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Introduction

Exper:mental probe of GPDs — Hard exclusive Processes

/7 FIELD CLAMPS j TRIGGER HODOSCOPE H1

DRIFT CHAMBERS _-- 270 mrad

PRESHOWER (H2)  _

-1 /’/,/””140mrad
Recoil DRIFT T =

41 Detector CHA}"BTS [
’ = l Longitudinally

LUMINOSITY Polar’ized

MONITOR

. e*/e- Beam 27.6 GeV

_2 PROP.

_ 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

v Deeply Virtual Compton Scattering
z | T , * Theoretically the cleanest probe of GPDs
7 ! \ii/ ) * Theoretical accuracy at NNLO
® GPDs are accessed through convolution integrals
with hard scattering amplitude

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

* Amplitudes depend on all GPDs [{  F) H |, E
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Introduction

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

* Theoretically the cleanest probe of GPDs

* Theoretical accuracy at NNLO

® GPDs are accessed through convolution integrals
with hard scattering amplitude

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

* Amplitudes depend on all GPDs [{  F) H |, E

Vector Mesons

* Factorization for OL (to pL, ¢, WL) only

® OLto Ot suppressed by 1/Q

e o1 suppressed by 1/Q?

* Experimental observables: cross sections, SDMEs,
azimuthal asymmetries, Helicity amplitude ratios

* At leading twist — sensitive to GPDs [ and [,

* Observables for different mesons provide a
possibility of flavor tagging.

Pseudoscalar mesons

* Experimental observables: Cross sections,
azimuthal asymmetries

* At leading twist — sensitive to GPDs HandE
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Deeply Virtual Compton Scattering

~

/y* ,y*
Bethe-Heitler

A A A A A’

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

dz 5dQ2d[t|de

x |Teu|* + |Tpves|® + ,\TDVC’STgH + TBHTEVCSJ

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

~

do
drpdQ?d|t|d¢

x |Tsu|* + |Tpves|? + ?DVCSTEH + TBHTEVCSJ

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

Z B cos(ng) + s sm((b)}

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

n=0

® Beam-Charge asymmetry
ole™,9) —ole”,0) x Re[F1H]
o Beam-Spin Asymmetry Longitudinally polarized target:
o(T,6) — o('€, d) x Im[FiH] Cn = Cogunp T AN, LP
. Lor:1>gitudinal 'Erget-Spin Asymmetry Sn = ASnunp + Nsn,LP
L/ Transversely polarized target:
o I(_Tcgfg’i’ibgdingl(ggﬁ)bfé-égl[f&ymmetry en = Cnunp + Aln,ur + M L7

v n = ASn,unp + Asp,ur + AAsy,
U(;,?,gb) — 0(?7?7¢) x Re[FyH] S Sn,unp Sn,UT Sn.LT

* Transverse Target-Spin Asymmetry
o(¢, ¢s) — o(p, ds + ) o< Im[FoH — Fi €]

* Transverse Double-Spin Asymmetry
U(?a ¢7 qu) o 0-(?7 ¢7 ¢S - 7T) X Re[F2H — Flg]
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)\ - Beam helicity
A -Target spin projection
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Beam-Charge & Beam-Helicity Asymmetries

KM 0: Global fit ((7"'_’ + O'+<_) — (o777 + 0+‘_) GGLI I: Model calculation
K. Kumericki, D. Muller —

— — G. Goldstein, S. Liuti
+— —+«— — —+«— ’ ’
Nucl.Phys.B 841(2010) | (o*= +otT)+ (077 +0F7)

J. Hernandez
Airapetian el al. JHEP 07 (2012) 032 Phys.Rev.D 84 034007 (201 1)

C

A

Beam charge asymmetry
o ' | * non-zero leading amplitude
e 7| ' * strong -t dependence

* no xg and Q? dependencies

coSs ¢
C

A

Assoc
fraction

Fractions of associated
process from MC

16“
Overall -t [GeV?] Charge-difference beam-helicity

asymmetry

* significant negative value of the leading
amplitude

* no kinematic dependencies

ALY (6) =

—— KMI0 (a)
[ - -~ KMIO(b)

Charge-averaged beam-
helicity asymmetry
* consistent with zero

xIm [HH* -+ ﬁﬁ*]

Q2% [GeV?Y
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sin(¢-¢s)sin¢

LT,

Transverse Target-Spin Asymmetries

I DVCS(gb qb ) (0+TT — 0+U)i(0_ﬂ — U_u) VGG: Model calculation
S

o
o

(o +1T_|_0+U)_|_( —M 4 g4 M.Vanderhaeghen, P. Guichon, M. Guidal

Phys..Rev.D (1999) 094017
Airapetian el al HEP 06 (2008) 066 ot
- 8.1% scale uncertainty TAL e .

