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We study the exclusive double-photon annihilation processes, e+e− → γ γ ∗ → γ V 0 and e+e− →
γ ∗γ ∗ → V 0

a V 0
b , where the V 0

i is a neutral vector meson produced in the forward kinematical region: 
s � −t and −t � �2

QCD. We show how the differential cross sections dσ
dt , as predicted by QCD, have 

additional falloff in the momentum transfer squared t due to the QCD compositeness of the hadrons, 
consistent with the leading-twist fixed-θCM scaling laws, both in terms of conventional Feynman diagrams 
and by using the AdS/QCD holographic model to obtain the results more transparently. However, 
even though they are exclusive channels and not associated with the conventional electron–positron 
annihilation process e+e− → γ ∗ → qq̄, these total cross sections σ(e+e− → γ V 0) and σ(e+e− →
V 0

a V 0
b ), integrated over the dominant forward- and backward-θCM angular domains, scale as 1/s, 

and thus contribute to the leading-twist scaling behavior of the ratio Re+e− . We generalize these 
results to exclusive double-electroweak vector-boson annihilation processes accompanied by the forward 
production of hadrons, such as e+e− → Z 0 V 0 and e+e− → W −ρ+. These results can also be applied to 
the exclusive production of exotic hadrons such as tetraquarks, where the cross-section scaling behavior 
can reveal their multiquark nature.

© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

A surprising result, shown by Davier, Peskin, and Snyder 
(DPS) [1], is that there are exclusive hadronic contributions to 
the electron–positron annihilation cross section ratio Re+e− =
σ(e+e− → X)/σ (e+e− → μ+μ−) that are scale invariant, but are 
not associated with the annihilation process e+e− → γ ∗ → qq̄. 
These exclusive processes are based on double-photon annihilation 
subprocesses, such as e+e− → γ γ ∗ → γ V 0 and e+e− → γ ∗γ ∗ →
V 0

a V 0
b , where the V 0

i are vector bosons such as the ρ meson. Since 
the amplitude involves spin- 1

2 electron exchange in the t and u

channels, it behaves as s
1
2 for s � −t, −u. The total cross section 

(which includes a phase-space factor of 1/s2), integrated over the 
dominant forward and backward regions, thus behaves as 1/s.

* Corresponding author.
E-mail address: lubovit@tphys.physik.uni-tuebingen.de (V.E. Lyubovitskij).

In this paper we show how the QCD compositeness of the 
vector bosons affects the matrix elements and cross sections for 
these double-photon processes. The effects of compositeness re-
flect the fact that the coupling of the virtual photon proceeds 
through the vertex γ ∗ → qq̄. One may study the scaling behav-
ior solely using conventional Feynman diagram techniques, as we 
describe below and in Sec. 2. In order to obtain explicit closed-
form results that manifest the correct scaling behavior, we start by 
employing the light-front quantization of QCD (LF-QCD); in those 
terms, the virtual qq̄ then couples to the valence hadronic light-
front wave function ψV 0 (x, �k⊥). The integration over the light-front 
momentum fractions x = k+/P+ and 1 − x, and relative transverse 
momentum k⊥ , of the pair leads to an extra factor of the QCD 
mass scale �QCD in the numerator of the amplitude. In order to 
track both the small- and large-momentum behavior of these pro-
cesses, we utilize the AdS/QCD (AdS = anti-de Sitter) holographic 
light-front model [2,3] which is successful in explaining the main 
features of meson and baryon spectroscopy, as well as the dynami-
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Fig. 1. The double-photon annihilation amplitude in the Born approximation.

Fig. 2. Exclusive production of a photon and vector boson via double-photon an-
nihilation (the corresponding u-channel diagram is implied). The differential cross 
section is peaked in the forward and backward directions. Compositeness of the 
vector boson produces a monopole falloff of the differential cross section dσ/dt
in |t|.

cal properties of hadrons. This nonperturbative approach to hadron 
physics gives a good overall description of meson and baryon form 
factors, including consistency with the perturbative QCD (pQCD) 
power-law scaling of hadronic form factors at large momentum 
transfer. The AdS/QCD hadronic scale κ can be related to the slope 
of the Regge trajectories, as well as providing mass relations such 
as κ = Mρ/

√
2 [2,3]. We also show that the AdS/QCD prediction 

for fρ , the leptonic decay constant of the ρ meson, is in excellent 
agreement with measurement.

