The 2009 Europhysics Conference on High Energy Physics
16—22 July 2009, Krakéw, Poland

Spin Density Matrix Elements (SDMEs) and Helicity
Amplitude Ratios in Exclusive p’ Electroproduction at

A

e p” SDMEs on unpolarized p and d data

e Physics motivation

— Validity of S-channel helicity conservation approximation
— Longitudinal-to-transverse cross-section ratios
— Unnatural parity exchange

e Direct extraction of helicity amplitude ratios on unpolarized p and d data
e SDMEs and asymmetries on transversely polarized p data

e Summary
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Amplitudes and Spin Density Matrices for ¢ + N — ¢’ + p" + N
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Spin-density matrix of the virtual photon is known: oYL 4
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The spin density matrix pA \ of p meson is related to QU+L
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where FA (W, Q?, th = F/\V>\7 are the helicity amplitude of the v* N — pON.

After decomposmn of QUJF/\I,’ into the standard set of nine hermitian matrices X (o« = 0, 1, ..., 8), without separation
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On unpolarized target SDMEs are presented according K.Schilling and G.Wolf (Nucl. Phys. B61 (1973) 381),

a = 04,1 = 3,5 =+ 8 long. or trans. photon, A\, = —1,0, 1 - polarization of po.

_ /.0

3. p = w7~ (conservation of J), 0% 1m >— |ztn"i1m >= Yi,,(0, ¢)



General Properties of Amplitudes

e Total number of amplitudes.
— Initial: 3 spin states of v* : (Ay = 7 = 1,0, —1) and 2 nucleon helicities (Ay = n = 35, —3),
Final: the same for p”: (A, = 7) and nucleon (A, = m) — 36 amplitudes
— Parity conservation: Tim.in = T i—mi—j—n - (—1)i_j+m_"
— 18 independent amplitudes T, n, 36 parameters to fit

e Natural-parity plus Unnatural-parity representation:
Fxpay = Tapny + Uxpry .
NPE: Timijn = 3| Fimyn + (—=1)"77 - F_im.—jn]|, GPDs: no target spin-flip H, spin-flip E
UPE: Uipmjn = %[Fim;jn — (—l)i_j : F_im;_jn], GPDs: no target spin-flip H, spin-flip E
No interference between NPE and UPE contributions to SDMEs for unpolarized target (Schilling,Wolf,1978)
— 10 NPE plus 8 UPE amplitudes

e On unpolarized target contribution of NPE amplitudes with nucleon spin flip (TAp—l'A'yl and
22
TApl.M_l) are to be neglected since no linear contributions to SDMEs.
2N T2

—> Results to 5 NPE and 4 UPE amplitudes:

— Five NPE amplitudes are TO(), T11 = T—l—lr T01 = —To_l, T10 —T_l(), T1_1 = T_11

— Four UPE amplitudes are U11 f— —U_1_1, U01 f— U()_l, U10 f— U—101 U1_1 = —U_11, as
U()O = 0.



SDMEs versus Helicity Amplitudes

e SDMEs are measured experimentally at 2 < W < 100 GeV (CLAS,HERMES,COMPASS,H1,ZEUS)

e calculated in GPD models from the helicity amplitudes, c.f. GK model for HERMES kinematics
(S. V. Goloskokov and P. Kroll, Eur. Phys. J. C 59 (2009) 809; Eur. Phys. J. C 53 (2008) 367; Eur.Phys.J. C 50,829 (2007); Eur.Phys.J. C
42,281 (2005))

e Number of SDMEs depends on the beam and target polarization (M.Diehl, JHEP09 (2007) 064, arXiv:0704.1565v2)

Beam, Target vu | UL | UT | LU | LL | LT
Number of SDMEs 15 14 30 8 10 18

U is denoted as Unpolarized, L as a Longitudinal and I’ as a Transverse polarization.

e Total number of fit parameters for amplitude ratios Re(Im)(F}; /7o) is 34. But due to the hierarchy,
nine real parameters are extracted on unpolarized target instead of 23 UU + LU SDMEs.

e In case of discrepancy between theoretical calculation and experimentally obtained SDME, it is not
clear which particular amplitudes are not well predicted by a theoretical model.

e The SDMEs can be calculated from the extracted helicity amplitude ratios. The region of the directly
extracted SDME values is greater than the region for SDME values calculated in the amplitudes.

—> The amplitude ratios are more advanced and representative than SDMEs!



