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Introduction

Exper:mental probe of GPDs — Hard exclusive Processes

/7 FIELD CLAMPS j TRIGGER HODOSCOPE H1
m

DRIFT CHAMBERS _-- 270 mrad

PRE)?—IOWER H) -
. __g~--" " 140mrad
11 Dofemtor cHAuBEns
— / i l Longitudinally

s timosy _ polarized
e*/e- Beam 27.6 GeV

_ CALORIMETER
~ _ 140 mrad

* Data Taking: 1995-2007

* Reconstruction: Op/p<2%, d0O<I| mrad

* Internal gas targets: unpol H, D, He, N, Ne, Kr, Xe, Lpol He, H, D, Tpol H
* Particle ID: TRD, Preshower, Calorimeter, RICH

lepton-hadron separation > 99 % efficiency

* In 2006-2007 : Data Taking with Recoil Detector
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Introduction

Experimental probe of GPDs — Hard exclusive Processes
% Deeply Virtual Compton Scattering

* Theoretically the cleanest probe of GPDs

;
l v ! J
> \ii/ \’Tﬂ{: * Theoretical accuracy at NNLO
+ g s ® GPDs are accessed through convolution integrals
A A with hard scattering amplitude

* Experimental observables: Azimuthal asymmetries,
cross sections, cross section differences.

4 A e Amplitudes depend on all GPDs J{ E H E
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Introduction

Experimental probe of GPDs — Hard exclusive Processes
% Deeply Virtual Compton Scattering

l\-\iil l , * Theoretically the cleanest probe of GPDs
> . \’Tﬂ{: * Theoretical accuracy at NNLO
< S . .
® GPDs are accessed through convolution integrals

+ < S gl
A A with hard scattering amplitude

* Experimental observables: Azimuthal asymmetries,
cross sections, cross section differences.

4 A e Amplitudes depend on all GPDs J{ E’ H E

Vector Mesons

* Factorization for OL (to pL, ¢, WL) only
® OLto Ot suppressed by 1/Q
e o1 suppressed by 1/Q?

ve(q) * Experimental observables: cross sections, SDMEs,
_ o azimuthal asymmetries, Helicity amplitude ratios
%‘%L< * At leading twist — sensitive to GPDs [ and [,
* Observables for different mesons provide a
p(p) = ~~ p(p’) — ~ possibility of flavor tagging.

Pseudoscalar mesons

* Experimental observables: Cross sections,
azimuthal asymmetries

* At leading twist — sensitive to GPDs HandE

A
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Deeply Virtual Compton Scattering

/ y
z %
l) * y

/y*

,y*

Bethe-Heitler

A DVCS A A A’ A A

DVCS and Bethe-Heitler = Same final state = Interference
do

dz 5dQ2d[t|de

x |Teu|* + |Tpves|® + ,\TDVC’SIZEH + TBHTBVC’@

I

At HERMES kinematics |7pvcs|? << |TH|?

DVCS amplitudes can be accessed trough Interference

Interference => non-zero azimuthal asymmetries
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Deeply Virtual Compton Scattering

/ y
[ S * y

do
drpdQ?d|t|d¢

x |Tsu|* + |Tpves|? + ?DVCSTEH + TBHTD*VCSJ

I

Bethe-Heitler is parametrized in terms of electromagnetic Form-Factors

DVCS is parametrized in terms of Compton Form-Factors

CFFs = convolutions of hard scattering amplitudes and GPD’s

Fen= | dnCy (€ )P (a6,
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Access to GPDs

K 2
Tonl* = 5 op00 { 2y on costed) ot Sin(¢)}

2 2
[ Toves|? = KDVCS{ Z cPVES cos(ng) + Z sDVES sm(n¢)}

n=0

® Beam-Charge asymmetry
o(e’,¢) —ole”,¢) x Re[F1H]

e Beam-Spin Asymmetry Long_itudinally pc;!?\rized target:
O'(?, ¢) — O'(?’ ¢) X Im[FlH] Cn = Cn,unp + ACn,LP
* | ongitudinal Target-Spin Asymmetry Sn = ASnunp + ASn,LP
= <= ~ . ,
o(P,9) —o(P,d) oc Im[FH| Transversely polarized target:

