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The decay D° — 77z~ 7" appears to be dominated by pz states in a configuration of zero total isotopic
spin. The spin J, parity P, and charge-conjugation eigenvalue C of this final state are, therefore, J7¢ = 07",

which cannot be formed of a quark ¢ and antiquark §. If a resonance near M (D) dominates the final state,
it must be a hybrid composed of a quark-antiquark pair and a constituent gluon, or a tetraquark ¢qg g.
A test for this resonance in electroproduction is proposed.
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I. INTRODUCTION

The decay of the charmed meson D° into z*z~z°

exhibits a curious dominance by the state of zero total
isotopic spin [1,2]. Since this three-pion state has odd G
parity and / = 0, its charge-conjugation eigenvalue C is
negative. Since it is a three-pion state in a state of zero total
angular momentum J, its parity P is also negative. It, thus,
has J¢ = 0=, a CP-even configuration which cannot be
formed of a quark and antiquark. The even-CP property has
been confirmed by subsequent analyses [3,4]. The latest
finds the three-pion state to have CP = +(97.3 £+ 1.7)% of
the time, which includes a small (few-%) contribution from
I = 2 [5]. This observation has a useful implication for a
precise determination of the CP-violating Cabibbo-
Kobayashi-Maskawa (CKM) phase y in decays of the class
B0 — DcpKH*0 [6,7].

The dominance of / = 0 can be reproduced [5] in flavor-
SU(3) analyses of all PV decays of charmed mesons, where
P and V stand for light pseudoscalar and vector mesons.
Topological amplitudes T (color-favored tree), C (color-
suppressed tree), and E (exchange) cooperate in such a way
as to give I = 0 intensity fractions of (92.9 4 6.7)% in the
fit of Ref. [8] and (90.9 £ 18.2)% in the fit of Ref. [9]. The
possibility of dominance by a non-gg resonance near
M(D") = 1865 MeV was mentioned in Refs. [2,5]. In
the present work we propose a means of testing this
hypothesis.

This paper is organized as follows. In Sec. II we review
some properties of resonances in charm decays and of a
new hybrid state near Mp. We then stress the need for
electroproduction of a spinless resonance via pion
exchange in Sec. III. Possible interpretations of a signal
are described in Sec. IV. A detailed program for anticipat-
ing signal strength is set forth in Sec. V, while possible
variants to this approach are noted in Sec. VI. Sec. VII
summarizes. An Appendix examines assumed relations
among photoproduction amplitudes of light mesons.
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PACS numbers: 12.39.Mk, 13.25.Ft, 13.60.Le, 14.40.Rt

II. RESONANCES IN CHARM DECAYS

The role of nearby resonance states in charmed meson
decays was pointed out a long time ago [10]. Dominant
contributions to D® — K~z of strangeness —1 gg reso-
nances with masses below and near the D° mass have been
studied in Ref. [11]. It was also argued in Ref. [9] that an
intermediate glueball state at f,(1710) could explain the
large ratio I'(D° - K*K~)/T(D° - 't n7).

We denote the proposed resonance by X(0~~), where the
quantity in parentheses refers to J©C. The Dalitz plot for
D° — 7t 7~ 2° appears to be dominated by three pz bands
of approximately equal strength; they would be strictly
equal in the 7 = 0 limit.

A contribution of a given resonance R to D decay into a
final state f is given by

R|Hy|D°
~ )= {RIHWID ) gy

Ar(D° . :
mp —mp — imgl'p

(1)

where (R|Hy,|D°) is the weak Hamiltonian matrix element
between D and R states, Jry 18 the strong decay coupling
of the resonance to f, while my and 'y are the resonance
mass and width. We will now compare the two factors in
the numerator and the Breit-Wigner denominator for
R = X(1865), f = px and R = K*°(1430), f = K~=n".

