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An extension of the QED “return to resonance” mechanism to light-meson emission (m, p) in
(anti)proton collisions with a hadronic target (nucleon or nucleus) is proposed. The cross section and
the multiplicity distributions are calculated. The collinear emission (along the beam direction) of a
charged meson may be used to produce high-energy (anti)neutron beams. Possible applications at
existing and planned facilities are considered.

Ipemn r ercd p ciunputs npuMenenne KOJI-mex HU3M «BO3Bp T K PE30H HCY» K UCILyCK HHIO JIer-
KHX ME30HOB (7, p) B CTOJKHOBEHHsX ( HTH)IPOTOH C IPOHHON MHINEHBIO (HYKIIOHOM HITH SIIPOM).
P ccuuthiB 10TCS monepeyHble cedeHUd U p CIpelerieHus [0 MHOXecTBeHHocTH. KomnHe pHoe ucmyc-
K HUe (BIOTb H NP BJIEHUS My4YK ) 3 PSAKEHHOTO ME30H MOXET OBITh UCIIONB30B HO A7 (POPMUPOB HUS
BBICOKO®HEPreTUYEeCKHUX IIy4KOB ( HTU)HEHTPOHOB. AH JIM3UPYIOTCS BO3MOXHbBIE IIPUMEHEHUS H Cylle-
CTBYIOIIMIX U IUT HUPYEMBIX YCT HOBK X.

PACS: 25.30.Bf; 13.40.-f; 13.40.Gp

INTRODUCTION

The first indication of charge-exchange (CE) reactions was found in 7~ p and in pp scat-
tering from cosmic rays (see [1]) detected with proportional chambers. CE in pp interactions
is defined as

p+p—n+mt+p+Nn,

where n is a neutron and N, is the number of created pions. The ongoing “Thermalization”
project [2] detects high-multiplicity events in pp interactions with 50 GeV/c beam at U-70
(IHEP, Protvino). CE reactions as well can be investigated at this facility.

From the theoretical point of view, CE has been described in different approaches. Cu-
mulative production of pions in high-energy pp interactions has been described, for example,
in the framework of statistical models [3] or, more recently, of the gluon dominance model
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(GDM). In GDM, the multiplicity distributions in hadron interactions are constructed by the
convolution of two steps. At first, in the parton stage, the kinetic energy of the colliding
particles is dissipated into thermal energy and some of the gluons become free. This step
can be described by a truncated Poisson distribution. In a second step, these gluons are
transformed into hadrons. The hadronization stage is described phenomenologically, through
a binomial distribution. In this model, part of the gluons hadronize and the ones which stay
in the interaction region can be source of thermal photons [4].

In the fragmentation region, models based on effective Regge theory exist, but they are
far from being predictive, see, for example, [5], where effective reggeized gluon-particle
vertices have been calculated. In leading logarithmic approximation BFKL violates unitarity.
Different solutions have been proposed: within the eikonal approximation, or by introducing
composite reggeized gluons. Effective Lagrangian for multi-Regge kinematics of gluons in
intermediate state of s and u channels have also been written, where the Feynman diagrams
are factorized in the product of integrals over longitudinal and transverse subspaces [6].

The one-pion-exchange model has been successfully applied at high energies for the
processes which involve resonance production at low momentum transfer (t ~ m?2). In this
condition, the one-pion-exchange graph gives the dominant (infinite) contribution. The angular
dependence and the cross section can be reasonably reproduced, provided corrections to avoid
violation of unitarity are taken into account. For a discussion on this class of models, see [7].

In this work we estimate the CE contribution, using the formalism [8,9]. The emission
by the initial proton of a charged light m meson or p meson in proton—proton (antiproton)
collisions transforms high-energy protons (for example, in a proton beam) into neutrons. This
effect is observed in accelerator physics [10]. Note that hard collinear photon emission was
also studied in [11]. This work uses a frame where the relevant amplitude interferes with
the background, i.e., all other emission mechanisms, except emission from the electron line,
whereas the work [8] applies the structure function approach (that we use). Although the
methods are different, the answers of these publications are equivalent for the observables.

CE reactions may occur in antiproton beams, too. High-energy, high-intensity antiproton
beams will be available in the next future at PANDA [12], FAIR [13]. Hard 7 and p meson
can be detected with high efficiency. Charged meson will be deviated by the 2 T magnetic
field of the central spectrometer, and (anti)neutrons, which are produced at high rate, could
be used as a secondary high-energy beam. We are interested here in “initial state emission”,
as a mechanism to produce an (anti)neutron beam with comparable energy of the (anti)proton
beam.

