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Introduction

Among the possible methods of measuring pion-pion scattering phases at
low energies [1] — e.g., the K4 decay of kaons, pionium atom, pion-to-two-
pion transition in the scattering of pions by protons (the Chew-Low process)
— up to now high-energy processes in which a jet consisting of pions with
relative small invariant mass is created has not been considered. The theo-
retical possibility was considered some time ago by Serbo and Chernyak [2]
for a special kinematical region of the produced pions. In this paper we
consider the charge-odd contribution to the cross section for charged pion
pair production with the kinematics of a jet moving close to the direction
of one of the initial particles. We consider the general case, restricted only
by requirement that the sum of particle jet momenta transverse to the beam
axis be close to zero. This region corresponds to the case in which one of
the scattered particles moves close to its initial direction and escapes exper-
imental detection, whereas the components of a jet moving in the opposite
direction have measurable scattering angles and are assumed to be detected.
The bremsstrahlung mechanism of pion pair creation includes the conversion
of a time-like photon into a pion pair via an intermediate p-meson state.
The Breit-Wigner resonance form of the relevant pion form factor provides
an imaginary part, which can give rise to single-spin correlation effects in
the differential cross section. These last may also arise as interference effects
between the Born and one-loop Feynman diagrams for single-pion produc-
tion [3] beyond the resonance region due to the presence of intermediate
nucleon resonance states [4]. The charge-odd contribution to the cross sec-
tion has a clear signal: the invariant mass of two pions is equal to the mass
of p-meson and may thus be separated from even part of the cross section in
the two-meson exclusive set-up.

The idea of measuring the distributions in the fragmentation region of
one of the colliding beams was first considered in papers of the seventies [5].
In particular, there the odd part of the cross section for the production of
a muon pair in a jet moving along initial electron direction was obtained.
The energy distributions in a jet moving along, for example, initial electron
direction were obtained for jets consisting of two electrons and one positron
and a jet consisting of one electron and two photons in the form of a Dalitz-
plot distribution. For instance, the charge-odd contribution to the spectrum
for muon-pair production has the form was found to be
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Figure 1: Diagrams for the pion pair production in e and p collisions.
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where E is the electron beam energy in the centre-of-mass reference frame;
T4 are the muon energy fractions; E4,pi — the energies and z-components
of muon momenta and m, and m, are the electron and muon masses, respec-
tively. Bearing in mind that even part of the cross section has a similar order
of magnitude [6], we see that the asymmetry effects are of order unity. First
we consider the jet-2 kinematics (see Fig. 1b) in which a bremsstrahlung pho-
ton is emitted from a lower nucleon line. Then the case of jet-1 kinematics
(see Fig. 1c) is elaborated in some detail. This is specified by an emission of
a bremsstrahlung photon from an upper fermion line.

s =4E?, (2)

1 Evaluation of the effects

In this paper the charged pion pair production channel in high-energy col-
lisions of unpolarised electrons and transversely polarised protons is dealt
with. First the kinematical region for the creation of a jet moving close to
initial proton direction is considered:

e(p1) + p(p2, a) = e(py) + p(py) + 77 (g2) + 7~ (1), (3)
pi=pl=mi py=pi =M, q,=m’ pua=0,

where m., M and m are the electron, proton and pion masses and a is

the proton polarisation vector. Denoting the 4-momentum of the (virtual)

exchange photon by k; and using the well-known infinite momentum frame
approach we write down the matrix element in the following form

dra)? / iy v
Mias = 2 et )uwi) uira)s”
1

Mp + Mp. (4)



The current receives contributions from the double-photon (D) and brems-
strahlung (B) mechanisms for pion pair production:
1 F(k?%)

J'=Jp+Jp, Jp= k—%M“"%, Jp = —5— @ 0™, (5)

with
ky=p2—py k=q+q@ Q=aq-—q,
and the pion form factor

m2

F(k’2) — [

2 PR )
k* —m?2 +im,l,

We have also defined the following tensors (for a correspondence refer to
Fig. 2):