It seems impossible to present a reliable model for
calculating the strong coupling (or the width) of the hybrid
meson X(077) to pz. No such attempt has been made in
Refs. [12—18] studying hybrid states in QCD. This stands in
contrast to the strong coupling of the strangeness —1 ¢g
spin zero resonance K*°(1430) to K~z* which has been
well measured through the resonance width [19]. The
contribution of K*°(1430), peaking 436 MeV below the
D mass, to the D° — K~z amplitude has been calculated
to be around 30% of this amplitude [11]. The latter
paper also suggested that another sd P-wave resonance
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(most likely an n = 2 radial excitation) around 1900 MeV
may dominate the amplitude.

It is difficult to compare quantitatively D° weak inter-
action matrix elements for final states |X(1865)) and
|K*°(1430)) involving CKM factors V4V, and V V7 .
The respective quark transitions c(#) — did(ir) and
c(r) —» sud(i) involve two quark-antiquark pairs in the
final state. This seems to favor a tetraquark state X in
the first transition over a quark-antiquark state K*° in the
second transition.

Considering only the magnitudes of the two Breit-
Wigner denominators for D°— X(1865)—pz and D°—
K*°(1430)—> K~ z*, one finds their ratio to be
2.08/(1.865I'y) [19], where I'y is given in GeV. For
I'y = 0.3 GeV, this by itself would favor, by a factor of
3.7, this resonant contribution to D° — 7tz 7% over the
contribution of K*°(1430) to D° - K~z " and, thus, favor
essentially complete X(1865) dominance of the former
decay.

III. ELECTROPRODUCTION IN PION EXCHANGE

Based on the coupling of the resonance to p’z°, we
propose to electroproduce it on a proton target via z°
exchange, as illustrated in Fig. 1. Photoproduction of a
spinless state off a nearly real pion target is a forbidden
0 — 0 electromagnetic transition. Hence, the cross section
should vanish as the squared momentum transfer g> goes to
zero. This behavior is familiar from the two-photon
reaction ete” — eTe” f1(1285) [20-22]. Here the excita-
tion of the spin-1 f; by two real photons is forbidden by the
Landau-Yang theorem [23,24], so at least one of the
electrons must undergo significant recoil. Pion exchange
is most effective at small momentum transfers [25,26], so
virtual photons of the highest possible energy have an
advantage in producing a massive state.

There will be conventional gg resonances coupling to
pr. At lower masses these include a;(1260)(J = 1),
a,(1320)(J =2), w(1650)(J = 1), and @(1670)(J = 3)
[19]. However, the X(0™~) should have a distinctive
signature. It should decay mainly to pz, populating each
of the three pz bands equally, with a characteristic null
along all three symmetry axes of the Dalitz plot [27].
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FIG. 1. Electroproduction of a hypothetical X(0~~) resonance

with mass near M (D) = 1865 MeV, observed through its decay

to ztn a0,
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FIG. 2. Values of —t,;, for yp - Xp as functions of
incident photon laboratory energy E,. Solid line: X = X(07~)
[M(X) = M(D") = 1865 MeV]; dashed line: X = a,(1320);
dot-dashed line: X = a,(1260). For large E,, —fp;=
M%/(AE2). When the photon is virtual with ¢* <0, this

expression becomes [(M% — ¢*)/(2E,)]*.

Furthermore, as mentioned, its production via pion
exchange should be suppressed as the virtual photon
becomes closer to the mass shell.

The minimum momentum transfer should be of order
—m?2 or smaller to efficiently utilize the pion pole. As shown
in Fig. 2 [19], photons of 6 GeV (the original energy at
Jefferson National Laboratory [JLAB]) can achieve |t,,;,| =
O(m2) when exciting a,(1260) or a,(1320), while at least
E, =12 GeV (the upgraded JLAB energy) is required to
achieve sufficiently small |¢,,;,,| when exciting a state with
mass M (D"). Tagged photons in the 4.8-5.4 GeV range
have been used by the CLAS Collaboration at JLAB to
photoproduce a, and z(1670) [28], but no signal for a; was
seen. Pion exchange seems to account satisfactorily for a,
production in this experiment and others in the 4-7 GeV
range. (See Fig. 3 of [29].) It is noted in Ref. [29] that the
COMPASS experiment at CERN [30], using muons of
energy 160-200 GeV, also is capable of photoproducing or
electroproducing light-quark meson states.

