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Abstract

Hard exclusive electroproduction aftz~ pairs off hydrogen and deuterium targets has been studied by the HERMES
experiment at DESY. Legendre momen#y) and(P3) of the angular distributions of T mesons in the center-of-mass frame
of the pair have been measured for the first time. Their dependence arthe invariant mass can be understood as being
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due to the interference between relatRevave (isovector) and-, D-wave (isoscalar) states of the two pions. The increase in
magnitude of P1) as Bjorkenx increases is interpreted in the framework of generalized parton distributions as an enhancement
of flavour non-singlet;g exchange for larger values of which leads to a sizable admixture of isoscalar and isovector pion
pairs. In addition, the interference betweBrwave andD-wave states separately for transverse and longitudinal pion pairs
has been studied. The data indicate that in f.270) region at(Q?2) = 3 Ge\? higher-twist effects can be as large as the
leading-twist longitudinal component.

0 2004 Published by Elsevier B.\@pen access under CC BY license.

PACS 13.60.Le; 14.40.Cs; 25.30.Rw; 13.88.+e

Much of our current knowledge of the quark—gluon is insensitive to helicity two. Previous woff0] has
structure of the nucleon comes from inclusive and shown that resonant*z~ production via longitudi-
semi-inclusive deep inelastic scattering experiments, nal p® decay in the kinematical region covered by the
from which parton distribution functions can be ex- HERMES experiment occurs primarily through two-
tracted. However, our understanding of quark—gluon quark exchange with the target. In the present more
dynamics can be extended considerably by measure-general case, thgg exchange mechanism gives rise
ments sensitive to the generalized parton distributions to pion pairs with the values of the strong isospin
(GPD) [1-3], which also describe the dynamical cor- total angular momentum, andC-parity of either go-
relations between partons with different momenta. Ex- meson{(=1,/=1,3,...,C = —1), or anf-meson
perimentally, GPDs can be investigated through the (1 =0,J =0, 2,...,C = +1). Theqg exchange with
analysis of hard exclusive processes such as the pro-C = +1 (C = —1) is described by flavour singlet
duction of mesons by longitudinal virtual photons. Un- (non-singlet) parton combinatiofil], and due taC-
der these conditions the amplitude factorizes into a parity conservation ther ™z~ pairs so formed have
hard scattering term governed by perturbative QCD C = —1 (C = +1). The competing two-gluon chan-
and two soft parts, the GPDs for the nucleon and nel gives rise to pion pairs with the quantum numbers
the distribution amplitude for meson formatifh5]. of the p-meson family only. Pion pairs are formed
Hard exclusive electroproduction aftx~ pairs is from either quarksKig. 1(a)—(c)) or gluonsKig. 1(d))
sensitive to the interference between isodpia 1 and produced in the perturbative hard part of the reaction.
I =0 channels, and provides a new constraint on cer- Since the cross section for isovectotz ~ production

tain combinations of GPDs. is much larger than for the isoscalar case, it is diffi-
This Letter reports the first experimental data for cult to obtain experimental data on the isoscalar chan-
hard exclusiver ¥~ pair production nel. One possible solution would be to study exclusive
7979 production, but this requires a large experimen-
etp—etprta™ and efd—efdntn™. (1) tal acceptance. With charged pions, the interference

between the two isospin channels can also provide
information on the weaker isoscalar channel at the am-
plitude level.

For the purpose of studying the interference be-
tween 77~ production in P-wave ( = 1) and
S-, D-wave states [( = 0), the Legendre moments

For the proton target, the results are interpreted in the
GPD framework by comparing with predictiof&-8],
thus providing valuable information for further mod-
elling of GPDs. So far, predictions exist only for the
proton target. Exclusive pair production includes con-

tributions from both two-gluon and quark—antiquark (P1(cos)) and (Ps(cosd)) are particularly useful be-