1 1
M= —(2q1 — k)" (k2 — 2¢2)" + —(2q1 — k2)" (k1 — 2q2)* — 2¢"",
X1 X2
X1 = k? —2kiq1, x2= k% —2k1q2, k1 +ks=q + ¢,

pot b+ M o Pkt M ©)
777 (p2 + kl)z _ Mz‘yﬂ FYV- (p;2 _ k1)2 _ M27773

which are subject to the gauge conditions

nw _

M#ky, = MPTky, = 0,
u(py) O™ u(pa)ki, = a(py) O™ u(p2)ky, = 0. (7)

We introduce the standard Sudakov parametrisation of the 4-momenta in the
problem

g = x;ps + Bip1 + gL,
ky aps + Bpr + ki, (8)

Py xp2 + Bob1 + Py s

I

. M? . m?
P2=P2—P1*S—, P1=P1—P2Te, 8=2P1p2>>M2.

Here , ,
xi:qiz-i_Ei, z:m
2E 2FE
are the pion and scattered proton energy fractions (z + z; + 25 = 1), ¢1
and pjy, are the 4-momenta transverse to the beam axes. The corresponding
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Figure 2: Decoding of the notations used in Fig. 1

euclidean 2-vectors are q; and p). The small parameters # may be expressed

via them , , 1y \
q; +m , p; + M
p=dtm g Rt

8T; ST

(9)

The cross section and the phase volume in terms of these variables looks

1
dO’ = g Z |M|2dF,

Ppl dPphd®qid’e
(2r)82E {22 F 2,
dqudZCIdek]d(lfld.fL‘2

(27)88sz 22

dr 84 (p1+p2—pl — Py —q1 — q2)

(10)

The kinematics of a jet-2 permits us to use the Gribov representation for the
exchange photon Green function (see (4))

guu . 1 mz 2 n,o v v, M — 2 no v
k% = E g9, + E(Plpz +P1P2) = %Pll’zv (11)

and from the gauge condition J*k;, = J*(Bp1 + k11 ), = 0 it follows
s
i1 = ";J“kuu- (12)
2

Here we have defined 3, = (ph+q1+¢2)? = so+ M? and denoted the invariant
jet-mass squared as

prt(L-o)M  aitm! of+m?

T ~ T Tq

52=8/8:

(13)



For the modulus squared of the matrix element summed over spin states
and averaged over the azimuthal angle of the virtual photon, we obtain

3 IMP =~ SRR R+ M 4 M =)o) (14)

This expression contains the charge-even as well as charge-odd contributions
and, in addition, the spin correlation term, associated with proton polarisa-
tion vector a. The cross section contains the well-known Weizsacker-Williams
(WW) enhancement factor:

/d2k1k¥
m(k)?
where the quantity L stands for a large logarithm whose value depends on
the type of initial particle with momentum p;. In the case when it is a proton

~ I, (15)

we have
2 2
2 _ |2 sy _ _ ms
£ - ()] enon(z)
2 2 2 2 2
s = p_1+q1-|-m +q2+m, M=M, m=m,. (16)
iy T )

For the case in which it is an electron we have

2 2
k‘f = — {k? + (mesl) } s L=L.=In ( e ) : (17)
S MeSo

The main (logarithmic) contribution to the cross section comes from the
region |k;| < |q;|, which provides the relation between the transverse com-
ponents of jet particles: q; + qa + pj = 0.

The tensor describing conversion of two photons into a pion pair can
be presented in a form that may be interpreted as an expansion in pion
momenta !:

M#V = 610[,6“/ 4 agﬁg“’, (18)
X1+ X2 2
0= """, Q2= s
X1X2 X1X2

'Here ag, az may be associated with partial wave decomposition of pion—pion scattering
amplitudes (not to be mixed with the contribution of states with isotopic spin 0 and 2).
The quantity ag at threshold is connected with a polarizability of a pion o, = ag/(87m).



ﬁgu = k‘lkzguu - kllj g
Ly = —kkQ"Q" — Qki(Q"K + Q"kT)
+Qk1Q" (k1 + k)" + (Qk1)*g"
L%, = L%, = 0.

Upon taking into account the final-state interaction, one expects that
these amplitudes, as well as the amplitude for the conversion of a single
photon into a pion pair, should acquire the following phases:

ap = age’®™,  F(E?) = F(k})e®,  ay — azel®. (19)

The phases do,1,2 are associated with states having orbital angular momentum
equal to 0,1, 2 respectively. It is useful to note? that the third possible gauge-
invariant structure,

LY = Qky(k2g" — kYY) + Q" (K2kY — kikok}), (20)

which may be thought of as a pair in a state with unit orbital angular mo-
mentum, is not realised in the double-photon channel.

