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probing the orbital angular momentum

\

(7\ — ): H, E, H, E (twist-2, chiral even)

*_ H and H conserve the nucleon helicity

®)_ Generalised Parton Distributions *_ E and E describe the nucleon helicity flip

(GPDs) *_ Jirelation

1
hard exclusive reactions 1

Jq — = lim dz x [HQ(xagat) + EC](xagat)]

u Deeply Virtual Compton
Scattering (DVCS 1
g ( ) = —AX,+ L,

why DVCS?
*_ the cleanest probe of GPDs
*_ theoretical accuracy at NNLO
*._ no gluons in the LO
Compton form factors

*._ convolutions of GPDs (F : H, E, H, E) and hard
scattering functions

1
Fen =3 [ deCylen) &)
)
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Deeply Virtual Compton Scattering (DVCS)

Y o

same initial and final states in DVCS and Bethe-Heitler = Interference!

oep < [T |* + |Toves)? + TeuThves + ThuTpves

T
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Deeply Virtual Compton Scattering (DVCS)

e

same initial and final states in DVCS and Bethe-Heitler = Interference!

oep < [T |* + |Toves)? + TeuThves + ThuTpves

T

single spinterms: LU, UL, UT

do ~ do +  egdofyy +dopry 7 ®)_ no pure Bethe-Heitler contribution
+  eePrdopy + Prdory ©° ®._ projectimaginary parts of Compton
+  eiSpdof; + SpdoBY S form factors
+  egSrdolip + SpdafyC° unpolarized and double-spin terms:
—|—PgSLdO'El{{ — engSLdJLL —|—PgSLd0DVCS uu, LL, LT
+p£Sngf{3T + eepstdgLT + peSTdJDVCS @) project real parts of Compton form

factors
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Deeply Virtual Compton Scattering (DVCS)

e

same initial and final states in DVCS and Bethe-Heitler = Interference!

oep < [T |* + |Toves)? + TeuThves + ThuTpves

T

P, ' Bethe-Heitler contribution:
®)_ calculated at QED

DVCS contribution:
®_ HERMES: |Tpves|? << |Teu|?

egpng'LU + PgdUDVCS

epSpdot;; + Spdogy €%
DVCS

interference term:

e¢Srdof;r + Srdofy ®_ depend on a linear combination of

—|—PgSLdO'El{{ ey Pp ST, dO'LL + PgSLdO'DVCS Compton form factors

+PySrdoBH

+ + + 4+ 4+

AR Rl sl | *  access to GPD combinations
through azimuthal asymmetries
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express asymmetries in terms of Fourier coefficients

o(, Pree) = ouu(6) x |1+ PAARY () + exPe ALy (6) + ecAc(9)]

Fourier expansion in azimuthal angle ¢

ITan]? o ZCEH cos(no)

2
ovesl? o ) hVES cos(ng) + Py TV S sin g

n=0

3
I
Iocgcn

n=0

2
cos(ne) + Z Py sh sin(ng)
n=1
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express asymmetries in terms of Fourier coefficients

o(, Pree) = ouu(6) x |1+ PAARY () + exPe ALy (6) + ecAc(9)]

Fourier expansion in azimuthal angle ¢

n=0
2
\TDVCS|2 X Z CELVCS cos(ng) + Py S?VCS sin ¢ .
n=0
3 2
| Z ) cos(ng) + Z Py sh sin(ng)
n=0 n=1

187
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express asymmetries in terms of Fourier coefficients

o(¢, Pp,e¢) = ouyu () X [1 + P APV O (¢) + ee Pr AL (9) + eeAC(Cb)} I

Fourier expansion in azimuthal angle ¢

monl? oD B cos(n)