Other production mechanisms besides electroproduction
are possible. For example, the process 7 p — X(077)A*T+
can proceed through charged p exchange, leading to a final
state (77~ 7°)(x" p). Photoproduction of an X(0~~) can
receive nonzero contributions from exchange of any neutral
meson with J # 0 and C = +, such as the a; or a,.

IV. INTERPRETATION OF A SIGNAL

If the resonance is seen, it could be a hybrid or a
tetraquark. A 07~ hybrid occurs in models involving
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constituent gluons [12—14]. In Ref. [13] it is expected in the
mass range 1.8-2.2 GeV, so it could dominate DO decays. It
is predicted to lie somewhat higher (2.3 GeV) in Ref. [14].
A gluon with JP€ = 17~ can combine with a color-octet
I = 0 gg state with J*¢ = 1*7 (i.e., a > P, state) in a state of
relative orbital angular momentum zero to form the 07~
hybrid. Lower-mass hybrids in the range 1.3-2.1 GeV can
be formed with a gluon and a color-octet 'S, or 3S; ¢g
state, leading to hybrids with J*¢ = 17~ and (0,1,2)"",
respectively. None of these is exotic. The lowest-lying
exotic, with JP¢ = 1=+, is predicted in the constituent-
gluon model to lie in the mass range 1.8-2.2 GeV and to be
composed of a gluon and a gg state with JFC€ =1+~
Candidates for this state have shown up, typically at lower
mass [12]. It is interesting that other models considered in
Ref. [12] (bag [15], flux tube [16], lattice QCD [17], QCD
spectral sum rules [18]) do not predict a 0™~ state at
comparable mass.

A tetraquark could serve as a proxy for a model with a
constituent gluon, by the simple substitution of a color-
octet, spin-1 gg S, pair in place of the gluon. Here, there
are more opportunities for forming a 0=~ state with zero
isospin, as both the *P, and 3S; states can have either zero
or unit isospin. (We are assuming only the two lightest
quark flavors.)

V. ANTICIPATING SIGNAL STRENGTH

The forthcoming GlueX experiment [31] is dedicated to
searching for exotic states of matter in photon-proton
collisions. However, the detector cannot be operated in an
electroproduction mode, so production of the X (0~~) should
be suppressed. GlueX should be able to photoproduce both
w(782) and its presumed radial excitation w(1650), impor-
tant steps (as we shall see below) toward electroproduction
of the 0~ state. On the other hand, the CLAS12 detector
[32] is designed to study resonance production with virtual
as well as quasi-real photons, so it should be able to see the
X(077), with cross section decreasing as ¢> — 0. In
the following we suggest experimental steps to see whether
the required sensitivity can be achieved.

The electroproduction of a state whose production by
real photons is forbidden requires one to know the relative
flux of longitudinally and transversely polarized photons y*
produced by a scattered electron:

e (k) =7 (q) + e (K), (2)

where E and E’ are the laboratory energies of the initial
and final electron, v=E—FE, and Q’=-¢*>=
4EE'sin?(0/2), where 6 is the electron scattering angle
in the laboratory. The cross section for e~ + p — e +
(anything) can be decomposed into contributions from
transversely and longitudinally  polarized virtual
photons [33]:
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dQdE'
e= {1 + 2(52 + 1>tan2(¢9/2)} Y

x or +€o0p,

One finds the following exact dependence of ¢ on E, E’
and 0%
/ 2
. 4EE - Q ‘ @)
2(E2 + E/Z) + Q2