In the present work, we propose a description of CE reactions referring to the known
QED process of emission of hard real photons by electron (positron) beams at eTe~ colliders.
Such a process enhances the cross section when the energy loss from one of the incident
particles lowers the total energy down to the mass of a resonance. This is known as “return to
resonance” mechanism. In the case of creation of a narrow resonance this mechanism appears
through a radiative tail: it is the characteristic behavior of the cross section which gradually
decreases for energies exceeding the resonance mass. This mechanism provides, indeed, an
effective method for studying narrow resonances like J/W.

For the emission in a narrow cone along the directions of the initial (final) particles, the
emission probability has a logarithmic enhancement, which increases with the energy of the
“parent” charged particle. In the framework of QED this mechanism is called the “quasi-real
electron” (QRE) mechanism [8].
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In this work we apply the QRE mechanism to the case of hadrons and, in particular,
to the collinear emission of a light meson from an (anti)proton beam. We evaluate the
cross section for this process for single as well as multi-pion production, where pions can be
neutral or charged. Our derivation concerns a kinematical region outside the resonance forma-
tion region.

The plan of the paper is as follows. In Sec.1 we recall the formalism of QRE hard
photon emission, and then, in Sec.2, we extend it to hadronic reactions and give numerical
estimations of the cross section for the simplest CE processes. Discussion and conclusions
follow.

1. QUASI-REAL ELECTRON KINEMATICS WITH HARD PHOTON EMISSION

Let us consider the radiative process e(p1) + T'(p2) — e(p1 — k) + (k) + X (the four
momenta of the particles are written in parenthesis), 7' stays for any nuclear target (proton p,
or nucleus A), and the final state X is undetected, Fig. 1.

e(py) e(p, — k) T(

Fig. 1. Feynman diagram for collinear hard photon emission in €7 reactions (71" stands for any target)

)

The virtual electron after the hard (collinear) photon emission is almost on mass shell [8].
This property allows one to express the matrix element of the radiative process e(p) + T —
e(p—k)+~(k)+ X in terms of the matrix element of the non-radiative process e+7 — e+ X:

M (p1,p2) = T (p2) A E(k) u(pr). (D

In the case when the denominator of the intermediate electron’s Green function is small
|(p1 — k)% — m?| < 2p1pa, one can write p; — k +m = > u*(p1 — k)u*(p1 — k) and the
S
matrix element has a factorized form.
The square of the matrix element, summed over the spin states of the photon, is

E? + E?

2 2 m2 -
DM = | B — G | 22T )l — B @)

where > |7 (p2)u(p; — k)|? is the Born matrix element squared with shifted argument.
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In the case of unpolarized particles, the cross section of the process e(p1) + T'(p2) —
e + v+ T may be written in factorized form:

do.,(s,z) = do(zs)dW,(z),Z =1 — =z,

d 1 E?02
dWV(x):%?x [(1—3:—}—53:2) In mQO - (1-2), 3)
E6
=2 <y <1, 0> 1,
E Me

where F is the energy of the initial electron (center of mass frame implied p; + p> = 0), and
s=(p1+ p2)2-

It is assumed here that the initial electron transforms into an electron with energy fraction
1 — 2 and a hard photon with energy fraction x which is emitted within the cone 6 < 6
along the direction of the initial electron. Moreover, it is implied that s > s, Where sgp;
is the threshold energy of process without photon emission. The logarithmic enhancement
originates from the small values of the mass of the intermediate electron, which is almost on
mass shell. This justifies the name of Quasi-Real Electron (QRE) method.

Below we consider a possible extension of the QRE method to the processes with “quasi-
real” (anti)nucleon intermediate state.

2. APPLICATION TO HADRON PHYSICS

Let us apply this formalism to the case of initial high-energy proton (antiproton) beams
and the emission of a hard pion or vector meson in forward direction, collinear to the beam.
We do not consider the emission of the pion from the final proton (final-state emission),
which corresponds to a different kinematical region for the intermediate particle.