(4g) exchange mgchanlsms. . . . cause they are sensitive only to such interference. The
The relevant diagrams at leading twist, which may Legendre moment of orderis given by

involve both resonant and non-resonant channels, are
shown in Fig. 1 The Primakoff procesg*y* —
7T~ is not shown, because it is expected to con-
tribute negligibly to the production of pions pairs with (P (COS) T yr—
helicity zero or ong9], and the analysis reported here Jo1d cos) Gesg

It dcosh Py(cosp)da™ "
_Ja n

>7T+777 d cost (2)
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(a) p family (b) p family
C=-1, I=1 C=-1, I=1
J=1,3,... J=1,3,...

singlet
quark
exchange
(C=+1)

2-gluon
exchange
(C=+1)

Fig. 1. Leading twist diagrams for the hard exclusive reactioi — e T/ 7~
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(c) (d)

f family
C=+1, I=0
J=0,2,...

f family
C=+1, I=0
J=0,2,...

non-singlet
quark
exchange
(C=-1)

non-singlet
quark
exchange
(C=-1)

. Gluon exchange (a) gives rise to pions in the isovector

state only, while the quark exchange mechanism (b)—(d) gives rise to pions in both isoscalar and isovector states.

whered is the polar angle of the™ meson with re-
spect to the direction of the ™z~ pair in the center-
of-momentum frame of the virtual photon and target
nucleon. The moments;) and(P3) have been evalu-
ated as a function of the pion pair invariant mass;,

and the Bjorken variable = 55~ MP , where— 0?2 is the
squared four-momentum of the initial virtual photon,
Mp is the proton mass andis the virtual photon en-
ergy in the target rest frame. Experimentall®,) is
the average of?,(cos;) for all eventsi grouped in
bins of m or x.

In general,

d0n+n_

d cosd

o Y Y10, )Y],50.6) €)
JJ'N
in which p is the spin density matrix of the pion pair,
whose diagonal entriep;,’ give the probability of
producing it with angular momentumh and longitu-
dinal projectionx, and whose off-diagonal terms de-
scribe the corresponding interference terms. If parity
is conserveg/’ is real andp)) = (~1)* "+ p’"
[12]. The contributions fo/ > 2 are expected to be
negligible in them,,-range covered by HERMES.

The Legendre moments then are

(P \/_[4\/:—3,0 1+ 4p35 + 25030 (4a)
1
(P3) = 7—\/3[—12/;%} + 673088 (4b)

In particular,(P1) is sensitive toP-wave interference
with S- andD-waves, wherea&Ps) is sensitive to only
P-wave interference with &-wave.

The relevant factorization theorefd] has been
proved only for longitudinal virtual photong; in

leading twist. Contributions from transverse photons
y; and other higher-twist effects are suppressed by
powers of 1/Q Therefore, the longitudinal termsa
andpgg in Egs.(4a) and (4bjre expected to be dom-
inant in them region far from thef> meson, where
the higher-twist termp can be neglected. On the
other hand, in the region of the resonance the pos-
sible pfll contribution can be eliminated by taking a
combination ofl P1) and(Ps) that projects out the lon-
gitudinal terms:

7 5
<P1+:—3P3>=2 ,000+ (5)

fpoo
Assuming s-channel helicity conservation, such that
the O-helicity photory;* produces ar*z ~ pair with
0-helicity, only poo states are populated by In this
case, the combinatiofP; + %Pg) would be sensitive
to longitudinal photons only. In thé region, far from
the p° and fo resonances, the terpjJ is expected to
vary very slowly withm, making no contribution to
any structure appearing in this combination.

In them, region of thef> meson, another combi-
nation eliminates the contribution of longitudinal ten-
sor pairs:

p—Yp
1 9 3

_A5 o 2 4
3 11 x/g 00

Hence, the transverse higher-twigt' and longitudi-
nal leading- twrstp contributions to the Legendre
moments in thef> domain can be disentangled by
comparing the combinations given above.