Two examples of the behavior of ¢ and 6 as functions
of Q? are shown in Fig. 3 for E = 12 and E’' = 1 [Figs. 3(a)
and 3(b)] or E' =6 GeV [Figs. 3(c) and 3(d)]. For low
values of Q?, € is very weakly dependent on this variable
and is almost entirely a function of the ratio E'/E,
e=2(E'/E)/[1 + (E'/E)]

An amplitude for a process forbidden for real photons
(¢* = 0) will behave for Q> — 0 as Q?/M3?, where M, is
some characteristic hadron mass. Taking it to be m,, we
may expect a suppression by about a factor of 2 relative to a
typical photoproduction amplitude when Q? ~ 0.3 GeV2.
This is the maximum envisioned in one proposed CLAS12
experiment at JLAB [34].

If one wants the virtual photon to transfer as much
energy v as possible to the hadronic system, one wants E’ to
be not too large, as in Figs. 3(a) and 3(b). However, one
pays the price of a smaller factor € = 2x/(1 + x?), where
x = E'/E, which is about 1/6 for x = 1/12. Roughly
speaking, then, electroproduction of a state that cannot
be photoproduced with real photons will cost about an
order of magnitude in cross section relative to a state that
can be photoproduced.
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FIG. 3. Behavior of virtual photon polarization parameter € (a)

and (c) and laboratory scattering angle € (b) and (d) as functions
of Q% for E =12 and E' = 1 (a) and (b) or 6 GeV (c) and (d).
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Now we seek a reference cross section for electro-
production of a known state with mass not too different
from that of X(1865,07"). We first look for evidence of z°
exchange in photoproduction. This will give rise to neutral
states with odd C. Such a process has been seen in
photoproduction of the (782, 17~) meson with polarized
photons of energy 2.8, 4.7, and 9.3 GeV [35]. The photon
polarization enables the isolation of unnatural parity (i.e.,
pion) exchange. Fitting the differential cross sections do/dt
at all three energies, where ¢ is the invariant momentum
transfer, one finds for unnatural-parity exchange,

dLU = Ae’”/Ez,

A = 164 nb,
d n

b=7GeV?2,
(5)

yielding 6V = 0.23 nb at E, = 10 GeV. The first stage in
observing electroproduction of X(1865,07~) would be to
see evidence for 7° exchange in w(782) photoproduction.

The next step is to observe z° exchange in photoproduc-
tion of a C = — state as close as possible in mass to the
X (1865). Such a state is a radial excitation ' of the w(782),
denoted in [19] by @(1650). As its mass is quoted as
1670 4= 30 MeV, we shall refer to it as @’ to avoid confusion
with the J = 3 state of similar mass. If produced with a
virtual photon of small Q% and v = 10 GeV, and with the
same differential cross section as for @(782) production, the
effect of 7,,,;, is only suppression by a factor of 0.85. However,
one can estimate (see the Appendix) using vector dominance
and the known total width of @’ that a further suppression
factor of ~0.5 is likely, leading to an overall suppression
factor of about 0.4 and a net cross section of 0.1 nb.

One must then observe the pion-exchange contribution
to @’ electroproduction. The step from photoproduction to
electroproduction is a key ingredient of the CLAS12
program, and a yield of about 107 equivalent 10 GeV
photons per second on a 30 cm long liquid hydrogen target
is expected [34], corresponding to about 10° events per nb
per 107 second year of exposure. Thus one should at least
expect about ten thousand events of @’ electroproduction
via 7° exchange.

The final step is extrapolation to X(1865) electropro-
duction via 7° exchange. As mentioned, the price one has to
pay for a process allowed for Q> > 0 but forbidden for
Q? = 0 is roughly an order of magnitude in cross section,
leading to a predicted cross section of O(10 pb), so a signal
at CLAS12 of up to a thousand events is conceivable. A key
factor signaling the electroproduction of a 0™~ state will be
the vanishing of the cross section linearly as Q* — 0.