Transverse Target Polarization Asymmetry Ay and/or UT-SDMEs
Goeke, Polyakov,Vanderhaeghen(2001): Af]OT x |St|sin(¢ — ¢s)EH
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where 8y = arg(Hy / Ey ), is relative phase between Hy and Ey

—> Access to GPD function E which is sensitive to the angular momentum of quarks and gluons
Ji's sum rule: J* =1 [ dzx[H"(z,0,0) + E*(x,0,0)], where a = u, d, s quarks

M.Diehl, S.Sapeta (Eur.Phys.J.C41:515-533,2005; arXiv:hep-ph/0503023): Cross section decomposition in terms of 6
sin(m x ¢ + n * ¢5) moments, see talk of |.Hristova.
New formalism of SDMEs for L& T polarized targets (M.Diehl, JHEP09 (2007) 064, arXiv:0704.1565v2).

GPD based calculations of A},

e M.Diehl, W.Kugler (Eur.Phys.J.C52:933-966,2007, arXiv:0708.1121, DESY-07-17) LO and NLO,
at Q% > 4 GeV?, t = —0.4 GeV?, V = p°, w, ¢
e D.lvanov (arXiv:0712.3193, and HERMES seminar, DESY, 9.12.2008): stable results for a resummation of NLO
amplitudes for vector mesons are presented for fixed target experiments only.
e S. V. Goloskokov, P. Kroll, (Eur. Phys. J. C 53(2008) 367; and arXiv:0809.4126) LO,
at W = 5 GeV, Q2 >3 GeV?, 0 < —t < 0.4 GeV?, i.e. at HERMES kinematic conditions,
vV = po,qb,w,p+,K*0

— Comparison of HERMES data with the GPD based calculations



HERMES Detector was Two ldentical Halves of Forward Spectrometer
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e eT beam, P = 27.6 GeV/c, longitudinal polarization ~ 55%
o ~ 80% longitudinally, transversely polarized hydrogen, or unpolarized hydrogen or deuterium targets
e Acceptance: 40 < © < 220 mrad, |©,| < 170 mrad, 40 < |©,| < 140 mrad
e Resolution: dp/p < 1%, 66 < 0.6 mrad



Data on Exclusive p’ Meson Production e +p — ¢’ 4+ )/ + p* — 77—
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Clean exclusive peak of missing energy AE = , background is subtracted using PYTHIA
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e Q?=0.5=7.0GeV? (Q%) = 2.3 GeV?

o W =3.0-+6.5GeV, (W) =4.9 GeV

e xp; =0.01 +0.35, (zp;) = 0.07

o —t'=0-=0.4GeV? (—t') =0.13 GeV?

N(p) t N'(p")



Fit of Angular Distributions Using Max. Likelihood Method in MINUIT
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Fit of 23 SDMEs after full detector simulation done using initial uniform angular distribution

e Binned Maximum Likelihood Method: 8 X 8 X 8 bins of cos(©), ¢, P.
e Simultaneous fit of 23 SDMEs: r{. = W (®, ¢, cos O)for data with negative and positive beam

¥

helicity ({| P»|) = 53.5%, ¥ = & — ¢).
e 15 “unpolarized” plus, for the first time, 8 “polarized” SDMEs.

— Full agreement of the fitted angular distributions with data



Function for the Fit of 23 SDME e
W(COS@, ¢, (I)) — Wunpol + Wlong.pol,
WunPOI(COS ©,¢p,P) = 8%2[%(1 — rgé) + %(37’83 — 1) cos’@® — \/§Re{r%} sin 20 cos ¢ —
r(l)fl sin? © cos 2¢0—ecos 2P (r%l sin? @—I—réo cos? @—ﬁRe{r%o} sin 20 cos qb—r}_l sin? © cos 2qb>
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Wlong-pol-(cos O, ¢, d) = &T%Pbeam [\/1 — €2 (ﬂlm{r‘?o} sin 20 sin gb—i—Im{r?_l} sin” © sin 2¢)
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—> “Polarized” SDMEs are measurable with longitudinally polarized beam
and € <1



0 SDMEs According to Hierarchy of Amplitudes with(out) Helicity Flip
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— Hierarchy of p” amplitudes: |Ty| ~ |T}1|

(HERMES collab. EPJ C (in press); arXiv:0901.0701)
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Observation of Unnatural Parity Exchange (UPE) in p° Leptoproduction

e Unnatural parity exchange is mediated by 43

pseudoscalar or axial meson: J¥ = 07,1", eg. - = (@ proton (integrated)