The data were collectedith the HERMES spec-
trometer[13] during the running period 1996—2000.
The 27.6 GeV HERA positron beam at DESY was

(6)
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Fig. 2. Panel (a): distribution of ¥~ events versua E for hydrogen with 060 < m, < 0.95 GeV. The data are represented by the solid
circles, while the simulated (SID)®ackground is represented by the histogram. The B@arlo results are normalized to the data using the
region of the spectrum abouwE > 2 GeV. Panel (b): yield of the exclusive eventsaiigained by subtracting the normalized Monte Carlo
events from the data. The result (thin line) of an arbitrarily normalized Monte Carlo simulation using the diffrt P S| generator is
superimposed on the exclusive distribution.

scattered off hydrogen and deuterium targets. Eventsthe target Mg~ My) or coherent scattering from
were selected with exactly one positron track and the entire nucleus\ (Miarg~ M,). For scattering off
two oppositely charged hadron tracks with momentum deuterium, incoherent scattering is found to dominate
> 1 GeV, requiring that no additional neutral clusters for HERMES kinematicq14]; therefore Miarg Was
occur in the calorimeter. Positrons were distinguished chosen to be the proton mass throughout the entire
from hadrons with an average efficiency of 98%, and analysis. All detected hadrons have been treated as pi-
a hadron contamination below 1%, over the whole ons.
kinematic range. In order to ensure a hard scattering In the AE spectrum, the resolution due to instru-
process, the constrain@® > 1 Ge\? andW > 2 GeV mental effects ranges between 0.260 and 0.380 GeV,
were imposed, wher® is the invariant mass of the  depending on the data production year. Thus, even at
virtual photon—nucleon system. low A E the sample is contaminated by non-exclusive
When studying the:,, ,-dependence of the Legen- processes. This background yield was assumed to be
dre moments, the requirement- 0.1 was imposedto  semi-inclusive deep inelastic scattering (SIDIS) events
suppress the contribution from gluon-exchange rela- and was evaluated by first calculating th& distribu-
tive to that fromgg exchangd6]. However, when an-  tion of SIDIS events with a lepto Monte Carlo simula-
alyzing thex-dependence of the Legendre moments, tion [15,16], and then normalizing it to the data in the
the wholex-range accessible to HERMES was used. rangeAE > 2 GeV. The effect of varying this normal-
Since the recoiling target nucleon is not detected ization region was treated as a systematic uncertainty
in the present HERMES apparatus, exclusive events contributionFig. 2shows the normalized Monte Carlo
were selected by restricting the quantitys = (M§ — distribution inA E compared to the data, and their dif-
Mt%rg)/ZMta,g, in which My is the missing mass, and ference. The simulated background shape is in agree-
Miarg is the nucleon target mass. AE distribution ment with the data at larga E, while at smallAE
peaked at zero is a clear signature of exclusive produc- the data show a surplus due to the presence of the ex-
tion, while largerA E values indicate non-exclusive clusive process not included in that Monte Carlo sim-
events. For scattering off nuclei, one can have either ulation. Comparison of the exclusive peak in the data
incoherent scattering from individual nucleons inside with the result of a Monte Carlo simulation using the
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diffractive p® DIPSI generatof17] reveals an excess
at AE ~ 1.5 GeV. This excess can be explained by
the combined contributions of° production via sin-

217

yield atm,, ~ 0.35 GeV, is entirely eliminated by
applying the additional cutigx > 1.06 GeV. Here
mgk IS the invariant mass of the two hadrons when

gle and double-dissociation of the proton as described they are treated as kaons. Similarly, the contamina-

in Ref.[18], and of radiative correctiof49], which
all three are not simulated by the DIPSI Monte Carlo.
In order to evaluate the background contribution

tion of ¢ - KsK, with Kg detected through its
decay int T, by using a Monte Carlo DIPSI sim-
ulation was found to be entirely absent within the

to the exclusive signal, the experimental and the nor- chosenA E¢y values. The channeb — 77~ and
malized Monte Carlo yields were separately integrated exclusive non-resonatt ™ K —2 production were esti-

up to a limiting AE value AEcy, resulting in Niot
and Nyc, respectively. The value ok E¢yt was op-
timized by requiring the ratio of the exclusive signal
Nsg = Niot — Nmc over the backgroundNsg/Neg)

to be large, and the relative statistical uncertainty
ANsg/Nsg to be small. The optimized\ E¢yt value

