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‘%M Outline

Main topics covered in this talk:

&  Deeply Virtual Compton Scattering (DVCS)

&  Exclusive Vector Meson (p, ®, ) production

@  Exclusive n+ production

& Recoil Detector



‘%&g HERMES Experiment

27.5 GeV e' /e~ beam of HERA

Internal gas targets

. > A> >
polarized : 'H,!H"?H, 3He
unpolarized: 'H, ?H, 3He,

4He. 14N 20N, 84Kpr 131 Xe



‘%M HERMES Spectrometer
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B HERA longitudinally polarized 27.6 GeV e+/e- beam
B Polarized and unpolarized internal gas target (spin flip every 90 s)

B Kinematics: 0.02<x<0.7, 1.0 GeVQ%15 GeV?
B Data taking: summer 1995 - June 30, 2007

B 1995-2000: longitudinal target polarization, 2002-2005: transverse target pol.

2006-2007: unpolarized H, D targets + Recoil Detector
4



$ gg GPDs

Generalised Parton Distributions (GPDs)

Generalisation of Form Factors (moments of GPDs) and
PDFs (forward limit)

Generalised description of nucleon structure in 2+1 dim
AV

oz, ~1/Q AL,

xp ﬁ J D
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Number density of quarks with longitudinal momentum
fraction x at radial position r, ;



ggfg; GPDs and quark total angular momentum

Ji relation:

T 217205 oL )= lim [ dx x [H(x.2.1) + E(x L 1)
H(x,z,1), E(x,C,1): Generalised Parton Distributions
Access: exclusive processes

QZ/‘ E Final state sensitive to different GPDs
e v.p' ... Spin-3 target: 4 chiral-even leading-twist
g quark GPDs
H,I:I (EE) conserve (flip) nucleon helicity
Vw\” Vector mesons (p, o, ¢) H,~E~
\/ Pseudoscalar mesons(zt,n) H, E

t DVCS (v) H,E, H, E




Deeply Virtual Compton Scattering (DVCS)

Exclusive Vector Meson (p, ®,) production

Exclusive n+ production

Recoil Detector



EM Deeply Virtual Compton Scattering & GPDs
Bethe-Heitler (BH)

* DVCS and BH: same initial and final state
* BH dominates at HERMES kinematics

* GPDs accessible through cross-section differences
and azimuthal asymmetries via interference term
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Azimuthal dependences in DVCS

Example: unpolarised proton target

d'o

= | DVCS‘ +‘TBH‘2+])

d0%dx didg
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from S. Yaschenko

KDVCS|:OS(H @)+ P;
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Example: unpolarised proton target
@ C(ross section

Azimuthal dependences in DVCS

DVCs

G (: Py, Co) = O [ H PolAD " HCo Py, + Cald. ]
@ Beam-charge asymmetry
B [J'_’+J+]—(o"‘_+o"_’]__ 1 ﬁ ]
A (@) = (g+—* pp= ]+ (cr*_ N cr"}} —D(@ y c! cos(ng)

Charge-difference beam-helicity asymmetry

I oo (J'*+J_{_)_(,D'+{_+D'__})_ L x5
ool om) D 0 &

Charge-averaged beam-helicity asymmetry

(J"’ o' )— (D'_{_ - J“’) 1

I
n

31 (P) P (¢)

sin(n )

Ar (@) = (D_+—> g }+ (D-‘*_ + cr_%) B D(¢) |

QE

(DICS beam target

1

5111( )

Measurements of these beam-helicity asymmetries allow to separate
contributions from DVCS and interference term

This separation is impossible in measurements

of single-charge beam-helicity asymmetry

from S. Yaschenko
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t gg Azimuthal dependences in DVCS

See e.g.: A.V. Belitsky, D. Miiller, A. Kirchner, Nucl. Phys. B 629 (2002) 323-392

Various azimuthal-asymmetry amplitudes

.