For the case of emission of a positive-charged p* or 7T meson by the high-energy
(anti)proton, the final state consists in a high-energy (anti)neutron, accompanied by a positively

charged meson. The charged meson can be

a deflected by an external magnetic field, pro-
p* (k) X viding the possibility to select a high-energy
neutron beam. In the case of emission of the

Y

wt,
™ ! neutral meson, it can be identified by mea-
Pib TP TR (p) suring its decay channels.
Let us consider the reactions (Fig. 2):

p+T —n+T+ht, “4)

7, p= (k) \\i b F+T —7+T+h, (5)

— G— where h = p or m and T' may be any target
p(py) n(p — k) T(p,) (p, n, nucleus...). In QED the interaction
is assumed to occur through the exchange

of a virtual photon. In the present case the
Fig. 2. Feynman diagram for collinear hard charged particle can be a vector meson. However, the
pion (p-meson) emission in p(p) + T collisions nature of the exchanged particle is irrelevant
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for the present considerations, where we focus on small-angle charged-pion emission and on
the factorization properties of the cross section.
The matrix element for collinear 7(p) emission can be written as

Mﬁ(phm) = Myr(p1 — hm)%pf(phpl — k),

_ - ©)
M (p1,p2) = Mar(pr — k,p2) T (1,1 — k),
where g
e — k) =—5—F—"TUn(p1 — ,
2™ (p1,p1 — k) me = ok (p1 = k)ysup(p1)
g @)

7" (p1,p1 — k) (p1 — k)éup(p1)

- m2 — 2p1k:u"
are the matrix elements of the subprocesses p — n+n" and p — n+p* (or p — n+7~ and
p — n+ p~). The matrix element of emission of a charged pion is expressed in factorized
form (6) of a term connected to the target and a “universal” factor for the hard meson
emission, which generalizes the QED result. Below, we will focus on this last term.

The relevant cross sections are

doPT—h+X (5 ) =X (Fs) AW, (x)
doPT—h+X (S, J)) nT—X (i‘S) dWh,_ (J))
doPT=h0X (5 1) = oPT=X (z5) dWi, ().

The quantity dW,(z) can be inferred using the QED result:

dWyi(z)  ¢g* 1 m2 1,
el [ ey | R R R Gl

E E26? )
1> :_/)>_, L=1 1 0 ) b= +a _a 07
T E E n ( + 2 p=p P P
where M, m,, E, and E, are the masses and the energies of the initial proton and the emitted
p meson (laboratory reference frame implied).
For the probability of hard pion emission we have

=0 5
=0 5

()

©)

mpy

aw’, d3k
T = 7, — k)| ——= 10
dr Zl pn(p17p1 )l 1603’ (10)
with
2 g 7
Tpn — kj = T D1 — k M D M -
Z | (plapl )l [mgr — 2(p1k‘)]2 r (pl + )75(2)1 + )75
A(pik)g? 2 Mz M
=Yg k)= Ew(l—be), 1-b~"m 2 (1)
2 2y P T W B
with ¢ = cos (k, 7). The angular integration in the region 1 — (63/2) < ¢ < 1 leads to
dWyi(z)  g? m2 1 m2
- -~ - < _ s L 1 ™
dx 82 oyl d(z) * xd(x)M? |’ (12)

E m .
1>x=fﬂ>fﬂ, dz)=1+—F—, z=1-2, w'=7n",7 ,7,
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20/~
15F
H -
=t
§ 1 0: Fig. 3 (color online). Quantity dW} /dz for
= p- and 7-meson production as a function of

the meson energy fraction x = Ej/FE, from
Egs. (9), (12), for E = 15 GeV and for two
values of the h-emission angle: 6 = 10° for
p meson (black, solid line) and for m meson
(red, dashed line), 8y = 20° for p meson

(green, dotted line) and for 7 meson (blue,
dash-dotted line)

where g = ¢,pp = gnpp ~ 6 is the strong coupling constant. The quantities dWp,(z)/dz as
functions of the energy fraction © = E}/E (h = p,m) are drawn in Fig.3, for E = 15 GeV
and two different values of 6y: 10° and 20°.

The expressions of the integrated probabilities are

1

th/ da = 5 (AL + BY),
x;f
) (13)
AP = Io(@}) = h(zf) + 512(x7),  BY = —Io(af) + Li(at),
1
AT = Sh(F), BT =),

where ! = El'/E with E! = m" is threshold value of the energy of the detected particle,
h = p,n. The analytic expressions of the functions I;(z), ¢ = 0,1,2, are presented in
Appendix.

The integrated quantities W}, h = p, 7, can, in general, exceed unity, violating unitarity.
To restore unitarity, we have to take into account virtual corrections: the vertex for the
emission of a single pion (charged or neutral) from the proton has to include “radiative
corrections”, which account for emission and absorption of any number of virtual pions. For
this aim we use the known expression for the probability of emission of n “soft” photons
in processes of charged particles hard interaction, i.e., the Poisson formula for emission of
n soft photons W" = (a™/n!)e~? (where a is the probability of emission of a single soft
photon) [14].