for both targets is 0.625 GeV. Below the chogeAcyt
value, the SIDIS contamination is found to range be-

mated to contaminate the signal by less than 0.3% and
1.5%, respectively, and were neglected. The decays
¢ — ntn— 793 with the 7° outside the acceptance,
gives a contamination of less than 1%. A contami-
nation of about 18% from the decay— 77~ =C,

with only the charged tracks detected, yields a re-
constructedm ., distribution centered at 0.45 GeV
with a Gaussian width of approximately 0.075 GeV

tween 2% and 65% of the total events, depending on [22]. This contribution to the yield was suppressed

myn andx. In particular, this contamination is small at
myr Values aroun@hpo, and increases at smaller and
larger invariant mass values.

The SIDIS model does not account for contami-

by imposingAE < 0.125 GeV in the regiomn;,; <
0.6 GeV. The effect of the remaining contamina-
tion was taken into account in the systematic uncer-

tainty of the relevant bins. All the above estimations

nation from other processes. In order to suppress theof these additional background components are small

o — w79 decay at lown,,, as explained below,
a more severe\ E¢yt was applied than the value opti-
mized for the SIDIS background. The finalEy; val-

compared to the background predicted by the SIDIS
model.
After applying all event selection requirements,

ues used in this analysis for both targets are 0.125 GeV 4.8 x 10° (7.2 x 10°) #tx~ events remained for the

for my, < 0.60 GeV, and 0.625 GeV for.60 <
myr < 1.40 GeV.
The limited AE resolution does not allow for the

complete suppression of single and double-dissocia-

my-dependence analysis with> 0.1, and 110 x

10° (13.3 x 10%) events for ther-dependence analysis
for hydrogen (deuterium). The invariant mass spectra
for hydrogen and deuterium with £ < 0.625 GeV,

tion processes. An example is the process in which x > 0.1, andmg g > 1.06 GeV are shown ifig. 3.

the nucleon is left in aA resonance state that decays
with an unobserved pion. The contamination from sin-
gle and double-dissociation was estimated by shifting
the value of AEcy by 0.5 GeV, from a low value
of 0.125 GeV where this contamination is negligi-
ble, to a relatively large value, 0.625 GeV, where this
background is possibly substantial. This effect was in-
cluded in the systematic uncertainty.

The contamination from baryon excitations such
asetp — etmA — eTpntx~, which have been
found to contaminate the procesSp — e prtmw ™
at lower energy andv values[20], in the HERMES
kinematics were found to be negligible in a Dalitz-plot
analysig21].

The contamination of exclusivE ™ K~ pairs from
¢(1020) meson decay, which appears in the event

In each of the analyzed bingpP,)qdata Was eval-
uated within the chosen exclusiveE region, with
no background subtraction. The values (&%, )sipis
for the background events were extracted from the
data forAE > 2 GeV, where SIDIS events dominate.
These values were found to be consistent when eval-
uated in three differenAE bins: 2< AE < 4 GeV,
4 < AE <6 GeV, andAE > 6 GeV. The moments
were corrected for SIDIS background using

1+r 1
(Py)data— ;(Pn>S|D|s,

)

(Py)exclusive=

2 This contamination has been estimated by comparing results
from the data and the Monte Carlo simulation of SIDIS events.
3 Including the resonant channgl— pr — 7tz 70,
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Fig. 3. Invariant mass spectrum for hydrogen (left) and deuterium (righth#r< 0.625 GeV (solid points) and E < 0.125 GeV (shaded
area). For both spectra, the requirement 0.1 has been applied. For both targets, thg; -spectrum forA E < 0.125 GeV is normalized and
superimposed (shaded area) to show the suppression @f-ther ¥z ~ 70 contamination described in the text.

