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generalized parton distributions

reduced Wigner distribution (6TMDs)
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GPDs in exclusive reactions

GPDs can be accessed through
measurements of hard exclusive lepton-nucleon scattering processes.

e’ e’
hard scattering pyw, ¢, 1,
e process e
(QED & QCD) v %,

.
 x+EL yx=E  x4E X—€
soft (non-perturbative)
part

(GPDs) / \
N N
DVCS HEMP
deeply virtual Compton scattering hard exclusive meson production
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exclusive meson production

@ GPDs convoluted with meson amplitude

@ access to various quark-flavor combinations

9 2Au+Ad

@ factorization proven for longitudinal photons N | 2Au-Ad
00 | 2u+d, 99/4

@ generalized to transverse photons in GK mode| | w | 2u-d 30k

) s, 0
p+ u—d
J/yp g

GK .. S. Goloskokov & P. Kroll, e.g., EPJ €50 (2007) 829; €53 (2008) 367
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exclusive meson production

@ GPDs convoluted with meson amplitude

@ access to various quark-flavor combinations

9 2Au+Ad

@ factorization proven for longitudinal photons N | 2Au-Ad
00 | 2u+d, 99/4

@ generalized to transverse photons in GK mode| | w | 2u-d 30k

) s, g
. + —d

@ vector-meson cross section: J‘j -
\) g

do do

— W ot 0
drp dQ?dtdgsdpdcosfdy  dapdQ? dt (2B, Q% 1, 65, ¢, c0s 0, ¢)

W =Wyu + PBWry + StWyr + PeStWirr + StWyr + PeSTWirr

look at various angular (decay) distributions to study helicity
transitions ("spin-density ma’rrlx elements”, "amplitude ratios”)
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SDMEs from angular decay distribution

unpolarized long. polarized
beam beam
e e
WU+L(¢, ¢,cosB) = WU((D, ¢, cos®) + WL(¢, ¢, cos @),

3 11 1
WY (o, ¢,cos)) = — [5(1 — rgg') + 2(31’8(‘)L — 1) cos’ @ — \/_Re{rlo}st@ CoSQ — ’”1 1sm2 ® cos2¢

872

— €cos2® (r{; sin® @ + ry,cos’ © — vV2Re{r|,} sin26 cos ¢ — r|_, sin® O cos 2¢)
—€sin2® (\/ilm{rlzo} sin2® sin ¢ + Im{rlz_l} sin” O sin 2(/5)

+ \/26(1 + €)cos @ (1’151 sin @ + ’"80 cos’ © — \/ERe{rlsO} sin2® cos ¢ — r15_1 sin” @ cos 2qb)

+ \/26(1 +€)sin®P (\/ilm{rfo} sin2@ sin ¢ + Im{r16_1} sin® @ sin2q/))],

wk (D, ¢, cosB) = #Pbeam |:\/ 1 — ez(ﬁlm{rfo} sin2® sin ¢ + Im{rf’_l} sin® @ sin 2¢)

+ \/26(1 —€)cos P (ﬁlm{rzo} sin2® sin ¢ + Im{r17_1} sin” © sin2¢)

+ \/26(1 —€)sinP (rf1 sin @ + ’”go cos’ @ — \/ERe{rfO} sin2® cos ¢ — rf_l sin” © cos 2(/5)].

(angle definitions in backup)
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vector-meson production

e ) V=w, p° o, ...
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vector-meson production

e
e ) V=w, PY, o, ...
Y
. natural-parity exchange JP = 0*,1°,.. GPDs H&E
p,W ...
N N
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vector-meson production

e
e ) V=w, PY, o, ...
Y
w,d1 ... ~ o~
unnatural-parity exchange JP = 0-, 1*,.. GPDs H&E
& "pion-pole contribution”
N N

gunar.schnell @ desy.de 7 SPIN 2018 - Ferrara - Sept. 11t 2018



vector-meson production

e ) V=w, PY, o, ...

natural-parity exchange JP = 0*,17,.. GPDs H&E
unnatural-parity exchange JP = 0, 1*,.. GPDs H&E

= "pion-pole contribution”

H: nucleon-helicity non-flip amplitudes
E: nucleon-helicity flip amplitudes
-> fransverse target polarization
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vector-meson production

e ) V=w, po, P, ...
7 (Ay) + N(AN) = V(Av) + N'(Aly)
\; ... helicities

expressed in ferms of helicity amplitudes:

