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Reactions induced by high energy antiprotons on proton olenare accompanied by the emis-
sion of a few mesons with large probability. Interesting mdv@ena can be observed and QCD
tests can be performed, through the detection of one or mesons. The collinear emission
from high energy (anti)proton beams of a hard pion or vecteson, can be calculated similarly
to the emission of a hard photon from an electron. This is & kvelwn process in QED, and it
is called the "Quasi-Real Electron method", where the imigarticle is an electron and a hard
photon is emitted leaving an 'almost on shell’ electron inging on the target. In case of emis-
sion of a charged light mesorm,or p, in proton-proton(anti-proton) collisions, the meson ban
deviated in a magnetic field and detected. The collinearsarigalong the beam direction) of a
charged meson may be used to produce high energy (antipmeagams. This can be very useful
to measure the difference of the cross sections of (antjprand (anti)neutron scattering from
the target and may open the way for checking sum rules witpanticles. Hard meson emission
allows also to enhance the cross section when the energfrémesone of the incident particles
lowers the total energy up to the mass of a resonance. The section is calculated on the basis
of factorized formulas, where the probability of emissidh® light mesons multiplies the cross
section of the sub-process. Multiplicity distributions feeutral and charged meson production
are also given.
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Figure 1: Total (black) and elastic (red) cross section for the p reaction, as function of the antiproton
beam momenturpp. The contribution of inelastic events is also shown (grées)!

1. Introduction

Among (anti)proton induced reactions which occur with hagbbability (the cross section is
of the order of [mb]), we focus here to light meson productiothe kinematical domain accessible
at the future FAIR facility by the PANDA experiment (the gtton momentum is in the range
1.5-15 GeV).

The world data for the total and elastic cross sectionpfepinduced reactions are illustrated
in Fig. 1 as function of the laboratory antiproton momentih [From the figure we see that
US:O/ op» =~ 1/5 and that the difference between the total and elastic sexton parametrizations
(green line), which represents the contribution of theadstt events, is of the order of 40 mb in
the range accessible at PANDA.

Fig. 2 shows that the most probable reaction involving picosresponds to more than three
pions in the final state. We parametrize the cross sectiahéaeactions given in Fig. 2 as: Among
the inelastic processes, the charge exchange prpgessnn has the largest cross section:

It is known from QED that two Feynman diagrams contribute te process of Bhabha-
scattering: the scattering) @nd the annihilationg] channels. Neglecting the interference one can
estimate the relative contribution of the scattering diagf.#s|?> and the annihilation ong#,|?
for the case when the final particles are emitted at largeeariglthe system of center of mass:

S|l 1
S |7 107

(1.1)

The contribution of scattering mechanism dominates. Tiaitement holds even if hadron form

factors are taken into account, i.e., one can assume thailarsielative contributions of these two

mechanisms would take place in case of elastic and inelpptie ppcross section. The processes
relevant to "scattering" mechanism are denoted as pedpharcesses.
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Figure 2: Cross sections for different inelastic channels inphiep reaction as a function of the antiproton
beam momenturpg: (left) mesonic channels; (right) mesonic and hadroniaclets

In this work we estimate the charge exhange (CE) contributising the formalism from
Refs. [11, 12]. The emission by the initial proton of a chartight mesonst or p-meson in proton-
proton(anti-proton) collisions transforms high energgtpns (for example in a proton beam) into
neutrons. This effect is observed in accelerator physi8k Mote that hard collinear photon emis-
sion was also studied in Ref. [14]. This works uses a frameaetie relevant amplitude interferes
with the background, i.e., all other emission mechanismse@ emission from the electron line,
whereas [11] applies the structure function approach (ileatise). Although these methods are
different, the results obtained for the observables arée/algunt.

CE reactions may occur in antiproton beams, too. At PANDA,[EBIR [16], hardrandp
meson can be detected with high efficiency. Charged mesadmevdeviated by the 2T magnetic
field of the central spectrometer, and (anti)neutrons, whie produced at high rate, could be used
as a secondary high energy beam. We are interested heréial State emission’, as a mechanism
to produce a (anti)neutron beam with comparable energyeofahti)proton beam.

In this work, we propose a description of CE reactions refgrto the known QED process
of emission of a hard real photons by electron (positron)rizeatete colliders. Such process
enhances the cross section when the energy loss from one fcildent particles lowers the total
energy up to the mass of a resonance. This is known as "redumsbnance” mechanism. In
the case of creation of a narrow resonance this mechaniseaepthrough a radiative tail: it is
the characteristic behavior of the cross section whichuabyl decreases for energies exceeding
the resonance mass. This mechanism provides, indeed, emtivesfmethod for studying narrow
resonances liké/W.

