolf-Schilling notation)
[EPJC 62 (2009) 659]

P: non-zero UPE (30) ®: Dominant UPE signal! (I): UPE compatible with zero
0.3 " - 15 0.5
. = () proton (integrated) : HERMES PRELIMINAR) HERMES PRELIMINARY  ep(d)—eop(d)
- e (o) deuteron (integrated) » proton
3 o denteron 0 b e, ) — % ..................................
0.2} ‘
T { l { 05 UT=1-ro+ 200 -2r_ -2,
i 15 T .| 0.2
0.1 } | | %
|
W | BRE O b
| ul | ‘ | 0 4 ]
1Y R B P .| UZ=r,,+ry,
| b :
| 1 1 [)5 i L "
1 2 3 4 2 3 do .
Q2 (Gevz) QGeV] %J ............................ - ................................................... % .................................
Possible access to GPD H 05 .
| 11

0.7 08 09 1 2 3 dl
Q? (Ge\
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Unnatural Parity Exchange Observations (p,®,0)

Y(q)-

e
/ Y, i

pipl =" T~ pip’)
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ASn ©-0g)

SDMEs on a Transversely Polarized Target
[Phys. Lett. B679 (2009) 100-105]

> Suppressed by factor v —t/2M,,

= Qut of 30 SDMESs onlv one sensitive to GPD E

00
ASin(e—¢s) _ Imng
UT = o0

00

(Diehl notation)

- Im(Ey* Hy)

Ey

sin &

[Hy|?

DC'HV

[Ellinghaus,Nowak,Vinnikov, Ye (2004)]

0.3
I o 0
- ep —epp
=
02 |
s=0
|r.l=0
S L=202 ]
J'=04
0 |
[ ]
[ <Q%>=2.0GeV?
01 | <x=>=0.09
P <t > :0.13GGV2
overall

Im {I‘I +en
Im (n - m)
Imn,

Im(n] +n_ + 2znm)

ims
Im(sﬂi-so’h
Im nm
Im {n n + 2en
Imn>

[I]
Ims,,

Im (s, - 5, +2e505) |

| 0+
ms_

4 -
Im (ng, +ng,)

Model-based constraintonJ,  .""

Rad
Im (s,. +5S;,)

indicates preference towards Im g,

positive values

= UPE signature:

7/1/ I/I/
Spp! = Toup!

> Access GPD H E

Eduard Avetisyan | Exclusive Reactions at HERMES

Im (ng, -ng.) |

-+ -+
Im (n_, +eng )

++
Imn,
0- 40, [
Im(sy, -sp.) |

Im (s ”sm)

|I‘|15

gl

Imn
|I‘|1I1

Fris

Im ng,
|I‘|1I1

sig it

Ims
Ims'®

Ims

+ Pt

Ims_

w [

m)_

| 22.05.2013 | Page 25

—_—
ot D
\(.;.—) p.?. —

A———
dommanl;; )
L
———y
—r—
——t
———
At
- 0 +——t
W Pr
——t
it
I —_— ]
St
- ——t
1 pd
——t
+——t
single spin flip ——t
+———————
——p
——t
———
———t
| double spin flip ™
| l - l
0.2 0.1 0 0.1
SDME values



\"

v V V V

7t on a Transversely Polarized Target

[Phys. Lett. B 682 (2010) 345-350]

No ¢ /o, separation

Small overall asymmetry with possible sign change

A?}r}(qb_qbs x Im(”;’:{—*é’) X |£~\sin5
|H[? H
Theoretical expectations — suppression by +/—t
-Frankfurt et al. (2001)- -Belitsky, Muller (2001)-

-Goloskokov, Kroll (2009)- -Bechler, Muller (2009)-
Evidence of contribution from y*_

_1:_

Unexpectedly large signal for sUbIeading twist
No turnover towards O at t'— 0
Can be explained by ¢, /o, interference
In good agreement with model prediction
- Goloskokov, Kroll (2009)
Sensitive to H. GPD

Evidence of contribution from y*_
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Summary - DVCS

HERMES DVCS 2 = | GPDs
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Summary - Mesons

= Single- and double-spin azimuthal asymmetries in
meson production provide access to GPDs
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W

= Transverse target asymmetries give model-based
predictions/constraints for quark total orbital angular
momentum (Ji framework)

= Significant signal of unnatural parity exchange
observed in w meson production provides access to
spin-flip GPD H

= w* production allows access to subleading twist
“transverse” GPD H._
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Backup slides
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GPD £ and J Constraint

HERMES DD
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