Note that the probability of emission of “soft” neutral pions follows a Poisson distribution,
which is not the case for the emission of charged pions. Fortunately, in our case, it is sufficient
to consider the emission of one charged pion at lowest order (the process of one charged pion
emission) plus any number of real and virtual pions with total charge zero. In such a
configuration, this vertex has the form of the product of the Born probability of emission of
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a single pion multiplied by the Poisson-like factor:
p=e e, (14)

which takes into account virtual corrections.
The renormalized probabilities Wy ,Pr , < 1 from Egs. (13), (14) are illustrated in Fig. 4
as a function of energy, for two different 6 angles.

Keeping in mind the possible processes of emission of n real soft neutral pion escaping
the detection, the final result can be obtained using the replacement

k=n Wk
o(s) = 0(5) X Ry Rp=Pr Yy g (15)
k=0

The renormalization factor R is illustrated in Fig. 5, for the probability of emission of 2 (black,
solid line), 3 (red, dashed line), and 4 (green, dotted line) pions.

The quantity P, can be compared to the experimentally measurable phenomena [10]:
the fraction of protons in the final state of proton—proton collisions is approximately one
half, P, ~ 0.5. The commonly accepted explanation is that charge-exchange reactions are
responsible for changing protons into neutrons.

Let us consider the antiproton—proton annihilation into two and three pions p+p — 7wt7~
or p+p— ntr— 7l

0.5r
0.4F
s 0.3 :—
&% -
= 0of
0.1F
ol
E,GeV
Fig. 4 (color online). Renormalized probabili- Fig. 5 (color online). Renormalization factor
ties W, - P, x, Eq.(13), as a function of the R+, Eq.(15), for the probability of emission
incident energy for two values of the hadron of 2 (black, solid line), 3 (red, dashed line),
emission angle. Notations as in Fig.3 4 (green, dotted line) neutral pions, as a function

of the incident energy for 6, = 10°
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Concerning the production of two charged pions, accompanied by a final state X, we

can write
do?P "X = 27‘1”2&(%) o= X (z5) x P, (16)

where the factor of two takes into account two kinematical situations, corresponding to the
emission along each of the initial particles and P, is the survival factor (14) which takes into
account virtual radiative corrections. The characteristic peak at © = x,,,x has the same nature
as for the QED process e + e~ — ut + u~ + . As explained in [15], it is a threshold
effect, corresponding to the creation of a muon pair, where xp.x = 1 — 4M 3 /8, M, is the
muon mass.

The cross section (16) is illustrated in Fig.6 for two different values of the laboratory
energy and of the emitted angle as a function of the p-meson energy fraction.

In case of three-pion production, assuming that the process occurs through a 7°p° initial
state emission, we find

do(p, p)PP— 7PN = AW (x,) AW, () |do(p — pp,p — pr )PP~ +
+do(p —pr,p—pp)?P X | PeP,, (1)

implying the subsequent decay p° — 7tn~.
It is interesting to note that the cross sections for the interaction of high-energy neutron
(antineutron) beams with a hadronic target can be calculated using the cross sections of proton
beam interacting with the same target with the emission of the charged meson. We obtain
(see Egs. (9), (12))
doPT=h"X /g

o () AW, (z)/dz

(18)
and similarly for the antiproton beams.

Experimental data from coincidence experiment with the selection of a hard meson at
small angles are not available, and we cannot test the factorization prediction. However, the

100
80+
2 |
E -
= 60
=00
? - Fig. 6 (color online). The cross section
= 40 = do(p,p — p°X) is plotted as a function of
% 3 the p energy fraction for two values of the
= 3 incident energy and of the p emission angle:
20F E =10 GeV and 6y = 10° (black, solid line),
] E =10 GeV and 6y = 20° (red, dashed line),
O-" . ' . E = 20 GeV and 6, = 10° (green, dotted

1 line), £ = 20 GeV and 6p = 20° (blue, dash-
dotted line)
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values of the cross section for ppp®X illustrated in Fig.6 are not in contradiction with the
corresponding total cross sections (for a compilation, see [16]).

Inversely, if we use the experimental data for the total cross section of process pp —
nh~p ~ 1 mb, we can predict the value of the total cross section of process np — X

PWr(E1,00)0"" =X (E — Ey) = oPP7™X(E), (19)

with W, (E,0y) given in Egs. (9), (15).