F / — T / U /
Ay A GAYAN Ay AN GAYAN T Ay AN GAYAN

hatural unnatural

parity exchange
(NPE) (UPE)

in total 10+8 complex helicity amplitudes
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vector-meson production

e ) V=w, p° o, ...
7 (Ay) + N(AN) = V(Av) + N'(Aly)
\; ... helicities

expressed in ferms of helicity amplitudes:

F / — T / U /
Ay A GAYAN Ay AN GAYAN T Ay AN GAYAN

SDMEs: bilinear in helicity amplitudes
helicity-amplitude ratios: e.g., normalized to dominant T} 1

1
72707§
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The HERMES experiment (1995-2007)

novel (pure) gas target:

@ internal fo HERA 27.6 GeV e* ring

@ unpolarized (*H ... Xe)
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HERMES (1998-2005) schematically
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HERMES (1998-2005) schematically
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10 m

Particle ID detectors allow for
- lepton/hadron separation
- RICH: pion/kaon/proton

discrimination 2GeV<p<15GeV
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exclusivity: missing-energy technique

@ recoiling proton not registered

@ Mx .. mass of recoiling
system

@ missing energy vanishes
when X=proton

@ fraction of BG estimate
based on PYTHIA MC
tuned to HERMES
= subtracted

@ 7% to 23% for increasing
t' = -(t-tmin) in case of p°

gunar.schnell @ desy.de
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0% SDMEs from HERMES
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[A. Airapetian et al., EPJ C62 (2009) 659]
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helicity non-flip much
larger than helicity-flip and

double helicity-flip
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0% SDMEs from HERMES
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clear breaking of s-channel
helicity conservation
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0% SDMEs from HERMES
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0% SDMEs from HERMES

1 —ro

2 rLﬂ

-2 1m i
2v2 Re r3,
-2v2 Im r5,
2V2 Im rl,
2v2 Re r%,
2 Re r%

-2 Re rl,

2 Im r,
1/V2 rag
=r<1)o

21m ri
—1/v2 18,
V2 13,
V21,
v21im rs_
V2 1imr]_,
V2 s,
V25,

[A. Airapetian et al., EPT €62 (2009) 659!
- Aryg - opr -

————
B % —o+
YT = Pr il
e PR— e . e T e
. B:Interference y;, — p. & Y1 —= P ——
——
-0+
——
——
S ——
+——
C: yr .
. —_— 1
— N\ PL :_m_.
— ' m = proton
— T . o deuteron
| L 4
| -
, 1O+
{-—--—l:
e
I~ ——
—o—i!
% —I—:
| Dy - opr
@
B -
e
———
i —eo—
S :I—-—l
=
s ——
i +—o—
% u
-~ E:yr—opr .‘.
<
S =i
\{[I i‘li\J‘Y)}kl-q-lilt\{l\fitJJ1111\\(1![11)\1l}}¥}
-0.3 -=-0.2 =01 0 0.1 0.2 0.3 0.4 0.5 0.6

scaled SDME

target-polarization independent SDMEs

gunar.schnell @ desy.de 14

00 00
Im (n_, +eny)

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

I -+
mn_

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

-+
Ims_,

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

I 00
m n0+

0+ -0 0+
Im(n_, -n_ +2eny)

0+
Imn_,

I 00
m s0+

0+ -0 0+
Im(s,, -s,, +2¢es;,)

0+
Ims_,
++ -
Im (ny, +ny, )
-+
Imn,,
++ -
Im (s, +5s,,)
-+
Ims,,
0- +0
Im (ny, -ng, )

-+ -+
Im (n,, +engy,)

+=+ |

Imn_

0- +0

Im (SO+ - s0+ )
-+ -+

Im (s,, +¢sy,)

++ |

Ims_,
00
Imn_
+0
Imn_
+-
Imn,,

+-
Imn_
00
Ims_,
+0
Ims_,
+-
Ims,,

Ims..
ms,

[PLB 675-(2009) 100]
L/

* 0
WP
* 0
= Pt
—— —
dominant transitions o -
0
+—
* 0 —_—
Y= PL
——
+———t
—_—
00—+
* o -.—.—.
TPt
+—0—t
+— —+
+—0—
00—
* o —_._'.
Yr> P
+—
+—0—t
single spin flip ———
e B
+—o—
———t
. double spin flip
| | T