Cn = Cn,unp + ACfn,,UT + )\Acn,LT

* Longitudinal Double-Spin Asymmetry
Sn — )\Sn,unp + ASn,UT + )\Asn,LT

o(P,C,¢) — o(P, T, ¢) x Re[FyH]

* Transverse Target-Spin Asymmetry
o(¢, ¢s) — o(¢,ps + m) < Im[FoH — F1&]

* Transverse Double-Spin Asymmetry
o(€,¢,¢5) —o(e,d,ds +m) o Re[FyH — Fi£]
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)\ - Beam helicity
A -Target spin projection
€¢ - Beam charge



Beam-Charge & Beam-Helicity Asymmetries

KM 0: Global fit
K. Kumericki, D. Muller

(ot ot + (07T o)
Airapetian el al. JHEP 07 (2012) 032

GGL 1 I: Model calculation
G. Goldstein, S. Liuti,

Nucl.Phys.B 841(2010) | J. Hernandez

Phys.Rev.D 84 034007 (201 1)

3 0.1 ] ] cos(¢)

R e ez P x —Ac

< 04l i Beam charge asymmetry

0.2 | - . * non-zero leading amplitude
— KM10 (a) ---- GGLII

= il [ ko I * strong -t dependence

8o | * no xg and Q? dependencies
T _ x Re|FiH|

s 04 ; ; . .

82 - . Fractions of associated

h e 0.2 | ° i ° ° o ® o o © .

<E 0 e e . ° process from MC

10° 107 . =
Overall -t [GeV?] Charge-difference beam-helicity
ves asymmetry
Ay 7 (9) = * significant negative value of the leading
amplitude
02T T o) * no kinematic dependencies

-e-_n

£D

n

<

Charge-averaged beam-
" helicity asymmetry
Y RN . B TR S ® consistent with zero
22 il o
7 2 [ [ [ o Im[HH* + HH*]
04 — Lk , —F , , ,
10” 107 107 10
Overall -t [GeV?] Xg Q? [GeV?]
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sin(¢-¢s)sin¢

LT,

A

A

in(¢-¢)

I DVCS(¢ ¢S)

AiT((rbv ¢S) —

o
o

©
o

>
még é\

Transverse Target-Spin Asymmetries

(0+Tr _ 0+i&)i(0—ﬂ _ U—u)

Airapetian el al. JHEP 06 (2008) 066

- 8.1% scale uncertainty

A

T T °® T [
UT,DVCSO

overall

TH LG P G (@

LB '1&3
Xp Q (GeV?)

VGG: Model calculation

M.Vanderhaeghen, P. Guichon, M. Guidal
Phys..Rev.D (1999) 094017
Prog. Nucl. Phys, 47 (2001) 401

Charge-difference Transverse Target-Spin
asymmetry
e Non-zero leading cos(n¢) amplitudes.

X

R S

Im|FyH — Fi&]
Im|HE

— EH* — E(HE* — EHM)]

Leading cos(®) amplitude of charge
difference target-spin asymmetry Alyr is

sensitive to CFF ‘E , therefore J, .

(Tt + o+ 4 G+ T

Airapetian et al. Phys. Lett. B704 (2011) 15

)+(_>+TT+‘E+U+ ot 4 )

Charge-difference Transverse
Double-Spin asymmetry
* leading amplitudes are

consistent with zero

o

B Q@%

* sensitivity to Jy is suppressed
by kinematic pre- factor

x Re [FQH — Flg}

overall

102 10"

-t [GeV?]
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Longitudinal Target-Spin Asymmetries

Avr(9) =

(O.—>¢ _|_ O.<—:>) . (O.—><: _|_ O.<—<:)

(O-—>:> + O—<—:>) + (0-—>¢ + O—<—<:)

L = VGG Regge p+n
L o VGG Regge p

T
overall -t [GeV?]
o7 +0" ) — (67 40"~
Aun(d) = & )~ )

(O-—>$ + 0—<—<:) + (O-—><: + O—<—$)

- =3 VGG Regge p+n

T VGG Regge p

R N o S evevyee o]
AT N il
= [ === Rl )

L
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- ‘10
Q° [GeV?