For the emission in a narrow cone along the directions ofrttiil (final) particles, the emis-
sion probability has a logarithmic enhancement, whicheéases with the energy of the "parent"”
charged patrticle. In frame of QED this mechanism is calletigaasi-real electron” mechanism
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Figure 3: Feynman diagram for collinear hard photon emissioeTimeactions (T stands for any target)

(QRE) [11].

In this work we apply the QRE mechanism to the case of hadrodsia particular, to the
collinear emission of a light meson from a (anti)proton beaive evaluate the cross section for
this process for single as well as multi pion production, rel@ons can be neutral or charged. Our
derivation concerns a kinematical region outside the r@som formation region.

QRE mecanism is also known as Initial State Emission (ISRhatkof scanning over inci-
dent energy, and can be used, in the hadron case, to prodferemti kind of particles in similar
kinematical conditions. This can be very useful to measueddifference of the cross sections of
the antiprotons and antineutrons scattering from the tafgea further step, it may open the way
for checking sum rules with antiparticles (as Bjorken SuntefRu

2. Quasi-real electron method

Let us consider the radiative procegg;)+ T (p2) — e(p1 — k) + y(k) + X (the four momenta
of the particles are written in parenthesi§)stay for any nuclear target(protqm or nucleush),
and the final statX is undetected, Fig. 3.

The virtual electron after the hard (collinear) photon esiais is almost on mass shell [11].
This property allows to express the matrix element of théatae proces®(p)+ T — e(p—k) +
y(K) + X in terms of the matrix element of the non-radiative proeess — e+ X:

o1, 2) = &7 (p2) 2 P u(py) 1)
—2pk
The matrix element has a factorized form when the denomir@tthe intermediate electron’s
Green function is smalli(p; — k)? — m?| < 2p; p2. The matrix element squared, summed over the
spin states of the photon is:
) B3+ ES_R v — 2
Y |4 =¢ [w(Ep— o)(kp) (kp)2] > |7 (p2)u(pr— k)" (2.2)

wheres |.7 (p2)u(p1 — k)|? is the Born matrix element squared with shifted argument.
In the case of unpolarized particles, the cross sectionegbtbces®(py) + T (p2) - e+y+T
may be written in factorized form:

doy(s,x) = do(xs)dW,(x),x=1—X,
2g2
(1—x+ 2@)In E% —(1—x>} x=2 g<m<t, % > 1, (2.3)

2 e E

a dx

w9 = =

T X

4
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Figure4: Feynman diagram for collinear hard charged piomfeson) emission ip(p) + T collisions.

whereE is the energy of the initial electron (center of mass framelied p; + g, = 0), and
s=(p1+ p2)?.

It is assumed here that the initial electron transforms arocelectron with energy fraction
1—xand a hard photon with energy fractigwhich is emitted within the coné < 6, along the
direction of initial electron. Moreover it is implied thas > sy, wheresy, is the threshold energy
of process without photon emission. The logarithmic enbarent originates from the small values
of the mass of the intermediate electron, which is almost assshell. This justifies the name of
Quasi Real Electron (QRE) method. Such process has beeoadiisd Initial State Emission (ISR)
method and allows scanning over the incident energy.

Below we consider a possible extension of the QRE methocetpithcesses with "quasi real”
(anti)nucleon intermediate state.

3. Application to hadron physics

Let us apply this formalism to the case of initial high enepggton (anti-proton) beams and
the emission of a hard pion or vector meson in forward dioectcollinear to the beam. We do not
consider the emission of the pion from the final proton (fitalesemission), which corresponds to
a different kinematical region for the intermediate paetic

For the case of emission of a positive-chargedor 717 meson by the high energy (anti)proton,
the final state consists in a high energy (anti)neutron, rmpemied by a positively charged meson.
The charged meson can be deflected by an external magnetic grelviding the possibility to
select a high energy neutron beam. In the case of emissitie ofgutral meson, it can be identified
by measuring its decay channels.

Let us consider the reactions (Fig. 4):

p+T —n+T+h" (3.1)
P+T >nteT+h (3.2)

whereh = p or mandT may be any targetp n, nucleus..). In QED the interaction is assumed
to occur through the exchange of a virtual photon. In thegresase the particle can be a vector
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meson. However, the nature of the exchanged particle iswant for the present considerations,
where we focus on small angle charged pion emission and ofatherization properties of the
cross section.

The matrix element for collinear(p) emission can be written as:

///hpj(pb P2)) = At (p1—K, P2) 7" (p1, 1 — K),
AP (1, p2)) = Mar(p1— K. p2) T (pr, pL— K), (3.3)

where
TP LK) = s (1 K(Py),

g _ .
T (p1, p1—k) = mun(pl —K)&up(py)- (3.4)

are the matrix elements of the subprocesses> n+ m" andp — n+p* (or p— n+m and
p — n+p~). The matrix element of emission of a charged pion is expebss factorized form
(3.3) of a term connected to the target and a 'universalofafctr the hard meson emission, which
generalizes the QED result. Below, we will focus on this tastn.