UT,DVCS O —'

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

Im|FyH — Fi&]

X Im[HE* — EH* — (HE" — EHY)]

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

3 04 0. N sensitive to CFF E | therefore ).
overall 2 Q2 (GeVz)

(T LGt _FH Gt (P g e

I
Apr(9,¢s) = (N + o L o+ 5 ) + (G + ot + o + 5 1) Charge-difference Transverse

Double-Spin asymmetry

* |eadi litud
Airapetian et al. Phys. Lett. B704 (2011) 15 g o g e s

o

consistent with zero
* sensitivity to Jy is suppressed
by kinematic pre- factor

x Re [FQH — Flg}

overall
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Longitudinal Target-Spin Asymmetries

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

(O-—>:> + O—<—:>) + (0-—>¢ + O—<—<:)

Avr(9) =

VGG: Model calculation
M.Vanderhaeghen, P. Guichon, M. Guidal
Phys..Rev.D (1999) 094017

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

Prog. Nucl. Phys, 47 (2001) 401

overall -t [GeV?]

(O.—>=> _|_ 0.<—<:) . (O.—>¢ _|_ O.<—=>)

ArLr(¢) =

(O-—>$ + 0—<—<:) + (O-—><: + O—<—$)

Longitudinal Target-Spin asymmetry
* Non-zero negative value of
leading sin(¢) amplitude on both
targets.

* Results on deuteron neither
support nor disfavor large

- =3 VGG Regge p+n
T VGG Regge p

contribution from neutron,
predicted by the model.

* Results on proton and deuteron
targets are compatible.

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

Asymmetry amplitudes are

attributed not only to squared

L

DVCS and Interference terms but
also to squared BH term

- ‘10
Q° [GeV?
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Measurements with Recoil Detection

* Events with one DIS lepton and one
trackless cluster in the calorimeter.

* “Unresolved’ for associated process
ep — eATy =12 %

e “Unresolved reference” sample.
* “Hypothetical” proton required in the
Recoil Detector acceptance.

e e'data
o e data
— MC sum
elastic BH
associated BH
semi-inclusive

Unresolved
IUnresolved-refer

* “Pure Elastic” sample.
* Kinematic event fitting technique.
Allows to achieve purity > 99.9 %

Pure

A
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Beam-Helicity Asymmetry (Recoil Measurement)
)

Unresolved
Unresolved Reference
Pure Elastic y

Airapetian el al. JHEP 10 (2014) 042

unresolved
unresolved-reference

Indication of slightly larger
magnitude of leading
amplitude for pure elastic
sample compared with
reference sample

overall

- ~ Fractional contributions

L | ep — epy ep —>eAy | B |

: z ;izrze%:ggg_ _ _ i Of e|aStIC and
associated processes
for different samples

process fractions

overall
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Associated Process e¢tp — etyAT

Airapetian el al. JHEP 01 (2014) 077

| e*p - e*ypn® |A+ ! ! 'scale uncertainty 1.96 %

| | Arv(¢) =
L

etp — et ypr?|a+

Fractional contributions
Associated DVCS/BH -85 + 1%
Elastic DVCS/BH - 4.6 =+ 0.1 %
SIDIS-11 £ 1 %

overall

e eyne] | consistent with zero for both
i i - channels.

e"p — etynT T At

Fractional contributions
Associated DVCS/BH - 77 * 2%
Elastic DVCS/BH - 0.2 = 0.1 %
SIDIS-23+3 %