Fourier expansion in cos(nd) and sin(nd)terms

~ N

Compare to GPD models | | Extract Compton Form Factors

“ “

Improve GPD models

‘ GPDs

GPDs

11



Y DVCS @ HERMES

Rather complete measurement of amplitudes in
eN — e'N vy possible at HERMES:

& Both beam charges

Longitudinal beam polarisation (both helicities)
Unpolarised H, D and nuclear targets
Longitudinally polarised H and D targets
Transversely polarised H target

Recoil Detector

@ @ ¢ ¢ ¢
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Y DVCS @ HERMES (w/o Recoil)

% 0.3 « e’ data
% I o e data Kinematic requirements
8 L — MC sum
S i .
S I L - . I elastic BH 003« <0.35
0.2— associated BH ' XB |
- LN semi-inclusive
: 16eV2 < Q2«10 GeV?
ol -t < 0.7 GeV?
. EV >B GeV
0 scent!

M2 (GeV?)

* Identification by missing mass technique

* Semi-inclusive corrected as dilution for charge-dependent asymmetries
For pure DVCS term asymmetry extracted from n° (z>0.8) data

* Associated BH ep — e'Ay ~ 12 % (with unknown asymmetry)

stays part of the signal s



' (.éff DVCS @ HERMES

First result (2001): Beam-spin asymmetry

HERMES, PRL 87 (2001) 182001 CLAS, PRL 87 (2001) 182002

LU

0.4F

0.3

02b

0.1

- of

-0.1F

-0.2 F

-0.3

06 [ ! o4k -
I AP BN R AR B | T T T T e
-3 -2 -1 0 1 2 3 [ 50 100 150 200 2350 300 350
o (rad) b, deg

Now: Simultaneous maximum likelihood fit
of all relevant amplitudes
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t {?ﬂ DVCS asymmetries measured @ HERMES

e Hydrogen ——> acc. by JHEP, GPXIV209093587
HERMESDVES = %, iy T subm. to NP B, arXiv:0911.0095
AT D @
if;s(z N J&j @ Beam charge asymmetry
AC . — s ]
RO ﬁ. o ﬁ]{g(]—[) GPD H
:n"‘;“ CEED "_HOC Sm(H)| @ Beam helicity asymmetry
Srmics T GPD H
A o
sin(f—fs}
A‘S{j;‘f_f) @ @ Transverse target spin asymmetry
Avtes Lo Im(H - E) JHEP 06 (2008) 066, arXiv:0802.2499
Apry == | GPD E
cos( f—f's)sin f :
Ai‘j‘;f . . .
o Q Longlludm-al target spin asymmetry
Ayt GPD H (in preparation)
A"
A8 f @ Double spin asymmetry
Actls}z 0 GPD M (in preparation)

Amplitude Value

15



t ﬁg Proton: beam helicity asymmetry (Interference)

arXiv:0909.3587
HERMES
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VGG: Phys. Rev D 60 (1999) 4017, Prog. Nucl. Part. Phys. 42 (2001) 401

Dual: Phys. Rev D 79 (2009) 017501 »
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Res. frac

Proton: beam helicity asymmetry (DVCS)

arXiv:0909.3587
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cos (3d)

C
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fraction
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0.2
01 ¢

Proton: beam charge asymmetry

arXiv:0909.3587

| — VGG Regge, no D

| —.—. Dual-GT Regge

HERMES
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t Zﬁ% Ay ¢t Proton vs deuteron

PN SRR arXiv:0911.0095
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Proton and deuteron data are compatible for all leading amplitudes 19



$ {fg Proton: transverse target pol. asymmetry

Sensitive to GPD E THEP 06 (2008) 066
gp 0.2 L 8.1% scale uncértai+n_t}" oo '_--_ S ' ! T ! IAI['T II m h
== J=0.6— —
< ooptiog ﬁ s __J+ g HF_I.—_ T t__*i 4 02 3 sensitive to J;:
- L | -
0.2 | I — I 1 = &
[ | —— | —— Im(F,H — RE) -
02l i sin(¢ — ¢ s) cos (ng)

With a GPD model &

describing the data, one _
could in principle extract ’

_ .sin{rb—[bs}cmrb

i
i@

N S | a constraint on J, + k-J 4 ]
= i | | —
= | 11 | L e e ! L [T
o O2F 1 + 1 1 ] NOT sensitive to J
= i T ] ] sensitive to Jy:
% el | ] - koo 1 mLﬁi;__;;+ 1 +Ti-—_r+ 1 +.+ﬂ+;_.__+ h
P [ T o T I ] Im (F2H — (F1 + €F2)E) -
=< -0.2 __'—'_"_’_+_'_‘—‘ J 0 | T =—— I cos(¢h — dhs) sin