-0.2

-0.1

0

0.1

“transverse” SDMEs souevaiues

SPIN 2018 - Ferrara - Sept. 11", 2018


http://dx.doi.org/10.1140/epjc/s10052-009-1082-3
http://dx.doi.org/10.1140/epjc/s10052-009-1082-3

0% SDMEs from HERMES
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0% SDMEs from HERMES
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0% SDMEs from HERMES
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0% SDMEs from HERMES: challenges
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Extraction of SDMEs and helicity

amplitude ratios at HERMES for
0 mesons challenges GPD-based

calculations (giving small values)
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.. w production

[A. Airapetian et al., EPJ C74 (2014) 3110]
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.. w production

[A. Airapetian et al., EPJ C74 (2014) 3110]
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.. w production

[A. Airapetian et al., EPJ C74 (2014) 3110]
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(un)natural-parity exchange contributions

UPE contribution NPE contribution

@ positive for omega -> large UPE contributions (unlike for rho)
@ can construct various UPE quantities:
up =1 —r5 +2ri*, —2r;; —2r 4
D D
Ug =T11 T 711

: 8
Uz =711 T7T1_1
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test of UPE

[EPJ C74 (2014) 3110]
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test of UPE

[EPJ C74 (2014) 3110]
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@ large UPE contributions
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test of UPE

[EPJ C74 (2014) 3110]
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@ large UPE contributions

@ modified GK model [EPJ AB0 (2014) 146] can describe data
when including

@ pion pole contribution (red curve)

@ corresponding nw transition form factor (fit to these data)
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impact of pion-pole contr. on SDMEs

® “class-A" - helicity-conserving transitions

[EPJ C74 (2014) 3110]
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impact of pion-pole contr. on SDMEs

® “class-A" - helicity-conserving transitions

[EPJ C74 (2014) 3110]
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impact of pion-pole contr. on SDMEs

® “class-B" - interference of helicity-conserving transitions

[EPT C74 (2014) 3110]
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impact of pion-pole contr. on SDMEs

® “class-B" - interference of helicity-conserving transitions

0.2 [EPT C74 (2014) 3110]
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long.-to-transverse cross-section ratio
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[EPT C74 (2014) 3110]
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@ significantly smaller for w than for p

@ again, data point to important contribution from pion pole
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transverse-spin asymmetry

sensitive, in principle, to sign of nw
transition FF

[A. Airapetian et al., EPJ €75 (2015) 600]
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slight preference for positive nw transition FF (red/full line)
vs. negative one (magenta/dash-dotted line)
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helicity-amplitude ratios - formalism

° )\ _>\

@ NPE: T,\VAQVMAN — [va,\Q\,/\w\N + (=1)™ YFfAVAQV—AyAN]/Q
° A _A

® UPE: UAV/\fN/\W\N — [FAVMVAWAN — (=)™ VF—AVMV—AWAN]/Z

@ nucleon-helicity non-flip / flip amplitudes:

1 — _| 1 = —
T/\VM _ TAV%M% " TAV—%M—%’ U/\VM _ UAV%M% o UAV_QA’Y_%
(2)  — _ &) R— -
Dva = huin-4 = “he-bad Don = Vb4 = U pad
@ 17 (complex amplitude) ratios in total:
1) _ ) () 12 _ (2 x 1 @) L 2 _ @ (1)
brxpry = T)\VAV/TOO » xpay = TAVAW/TOO » Unpay = UAV)W/TOO » Unpay = UAVAW/TOO

@ for longitudinally polarized beam and transversely polarized target
25 parameters can be reliably extracted

@ phase shifts of Tﬁ)and Uﬁ)ar'e fixed from previous HERMES data

@ amplitude ratios parametrized according to low-t behavior
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[EPJ C77 (2017) 378]

[ J
Parametrization Value of parameter Statistical uncertainty Total uncertainty f l 1— r' es u I 1- S

Re{t'V) = b,/0 by = 1.145 GeV 0.033 GeV 0.081 GeV ,
|u§11)1|1= by by = 0.333 0.016 0.088 (fOI" refer‘ence '-)
Re{u'?} = bs by = —0.074 0.036 0.054

Im{u'®} = b by = 0. 022 0.037 .
S Ay - extracted using 2d
¢ = be bs = —0.013 0.033 0.044 binning in (1, QZ)
Im{z)} = by b7 = 0.040 0.025 0.030

Refr,)} = bg/—1 by = 0.471 GeV~! 0.033 GeV~! 0.075 GeV~!