VI. POSSIBLE VARIANT APPROACHES

The expected signal of O(10°) events of X(1865,077)
electroproduction via 7° exchange provides some leeway
when considering possible modifications of our estimate.

PHYSICAL REVIEW D 92, 114018 (2015)

(i) The ratio of X — prz and @’ — pr electroproduction
events scales as the square of the ratio of X and &’
partial widths to pz. The latter width seems to
dominate a total @’ width of about 300 MeV [19].
Thus a number of X signal events less than O(10°) is
unlikely as long as this resonance width is not much
smaller than 300 MeV.

(i) Regge phenomenology could have been used to
estimate X (1865) electroproduction. However, at
small momentum transfer the exchange of an
elementary pion is almost the same as the exchange
of a pion trajectory (see Ref. [29]).

(iii) Other Regge trajectories, such as a; and a,, could
have been considered. However, in contrast to pion
exchange, where we do see evidence for X—p—x
coupling, we cannot estimate the couplings of these
other trajectories to p—X. Their contribution relative
to pion exchange could be estimated by studying the
energy dependence of X electroproduction, which is
different for pion exchange and trajectories with
intercept 1/2 such as a,, and looking for evidence of
the pion pole in ¢ dependence.

(iv) Inthe absence of experimental information, we cannot
estimate the effect of a possible direct coupling of the
X to the proton, though if it exists it is unlikely to
interfere destructively with other sources of X.

(v) The estimate of a, photoproduction in Ref. [29] due
to Reggeized charged pion exchange yields
o(yp —» arn) =200nb at a photon energy of
10 GeV. When extrapolating this to e p —
e~ X(1865)p electroproduction, note that (i) the
pion-nucleon coupling for neutral meson photopro-
duction via 7 exchange is a factor of V2 less,
suppressing the rate by at least a factor of two, (ii) the
|#min| suppression factor is ~0.85, and (iii) the van-
ishing of the cross section at Q* = 0 imposes at least
another order of magnitude suppression. One still
would expect a cross section of several nb, which is
far above our less optimistic estimate of 10 pb. This
tension will be resolved once the @’ photoproduction
and electroproduction cross sections are measured at
real or virtual photon energies around 10 GeV.

Our treatment thus may be considered as a minimal set of
assumptions providing an order-of-magnitude estimate of a
signal. We prefer to rely to the greatest possible extent on
experimental checks and to the least degree upon theoreti-
cal calculations. The stepwise program we have suggested
provides a means to such an estimate.

VII. SUMMARY

We have proposed a test for the existence of an exotic
isoscalar resonance dominating D° — zt7~2° decays. It
involves isolating neutral-pion exchange in the electro-
production process
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e~ +p—e +X(1865,J°C =0"") + p, (6)

with subsequent decay of X(1865) into all three charge
states of pz. It is a multi-step program well suited to an
intermediate-energy accelerator such as the 12 GeV
upgrade at JLAB. The steps include (i) study of o(782)
electroproduction, including isolation of the pion-exchange
contribution, (i) a similar investigation for @', the radial
excitation of @(782) around 1670 MeV, and (iii) the search
for X(1865), including the expected vanishing of its
electroproduction cross section as Q% — 0.
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APPENDIX: RELATION BETWEEN
gmoy and gw/”oy

We have assumed equal differential cross sections for the
pion-exchange contribution to electroproduction of w(782)
and its presumed radial excitation @’. This requires the
pion-photon coupling constants for @(782) and @’ to be the
same. We can examine the validity of this assumption using
the hadronic width of @’ and vector meson dominance.