VGG: Model calculation

M.Vanderhaeghen, P. Guichon, M. Guidal

Phys..Rev.D (1999) 094017
Prog. Nucl. Phys, 47 (2001) 401

Longitudinal Target-Spin asymmetry
* Non-zero negative value of
leading sin(¢) amplitude on both
targets.
* Results on deuteron neither
support nor disfavor large
contribution from neutron,
predicted by the model.
* Results on proton and deuteron
targets are compatible.

xX Re [Fﬂ:z}

Asymmetry amplitudes are
attributed not only to squared

DVCS and Interference terms but
also to squared BH term




Measurements with Recoil Detection

%,0.3
* Events with one DIS lepton and one S
trackless cluster in the calorimeter. S
€6 ’» o 0.2
* “Unresolved’ for associated process
ep — eATy ~12%
0.1
e “Unresolved reference” sample. .

* “Hypothetical” proton required in the

Recoil Detector acceptance.

g|||

e e'data
o € data

— MC sum

..... elastic BH
associated BH

--------- semi-inclusive

(é’ - Unresolved
§9 - L UInresolved-reference
: Pure
0.15 - -
* “Pure Elastic” sample. N
 Kinematic event fitting technique. 101 - 1
Allows to achieve purity > 99.9 % |
.05 - 1
0 I 1 | 1 | 1 1 | L L é | 5
.0 5 . 10 15 My [GaV-]

1z
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Beam-Helicity Asymmetry (Recoil Measurement)

~N
ot— _ gte Unresolved

Aru(¢) = Em——— Unresolved Reference
o ? Pure Elastic y

Airapetian el al. JHEP 10 (2014) 042

0.2 I * unresolved
fm o g e b - - Indication of slightly larger
£3 magnitude of leading
< L0 amplitude for pure elastic
[ Ty sample compared with
04 | reference sample
E—
= o02f : R :
elv:’:) I
ag | : 4 ﬁ+
] AP h *# """"" L ‘*\ """ A A . ‘*' """ ﬁ """"" *#* """" %‘ """""""
0ol — [ | — ——— |, [—
10 10" 1 10
overall -t [GeV?] Xg Q® [GeV?]
(2] [
_5 L[ SRRREEEERRRRRRRRE S TTTTRES A o L ARRRRRRY SOPRRRE e eeeeeaas L JERRRY SUUDR TEEIRY’ SEEPPRRRRRE e LCOCTEY SRRRRN SERRRREE T IITRERRRRRRES
g I * A A o/ " o/ *a . . .
= - “ Fractional contributions
3 | | ep—>epy ep—eA'y | *A | i .
S o5 * s uresohved | | - - of elastic and
O - reforonce. | [ ' ' :
o . O_pure - | associated processes
I A i I A i AN Lo .
0 Lo e B Z e ’f’ﬁ@ ______ S for different samples
1 y L : . [ | 1
10 10 1 10
overall -t [GeV?] Xg Q° [GeV?
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sin ¢
LU

sin(20)
LU

Associated Process ¢ p — etyAT
Airapetian el al. JHEP 01 (2014) 077

L e'p — e*ypn° |A+ i
0.5 -

'scale uncertainty 1.96 %

R e e A

I S e T €+P—>€+WP7TO|A+
05} I I I

ot — ot
ALU(¢) — O__|__> i O__|_<_

Fractional contributions
Associated DVCS/BH -85 + 1%

Elastic DVCS/BH - 4.6 £ 0.1 %
— - . — — ; P rﬁ- SIDIS'IIiI%
10 1 10
overall -t [GeV?F]
e eyne] consistent with zero for both
0.5
$3

channels.

e"p — etynT T At
05 i Fractional contributions
S R H} _________________ \ SR \ _______ Associated DVCS/BH - 77 + 2%
< S \ \ j | \ Elastic DVCS/BH - 0.2 £ 0.1 %
o —— | | L - | SIDIS-23+3%
ot 1 w0 1 10
overall -t [GeVH] Xg Q*[GeVH
1
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Exclusive Vector Meson Production

pQCD description of the process.
l) dissociation of the virtual photon into quark-antiquark pair
Il) scattering of a pair on a nucleon
lll) formation of the observed vector meson