in which r is the ratio of integrated exclusive data to Table 1

background Monte Carlo events fatE < A Ecyt in Average values fotQ?), (~), and(x) measured in thei - (up-
the analyzed bin per table) andc- (bottom table) dependence of Legendre moments

for hydrogen and deuterium targets

A Monte Carlo generator based on the GPD frame- :
work for the hardr*7~ exclusive process does not xx-dependence analysis

exist. Therefore the DIPSI generator was used to eval- Target (0?) [GeVZ] (1) [GeV2] (x)
uate the effects of geometric acceptance and instru- # 32 043 016
mental smearing on the Legendre moments, which P 33 029 016

were both found to be negligiblR1]. This Monte
Carlo simulation is in good agreement with the kine-

e G x-dependence analysis
matic distributions of exclusive” mesons observed at

(myx) = 0.48[GeV] (mypx) =0.77[GeV]

HERMES. > > > > > >
The analyzed moments might be sensitive to ra- 198t (@7 [GeVI] (1) [GeVT] (07 [GeVT] (-1) [GeV]
diative corrections that affect the gpsingular distri- 2 23 042 . 027

bution. Forp® decay, which dominates in the cross 23 039 21 022

section for exclusiver "7~ production, the angular
distribution depends linearly only on the vector spin presented irFig. 4, for x > 0.1. The average values
density matrix elementdg. In previous work23] the of 02, —t, andx for both targets in this domain are
relative correction ofgg for radiative corrections has  reported inTable 1 Form,, < 1 GeV, the moments
been evaluated, and found to be less than 0.3% atare similar for the two targets. In each panel {&y),
(0?) ~ 3 Ge\® in the kinematics of the H1 and ZEUS  the region B < my, < 1.1 GeV is shown as an insert
experiments. At larger, where the HERMES analy-  with finer binning to better investigate possible contri-
sis is performed, they are even smaller. As a result of butions from the narrow(980) resonance.
these considerations, radiative corrections effects have  The values for( Py) differ significantly from zero,
been neglected in this analysis. and depend strongly on . At small invariant mass,
The m,,-dependence ofP;) and (Ps) for exclu- i.e., close to the thresholdniz;, this non-zero mo-
siver 7~ production off hydrogen and deuteriumis ment is interpreted as originating from the interfer-
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exchange mechanism contribution, LSE] (solid curve) atc = 0.16 are shown. A calculation without the gluon exchange contribution is
shown for limitedm -, values, LPPS@8] (open squares at= 0.1, open triangles at = 0.2). In these calculations, the contribution frofg
meson decay was not considered. Instead, the inset panel for the hydrogen target shows the predi¢6h fkbich includes thefp meson
contribution. All experimental data haye) = 0.16, (QZ) =32 (3.3) Ge\?, and (—r) = 0.43 (0.29) Ge\2 for hydrogen (deuterium). The
systematic uncertainty is represented by the error band.

ence between the lower tail of the isovect$(770) 0% with the non-resonant ™z~ S-wave production.
(P-wave) with theS-wave non-resonant*z~ am- At m,, ~ 1 GeV, the observed oscillation in hydro-
plitude. Atm - values aroundh ,, the absolute value  gen(Pi) suggests an interference between pReail

of this quantity shows a minimum, which is explained and theS-wave =7~ production from the narrow

in terms of the overwhelming dominance gt vector f0(980) resonance. Moreover, in thé(1270) me-
meson production in the denominator of the moment. son region, the data suggest a sign change caused by
The increase of the size afP;) at larger invariant  the interference between th€ upper tail and thef,
mass is due to the interference of the upper tail of the (D-wave).
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Fig. 5. Themy ;-dependence ofP, + 7/3- P3) (upper panels) angP; — 14/9 - P3) (lower panels) for hydrogen fepanels) and deuterium
(right panels). The data have) = 0.16, (02) = 3.2 (3.3) GeVZ, and (—t) = 0.43 (0.29) GeV? for hydrogen (deuterium). The systematic

uncertainty is represented by the error band.