0 02 04 06 '20 o1 02 03 0 2 4 6, 8§ 10
overall -t (GeV") Xp Q" (GeV)

Model: VGG with variation of J,, while J4=0
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A= -
t 4% DVCS - nuclear mass dependence

arXiv:0911.0091

S [ Xe Monte Carlo sum Select for each target
2?0.15 i" — — coherent BH 2 Samples
E ' --- incoherent BH

0.1 watEdBwH R . C 0 h e r' e nT e n r| | C h e d ( l O w T )

~ 65 % coherent fraction

0.05 B— ' nco h ere nT enr | C h e d ( h | 9 h T )

~ 65 % incoherent fraction

0 0.02 0.04 0.06 0.08 0.1 0.12
4[GeV?]

Targets: H, He, N, Ne, Kr, Xe
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DVCS - nuclear mass dependence of A,

arXiv:0911.0091

® HERMES

(acceptance & smearing
— SYs. error)
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No enhancement of nuclear asymmetries visiblelll
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DVCS - nuclear mass dependence

No enhancement of nuclear asymmetries visiblel!l
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Deeply Virtual Compton Scattering (DVCS)

Exclusive Vector Meson (p, ®, ¢) production

Exclusive n+ production

Recoil Detector



t \{?ﬁ Hard exclusive vector meson production
S

modified perturbative approach -Goloskokov, Kroll (2006)-

Ao Fz &, t;p%) @ K(z, &, 2:1og(Q? /p?) @ ®(z, k5 p?)

* Factorisation for o, only
* 'Y*L —> pL' (DL, (I)L: GPDS H, E

* o, - o1 suppressed by 1/Q

* o1 suppressed by 1/Q2
*v* 1 — p% i contr. from ﬁ E

24



t \{?f Hard exclusive vector meson production
S

do
drg dO2 dt dps dodcos dp

N

o

Production and decay angular distributions decomposed:

d

drg dQ? dt

Wi(zg, Q% t.ds, ¢, cos, @)

‘/ 4

target: S, St

25



t JELD{Z Hard exclusive vector meson production
S

L-IIET I'_fl‘"r —_ — | . - Y
Wirp, Q% t,¢s,0,cost, )

i

drp dQ2 dtdps dpdcosddy  drg dQ2 dt

W=Wuu + BWru +ScWour + BScWirrp + StWour + PrSTtWer

! _ parametrized by helicity amplitudes T+ or
_Schilling, Wolf (1973)- _Diehl notation (2007)-

n
p’

y*

1 or alternatively by spin-density matrix elements (SDMEs):
Y

%

from A. Rostomyan



p? - event selection

ep—>ep’p

A 4

AE = (M - M 2)/ 2M,

Background subtraction
with PYTHIA

el
Tc-
T+
T I

250 Yp — pp |
2001 w} -
= 150f I ~
& 100} +M m"i .
50 ﬁw ﬂ\* .
PM" | ! L ’J‘N“g

0
04 05 06 07 08 09 10 11
M, [GeV]

(Q?) = 2.3 6GeV?, (W) =49 GeV

(Xg )= 0.07, (-1) = 0.13 GeV?
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Unpolarised p° - ¢ SDMEs - W .,

- HERMES PRELIMINARY
" proton, <0%==1.9 GeV®, <W-=5 GeV
1-r « § proton and deuteron Ll
S . . —r—
P ol S A R .—
N e —=—
[\1Rery, | B: Interference v, —V & v =V} =
P4l Imr, ——
P41 Im L 3 -
N1Rery, e .
Ragh [T = _'_.F- _______ B
no| i {r—V, .-
2 Be Cie | —il—
2 IFI. EI;L | il : -
12 Iy, ?_;
“Tas
I Im EJ||_ Bz -l—l_l_—|i—|-
12 s, '_.':...:rg_.
gl ) o s e e o
'-.IE [ Dy —=VE .o
wing [
lImrg, q—-?
2 Imr, = : If-l_._i|
Vi, % e
-"I!:.;ﬂ __________ e : _‘:._.__' ______________________________________________
i F E: y7 =V -
M -
Im EIJ-1 1 1 | 1 1 |:.-I'_|_"I_' 1 1 i 1 1 1 | 1 1 1 [
0.2 ] 0.2 04 0.6
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' ‘{?g 0% phase difference & between Ty, and T,