The decay w(p) — 7°(q)y(k) may be described by the
covariant matrix element

M= gwﬂyeyukleﬂ(p)ey(k)p,(kl’ (Al)
yielding the expression
2 3 2 2
Yoy P Mg —m
r 0,y = JomrP s=r0” Tr (A2
(@ = 77) 127mg, p 2m,, (A2)
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where p* = 379.9 MeV is the magnitude of the center-of-
mass three-momentum of either final particle. Using values
of masses, branching ratios, and widths from [19], one
finds g,,, = 0.544.

Taking g,/zy = Yomy» and noting for o’ — z% that
p* = 829.5 MeV, one finds I'(w' — 7%) = 1.61 MeV.
This value is now used to calculate I'(o' — 7°p°) applying
vector meson dominance.

The matrix element of the vector current between the
vacuum and the one-p-meson state may be parametrized as

OV, lp°(p)) = €,(p)f .

where ¢, is the p polarization vector. The quantity f, (the p
meson decay constant) may be evaluated using the relation

(A3)

Aot 2

[(p— etem) =3 77 = (1.04£0.06) keV.  (Ad)
m

P

where we have neglected the electron mass and the exper-
imental value is that quoted in [19]. The result is
f, = (156.4 £0.7) MeV. (A similar value is obtained from

the decay 7 — pr.) Now we can write
e 2 w( 0 3
= 29) = (L2) (20220 T~ 20),
m,) \p*(@ = a%p)
(AS)
where  p*(0 — 7%) = 829.5MeV, p*(0' — 7°°) =

646.3MeV, with the result T'(w' — 7°°) = 203.8 MeV
or, accounting also for decays to 7 pT,
(@ — 7p) = 611 MeV. (A6)

Now, Ref. [19] lists Iy (@') = (315+35) MeV. This
implies that we should take
Ty, oo, < (315/611) = 0.5, (A7)

leading to a similar reduction of the @’ photoproduction cross
section as implemented in Sec. V.

[1] M. Gaspero, B. Meadows, K. Mishra, and A. Soffer, Phys.
Rev. D 78, 014015 (2008).

[2] M. Gaspero (BABAR Collaboration), AIP Conf. Proc. 1257,
242 (2010).

[3] M. Nayak, J. Libby, S. Malde, C. Thomas, G. Wilkinson,
R. A. Briere, P. Naik, T. Gershon, and G. Bonvicini, Phys.
Lett. B 740, 1 (2015).

[4] S. Malde, C. Thomas, G. Wilkinson, P. Naik, C. Prouve, J.
Rademacker, J. Libby, M. Nayak, T. Gershon, and R. A.
Briere, Phys. Lett. B 747, 9 (2015).

[5] B. Bhattacharya, C. W. Chiang, and J. L. Rosner, Phys. Rev.
D 81, 096008 (2010).

[6] M. Gronau and D. London, Phys. Lett. B 253, 483 (1991);
M. Gronau and D. Wyler, Phys. Lett. B 265, 172 (1991);

114018-5


http://dx.doi.org/10.1103/PhysRevD.78.014015
http://dx.doi.org/10.1103/PhysRevD.78.014015
http://dx.doi.org/10.1063/1.3483325
http://dx.doi.org/10.1063/1.3483325
http://dx.doi.org/10.1016/j.physletb.2014.11.022
http://dx.doi.org/10.1016/j.physletb.2014.11.022
http://dx.doi.org/10.1016/j.physletb.2015.05.043
http://dx.doi.org/10.1103/PhysRevD.81.096008
http://dx.doi.org/10.1103/PhysRevD.81.096008
http://dx.doi.org/10.1016/0370-2693(91)91756-L
http://dx.doi.org/10.1016/0370-2693(91)90034-N

MICHAEL GRONAU and JONATHAN L. ROSNER

D. Atwood, G. Eilam, M. Gronau, and A. Soni, Phys. Lett.
B 341, 372 (1995); M. Gronau, Phys. Rev. D 58, 037301
(1998); M. Gronau and J. L. Rosner, Phys. Lett. B 439, 171
(1998); M. Gronau, Phys. Lett. B 557, 198 (2003).