IToves|? o Z DVES cos(ne) + Py sPVCS sin ¢
n=0

3
| Z ¢, cos(ng) + Z Py sh sin(ng)

n=0
DVCS term:
azimuthal

modulation v () — y(p') relative order

constant 1

cos ¢, sin ¢ 1/Q
cos 2¢, sin 2¢ 1 (gluon GPDs)
1/Q? (quark GPDs)
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express asymmetries in terms of Fourier coefficients

o(¢, Pp,eq) = oyu (@) X [1 + P APV O3 (@) + e Pp AL 1 (6) + €eAc(¢)} I

Fourier expansion in azimuthal angle ¢

2
IToves|? o Z PVCS cos(ng) + Py sPVCS sin ¢
n=0

2
| cos(ng) + Z Py sh sin(ng)
n=1

interference term;

azimuthal
modulation v* () — ~v(u") | relative order

constant

cos ¢, sin ¢
cos 2¢, sin 2¢
cos 3¢, sin 3¢
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DVCS at HERMES (pre-recoil data)

etp—e +y+p

*_ detected particles:
lepton and photon

*_ missing mass technique for
ep — 6’7X .
M% =(p+e—e —v)°

y__FIELD CLAMPS — TRIGGER HODOSCOPE H1
FRONT DRIFT CHAMBERS - 270 mrad
MUON -
HODO -7
A PRESHOWER (H2)_ _ — —
DRIFT - ,/"//’ _
CHAMBERS 3 =
| l
g A i‘ + Cl LUMINOSITY
oo L IR TR
TARGET k-1 i:
cELL A -
SILICON pve N
HODOSCOPE HO
STEEL PLATE BC 34
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o
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e e'data
o € data //
— MC sum //
----- elastic BH

mm associated BH
------- semi-inclusive

A

O X=m+ ...

7 8
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unpolarized-target asymmetries

o(¢, Pp,er) = oyu (@) X [1 + P ARPYCS (@) + e PpAL 1 (0) + ezAc(cb)]

beam-helicity asymmetry (single charge):

do™ —do™—

Aru(¢) = o= do—

- 0 0 0
L. projects the imaginary part of Tpy s
*._ no separate access to sPV ¢S and s!

beam-helicity asymmetry (new approach): beam-charge asymmetry:

. charge-difference beam-helicity asymmetry
dot —do~

Ac(9) = dot +do—

. (cl(ﬁ'_> — d0+‘_) — (do™7 —do™7)
- (dot— 4+dot<)+ (do~— +do—<)

ALy (¢)
®_ projects the real part of Tpyc's

*__ charge-averaged beam-helicity asymmetry

. (da"'_) — da"‘(_) +(do™7 —do™ )

DVCS( 1\ —
ALy 77 (9) = (dot— 4+dot )+ (do=— +do—)

. sPVCS and s! can be disentangled
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beam helicity asymmetry

2

2
ALy (9) = > ATET sin(ng) o D s}, sin(ng)
n=1

n=1

-HERMES Collaboration: arXiv:0909.3587 (2009)-

sin ¢ DVCS _:
LU,DVCS & 1 sin ¢

sin @
LU,DVCS

sin (2¢)
ALU,I A

Assoc
fraction

&% VGG Regge

[ =.=. Dual-GT Regge

et v

®_ overshoot the magnitude of A57,9 by a factor of 2

sin ¢
ALU,I

& twist-2:

*._ large overall value

*_ no kin. dependencies
sin ¢ sin 2¢

Arupves ALu

& twist-3

*_ overall value
compatible with O

*_ no kin. dependencies

*)_ describe the shape of kin dependencies on zz and (2, but not on ¢

-Ami Rostomyan-
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beam charge asymmetry

cos (0g)

cos @

cos (29

A

cos (3¢)

Ac

Assoc
fraction

01F

01

0.3
0.2
0.1

3
Ac () = > AZ™) cos(ng) o
n=0

-HERMES Collaboration: arXiv:0909.3587 (2009)-

3

D e

n=0

I

7

| —— VGG Regge, no D

[ -.-. Dual-GT Regge

L _
- _ - i . =i .
| °
. . e ® ° e o0 ® e 000
10? 10" 10" 1
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cos(no)

twist-2 AS” ? twist-3 AS”® 0¢
*._ strong t-dependence
*_ no zp, Q2 dependen-
cies

A?S(b X FlReH

twist-3 GPDs

~ 0: gluon helicity-
flip GPDs

theoretical predictions:

~ 0:

®)_ does not describe the
beam-helicity data, but
in good agreement with
this data
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unpolarized deuterium targets

incoherent: eTtd — eipny

® _ pvcs *._ Bethe-Heitler

o, S o,

*__ target stays intact - target brakes up

*._ spin-1 targets described by 9 GPDs: —~ spin—j targets described by 4 GPDs:
HY, HY, HY, HY, HY, 9, 7Y, AY, A H, B, H,E

Z5 1 e Data

;> 10+ —— Monte Carlo sum

. i - incoherent BH + DVCS

g

- coherent BH + DVCS coherent:

BH with resonance exc.

®)_ contribution at small —¢

incoherent;

*)_ contribution at larger —t

®)_ contribution from coherent [0.06 : 0.7] GeV?2:

20%

-Ami Rostomyan-
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neam-char

ge

asymmetry

u éidaein __

-t [GeV?]
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-HERMES Collaboration: arXiv:0911.0091 (2009)-
twist-2:
cos ¢
AC’,coh x G1ReH;
cos ¢
AC’,incoh oc F1ReH

higher twist :

*._ dand p results consistent

*_ small values of —¢: differences
due to coherent contribution

*_ Jlarger values of —t: differences
due to neutron contribution
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longitudinal target polarization

o(¢,Pp,Sr) =ovu(¢) x 1+ PeAry + St Aurn(¢) + SL PeArr(9)]

beam helicity asymmetry: do— — do—
Aru(9) =

*_ projects the imaginary part of 1oy s

7\
*__ no separate access to sPV5 and s!

do— + do—

longitudinal target-spin asymmetry:
(do7= +do"7)—(do™ < +do <)
(do== +do=7)+ (do—== +do*—<)

Avr(¢) =

*._ projects the imaginary part of Tpy s

double-spin asymmetry:

(do™= +do <) —(do= = +do— )
(do== +do =)+ (do== +do—~)

Arr (o)

*_ projects the real part of 7py g
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longitudinal target-spin asymmetry

2
Z ASln(n¢) sin(ng) Z s}l, SEVCS

n=1

g— _|0-4 T T T T T T T T T (g-l 0.4 T T T T T T T T
B _D HERMES PRELIMINARY £ 3 HERMES PRELIMINARY
< e p/d - e'yX (M,<17GeV) < e p/d - e'yX (M,<17GeV)
0.2 (in HERMES acceptance) 0.2 (in HERMES acceptance)
' ® proton ' ® proton
e deuteron | | @ deuteron *
proton (WW tw-3, b, =1): proton (b,~1, b=1):
- fac,bs1l Regge, V\NVtw 3
— fac, bgFw - Regge, no tw-3
- Regge, b= ---- fac, WWtw-3
- Regge b=1 — fac., notw-3

st twist-2
unexpected large value

Asin :l> s5: quark twist-3 or gluon twist-2

X 31 X FllmH

L sDVOS: twist-4
FL sDVOS: twist-3

model does not describe the data

model in good agreement with data
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double-spin asymmetry
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twist-2: o< Iy ReH

model predictions:
®)_ the same model, as for
BCA and BHA

Y/ in good agreement with
data
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transversely polarized target

o(¢, Pr, S1) = ouu(9) x |1+ ST ADYS (6, 65) + SreeAlyr(d, ¢5) + A (9))

transverse target-spin asymmetry:

o 1 do" (¢, pg) — do¥(p, pg) o
Avr($:8s) = G R ds) + doV (o, bs)

! &
b -ch try:
eam-charge asymmetry %} ~
dot —do~ )

Ac(¢) = S —

1 dot(¢,¢s) — dot¥ (¢, ¢s) +do— (¢, ds) — do— Y (¢, ds)
ST d0+ﬂ(¢, ¢S) + d0+u(¢, ¢S) + dO'_TT(¢, ¢S) + dO'_U(¢, ¢S)

Agr (¢, ¢5) =

1 do™M(¢,ds) — dotV (e, ¢5) — do~ (¢, ds) + do™V (¢, ps)