Similar considerations may be applied to the jet-1 kinematics: when a jet
moving close to initial electron direction consists of a scattered electron and
a pion pair. Here we use the following parametrisation of the momenta:

G = ap2+ TP+ qiL,
Py = aypa+ap+piy, (21)
ki = aps+Bp1+ k1o,
with , , i
o = qi__i-m_’ 0/1 — _pL? (22)
sT; sz

where z, z; are the energy fractions of a scattered electron and produced
pions (z + 1 + ¥ = 1); p}, q; and are their transverse momenta obeying
pPi+ai+aq:=0.

We thus obtain

16(4ma)kis? 1

D IMpP = _W&)— TI‘[P1RLP1~M]
it - S )

32(47ra)4kfF(k2)e‘5‘ 1

"(k‘fk'gk)z ZT[ BJ.pl a.l.]

2Re) (MpM}) = —Re

2We are grateful to professors V. Serbo and I. Ginzburg for discussion on this point.
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where 1y ) ) , )
P, q; +m q; +m
81 = s = — + +
T Iy T9

is a jet invariant mass squared, and

2
ky=pi—p,  k=aq+a, kf=—[kf+M2(3—l) ]

S

A

1 .. 1~ 2,
By = =(Qp2vs + =7VeD2Q) + —P1, Qs (24)
s x S$1T

and R, = M,,7* (see (6)). Proton spin correlations are absent here since
the exchange photon in the WW (see Page 5) approximation cannot carry
spin information.

Taking into account the strong phases in the pion amplitudes, the above
formula is modified as follows:

4
odd  _ oL, 24 _i(81-682)
dojly = T [[ Re{F(k )elter }
B ] ) 2, 12
+ IRe{F(kz) (61(61—50) _ 61(61—52))}] d qld C12d11d502' (25)

TX1T9

For the kinematics with |pj| — 0 the charge-odd part of the cross section
takes the form:

doodd (n7) _ a4Lp qf — q% (x1$2)2 (26)
jet—1 Q=—q w3 (ql + q2)2 (q% + m2)3$(1 — .’17)5
X {—QxRe [F(k‘z) (65(51—50) — ei(51—52))]
2
Re [F(k2)elCr=2)] (1 4 22 - 2
+ e[ (k%)e ] +z q%+m2(1+m)
X d2Q1d2q2dx1d$2.

In the case 7 = 1 this is in agreement with the expression obtained in [2, 7].

We also include here a similar expression for muon-pair production in this
limit:
doedd (1) O‘4LP q? _qg
Jet—1llg2=—qi 7r3 (Ch +q2)2
(1 —2)%(q? + m?) — 2q%z122)(1 + 2?) + dzz 29m?
z(l — )5

-

$1$2d2q1d2qu$1d$2
(qf + m?)*

, (27)
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Neglecting the effect of the phases, the spin-dependent part for a jet-2
kinematics takes the following form:

Qo 'L ImF*(k*)M
jet=2 T 7353 k2k?
x [Alar, 21592, 22)(d1 £ @) — Ad2, 22,41, 21)(q2 £ )]
d?qd?gydada,
T1T2T '

(28)

The expression for A is given in the Appendix.
For the kinematics when p? = (q; + q2)
d-function approximation for ImF™*):

2 « q} we have (using the

. 4 1 — 2
daf;‘22|(”) - e Le M(qi ra). ¢ (1 e )

Q@=-q1 T2 l‘lm‘zm%

(zz175)?
v(M?(1 — 2)? + p2)(1 — z)3(vz + M2z;2,)3
M?zizy v(l—2z)?
x4 a1, ]

x |v—m?(l+z)— (29)

x  d?*qd%gydz,dz,, v=q?+m’

Now let us discuss the accuracy of formulee presented. It is, of course,
determined by the omitted terms; they are of order
2

m Si 1

—, Z and -, 30

S S L (30)
as compared to unity. For the DESY experimental conditions the accuracy
is less than 10%. For the inclusive set-up one must consider the 3-pion
production process. Compared with 2-pion production, this has a phase-
volume suppression factor

d*q m? -2

/WM2N(M) ~ 107
For intermediate energies, such as at VEPP-2M and DA®NE, despite the
rather small suppression factor m?/s ~ 0.01 for the theoretical background
of the remaining Feynman diagrams (there are present six gauge-invariant
sets, of which we have used just two), the WW enhancement factor (a large
logarithm) and the specific choice of kinematics |q; + qa| ~ 0 nevertheless

provides an accuracy of the same order for jet-1 kinematics as obtained for
jet-2 type.