CONCLUSIONS

We have extended the QRE method to light meson emission from an (anti)proton beam
and calculated the probabilities and the relative cross section for multi-pion emission. The
considered processes can be measured at present and planned hadron facilities. We have also
suggested a possible application. The collinear light-meson emission could also be used to
produce secondary (anti)neutron beams, at a high-energy (anti)proton accelerator. This would
constitute an alternative to the usual way, when high-energy neutron beams are produced as
secondary beams, by break-up of deuterons on a hadronic target.

Our result for the matrix element squared, Eq.(11), agrees with the Adler principle: the
cross section vanishes when the pion momentum vanishes. This result can be inferred as
well from the reduction formula of current algebra [17]. Note that the probabilities to create
a 7 or p meson by a proton can also be obtained using the infinite momentum reference
frame ([18], Eq. (52)).

This allows one to obtain the relation between the cross section dog(s(1 — z)) and
doi(1). This relation has the form of conversion on the energy fraction of the emitted
particle = = k?/p{ of the probability of emission by the initial projectile dWj(x) with cross
section doy(s(1—x)). We underline the fact that the details of interaction of projectile with the
target are irrelevant, assuming that they are the same for shifted and unshifted kinematics. The
contribution of the final-state hard hadron emission as well as the interference of the relevant
amplitude with the one describing the initial-state emission vanish in the limit §; — 0.

Let us discuss the limits of our approach and the accuracy of the present calculation.
Concerning the kinematical region where this mechanism is important, we consider charged
pion emission at angles smaller than an angle 6, i.e., § < 6y < 1. Moreover, £ > M,
which insures the presence of large logarithm. In this case, the main contribution is due to the
large quantity L = In (E?6%/M?) > 1. In the calculations, we keep the terms containing L
and omit the terms proportional to #2. The resulting accuracy is given by 1+O(1/L). Taking
L = 10, the accuracy of the calculation is of the order of 10%.

We considered the case when the initial and the virtual projectiles are fermions. For in-
stance, we used the density of probability to find a fermion into the initial fermion (see (2), (3))
p¢(2) = [1 + (1 — 2)?]/z. Instead, one can consider other relations of the same kind, which
hold when the initial projectile is a boson (photon, p meson, gluon). We will not disuss this
topic here. Another interesting possibility is the conversion of the initial lepton to a photon
or a neutral Z boson. In this case we must use P (z) = 22 + (1 — 2)? [15].

The arguments given above have a phenomenological character and are formulated in
terms of hadrons. A similar idea, at quark level, was introduced in [19], where the emission
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of p meson by quark and the p-meson production in quark—antiquark annihilation was studied.
Special attention was paid to polarization phenomena of the created p meson.

We have also suggested a possible application. The collinear light-meson emission could
also be used to produce secondary (anti)neutron beams, at a high-energy (anti)proton acceler-
ator. This would constitute an alternative to the usual way, when high-energy neutron beams
are produced as secondary beams, by break-up of deuterons on a hadronic target.

In the framework of the “Gluon Dominance Model”, developed by one of us [20], the
ratio of the inelastic CE cross section to the total inelastic cross section in pp scattering is
estimated as 40%, in reasonable agreement with the experimental data [1].

The collinear light-meson emission mechanism in (anti)proton—proton collisions provides
a possible source of events with rather high multiplicities of (charged and neutral) pion
production. For such events the emission of hadrons in initial as well as in final states must
be taken into account.

We considered here only initial proton emission. In this case, the resonance formation is
kinematically forbidden since the four momentum of the virtual nucleon is space-like. The
simplest CE processes pp — nn, pn — AX~ can be in principle measured at PANDA. Other
reaction mechanisms can contribute to these processes. In the framework of a description in
terms of a single pseudoscalar meson 7+, K+ exchange, information on the strange meson-
baryon constant can be extracted. Note that neutrons created by p and 7 emission form an
(anti)proton beam with the mechanism considered here (initial-state radiation) and cannot be
formed by subsequent decay of a nucleon resonance, as A. Nucleon resonances cannot be
produced in the initial state, because the neutron has the time-like momentum squared (the
propagator is (p — k)% — M? < 0).
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00112). We are grateful to S.Barkanova, A.Alexeev, and V.Zykunov for interest in this
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APPENDIX

The analytic expressions for calculating the integrals

In(z):/d%x” 1-— (%)2

are

1. 1+ =r4 = . ! —
. r r I1 (Z) =7 z arcsin (2)7 IQ(Z) §7ﬂ Z4 In 7 7";
r

with r = V1 — 22,
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