The relevant cross sections are:

dO_pTamx (S, X) — g"T—=X ()?S)C‘V\ﬁ+ (X)>
dO_pTT—>h+X (37 X) — o‘ﬁT%X ()?S)dVV‘I, (X)7
dgPT—hoX (s,X) = gPT—X (X9)dWh, (X). (3.5)

The quantitydW, (x) can be inferred using the QED result:

dW, (x) g 1 m3 1,
dx ~ aex 1‘@{(“”?)““‘”]’

202

B m E°B5\ -+ - 0
1>X—E>E,L—In<l+ 2 ). =p"p".p", (3.6)

whereM, m,, E, andE, are the masses and the energies of the initial proton andntitted
p-meson (Laboratory reference frame implied).
For the probability of hard pion emission we have

AWy , d3
WZZL%n(pl, p1—K)| 1601E’ (3.7)
with
2 ~
> 7P (pr, pr— k)P = [mz_gw-rr(ﬁl—k-l— M)ys(P1+M)ys =
/i
4(pK)g? m2  M?
T 1
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Figure5: Color online. QuantitydW, /dxfor p- andrr-meson production as a function of the meson energy
fractionx = E,/E, from Egs. (3.6,3.9), foE = 15 GeV and for two values of theemission angle§y = 10°

for p- meson (black, solid) and far-meson (red, dashedjy = 20° for p- meson (green, dotted) and for
r-meson (blue, dash-dotted).

with ¢ = cogk, B1). The angular integration in the region-162/2) < ¢ < 1 leads to

, 2
aWe () _ & J;  Ma Lin—— 4 M
dx 82 X2E2 d(x) ' xd(x)M2
En— mr[ ran — i —
1>x=2">7, d()—1+M2 5, X=1-x, n=m",m (3.9)

whereg = gppp = Impp ~ 6 is the strong coupling constant. The quantiti®®,(x) /dx as functions
of the energy fractiox = E,,/E (h = p, i) are drawn in Fig. 5, foE = 15 GeV and two different

values offy: 10° and 20.
The expressions of the integrated probabilities are:

W, = /—dx— g—z(AhL—i—Bh)

1
AP = IO()(tp)_Il()(tp)+§|2()(tp)a B = —lo(x) +110¢),
AT = %Il(x{"); B™ = 11(X"), (3.10)
wherex!! = E['/E with E" = m" - threshold value of the energy of the detected particle,p, 7t

The analytic expressions of the integrals

o= [ ey ()
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are:
1 1+4r
lo(2) = =In>— —
o = zIng—-r;
l1(z) = r+zarcsin(2);
1 2 14r
lo(z) = Zr— S In>
28 =5 =g
withr =v1- 2.

The integrated quantities,, h = p, 1T can, in general, exceed unity, violating unitarity. To
restore unitarity, we have to take into account virtual ections: the vertex for the emission of
a single pion (charged or neutral) from the proton has touthel'radiative corrections’, which
account for emission and absorption of any number of vipi@s. For this aim we use the known
expression for the probability of emissionrofsoft" photons in processes of charged particles hard
interaction,i.e., the Poisson formula for emission pfsoft photondV" = (a"/n!)e~2 (wherea is
the probability of emission of a single soft photon) [17].

Note that the probability of emission of 'soft’ neutral pgfollows a Poisson distribution,
which is not the case for the emission of charged pions. Ratély, in our case, it is sufficient
to consider the emission of one charged pion at lowest otttier grocess of one charged pion
emission) plus any number of real and virtual pion with totarge zero. In such configuration, this
vertex has the form of the product of the Born probability ofigsion of a single pion multiplied
by the Poisson-like factor:

Prp =€ Ve, (3.11)

which takes into account virtual corrections.

The renormalized probabilitiéd/; ,Pr, < 1 from Egs. (3.10,3.11) are illustrated in Fig. 6 as
a function of energy, for two differerly angles.

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

k=nypsk
K= H

The renormalization facta#;; is illustrated in Fig. 7, for the probability of emission of@ack,
solid line), 3 (red, dashed line), 4 (green, dotted linehpio

The quantityP,; can be compared to the experimentally measurable phenoft8hathe
fraction of protons in the final state of proton-proton &iins is approximately one hal;; ~ 0.5.
The commonly accepted explanation is that charge exchaagtions are responsible for changing
protons into neutrons.