Y*(q)
I =g

p(p) —~p(p’)

UPE GPDs H.E
NPE GPDs H.E

Cross Section

lepton
scattering—plane

pP—production—plane

YQ'.
Z

do do

W 2 t,®, cosb
dedQZdtd(I)dCOS(gdqb X d.fCBdQth (xBaQ , Ly P, COS ,Qb)

production and decay angular distribution:¥WV decomposition
W =Wyu + PWru +ScWur + PeScWir + StWur + PeStWier 2

parameterization in terms of helicity amplitudes ! or SDMEs [l

-Schilling, Wolf (1973) e ]
-Diehl (2007)
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SDMEs p°
Too| ~ |T11| > |To1| > |Tro| > |T1-1]

o Selected hierarchy of NPE helicity amplitudes
is confirmed

L A yp - pr k-2 * No differences between proton and deuteron
I S S
| B: Interference “r'; — pg & “r';- — p-; _%_ Y2V && Y¥ro VT (Class A & B)
—— e SDMEs are significantly different from zero
% e e e SDMEs of Class B are smaller than SDMEs of
| C:yr—opr : _1:'_ Class A
— i'm'i!! m proton
- ;o= * deuteron Y*r—=VL (Class C)
B N PPN e some SDMEs are significantly different from
% s LA zero (up to 100)
: - * Violation from SCHC
. DiyL - pT i;
i Y* L= V71 (Class D)
= il_._._l._.' 57 * Unpolarized SDMEs are slightly negative
7 '_'_i" * Polarized SDMEs are slightly positive
| E:vr—pl %
"o
| I | o []] I { 2] Fai] T | I 11 Tﬂ-ll { T I | o] L | I | L L] I { ] 1 | I | L ] I [ T A I 11 Y*-T_}VT (Class E)
-03 =02 =01 ©0 o011 02 03 04 05 OB e SDMEs on Deuteron are consistent with zero

e Small deviation from zero for SDMEs on
hydrogen
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HERMES Preliminary
O ¢ proton
O ¢ deuteron
HERMES, EPJC 62 (2009) 659
m 0% proton
® o° deuteron

0.4 0.6 0.8
scaled SDMEs

e Selected hierarchy of NPE helicity amplitudes
is confirmed

* No significant differences between proton
and deuteron

Y12 VL & Y*1— V1 (Class A & B)
e SDMEs are significantly different from zero
e 10-20% difference between p and ¢ SDMEs

Y*t1—=VL (Class C)
e SDMEs are consistent with zero
e SDMEs on deuteron are slightly negative
* No strong indication of violation from SCHC

Y*L.— V1 (Class D)
* Unpolarized and Polarized SDMEs are
consistent with zero for both hydrogen and
deuteron

Y* 1=Vt (Class E)
* Unpolarized and Polarized SDMEs are
consistent with zero for both hydrogen and
deuteron
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04

T | Ay VM, & yr —>VM, o Selected hierarchy of NPE helicity amplitudes
I —o—F- is not confirmed
Im i, — * No differences between proton and deuteron

Re rio .. B: Interferen ce .............................. %Jr ..................................................................

7 S P~ 1
Im I'10 [ = H%E%

\ Y L2 VL & Y*1— V1 (Class A & B)
—— e SDMEs are significantly different from zero

== — — e ° Signiﬁcant differences between p and W
04 * HH

Re ryg % HERMES PRELIMINARY SDMEs
Re rl =0 O o, proton

o w, deuteron
= p°, proton

Re I'10

Im | 8T}

Y*1—VL (Class C)
e SDMEs are consistent with zero on both
targets

Too

Too

Im | 8T}

Too ;
5 o Y*.—=Vr (Class D)

. ' e Unpolarized SDMEs differ from zero
Imr?, | : e Small evidence for violation from SCHC

Imr,

Y*1—V1 (Class E)
e Unpolarized and Polarized SDMEs are
consistent with zero for both hydrogen and
deuteron

0.2 0.4 0.6
SDMEs
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Comparison with GPD models