10
overall Q? [GeV]]
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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 dCCBdQth (xBaQ , Ly P, COS ,Qb)

production and decay angular distribution:WV decomposition
W =Wyu + PWru +StWur + PeScWir + StWur + PeStWer

parameterization in terms of helicity amplitudes ! or SDMEs
Schilling, Wolf (1973) 7 o

p|Y

-Diehl (2007)
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SDMEs p°
Too| ~ |T11| > |To1| > |Tro| > |T1-1]

Airapetian el al. Eur, Phys. ]. C 62 (2009) - SeIe;ted P(\jierarchy of NPE helicity amplitudes
is confirme

A:yp — pﬂ * No differences between proton and deuteron

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

Y*1 VL (Class C)
e some SDMEs are significantly different from

zero (up to 100)
* Violation from SCHC

Y*L= V71 (Class D)
* Unpolarized SDMEs are slightly negative
* Polarized SDMEs are slightly positive

E: 11— Pt

IIIIIIIIIIIIIIITﬂ-IIIIIIIIIIIIIIIIIIIIIII||IIII|I Y*-T_}VT(CIaSSE)

-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

Aram Movsisyan, EMMI-RRTF 2026



HERMES Preliminary
O ¢ proton
O ¢ deuteron
HERMES, EPJC 62 (2009) 659
m 0% proton
® o° deuteron

0.4 0.6 0.8
scaled SDMEs

o 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*t—=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—= V1 (Class E)
* Unpolarized and Polarized SDMEs are
consistent with zero for both hydrogen and
deuteron
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SDMEs w

Airapetian el al. Eur, Phys.]. C 74 (2014) 3110

Aty VM, o Selected hierarchy of NPE helicity amplitudes
: is not confirmed

* No differences between proton and deuteron

B: Interference
yL—>VML & yT—>VMT A

Y*L2VL & Y*1—= V71 (Class A & B)
e SDMEs are significantly different from zero

* Significant differences between p and W
®, proton SDMEs

0, deuteron

po, proton

Y*t1—VL (Class C)
e SDMEs are consistent with zero on both
targets

po, deuteron

Y*L.—= V1 (Class D)
» Unpolarized SDMEs differ from zero
e Small evidence for violation from SCHC

Y*1—=V1 (Class E)
* Unpolarized and Polarized SDMEs are

consistent with zero for both hydrogen and
deuteron

0.2 0.3 04 0.5 0.6
SDME values
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Comparison with GPD models

GPD model: S.Goloskokov, P. Kroll (2008)  W=5 GeV (HERMES)
W=10 GeV (COMPASS)
W=90 GeV (HI,ZEUS) y

% pOL & Y*T—p pOT

04 1 2
]. - TOO’ Tl_l, —Im’l”l_l XX Tll

model is in agreement with data
interference y*_ — p° & y*r—p'r

model dose not describe the data

model uses phase difference

between Too and T11, 811=3.1 deg.

® Proton
B  Deuteron

HERMES result 01=31.5 £ 1.4 deg.
Large phase difference was observed
also by H1 (6| |=20)

Aram Movsisyan, EMMI-RRTF 2026 IA, A. ALIKHANYAN
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UPE Contribution p°

® Proton

H Deuteron

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

* direct helicity amplitude ratio analysis: U/Too

* the combination of SDMEs is expected to be zero in
case of NPE

04 04 1 1
u1 — ]_ — TOO —|— 2T1_1 — 2T11 — 27“1_1

5 5
Ug = T71 +T1_1

& DESY (Q%)=1.05 GeV”

OSLAC79 (Q%)=09 GeV’
ASLAC74 (Q%)=0.9 GeV’

m HERMES proton (Q*)=1.95 GeV”
o HERMES deuteron

1 1 1 I 1 1 1 1
v ZEUS BPC (Q*)=0.41 GeV*
A ZEUS DIS (Q*)=2.4 GeV*
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Transverse SDMEs of p°

Airapetian el al. Phys, Rev. Lett. B679 (2009)

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

e SDMEs , and
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

/
2%
<1,

0 0

0 0
Im (n_ +eny,)

0+ -0
Im (ng, -ng, )