[7] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett. 99,
251801 (2007); R. Aaij et al. (LHCb Collaboration), Phys.
Rev. D 91, 112014 (2015).

[8] B. Bhattacharya and J. L. Rosner, Phys. Rev. D 79, 034016
(2009); 81, 099903(E) (2010).

[9] H. Y. Cheng and C. W. Chiang, Phys. Rev. D 81, 074021
(2010).

[10] H.J. Lipkin, Phys. Rev. Lett. 44, 710 (1980); C. Sorensen,
Phys. Rev. D 23, 2618 (1981); F. E. Close and H. J. Lipkin,
Phys. Lett. B 405, 157 (1997).

[11] M. Gronau, Phys. Rev. Lett. 83, 4005 (1999).

[12] B. Ketzer, Proc. Sci., QNP 2012 (2012) 025.

[13] S. Ishida, H. Sawazaki, M. Oda, and K. Yamada, Phys. Rev.
D 47, 179 (1993).

[14] I.J. General, S.R. Cotanch, and F.J. Llanes-Estrada, Eur.
Phys. J. C 51, 347 (2007).

[15] M.S. Chanowitz and S.R. Sharpe, Nucl. Phys. B222,
211 (1983); B228, 588 (1983); T. Barnes, F. E. Close, F.
de Viron, and J. Weyers, Nucl. Phys. B224, 241 (1983).

[16] N. Isgur and J. E. Paton, Phys. Rev. D 31, 2910 (1985); T.
Barnes, F.E. Close, and E. S. Swanson, Phys. Rev. D 52,
5242 (1995).

[17] P. Guo, A.P. Szczepaniak, G. Galata, A. Vassallo, and E.
Santopinto, Phys. Rev. D 77, 056005 (2008); J.J. Dudek,
Phys. Rev. D 84, 074023 (2011).

PHYSICAL REVIEW D 92, 114018 (2015)

[18] I I. Balitsky, D. Diakonov, and A. V. Yung, Z. Phys. C 33,
265 (1986); J. I. Latorre, P. Pascual, and S. Narison, Z. Phys.
C 34, 347 (1987); K. G. Chetyrkin and S. Narison, Phys.
Lett. B 485, 145 (2000); S. Narison, Phys. Lett. B 675, 319
(2009).

[19] K. A. Olive et al. (Particle Data Group), Chin. Phys. C 38,
090001 (2014).

[20] H. Aihara et al. (TPC-TWO-GAMMA Collaboration),
Phys. Lett. B 209, 107 (1988).

[21] G. Gidal it et al. (Mark II Collaboration), Phys. Rev. Lett.
59, 2016 (1987).

[22] P. Achard et al. (L3 Collaboration), Phys. Lett. B 526, 269
(2002).

[23] L. D. Landau, Dokl. Akad. Nauk Ser. Fiz. 60, 207 (1948).

[24] C.N. Yang, Phys. Rev. 77, 242 (1950).

[25] G.F. Chew and F. E. Low, Phys. Rev. 113, 1640 (1959).

[26] P. K. Williams, Phys. Rev. D 1, 1312 (1970).

[27] C. Zemach, Phys. Rev. 133, B1201 (1964).

[28] M. Nozar et al. (CLAS Collaboration), Phys. Rev. Lett. 102,
102002 (2009).

[29] X.Y. Wang and A. Guskov, arXiv:1510.00898.

[30] P. Abbon et al. (COMPASS Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 577, 455 (2007).

[31] M. Shepherd, Proc. Sci., Bormio 2014 (2014) 004.

[32] S. Stepanyan, AIP Conf. Proc. 1257, 121 (2010).

[33] V. Mamyan, Ph.D. thesis, Carnegie Mellon University,
2012.

[34] M. Battaglieri (private communication).

[35] J. Ballam et al., Phys. Rev. D 7, 3150 (1973).