GPD model: S.Goloskokov, P. Kroll (2008) ' W=5 GeV (HERMES)
Ly .o > W=10 GeV (COMPASS)
00 : mr,, W=90 GeV (HI,ZEUS)

O-SHI - —— 0.3 - —— 0.3 - —
0.2} oo TTTe- 0.25}:-:._.:_"_ ““““ - oz}:::_: “““““ 4 00 & Y¥r— pOr

- —
—_—
e —

T [Ty T | 04 1

2
- TOO’ T].—l’ —Im’l”l_l X Tll

otb— 0+ v Joqb— o . . Joqb— . . . . e .
3 4 5678 3 4 5678 3 4 5678 model is in agreement with data
5 ; interference Y* —p° & y*r—p°r
0.22 Re .r10, — 012 Im.rw | model dose not describe the data
0.20} s 014 .' model uses phase difference
018 T '. '0-16§/——f’/'_ between Too and Ti1, 011=3.1 deg.
0.16§\-_ o018 —
0.14 { -0.20} ==========777 3 ® Proton
[ . _ ] — 50 - H Deuteron
oo:

HERMES result 8,1=31.5 + 1.4 deg.

Large phase difference was observed
also by H1 (6| |=20)
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UPE Contribution p°

03
u,
02F =
L T ____ .__
0.1+ } il ®
L .“ o
0_. .................................................
0 o1 02 03
-t (GeV?)
® Proton

IU,,/T,,

04 -

H Deuteron

At large W2 and Q? the transition should be
suppressed by M/Q

* direct helicity amplitude ratio analysis: U;1/Too
* the combination of SDMEs is expected to be zero in

case of NPE

04 04 1 1
Uy = 1 — 00 + 2T1—1 - 2T11 o er—l

5 5
Ug = T71 +T1_1

8 8
Uz =171 + 711
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& DESY (Q%)=1.05 GeV”
ul OSLAC79 (Q%)=09 GeV’
1r ASLAC74 (Q%=09 GeV*
+ m HERMES proton (Q*)=1.95 GeV”
o HERMES deuteron
| J E— e o . !I ................... ¥ f AI
v ZEUS BPC (Q*)=0.41 GeV*
0.1 u2 A ZEUS DIS (Q*)=2.4 Ge‘fz
- o H1(Q%=3 GeV’ .
0 ~+% ......... G . T % ..................
-0.1 -
0.1 Uj +
0 L { ............................................................................................
-0.1 -
1 1 I 1 I
2
1 10 10
W (GeV)
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Transverse SDMEs of p°

e Most of the SDMEs are consistent with
zero within |.50

e SDMEs ,

differ form zero by 2.50

* Non - zero value for SDME
violation from SCHC

* In case of NPE - expected

* Non - zero values for SDMEs

and indicate a large contribution of
UPE

and

%
2%
<t

0 0

0 0
Im(n_, + €Ny, )

0+ -0
Im (n0+ - Ny, )

I -+
mn_

++ -- ++
Im(n_ +n_ +2eny,)

-+
Ims_

0+ -0 0+
Im(s,, -s,, +2es,)

++ ++

I 0+
ms_,

++ --
Im (ng, +ng, )
-+
Imn,,
++ -
Im (s, +5S,,)
-+
Ims,,
0- +0
Im (ng, - ng, )
-+ -+
Im(n_ +eny,)
++
Imn_
0- +0
Im (s, - S, )

-+ -+
Im (s, + ¢Sy, )

+ |

Ims_,

im n®
mn_,

I +0
mn_
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—
Ylt -> pE |+—I
vr > ol —t
+— i
dominant transitions ( +——+)
00—+
* ——t
Yy pE
———
.'——.—'-
+———
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
* -|—.—.
> p?
— —t
+—o—t
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
00—t
* _—.—'.
Yy p-'?'
00—t
+— —+
single spin flip ——
——t
+—0—t
B e ——
{—.——'.
double spin flip )
\ \ — \
-0.2 0.1 0 0.1
SDME values
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Transverse Target-Spin Asymmetry : ~ GPD E

for L -

A

and T

L

Transverse SDMEs of p°

LL,sin(¢p—¢s )