Im{z,’} = bo g by = 0.307 0.148 0.354

Re{t>} = by bio = —0.074 0.060 0.080 36eV<W<6.36eV
Im{s$?) = by b1 = —0.067 0.026 0.036 5 5 5
Re{ul} = by b1y = 0.032 0.060 0.072 1 GeVe< Q <7 GeV
Im{ul)} = bis b13 = 0.030 0.026 0.033 , >

Re(t'y)} = bia/—1' bis = —0.025 GeV~! 0.034 GeV~! 0.063 GeV~! t'<0.4 GeV

Im{r\y} = bisv/—1' b1s = 0.080 GeV~! 0.063 GeV~! 0.118 GeV~!

Re(t)} = bis bis = —0.038 0.026 0.030

Im{r\s)} = by b17 = 0.012 0.018 0.019

Re{uls)) = big big = —0.023 0.030 0.039

Im{u'3} = bio b1g = —0.045 0.018 0.026

Re{t{”)} = by 52 by = —0.008 GeV~! 0.096 GeV~! 0.212 GeV~!

Im{t{")} = by 52 by = —0.577 GeV~! 0.196 GeV~! 0.428 GeV~!

Re{r\”} = by by = 0.059 0.036 0.047

Im{r\>,} = b3 by3 = 0.020 0.022 0.026

Re{u'”,} = by byy = —0.047 0.035 0.039

Im{u'”,} = bas bys = 0.007 0.022 0.029
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helicity-amplitude ratios

[EPJ C77 (2017) 378]
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nucleon-helicity flip
[previously already
extracted and
published in EPJ C71
(2011) 1609]

blue points from or
extracted using
previous results

most nucleon-helicity
flip amplitudes small,
consistent with zero

indications of non-
vanishing helicity-flip
to1, U0 and ui1
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[EPJ C77 (2017) 378]

e HERMES data
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A  GK model, positive sign of wp FF
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helicity-amplitude ratios

comparison with GK model
[EPJ C77 (2017) 378]

where missing, set to zero
in GK model

two sets of calculations
using opposite signs for

7P transition form

factors

data clearly favors
positive sign

good agreement for most
ratios, but clearly of f for
some

@ problems with phases

known already
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comparison with SDMEs

® amplitude ratios
[EPJ C77 (2017) 378]
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comparison with SDMEs

[EPJ C77 (2017) 378]

® +transverse-target SDMEs [from Phys. Lett. B679 (2009) 100]
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@ “transverse SDMEs" involving beam polarization measured here for first time
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summary

@ exclusive vector-meson electroproduction in DIS studied at HERMES
using a longitudinally polarized 27.6 GeV e* beam and unpolarized p/d or
transversely polarized p targets

@ SDMEs for p° confirm dominance of NPE, while large UPE contributions
for w -> important role of pion pole

@ Ayt for w favors positive sign of aw form factor

@ for first time, amplitude analysis performed for p° electroproduction on
transversely polarized protons

@ important role of pion pole for UPE amplitudes

@ positive sign of wp form factor

@ re-calculated SDMEs in good agreement with those extracted directly
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.. going into the details

QED : e(\) — &(X) +~7"(\),
QCD : " (A)+N(Ax) = V(Av)+N'(AY).
The helicity amplitude of the reaction
~+ N —V + N

Fy
Ay AN GAYAN

= (= 1) (uAvp Ny | I [pAN) el

J(},y is the electromagnetic current of hadrons;

Avy) . o
e((, ) is the photon polarization four-vector;

A = =x1 transverse virtual photon,
A~ = 0O longitudinal virtual photon.
E((,/\V) is the vecor meson polarization vector;
Ay = =1 transverse vector meson,

Ay = 0 longitudinal vector meson.

Amplitude decomposition into Natural (NPE)
and Unnatural Parity Exchange (UPE)

Amplitudes (18=10+8)

Y =T, U, v
Ay A GAYAN AVANMAN‘F Ay A GAYAN