AI : — .
ur (9, ds) St dot M (¢, dps) +dot¥(p, ps) + do—T (¢, ps) + do—V (¢, ds)

*._ separation of sPVCS, ¢PVES and sl, ¢! terms with same harmonic signatures

® projects the imaginary part of rpy g
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transverse target-spin asymmetry

2
AB}COS(QS, bs) = Z A?}Ir}(%_v%?gcos(n@ sin(¢ — ¢g) cos(ng)
n=0
2 .
+ 3 ATHGLEL ) cos( — ¢5) sin(ng)
n=1

2
Afp(b0s) = > AFRG ?9)0 sin(g — pg) cos(n)
n=0

2
+ Z A?});(,q;_(b*g) sin(ng) cos(¢ — ¢g) sin(ne)
n=1
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transverse target-spin asymmetry

Avr(¢,¢s) o Im[FoH — F1€]sin(¢ — ¢s) cos ¢ + Im[Fo'H — F1&]sin(¢ — ¢g)
+ Im[HE" — EH + EEHT — HEE ] sin(¢p — pg) + ...

[ 8.19 Stanty. T T AT
0.2_8.1A: scal_k_auncertaJ*nty 1 AUTjD_\/CS(.D 1

in(Q-@)

AS'UT
o
ki
hd | F]

A sin(¢-@g)cosp

CUT

02|

cos(p-@)sing
AUT )
o

O
)

®) AS(}I}(‘b_‘bS) o8 ¢ t5und much more sensitive to .J,, then others

®_ insensitive to .J4, assumed J; = 0 (supported by lattice QCD)

*_ with a good model, allows a model-dependent constraint
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Summary

cos(0@)
A C

cos @
A C
cos(29)
Cc
cos(3¢)
A C

sin @
ALU,I
sin @
ALU,DVCS
sin(2 @)
ALU,I
sin(-9)
AUT,I
sin(¢-9)
AUT,DVCS
sin(¢-¢,)cos @
uT,I
cos(@-@)sin @
uT,l

sin @
AUL

sin(2 @)
AUL

cos(0@)
A LL

cos @

ALL

A

cos(2¢)

ALL

® Hydrogen
HERMES DVCS A Deuterium
O A Preliminary
2
A

-02 -01 O 01 0.2

Amplitude Value

0.3

beam-charge asymmetry:

& ReH

beam-helicity asymmetry:

b
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backup slides
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beam helicity asymmetry

do™ —do™

Aru(9) S —

1 _DVCS
0751 sin ¢

n=1

2
e PP [Z snsin(ng) | +

2 3 2
: BH Sl 1 DVCS
Prid)Pa(a) | [SBH ZO Cn cos(neg) — eg K . cp cos(ng) | + rop} 5_0 Cn cos(ne)

(1)

(dot— —do™) —(do™— —do~)

AiU(@ =

(dot—= +dot )4+ (do=— +do—)

2
K I .
AL [ Sn Sm("@]

n=1

K BH DVCS
P1<¢>)Bv§2(¢> Z cos(ne) + QQ Z cos(ne)

b
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beam-helicity asymmetry

Sé 0+‘-?:++#%u++##ﬁ+~#t++hﬁ
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beam- heI|C|ty asymmetry

[7p] J | T T T L |
O 04F h SR 1 "1 s VGG Regge 4
> : ¥ 24% scaleuncertamty 1 d - e yX l 1 VGG Fact, :

S_-02E I I [

c D VYer

DA L

overall -t [GeVZ] X

974
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beam-heli

city asymmetry

01F

cos(0q)

VGG Regge
xxxx VGG Fact.

A A AVAVAAAAYSY|

R

RS
B3
RS

[ RRRRRRES SRR e N ]
(@) [ R X SO, ]

0] Sl SR

PR

e

RS2
SR
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nuclear targets: He, N, Ne, Kr, Xe

-0.2

—t< _tcoh.)

(

sing
LU,(I1,+)

-0.2

§_t > _tincoh.) A

LU,(1,+
S
D

A sing

%

I

10

2
10
nuclear mass number A

~

—e&—

10

2
10
nuclear mass number A
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