ELE

T

ATT ,Sin(p—aos )

UT

-0.2 |

0.4 |

s

A

= 04

(]

35

i 0.2
0

s

£

£

7]

E5

<
0

0.2 |

0.4 |

Im

Im(nd;™ + enOO)

u+++eu

m(nil +nl + 2engd,
I—=ul? + eugp)

04 |
0.2 |

o N |
it e b

00 00

Im (n_ +eny,)
0+ -0

Im (n0+ - Ny, )

I -+
mn_

++ -- ++
Im(n_ +n_ +2eny,)

-+
Ims_

++ -
Im (s, +5S,,)
-+
Ims,,
0- +0
Im (n 0+ )
Im (n + S“oo )

++
Im n,

Im (s0+ s0+ )

Im (s + ssoo)

+ |

Ims_,

oo
Im n,

+0
Im n,
Im n0+

+-
Im n,

00
Ims_,

+0
Ims_
Im s0+

+-
Ims_,
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v PP
v pd

dominant transitions

single spin flip

. double spin flip

-0.2

0 0.1

SDME values
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Results for R

04
T00

04

1

Commonly used observable R™

=or/or

= R

RO4

Strong W dependence for both - UPE contr

In case of SCHC and NPE

ibution and ratio R

ied R(Q?)

)"

Q2
Co (
e

0

P

W dependence of the Q? slope can be stud

m proton
deuteron

o
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02}
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sin(9—¢.)
ur, | Ayt s

ASiIn(0+0g)

sing
Ayt t

UT, |

ASInEo-0g)

sin(3¢-¢.)
Aty S

sin(2¢9+¢_)
Aty 8

Exclusive 117 Production

____________

Aram Movsisyan, Transversity 2014

SRS
ol + o¥

AUT(¢7 ¢S) —

® 6 azimuthal asymmetry amplitudes are
measured

* no L/T separation

* small overall value for the leading asymmetry
amplitude Asm(¢ ¢s)

o unexpectedly large value for the asymmetry

amplitude ASIH(¢S)

* other amplltudes are consistent with zero

e evidence for contribution from transversally
polarized photons
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Exclusive 117 Production

Leading amplitude A?}r}(qﬁ_%)

* small asymmetry with possible sign change

. A?}r}(gb_qbs) oc FrE = H)

* theoretical expectation:

large negative value Frankfurt et.al. (2001)
Belitsky, Muller (2001)

e difference could be due the Y*t .

! ! ! ! ! ! ! ! ! |
0 0.2 0.4 0.6

' [GeV?] Goloskokov, Kroll (2009)
Bechler, Muller (2009)
i -Goloskokov, Kroll (2009)-
< + amplitude A?}r}(d)s)
0.5 | +’+ ————————— + * large positive value
- * mild t dependence
O e does not vanish at -t'=0
o5k * can be explained by a sizable interference
e ——— | between contributions from Y*L and Y*1.
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cos(0¢)
A C

cos ¢
AC

cos(2¢)
A C

cos(3¢)
A C

sin¢
ALU

sin (2¢)
ALU

sin¢
ALU,I
sing
ALU,DVCS
sin(29)
ALU,I
sin(¢- ¢,)
AUT,I
sin(¢- ¢
AUT,DVCS
sin(¢- ¢,)cos ¢
uT,l
cos(¢- ¢S)sin ®
UT,l
cos(p-9,)
LT,
cos(¢- ¢,)
LT,BH+DVCS
sin(¢- ¢)sin¢
LT,

cos(d- 4)3) cos ¢
LT,

sing
AUL

sin(2)
AUL

cos(0¢)
LL

A
cos ¢

ALL
cos(2¢)

ALL

0.5

0.5

HERMES DVCS

Summary

i

L.

s = -

o
.
o

§.

n—q—o“c_’_“

-0.4 -0.3

-0.2

Amplitude Value

H proton | 10°
B e}
=,
=
a
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Event Selection

No recoil detection
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Data-MC Comparison
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UPE Contribution ® and w

* u values are consistent with zero. * Significantly large value for uj

* Process dynamics is dominated by * Process dynamics is dominated by
two-gluon exchange mechanism. quark exchange mechanism.
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