The double-photon e+e− → γ γ amplitude illustrated in the 
first inset of Fig. 1 behaves for large energy as

M(s, t) ∝ αem

( s

−t

)αR = αem

( s

−t

)1/2
, (1)

for s � −t , corresponding to spin- 1
2 exchange in the t channel, 

where the differential cross section is dσ/dt ∝ |M(s, t)|2/s2. The 
fermion-exchange amplitudes have both t- and u-channel contri-
butions; however, the interference is suppressed in the dominant 
forward- and backward-peaked domains. As we shall show, and 
consistent with dimensional analysis, the differential cross section 
for the production of a single vector meson dσ

dt (e+e− → γ V 0) via 
double-photon annihilation (see Fig. 2) must have the extra falloff 
G2

V (t) ∼ κ2/|t| at large −t � κ2; i.e.,

dσ

dt
(e+e− → γ V 0) ∼ α3

em

s|t|
κ2

|t| . (2)

The mass parameter κ is specifically the scale parameter of 
AdS/QCD approach; however, the power scaling of AdS/QCD and 
pQCD for G2

V (t) at large t are the same, consistent with the twist 
dimension dictated by QCD compositeness. Physically, the extra 
falloff in |t| results from the phase-space hadronization of the 
virtual qq̄ in the amplitude e+e− → γ qq̄ → γ V 0, which is repre-
sented by the transition form factor G V (q2). In the case where two 
vector bosons are produced with opposite transverse momenta 
(see Fig. 3), the amplitude is suppressed by two form factors, so 
the differential cross section at s � −t � κ2 scales as

Fig. 3. Exclusive production of two vector bosons via double-virtual photon annihila-
tion (the corresponding u-channel diagram is implied). Compositeness of the vector 
bosons produces a dipole falloff of the differential cross section dσ/dt in |t|.

dσ

dt
(e+e− → γ ∗γ ∗ → V 0

a V 0
b ) ∼ α4

em

s|t|
κ4

t2
. (3)

The powers of αem correspond to the couplings of the virtual pho-
tons to the currents of the annihilating leptons and the vector 
bosons. In effect, the cross sections are the same as that given 
by the naive vector-meson dominance (VMD) model [4] but mul-
tiplied by the form factors required by QCD compositeness. It is 
worth noting that such nontrivial form factors also naturally arise 
in chiral perturbation theory calculations [5,6], but carry a differ-
ent scaling, as discussed below.

The scaling results for the exclusive cross sections are consis-
tent with the leading-twist quark fixed-angle counting rules [7–9]: 
dσ
dt (A + B → C + D) ∝ F (θCM)/sN−2, where N = N A + NB + NC + ND

is the total twist or number of elementary constituents. In our 
case, N − 2 = 3 for e+e− → γ V 0 and N − 2 = 4 for e+e− → V 0

a V 0
b , 

which would give the scaling for non-forward angles (where s, −t , 
−u are all of comparable size). In the present case, the integra-
tion over the forward peaks in t and u does not modify the 1/s
scaling of the total cross section; e.g., σe+e−→γ V 0 (s) ∝ α3

em/s, up 
to logarithms in t (or u), which are cut off by the mass scales in 
the process: m2

e from the propagator between the photons and κ2

from the dominant part of the hadronization integral.
Although compositeness does not affect the leading 1/s scaling 

of the total cross sections of these reactions, it does strongly mod-
ify the t and u dependence of the amplitudes in terms of new 
types of transition form factors. An analysis such as that given 
in Ref. [10], based on an effective field theory in which the vec-
tor mesons are treated as elementary fields, cannot yield the form 
factors and counting rules predicted by QCD due to meson com-
positeness.

In addition, QCD also predicts the 1
M2

V 0
i

falloff of the amplitudes 

as the mass of each vector boson is increased; this falloff corre-
sponds to the timelike q2 of the virtual photon. One thus finds 
new tests of color confinement and the nonperturbative hadronic 
wave functions of hadrons. We also show that these results can 
be extended to electroweak exclusive processes involving electron 
or neutrino exchange, such as e+e− → Z 0 V 0, which are accessible 
at the proposed International Lepton Collider (ILC), and to exotic 
multi-quark hadrons.

2. Coupling of virtual photons to vector bosons

In this section we demonstrate how the correct momentum de-
pendence (consistent with QCD compositeness) of the γ ∗ → V 0

transition amplitude can be evaluated in the AdS/QCD approach. 
The full q2 dependence of the corresponding transition form factor 
is model dependent, but at large values of q2, its scaling must be 
consistent with pQCD.

First, we point out that the full off-shell γ ∗(q) → V 0∗(q) tran-
sition is given by the amplitude G V (q2)(gμνq2 − qμqν)/q2, where 
the tensor guarantees gauge invariance, the 1/q2 comes from the 



Download	English	Version:

https://daneshyari.com/en/article/5495383

Download	Persian	Version:

https://daneshyari.com/article/5495383

Daneshyari.com

https://daneshyari.com/en/article/5495383
https://daneshyari.com/article/5495383
https://daneshyari.com/