114018-6


http://dx.doi.org/10.1016/0370-2693(94)01317-6
http://dx.doi.org/10.1016/0370-2693(94)01317-6
http://dx.doi.org/10.1103/PhysRevD.58.037301
http://dx.doi.org/10.1103/PhysRevD.58.037301
http://dx.doi.org/10.1016/S0370-2693(98)00988-5
http://dx.doi.org/10.1016/S0370-2693(98)00988-5
http://dx.doi.org/10.1016/S0370-2693(03)00192-8
http://dx.doi.org/10.1103/PhysRevLett.99.251801
http://dx.doi.org/10.1103/PhysRevLett.99.251801
http://dx.doi.org/10.1103/PhysRevD.91.112014
http://dx.doi.org/10.1103/PhysRevD.91.112014
http://dx.doi.org/10.1103/PhysRevD.79.034016
http://dx.doi.org/10.1103/PhysRevD.79.034016
http://dx.doi.org/10.1103/PhysRevD.81.099903
http://dx.doi.org/10.1103/PhysRevD.81.074021
http://dx.doi.org/10.1103/PhysRevD.81.074021
http://dx.doi.org/10.1103/PhysRevLett.44.710
http://dx.doi.org/10.1103/PhysRevD.23.2618
http://dx.doi.org/10.1016/S0370-2693(97)00596-0
http://dx.doi.org/10.1103/PhysRevLett.83.4005
http://dx.doi.org/10.1103/PhysRevD.47.179
http://dx.doi.org/10.1103/PhysRevD.47.179
http://dx.doi.org/10.1140/epjc/s10052-007-0298-3
http://dx.doi.org/10.1140/epjc/s10052-007-0298-3
http://dx.doi.org/10.1016/0550-3213(83)90635-1
http://dx.doi.org/10.1016/0550-3213(83)90635-1
http://dx.doi.org/10.1016/0550-3213(83)90562-X
http://dx.doi.org/10.1016/0550-3213(83)90004-4
http://dx.doi.org/10.1103/PhysRevD.31.2910
http://dx.doi.org/10.1103/PhysRevD.52.5242
http://dx.doi.org/10.1103/PhysRevD.52.5242
http://dx.doi.org/10.1103/PhysRevD.77.056005
http://dx.doi.org/10.1103/PhysRevD.84.074023
http://dx.doi.org/10.1007/BF01411145
http://dx.doi.org/10.1007/BF01411145
http://dx.doi.org/10.1007/BF01548817
http://dx.doi.org/10.1007/BF01548817
http://dx.doi.org/10.1016/S0370-2693(00)00621-3
http://dx.doi.org/10.1016/S0370-2693(00)00621-3
http://dx.doi.org/10.1016/j.physletb.2009.04.012
http://dx.doi.org/10.1016/j.physletb.2009.04.012
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1016/0370-2693(88)91840-0
http://dx.doi.org/10.1103/PhysRevLett.59.2016
http://dx.doi.org/10.1103/PhysRevLett.59.2016
http://dx.doi.org/10.1016/S0370-2693(01)01477-0
http://dx.doi.org/10.1016/S0370-2693(01)01477-0
http://dx.doi.org/10.1103/PhysRev.77.242
http://dx.doi.org/10.1103/PhysRev.113.1640
http://dx.doi.org/10.1103/PhysRevD.1.1312
http://dx.doi.org/10.1103/PhysRev.133.B1201
http://dx.doi.org/10.1103/PhysRevLett.102.102002
http://dx.doi.org/10.1103/PhysRevLett.102.102002
http://arXiv.org/abs/1510.00898
http://dx.doi.org/10.1016/j.nima.2007.03.026
http://dx.doi.org/10.1016/j.nima.2007.03.026
http://dx.doi.org/10.1063/1.3483308
http://dx.doi.org/10.1103/PhysRevD.7.3150