I -+
mn_

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

-+
Ims_

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

++ ++

I 0+
ms_,

++ --
Im (ng, +ng, )
-+
Imn,,
++ -
Im (s, +5S,,)
-+
Im So.
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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> pp
v pd

dominant transitions

single spin flip

double spin flip
L ‘ L L L L

SDME values
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Transverse SDMEs of p°

00 00
Im (n_ +eny,)

Transverse Target-Spin Asymmetry : ~ GPD E ) bR

Im n_: y.;.—) p.?.

fOI' L-L Im (n., +n,, +2eng, )
++ 00 ) L

ALL sin(p—aods ) Im(n -+ €ENg ) Ims, —

P TR A S g I e A * s dominant transitions
UT

u+++eu

00—

and T -T
ATT sin(¢=¢) _ Im(nil +niy + 2€”++)
s 1 —(u, + eugp)

++ -
Im (s, +5S,,)

I -+
m s0+

—_—
o
)
=
RS
£
]
-
_|<

0- +
Im (n -ng,)

Im (n + enoo)

++
Im n,

Im (SO+ SO+ )
Im (s + ssoo)
Ims” | single spin flip

00
Im n,

+0
Im n,

ATT, sin (¢-0g )

(1)

Im n0+

+-
Im n,
0

0
Ims_,

+0
Ims_

ms.. | double spin flip

-+
Ims_,

PR R R
0.2
overall  Q?[GeV?] xg -t [GeV?] SDME values
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Results for R

04
1 70
04

In case of SCHCand NPE R = R = o /o

Commonly used observable R" =

Strong W dependence for both - UPE contribution and ratio R

[1CLAS (W)=2.1 GeV
' O CLAS (W)=2.6 GeV
| 0 CORNELL (W)=3.5 GeV

= HERMES (W)=4.8 GeV
- & E665 (W)=18 GeV

« R™M* HERMES
- » R™ ZEUS
—Fitof R, R™ ’
| A ZEUS (W)=75 GeV - Ry GPDs ] 0 §
* H1 (W)=75 GeV - O () Py proton (total)
I l o(o) p, deuteron (total)

_ l; l§ l :{ 1S 1l ‘ s m (A) , proton (tOtal)
4

Long.-to-Transv. Ratio

[—

e (v) ®, deuteron (total)

K “ | "ﬁ%\ﬁ\%

L I I L L
1 2 3 4
Q* (GeV?) Q* [GeV?H]
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Exclusive 117 Production

SRS
ol + o¥

sin(¢-¢.)
Ayt s

AUT(¢7 ¢S) —

sin(o+0.)
Ayt 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

sing
Ayt t

~o
<
<=
N -
S~
<

sin(3¢-¢.)
Aty S

uT, |

Airapetian el al. Phys. Lett. B682 (2010)

Asin(2¢+¢s)
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Exclusive 117 Production

Airapetian el al. Phys. Lett. B682 (2010)

Leading amplitude A?}r}(qﬁ_%)

e small asymmetry with possible sign change
. A?}r}(gb_qbs) x Im(E x H)

* theoretical expectation:

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

o ol e difference could be due the Y*t .
' [GeV?] Goloskokov, Kroll (2009)
Bechler, Muller (2009)

-Goloskokov, Kroll (2009)-

amplitude A?}I}(QZ)S)

* large positive value

* mild t" dependence

* does not vanish at -t'=0

* can be explained by a sizable interference
between contributions from Y*L and Y*1.
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Summary

HERMES DVCS 2 Doteoen

Hydrogen Deuterium
Hydrogen Pure F . . +
cos(0¢) . ’
Al o il ! - 3 -
Acosq) !
Cc

<P,(cos6)>

cos(2¢)
A C

ket
AT ‘4
—ar O

Hydrogen

{H’L
t!