7, a1, by — only quark-exchange conribution * (9) deuteron (integrated)

0.2
e No interference between NPE and UPE T }
contributions on unpolarized target L] %
o1 | $
e Extracted from SDMEs: i T u]_
O .........................................................
u; =1 — 7“83 + 27“%1 — 27“%1 — 27“%_1 [ | | o
1 2 32 24
uy o< €|Uo|* + 2|Un + Uy |* = 2|Up |2 o0s Q” (GeV")
: u
p: up = 0.125 4 0.021 444t £ 0.0504ys¢ _ 1
0.2+
d: u; = 0.091 4= 0.016444¢ = 0.046 5,5 i
_ I .|
p+d: uy = 0.106 =+ 0.036 0.1r } Ik 1]
N L |
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—> No Q? and t’ dependences observed for u, -t/ (GeVZ)



World data on Unnatural Parity Exchange and Spin-Flip Contributions for p°

& DESY [DF1.05Gev
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i u . v ZEUSBPC [Q*Z041 GeV?
2 A ZEUSDIS[Q’E2.4 GeV?

A 0 H1 D 3 Gev?

W (GeV)

o (u™ WY =0.70£0.16
—> W-dependence of u;
o us + iuz < (Uyp + Ui—1) * Uyg

® uy =1y + 1
p: us ~ —0.011 + 0.013
d: uy = —0.008 £ 0.011

° uz =1y + 1]
p: uz ~ 0.055 £+ 0.050
d: u3 ~ —0.040 £+ 0.040

— Indication on hierarchy
of p” UPE amplitudes:
|Ui1| > |Uio| ~ |Uoi]



o' Longitudinal-to-Transverse Cross-Section Ratio
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Presented commonly measured R%* = %—1 00
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R(W)-dependence
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(HERMES collab. EPJ C (in press); arXiv:0901.0701)




o' Longitudinal-to-Transverse Cross-Section Ratio
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(HERMES collab. EPJ C (in press); arXiv:0901.0701)

Ro = |Too|?/|T11)?

without NPE contribution:
RNPE o~ R™[1 4+ 0.5u1(1 + eR"™)]

Fit of HERMES and ZEUS data:
2

R(QQ) — CO(%)cl
1%

HERMES:

Co 0.56 + 0.08,
x2/d.o.f. = 0.45

C1

ZEUS:
co 0.69 + 0.22,
x?/d.o.f. = 0.15

C1

—> W-dependence of c; and ¢;

0.47 £ 0.12,

0.59 £+ 0.15,



p' SDMEs Compared to GK Model Calculations

S. V. Goloskok(c))‘\’/ and P. Kroll, Eur. Phys.lJ. C 53 (2008) 367; , 1 — ,’,,83 o ,r,;ll_l o —I’I’I’L{’T‘%_l} o ‘Tll‘Q
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Phase Difference 0 between 77, and 1, amplitudes

= (o) proton (integrated)
e (o) deuteron (integrated)

EE

~ O (deg)

(HERMES collab. EPJ C (in press); arXiv:0901.0701)

2/e(Re{rs,} + Im{r,})

sin d =

VT =8 4 vl — Tm{r2_})

p 60 = 30.6 + 5-Ostat + 2-4syst deg
d o = 36.3 Z‘Z 3-9stat :l: 1-7syst deg

But in GK model 6 = 3.1 deg at W=5 GeV

— Indication on Q* dependence of &



Equations "SDMEs-tfrom-Amplitudes”

A: ~vi — plandvyy — p%
rog = Z{ELTOOF + |To1|? + |Uo1|?/}/Neun ,
ri1 = 2> {|Tu1]” +|T1-1]> — |U11|? — |U1-11?}/Nrun

Im{r? 1} = 2>"{—|T1:|” +|T1-1|" +|U11]®> — |U1—-1|*}/N¢un,
B :interferenceof~; — pfand~y — p9%

Re{r5o} = %ZRe{QTlOTél + (Ti1 — T1-1)T80 }/Nean

Im{rfo} = =3 Re{2U10U% — (T11 + T1 1)Ti0}/Nran ,

Im{r{o} = 2= Tm{2U10Ug; + (T11 + T1-1)T50}/Nean ,

Re{rio} = %ZIm{—QTloT?ﬂ + (Ti1 — T11)To0}/Neun

C 5k — p?