2 ® (O) proton (integrated) _ _ _
= [ T e(o) deuteron (integrated) neglecting spin-flip amplitudes
. - -
40r || &
n
L }} %
20 | T *._ sign of § obtained from polarizes SDMEs:
(for the first ime)
) |
_ siné = 2vE(Rrio —
oL o o L xigél:l_igé-l_rl—l_
1 2 32 ) 4
Q" (GeV")

*__ results on § (in degrees):
. proton:
B deuteron:

*)_ wvalues are consistent
. with each other
B with H1 results: |5 = 21.5 + 4.34a¢ £ 5.3sys

from A. Rostomyan

More economic: extract the 9 helicity amplitudes directly (in preparation) 1
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t ££ pY: observation of unnatural-parity exchange
S
EPJ C62 (2009)659
*._ UPE contributions measured from SDMEs:

. 04 P I Al Aol l B L bt =
i = 1 — o0 -I-E?"l_l — 3?‘11 — 3?‘1_1, ua =" + -1 s U3 =T + LS|

*!_ the combinations of SDMEs expected to be the zero in case of NPE dominance

0.3 , 0.3
| m{g proton (integrated) !
L« () deuteron (integrated) - ul
[ [ aDEEY =105 Ca¥”
0.2 [ “1 }i OSLACTRGY=RE GV
1+ £ SLACTLGH=RE GV
+ m HEFMES predza (Q"FCI.DE [y
» HEEMES deatweoz
o1l 0 ieart vt i et
| 0.1 “2 ] \zEus %ﬁ?ﬁéﬁ%ﬁ
! B 7 S+ HL {7 =0 G =
- 0 1= e
T 0.1 I o
' 0.1 Uy }
) f
-0 | |
2
1 10 10
W (GeV)

UPE contribution is W-dependent

. deuteron:
U] = 0.091 :I: D.Glﬁstﬂ_t :I: D.D-‘iﬁsys

from A. Rostomyan 32



t ££ ¢' search for unnatural-parity exchange

05 .
“*| HERMES PRELIMINARY  ep(d}—e ¢p(d) HERMES PRELIMINARY Tep{d]_;e apld)
0 J_ i iy 0 i } 1
U=1-ras2r - 2r, - 2r
s Ut =1 -rpgy + 20, - 2rL, - 2r), a5l foa ™ g - e~ i
|:|2 1 I::I.z_uluuuuluunI||||I||||I||||I||||I||||I||||I||||I||||
| I T
] T ; ] e i + 1
U1=r:_1ir:‘1 LIE—r”+r11
-0.2 RS A T T PP PP PP T T P PP
05 0.5
0 1 7 { 0 E I
1 | !
g8 B
0.5 U3 = 11!_1 +rf., a5f Ud=r,, +r,
07T 08 03 ; 2 3 5 4 I;P I}:1 I]:E IJ:H- I]:-I I.‘.ITE I]:E I.'.I:T I]Tﬂ IJ:E' 1
Q (GeV?) 1 (GeV?)

- u]_ = U.DE :l: D-ﬂTstﬂ.f; :l: D.lﬂsys
- U = _D.UE :l: U-'J]-Stﬂ.t :I: D'DESFS

. Uz = _U.DS :I: U-].Estﬂ.t :I: D'DTSFS

- no signal of unnatural-parity exchange

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

from A. Rostomyan 33



t X\?KZ p° Transverse Target Polarisation Asymmetry

PLB 679 (2009) 100

f I | B
E 0.4 L C - ep +ep p
<T L L - r 1 - A
0 Lo+ F TI } [ T T ] l T Fin(é—da) E N E1 4+ Eg
25 Jl LT T . H o H+HI
0.2 ¢ N N N
oa b F - Im g
B : C T U u: unpolarised
» e e o 0 normal polarisation
i: 0.4 _ _ f_e p'>epp _ s: sideways polarisation
< I i
o 3 ! } P :Tl
! L I Tl
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$ ££ ® Transverse Target Polarisation Asymmetry
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Deeply Virtual Compton Scattering (DVCS)