sin¢
ALU

sin (2¢)
ALU

ing
ALl e = S

sing
ALU,DVCS

<Py(cost) >

Q% [GeV?] -t [GeV?]
sin(2¢9)
ALy, o n e
. . 0.8 1 1.2 1.4 0. . 1.2 1.4
sin(¢- ¢,) m_ [ GeV ]| m_ [ GeV ]
AUT,I
sin(¢- ¢)
AUT,DVCS
sin(¢- ¢,)cos ¢
uT,l
cos(¢- ¢S)sin ®
uT,l
cos(¢-¢,)
LT,
cos(p- 9,)
LT,BH+DVCS
sin(¢- ¢)sin¢
LT,
cos(d- 4)3) cos ¢
LT,

sing
Au

I HERMES PRELIMINARY [ 8.2%scale
r L uncertainty

sin(¢-¢¢)
Ayr s

sin(g+0.)
Ay s

sin(¢g)
Ayrs

-bg)

sin(2)
AUL

sin(2¢-
uT

cos(0¢)
LL

A

cos ¢
ALL

A

cos(2¢)

ALL

uT

-04 -03 02 -0 -0 01 02 0.3
Amplitude Value

ASi"(3¢—¢s)

sin(2¢+¢.)
Ay

<W>=4.6 GeV

A 0.02<x5<0.15
® 0.15<x;<0.26
B 0.26 <x3<0.55

H proton | 3
B + l N overall -t [GeV?] Xg Q%[GeV?]
1

1
0.3

-’ (GeV?)

<W> =54 GeV

® deuteron

o(y'p — p°p) [ub]

E — (0,8Y) - fit

————— (Gy/m) - fit
m - fit

S e
T

|
ofs 10
-t (GeV?) Qz [GeVz] nuclear mass number A
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AE [GeV]
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=

A\
1\

[A®D/qd] pIsIA
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Event Selection

0GeV

0

— M?
oM

Small energy transfer to the

2
T
target nucleon

4 GeV?

3< W <6.3GeV
—1.0< AE < 0.6 GeV

(g =)’
Kinematic requirements
o< M. .. <1

—~
QO
O
-
00
-
V
S
.m
=
V
—
o
-

0

t

1< Q?*<7 GeV?

Small missing energy
AE =

Invariant mass of hadronic system

—t' <0
pO

.

Q
O
00
N
-
—

V

:
=
\Y,
a\
\mm
S
—
S

No recoil detection




Data-MC Comparison

—e— Data

— MC sum
ep—epy
Associated

—o— Data

— MC sum
ep—epy
Associated
SIDIS

8
7
6
5
4
3
2
1

— MC sum
ep—epy
Associated
SIDIS

<7

1.2

-t [GeV?]

—o— Data

— MC sum
ep—epy
Associated
SIDIS

- N W OaOo~N

—e— Data

— MC sum
ep—epy
Associated

o

—e— Data
— MC sum

Associated
SIDIS

do

10

Q? [GeV?]
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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.

O HERMES PRELIMINARY ep(d)%e'q)p(d) = proton HERMES PRELIMINARY

% o deuteron

U =1-rgy+ 20 - 21, - 21, %

HERMES PRELIMINARY
m proton

| o deuteron

i |

0.7 0.8 09 1 3 4 0‘50' ' '0.(|)2' ' '0_64' ' '0.66' ' IO.IOSI o1 0.12 0.14

Q? (GeV?)
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Extraction details

negative log-likelihood function to be normallzeld (R)
(1 = fog) *x WUHL(R; &;, ¢;, cos 6;)
N(R,®)
UL (G B. 4. e .
where Nure L fog * W Xf(féf.;, @, COS 91)] (24)
N(R) =" WUHE(R; 8}, ¢;,c086;) (R, )

j=1

N UL N
—lnL(’R,):_Zl w (RNQE;,;;‘),,,COM Z [

is calculated numerically using events from PYTHIA Monte-Carlo generator

In order to account for the SIDIS background in the fit, first “”’SIDIS-background SDMEs” are

obtained for the PYTHIA-SIDIS sample in the exclusive region.Then SDMEs corrected for the

background are obtained as:

SDMEs corrected for BG set of SIDIS background SDMEs

¥

N J 4
B (1= fog) * WUTL(R; &y, s, co8 0;) | fog ¥ WYTE(F;B;, 65, cos O;)
~InL(R) = ; n| TR0 + R0 |

where the normalization factor reads:
Nye
NR,Z) =Y [(1— fog) x WITH(R;: &}, ¢;,c0s ;)
j=1

+fog * WUTE(T; 85, ¢, cos Qj)] .
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