Re;;Tcl)é} :pgz\if/{e{eT1oT30 + 2T01(T11 — T1-1)" 4+ 2U01(U1r + U1-1)*}/Neuu,
Re{rio} = %ZRG{—T01 (Tiit — Ti1-1)" +U01(Ui1 + U1-1)"}/Neanr

Im{rig} = %AZ/Re{Tm (Ti1 +T1-1)" — U01(U11 — U1-1)*}/Neun ,
roo = ﬂAZ/Re{Tm T6o}/Nrun ,

roo = fi{—|T0/1l2 + |Uo11?}/N¢an ,

Im{ri,} = — I3 Im{To1(T11 + T1-1)* + U01(U11 — U1-1)*}/Nun,
ro0 = ﬂilm{Tm T6o}/Neun ,

D :vf — pT

rY; = %ZRe{rI&O(Tll —Ti1-1)" +U10(U11 — Ui1-1)"}/Ntun1 ,

rf_, = %iRe{—Tlo(Tll — T1-1)" 4+ U10(U11 — U1-1)"}/Neunn,
Im{rf_,} = %iRe{Tm(Tu +Ti1-1)" — Ui10(U11 +U1-1)"}/Neun ,
Im{r{_;} = %ilm{Tlo(Tll +Ti1-1)" —U10(U11 +U1-1)"}/Neuu,
rf = _%ilm{Tlo(Tll —Ti-1)" 4+ Ui0(Ui1 — Ui-1)"}/N¢un ,
r§ = %iIm{Tlo(Tn —Ti-1)" — U10(U11 — U1-1)"}/Ntun ,

E vt — p%r

r{t, = /iRe{—e|Tlo|2 + €|U1o|? + T1-1T51 — U1-1UT1}/Nean

rly = S Re{T1_1T{ + Ui_1Uf1 }/Neun ,

Im{r;_ 1} = > Im{T:-1T7, —U1-1U31}/N¢ean1, 0

where Nfull is normalized total p~ production cross section



Direct Extraction of Amplitude Ratios from Angular Distributions

The SDMEs are expressed as the ratio of the sums of the bilinear products of helicity amplitudes.

Dividing both the numerators and denominator of the equations “SDMEs-from-amplitudes” by |To|?
formulas for the SDMEs expressed through the amplitude ratios.

From the analysis of SDMEs, UPE SCHnC amplitudes are negligible: Uy ~ Uig = U1_1 = 0.

Putting these expressions for the SDMEs into formulas “angular distributions-from-SDMEs" we fit
the measured angular distribution considering nine amplitude ratios as free parameters:

Ar = Re{T11/Too}, Az =Im{T11/Too},

Az = Re{To1/Too}, As=1Im{To1/Too},

As = Re{T10/Too}, As=1Im{T1/Too},

A7 = Re{T1-1/Too}, As=Im{T1-1/Too},
Ag = |U11/Tool ,

where |U11|* = |U,1.,1|* + |U,1,,_1]° i.e. UPE target-spin-flip amplitudes are not neglected.
2313 2173

Q? and t'-dependences are studied — 2-dimensional (Q?, t') binning is used.
Q? bins are the following: 0.5 = 1.0 = 1.4 = 2.0 = 7.0 GeV?,
—t' bins are: 0.0 + 0.04 + 0.10 + 0.20 =+ 0.40 GeV~.



Q?> dependence of Amplitude Ratios Re(Im)(T;/Tyo)
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e pQCD prediction (lvanov, Kirshner '98) and GPD GK model: T3y /Ty o< My /Q

e Fits of Q dependence: Re{Tll/Too} = a/Q, Im{Tll/Too} = b - Q
Combined p + d data: @ = 1.129 4 0.024 GeV, x*/Ng = 1.02
b= 0.344 4+ 0.014 GeV~', x°/Ng = 0.87

e Fit results are in full agreement with the another representation from the SDME analysis, where the
phase difference 811 ~ 30° and grows with Q2



@Q? and t’ dependence of Amplitude Ratios |U;/Tjy
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e Contribution of Unnatural Parity Exchange is observed with much better accuracy than in SDME
method

— Neither Q2 nor t' dependence visible



t" dependence of Amplitude Ratios Re(Im)(741/Tho)
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e pQCD prediction (lvanov, Kirshner'98) and GPD GK model: Tp1 /T x v/ —t'/Q

e Fit of t' dependence: Re{To1/Too} = av/—t/, Im{To1/To} = bv/—t/Q
Combined p + d data: a = 0.399 4 0.023 GeV~ ', x*/Ng = 0.72;
b = 0.20 & 0.07, x*/Ng = 1.09.