Exclusive Vector Meson (p, ®, ¢) production

Exclusive n+ production

Recoil Detector



ep—e m+n

e

»
» »

oo (1-62)}|H? - €21 -£2 Re(E*H)

PYTHIA MC without exclusive n+

exclusive MC based on GPD model

Nexcl = (TE+ - n_)da‘ra - (TE+ - TE_)PYTHIA

exclusive n+ - event selection

PLB 659 (2008) 486

@ data
+ — PYTHIA MC

@ data
— excl MC

Mx

2= (P, + P, - PP, )2
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exclusive t+ - cross section

3
7 E\

. f{,, 1<Q?<2GeV” [g 2<Q’<3GeV* [4 3<Q?<4GeV? [ 4<Q’ <11 GeV’
N:_ 1025?\ 0.02 <x;<0.15 ;_H‘\'*.\ 0.06 < x; <0.23 E‘\ 0.11 < xg; < 0.31 5 0.15 < x5 < 0.55
[l Ch = K = =
O A n n n
r C [ . C, -
10 = S N = R =
= E > E TN = E . = Ex ;
._E - . = A “.\\ B \ \\_\_ B h -
T 1F : E = : 1 = . i = L
:I 1 1 1 | 1 1 II1 | 1 1 I.I“I 1 1 1 |\|\:I 1 1 1 | I\I'I | | 1 11 | |.'|‘-| | | | :I 1 11 | le 1 1 | 1 11 | | IL.'I-I | | :I 1 1 le 1 111 1 111 | I-I"I- | | |
0 05 1 1.9 20 05 1 15 20 05 1 1.9 20 05 1 1.5 2
' (GeV?) ' (GeV?) t ( GeV?) ' (GeV?)

————— GPD model , LO - VGG [PRD 60 (1999) 094017]

— w

, with power corrections
------- Regge model , do, /dt -J.M. Laget [PRD 70 (2004) 054023]

---- " , do/dt - .

Further examples:

M. Kaskulov, U. Mosel, P.R. € 80 (2009) 028202 (two component model, soft and hard partonic reactions)

Ch. Bechler, D. Miiller, arXiv:0906.2571 (Regge inspired + counting rules)
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o oc |S1| sin(d - ¢s) Im(E';‘HAi

t e{?f; exclusive n+ - transverse target-spin asymmetry

.Leading’ asymmetry amplitude: small

arXiv:0907.2596
ot '
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Tc | ¢ '
r.lt: 0 :_!'_+__*_____ _____ ¢ _F_‘_“ ______ ‘. +* $
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0 050 020 5
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,T,"’ [ 8.2% scale ep—enn
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= 0.5 uncertainty
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] I;r
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o
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III
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I

Ch. Bechler, D. Miiller, arXiv:0906.2571

. | |
0.6
-t [GeV?

S. Goloskokov, P. Kroll, arXiv:0906.0460

Subleading asymmetry amplitude:
Surprisingly large,

expected to be suppressed by 1/Q
(v* -y*1 interference?)
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Deeply Virtual Compton Scattering (DVCS)

Exclusive Vector Meson (p, ®, ¢) production

Exclusive n+ production

Recoil Detector
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Exclusive Processes with Recoil Detector
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@ Unpolarized hydrogen target: 38 Mio DIS (41.000 DVCS)
@ Unpolarized deuterium target: 10 Mio DIS (7.500 DVCS)

@ Two beam helicities, electron and positron beams

10
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%gfgg Exclusive Processes with Recoil Detector

Main purpose: reduce background, identify events from
resonance production and determine their asymmetries

Photon Det. Lightgulde Connectors Photon Detector
(3 layers tungsten/scintlliator)

ScIFl/Lightgulde
Connector Ring
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T —SelFl 2
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ep—o>eyxt
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Hermes 2007 data

. Traditiomnal DVCS analysis
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Event Selection with Recoil Detector
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‘Eéfﬂ Event Selection with Recoil Detector

' 0 gt : . :
ep—r>en X & First signal of exclusive 7°

production at HERMES
'
e
g R / . .
Q§L: & Can provide access to chiral-
p' Y even and chiral-odd GPDs
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t i?f; Conclusions

¥ HERMES has produced a plethora of data
for hard exclusive processes

@ Many more results will be presented and
published soon

Stay tuned
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