2 Conclusion

The charge-odd contribution to the spectrum in a jet-1 kinematics for the
case |p}| < |qi| may be put in the following form:

dofali ) ) q? —q}
2_et=1 . 0.7-1072 pb.—2L 12 31
™ Poqyderdes (@ T ) (31)

X [fisin(o — 61) + f2sin(dz — 61)],
with fi, f2 being smooth functions of the order of unity,

[ fo= Ut (32)

Ty + Ty z(xy + xq)

The contribution to spin-dependent part in the same kinematics can be put
in a form

A s 0t ab - alf P -

= 1.0 nb -ja 75+ SIN @,
dodzdz, 3M2(1 —z)2+p2
f, = 22 mizaz - 149(a: + z2)’ @123 — 0.252(2; + 75)° (33)

V122 (z + 1.49(zq + 22)?)

Here |a| is a degree of the target transverse polarisation; ¢ — the azimuthal
angle between directions of target maximum polarisation and transverse mo-
mentum of a negative pion q;.

Typical values of the functions f; for a set of z;,x, values are given in the
Table 1 for HERMES (DESY) conditions (s = 60 GeV? and |qi| = |qz| ~
0.5+ 1.5 GeV).

T T2 fl f2 f3 f4

0.2 0.2 | —5.000 | 10.667 | 0.030 0.000
0.2104 ]| —3.333 | 8.167 | —0.068 | —0.173
0.2 0.6 || —2.500 | 9.000 | —0.053 | —0.141
0.3]0.4] —2.857 | 8.048 | —0.075 | —0.065

Table 1: The values of functions fi, fo [Eq. (32)], fs [Eq. (33)] and f4
[Eq. (1)] for typical HERMES conditions |p}| < |aqi], 0.2 GeV < |qi| <
1.2 GeV, 0.2 < z; <0.6.

The consideration given above has~been carried out within a framework
of QED. In the case of a jet-1 kinematics it is reasonable to replace a photon
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exchange between pion and nucleon by a Pomeron one in double-photon
amplitudes which results in enhancement factor as/a: o9 — (as/a)oo.

A visible effect of asymmetry in pion pair production was measured at
Cornell®> where a number of most energetic 7~ moving along e~ direction
exceeds that of most energetic 7+ in the same direction.

The formulee given above may be applied to pion pair production at
e~ collider, besides the error caused by contributions of annihilation-type
Feynman diagrams falls down with growth of the total center-of-mass energy
\/s being the quantity of the order of m?/s < 3% for J/+ and B factories.

Nevertheless the charge-odd effects in 7#¥ 7~ production may definitely be
measured at ®-factories taking advantage of kinematics discussed above.

Charge-odd effects in K's, K7, pair production may clearly be seen at J/-
and B-factories. ‘

et

Appendix

The general expression in a jet-1 kinematics for the charge-odd contribution
to a pion pair production cross section in the WW approximation is given in
Eq. (25) with the quantities I, [

1+1’b _Il—l'gbll

I+2)(zy—2 ,
I = —qp+! )(xl 2 +

2(6111,‘2 21‘11’2
_ Pia (2pQ2pQ — Q*2pi1p)) L A=piQpi + Qpip1pY)
2

L1222 Eh z8;
Qa , p)b ) /
X128 (plQ + plQ) + 1981 (mel + Qpl - (:cl - x2)p1P1)
(1 - w)Qz plla T — Ty
- +
251 T1T2T  TT1T28;

Qpipia, (34)

where

b = z,q; + 2192, a = rq1 — 2192,
’ 2/

1 1
2p1Q = —(qy +m?*) — —(aj + m?)
A o
Q= dm?— k2, k= — (m*(1 - 2)* + %), (35)

3V.G. Serbo, private communication.
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and