The Legendre momeriPs) is sensitive only to the
interference ofP-wave andD-wave states inr 7~

GPD framework, with6,7] (solid curve) and without
[8] (open points) the inclusion of the two-gluon ex-

production. Consistent with the expectation that no change mechanism. A possible contribution from the

resonance decay inte*z~ pairs in D-wave states

fo meson was not considered in the calculations. The

occurs formy, <1 GeV, no interference is observed calculations include only the longitudinal component

in this invariant mass region. ThgPz) moment for
deuterium increases in magnitude in tlhfe(1270)

op of the #T7x~ cross section, while in this analy-
sis no separation between thg andoy contributions

meson region. A sign change is also prominently could be made. Ther contribution to the total cross

visible, reflecting the interference of th&-wave
and D-wave resonant t7~ channels. On the other

section forp® production is estimated to be approx-
imately 60%[18]. The reasonable agreement of the

hand, no such signature is evident in the hydrogen leading twist predictions for the:,,-dependence of

data.
In Fig. 4them ,-dependence gfP;) for hydrogen

the (P1) data may tentatively be understood as aris-
ing from the cancellation of higher twist effects in this

is compared with theoretal calculations based onthe moment24].
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Fig. 6. Thex-dependence of the Legendre momejits) for both targets separately, in the region3®< m, < 0.60 GeV (left panel) and
0.60 < mzz < 0.95 GeV (right panel). The systematic uncertainty is given by the error band. Theoretical predictions (stars) from&8PPSG
for hydrogen, which neglect two-gluon exctge mechanism, are compared with the data.

To date, thefp contribution is taken into account
only by Ref.[25], where the discussion is restricted

as originating from the interference of resonant
P-wave with non-resonan§-wave 77~ produc-

to diffractive physics at center-of-mass energies larger tion. The moment increases in magnitude with
than 100 GeV. Nevertheless, to demonstrate the possi-suggesting that the exchange of flavour non-singlet
ble effect of this resonance, the comparison with those quark combinations@ = —1) becomes competitive

predictions for P1) on hydrogen is shown in the panel
insert ofFig. 4.
In order to study the contribution of thg& reso-

with the dominant singlet exchang€ & +1). Pre-
dictions with only the quark exchange mechanism
in the GPD frameworl8] are compared with the

nance to the Legendre moments in more detail, the data, and are found to be in fair agreement with

my-dependence of the purely longitudinal combina-
tion (P1+ % - Ps) is presented ifFig. 5 for both hy-

them.
In summary, the Legendre moment8;(cosd))

drogen and deuterium. For comparison, this figure also and (P3(cosd)) for exclusive electroproduction of

shows the combinatiofP1 — & P3) which is believed
to be dominated by the higher-twist transverse contri-
bution to the excitation of the resonance. The com-

7T~ pairs have been measured for the first time
for hydrogen and deuterium targets. The data show
signatures of the interference between the dominant

parison between these two distributions suggests thatisospin statd = 1 (P-wave) andl = 0 (S-, D-wave)

the higher-twist transverse contribution to the Legen-
dre moments in thef>(1270) region is possibly as
large as the longitudinal leading-twist production.
The x-dependence ofPy) is shown inFig. 6 for
both targets in two regions ofi;: 0.30 < my, <
0.60 GeV and B0 < m;,; < 0.95 GeV. The statis-
tical precision at larger values of,; is insufficient
for such a presentation. The average value@df—1,
and x for both targets in these:,, regions are re-
ported inTable 1 In both invariant mass regions and
for both targets{P1) is non-zero, which we interpret

of these pion pairs. The interference of th® am-
plitude with the non-resonarf-wave and resonant
D-wave states appears to be larger than the interfer-
ence with the resonarfp S-wave. In thef> region, the
combinationg P1 + 7/3- P3) and(Py — 14/9- P3) are
sensitive to the longitudinal and the transverse states
of a D-waver 7~ pair, respectively. Comparison of
these combinations suggests that{@t) = 3 Ge\?,

the higher-twist transverse contribution to the Legen-
dre moments in thg> domain can be as large as the
leading-twist longitudinal contribution.
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These results constrain models for generalized par-

ton distributions, and may allow, by comparing the
data with a larger statistical significance with the more
accurate next-to-leadingraer predictions with and

without the inclusion of the two-gluon mechanism,
the separation of the contributions of two-gluon and
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