— Re and Im parts of Ty /Tho have different slopes of t.

e Correspondingly, phase difference &g; decreases with Q% and §p; = (29 + 9)° at Q* = 0.8 GeV~.



‘Transverse’ UT-SDMEs on Transversely Polarized Proton

New formalism for L& T polarized targets (M.Diehl, JHEP09 (2007) 064, arXiv:0704.1565v2), interference between
NPE and UPE amplitudes accounted, ¢ & ¢ distributions are in the fit function.

N . Fpop, — vo
e Notation: F." = F/

PW/ w = (Np+eNp)™ E /,\’)
VV/

- vv
Sup! AN T 2(puu . puu’,—+)

/
vv

128 %
n = —
pp! AN 2('0uu +— 'Ouu’,—+)

e n and s are for normal and sideways target
polarization with respect to the direction of
the virtual photon and electron scattering
plane.

e Sub(super) scripts refer to the helicity of the
virtual photon (p” meson) in the amplitudes
that occur in the SDME.



o' SDMEs on Transversely Polarized Proton (HERMES collab. arXiv:0906.5160 DESY-09-094)
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SDME values

Pr 0.724 £+ 0.059 with scale
uncertainty 8.1%

Indication on nonzero SDMEs:
Im(s”7), Im(sgi Saf) due
to the interference of NPE and
UPE amplitudes on the trasversely
polarized target,

and Im(ngg) due to violation of

SCHC.

——> Small values of all 30 SDMEs



o' Transverse Target Polarization Asymmetry (HERMES collab. arXiv:0906.5160 DESY-09-04)
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e Average kinematics:
(—t') = 0.13 GeV”
(xp) = 0.08
(Q%) = 1.95 GeV?

e o and o7 separation
done using the p° UT-SDMEs:

UT =
(ui g Feugp)
A(’Y{?*P%),Sin(¢—¢s) _ tm(n T 40T T +2end h)
vt (1—U(_)|_0_|_—|—6u88)

— Compartible with zero overall value for leading amplitude: A@OT = —0.033+£0.058



Calculations of p° Transverse Target Polarization Asymmetry

M.Diehl, W.Kugler Eur.Phys.J.C52,2007 S. V. Goloskokov, P. Kroll arXiv:0809.4126
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—> A7+ is also small in calculations
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e In leading twist:

[o(¢, ps) — (@, ¢s + m)]/ Pr
AUT (5 93) = T 05 T o (6, 0s T 7)1dd) (3)

sin(mo+neos)
ur

= me A sin(ma¢ + nos)

e First indication on negative Ay in

w meson leptoproduction:

po —0.22 4 0.164 & 0.11 4,5

0
e No contradiction with small value of A{.}T

due to different contributions of uw and d
quarks in GPD E:

sin(¢—¢s), 0 \/ EU4+Ed
Ajr (p) x Im{sHuin}

sin —®s —t/ u d
AR (@) oc Yl { Z2-E0

Note agreement with the calculated for
w
( S. V. Goloskokov, P. Kroll arXiv:0809.4126)

and also predicted A?, . ~ 0.40.



Summary

e 15 unpolarized and, for the first time, 8 polarized p° SDMEs are obtained on unpolarized proton
and deuteron.
— No statistically significant difference between proton and deuteron data is observed.
— Violation of S-channel helicity is confirmed in p° electroproduction with high accuracy.
— Various versions of R = o /o are determined, indication is found for a W dependence of R.
— Unnatural parity exchange contribution in p° production is seen for the combined data on the
proton and deuteron SDMEs with 3 o,.

e For the first time, Q% and t' dependences of the Re&Ilm parts of the ratios of amplitudes:
T11/Too, To1/Too, and |Ur1/Too| are measured for p" electroproduction.
— Q7 dependence of Im(Ty;1/Tyo) differs from pQCD prediction and confirm increase of phase
difference with Q?, with better precision than at SDMEs approach
— t' dependence of Im(Ty1/Tpo) also indicates different phase of T, amplitude relative Tyo.
— No Q? and t' dependences of unnatural parity exchange amplitude in p” meson production is
found.

e For the first time, HERMES measured 30 SDMEs for p° and single spin asymmetry for p” and w on
transversely polarized proton.

— Small values of SDMEs and Ayt are observed for po electroproduction.
— Indication on negative A(,, is obtained, which is in agreement with GK model GPD based
calculations.

—> HERMES data provide tests and constrains on GPDs H, H and E.