;o 2 p (L= 2+ 2%) (21 — 22) 4prQ
I = 1_xp1Q+p1 (1l —z) s1z(l —z)
12 1 _ 12\2
l+2 ppiQ + ‘:1 zz (PY) (36)
(1l —x) s z2(1—2) s

The quantity A relevant for the spin asymmetry looks

l—m+Q2(l—x)2+x1—x2

— 29! 2
- 927, 921, ( PoQr + 2p2Q)

A(Q1,$1;QZ,$2) = —382

2 2z5(q? — g
+—lafzs + aizs — (1 — 7)anq] - 2ea(di — az)
1

Ty
Zz xr
+ [—‘(qﬁ +m?) = 2(a} + mQ)]
) 1
_ 2 __ 2
> |:$1 T3 + 2(q2 ql)] . (37)
Ty STy
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lansickuit M.B. u gp. E2-2000-42
3apsn0BO-HEYETHBIE U ONHOCIIMHOBBIE 3(heKThI

B 9JIEKTPOH-TIPOTOHHBIX CTOJKHOBEHHSIX C 00pa30BaHHEM

ABYX ITHOHOB

PaccmoTpensl TopMO3HOH W OBYyX(OTOHHBI MeXaHW3Mbl 00pa30BaHMs ABYX
3apsiKEHHBIX TIHOHOB B 3JIEKTPOH-NIPOTOHHBIX CTOIKHOBEHHSX IPH BBICOKUX 3HEp-
rusx. MHTepdepeHuus Mexny COOTBETCTBYIOLUMMH aMIUTUTYIAaMU FeHepUpYeT 3a-
Ps.00BO-HEYETHBIHN BKJIa B AM(depeHIanbHOe CEYeHHe JaHHOro npouecca. B ku-
HEMAaTHKE, KOIa CTpys JBUXETCS BIOJb 3JIEKTPOHA, CIIUH-HE3aBUCHMas 4acTb MO-
Ker ObITh HCIONb30BaHAa Ui OMpeneseHus pasHocTeil a3 MMOH-MMOHHOIO
paccesHud B COCTOSHHUAX C OpOUTaIbHBIMM MOMeHTaMu O unu 2 u 1, B TO Bpemd
KaK B KMHEMaTHKE CO CTpyeH, IBMXYLIEHCS BNOJb MPOTOHA, CIHH-3aBUCHUMas
4acThb MOXET OKa3aTbCsl NOJIE3HO NMPH MHTEpIpEeTalMH SKCIEPUMEHTAIBHBIX JaH-
HBIX 1O OJHOCTIMHOBBIM KOPPESLUSIM B 00pa30BaHUM OTPULIATENbHO 3apPSKEHHBIX
nuoHoB. Takxe obcyxpnaercs (pOH M HaeTCs OLEHKA TOYHOCTH IOJYyYEHHBIX pe-
3ynbTatoB (<10%). IToMuMo o6mux hopMysT NpUBOASATCS YNPOLUEHHbIE BbIpaxe-
HHMS Wi cneuuHyYecKod KMHEMaTHKH, KOIa CyMMApHBIH MOMEpPeYHbId UMITYJIbC
IIMOHOB Mall.

Pa6ora BemonHeHa B Jlabopatopuu Teoperuueckoit ¢usuku um. H.H.Boro-
mo6osa OUSIH.
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Galynsky M.V. et al. E2-2000-42
Charge-Odd and Single-Spin Effects
in Two Pion Production in ep Collisions

We consider two-photon and bremsstrahlung mechanisms for the production
of two charged pions in high-energy electron (proton) scattering off a transversely
polarised proton. Interference between the relevant amplitudes generates a
charge-odd contribution to the cross section for the process. In a kinematics with a
jet moving along electron spin-independent part may be used for determination of
phase differences for pion-pion scattering in the states with orbital momentum 0 or
2 and 1 whereas in a kinematics with a jet moving along proton spin-dependent
part may be used to explain the experimental data for single-spin correlations in
the production of negatively charged pions. We also discuss the backgrounds and
estimate the accuracy of the results at less than 10% level. In addition simplified
formulae derived for specific kinematics, with small total transverse pion momen-
tum, are given.

The investigation has been performed at the Bogoliubov Laboratory of Theo-
retical Physics, JINR.
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