Concerning the production of two charged pions, accompldnyea final state&X, we can write:

dgPP=P°X — 2deL)§X) aPPX(x9) x P, (3.13)

where the factor of two takes into account two kinematidalegions, corresponding to the emission
along each of the initial particles afy is the survival factor (3.11) which takes into account \attu
radiative corrections. The characteristic peak-atxnaxhas the same nature as for the QED process
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Figure 6: Renormalized probabilitied/, - P, , as function of the incident energy for two values of the
hadron emission angle.

e +e — ut+pu- +y. As explained in Ref. [18], it is a threshold effect, cormasging to the
creation of a muon pair, whergnax = 1 — 4M§/s, M, is the muon mass. Let us consider the
antiproton-proton annihilation into two and three pigns p — mtm or p+p — mtr 1P.

The cross section (3.13) is illustrated in Fig. 8 for twoeliféint values of the laboratory energy
and of the emitted angle as a function of fheneson energy fraction.

In case of three pion production,assuming that the procsms® through ai®p? initial state
emission, we find:

do(p, )PP = dWL(Xo)dWE()[da (P — Py, P— Pr) P +
da(p— pr P Pp) ™ IPPp, (3.14)

implying the subsequent decay — rm.

It is interesting to note that the cross sections for ther@ton of high energy neutron (anti-
neutron) beams with a hadronic target can be calculated uk@cross sections of proton beam
interacting with the same target with the emission of thergddh meson. We obtain (see Egs.
(3.6,3.9)):

do—pTah*X/dX

A I

(3.15)
and similarly for the anti-proton beams.

Experimental data from coincidence experiment with thect®n of a hard meson at small
angles are not available, and we can not test the factanisptediction. However the values of the
cross section fopp — p°X illustrated in Fig. 8 are not in contradiction with the capending
total cross sections (for a compilation, see [2]).
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Figure 7. Renormalization factoR;;, for the probability of emission of 2 (black, solid line), &¢, dashed
line), 4 (green, dotted line) neutral pions, as a functiothefincident energy fofy = 10°.
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Figure8: The cross sectiodo(pp — p°X) is plotted as function of the energy fraction for two values of
the incident energy and of theeemission angleE = 10 GeV andfy = 10° (black, solid line) E = 10 GeV
and6y = 20° (red, dashed linef = 20 GeV anddy = 10° (green, dotted line)s = 20 GeV andgy = 20°
(blue, dash-dotted line).

10



Light meson emission E. Tomasi-Gustafsson

Let us discuss the limits of our approach and the accurackieoptesent calculation. Con-
cerning the kinematical region where this mechanism is maod, we consider charged pion emis-
sion at angles, smaller than an anélg i.e. 8 < 6y < 1. MoreoverE@ >> M, which insures
the presence of large logarithm. In this case, the main iboion is due to the large quantity
L = In(E26%2/M?) >> 1. In the calculations, we keep the terms contairlingnd omit the terms
proportional to82. The resulting accuracy is given byi10(1/L). TakingL = 10, the accuracy of
the calculation is of the order of 10%.

We considered here only initial proton emission. In thise¢cabe resonance formation is
kinematically forbidden since the four momentum of theuaitnucleon is Space-Like. The sim-
plest CE processgsp — nn, pn— AZ~ can be in principle measured at PANDA. Other reaction
mechanisms can contribute to these processes. In the fraendeascription in terms of a single
pseudoscalar mesan', K+ exchange, information on the strange meson-baryon cdrsarbe
extracted. Note that neutrons creategobgndremission form a (anti)proton beam with the mech-
anism considered here (initial state radiation) can nobbméd by subsequent decay of a nucleon
resonance, aA. Nucleon resonances can not be produced in the initial, statmause the neutron
has the time like momentum squared (the propagat@pisk)?> — M? < 0) .

4. Instead of Conclusions: A memory of Professor Eduard Alekseevich KURAEV

Prof. Eduard Alekseevich KURAEV
Krasnodar, 17/10/1940 Dubna, 4/3/2014

Prof. Eduard Alekseevich KURAEYV passed away, while wortamtis subject.

Itis an invaluable loss for our community, in particular fitre colleagues who had the chance
to meet him and to share his encyclopedical knowledge, fhisusiasm, and his original and
surprising ideas.
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Always concentrated on solving difficult problems, He miitdd hundreds of scientific papers,
and collected thousands of citations.

He had an astonishing energy, extraordinary ability andstsice for effort and hard work,
a passion for sharing ideas, discoveries, and results inis&ms and in teaching and educating
young students and researchers. He was always ready to listd discuss with the colleagues
knocking at his door, coming from near or far Institutes.

He had a deep understanding and a curiosity in the obsemaifoNature, of the visible and
invisible features of Nature, and, at the same time, a steagability in abstraction and a passion
for mathematical problems.

We loose with Prof. Eduard Alekseevich Kuraev, an engaginbumique personality, and an
exceptional physicist.
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