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H3mepenue 3 psAao0BO-HEYETHBIX KOPPEIALHIl B JENTOH-TIPOTOHHBIX U (POTOH-IIPOTOHHBIX

CTOJIKHOBCHHAX

P ccMoTpeHBI 3 psAIOBO-HEUEeTHbIE KOPPEIAIMH B CEUCHISIX MPOIECCOB C POXICHHEM 3 PSXKEHHBIX
Y CTHL. B 4 CTHOCTH, p CCMOTpEHBI CIyd M POXICHUS MIOOHHOM M INMOHHOH I P, T KX€ CHCTEMBI Tpex
maonos 77w~ 70, B 2MeKTPOH-TIPOTOHHEIX ¥ (HOTOH-TIPOTOHHBIX CTONMKHOBEHHSX B OO CTH (hp rMeH-
T LM [IPOTOH . 3 pANOBO-HEUETHbIE KOPPEJALHUU BO3HUK 10T K K UHTep(hepeHLHs MIUIUTY P 3JTHYHBIX
MeX HH3MOB POXIEHUS 3 PSKEHHBIX JIENTOHOB (MHOHOB). OIMH U3 HUX COOTBETCTBYET POXICHHIO CHCTEMBI
3 PSKEHHBIX U CTHUII B 3 PSOBO-HEYETHOM COCTOSHHH (P CII JI OXHOTO BUPTY JIBHOTO (POTOH WM BEKTOP-
HOTO ME30H B 3Ty CHCTEMy Y CTHL), Jpyroil — B 3 pSl0BO-YE€THOM COCTOSIHHU (POXIEHHE CHCTEMbI
9 CTHUL ABYyMS (DOTOH MH). 3 PSIOBO-HEUETHHI MeX HH3M POXIESHHS MIOOHHOH I PbI IIPEACT BIIeT coOoit
YUCTO BIEKTPOAMH MUYECKHUIi MPOLECC U MOXET OBITh HCIIONB30B H JUIL K JIMOPOBOYHBIX Lenei. ITporeccel
C POXJEHHEM MTHOHOB YyBCTBHTENIBHBI K IT P METP M BOTHOBOU (DYHKIIMH MHOH ¥, KPOME TOrO, MOTYT OBITH
UCHO/Ib30B HBI JUI M3MEPEHHs] HOM JIbHOM U HPOCTO 4 cTell 3¢pheKTHBHOro MHOHHOIO JI TP HXHU H .

B nponecce poxxaeHUs JENTOHHBIX 1T P B (DOTOH-TIPOTOHHBIX CTOMKHOBEHHSIX MOXET OBITh U3MEpEeH M -
TPUYHBIH 3TEMEHT TPeX TeKTPOM THUTHBIX TOKOB. [l 9TOro 3 psOBO-HEUETHOE CEUEHHE Y —P-P CCeSTHHS
IPEJCT BICHO B BHJE CBEPTKH JIENITOHHOTO TEH30D TPEThEro P HI' C COOTBETCTBYIOIIMM JIPOHHBIM TEH-
30pOM. DTOT BKCIEPHMEHT MOXET P CCM TPHB ThCA K K JIBTEPH TUB K IIyOOKOHEYIPYroMy KOMIITOHOB-
CKOMY P CCEsSHUIO.
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Measuring Charge-Odd Correlations at Lepton—Proton and Photon—Proton Collisions

We consider the charge-odd correlations (COC) in cross sections of processes of charged particle
production. The cases of muonic pair and pion systems 7+ 7—, 777~ 70 are considered in detail for
electron—proton or photon—proton collisions in the proton fragmentation region kinematics. COC arise
from interference of amplitudes which describe the different mechanisms of charged lepton (pion) creation.
One of them corresponds to production of particles in the charge-odd state (one virtual photon or vector
meson annihilation to this system of particles) and the other corresponds to the charge-even state of
produced particles (creation by two photons). COC for muon—antimuon pair creation have a pure QED
nature and can be considered as a normalization process. The processes with pion production are sensitive
to some characteristics of proton wave functions and, besides, can be used for checking the anomalous
and normal parts of the effective pionic Lagrangian.

Three electromagnetic currents operator matrix element can be measured in photon—proton interactions
with lepton pair production. For this aim a charge-odd combination of cross sections can be constructed
as a conversion of leptonic 3-rank tensor with hadronic ones. These experiments can be considered as an
alternative to deep virtual Compton scattering.

The investigation has been performed at the Bogoliubov Laboratory of Theoretical Physics, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2006




1. INTRODUCTION

The charge-odd contribution to cross section of processes

“(m) +plp) — e (P} + () + 1t (g4),
e_(p1)+p(p)—>€‘(p’1)+p( N+ (q-) + 7 (gq), (1)
e (p1) +p(p) — e (P} + 7 (q-) + 7t (q4) + 7°(q0)

is caused by interference of amplitudes describing the two-photon mechanism and
one-photon mechanism of meson set production (see Fig.1, a,b). The similar

P p

Fig. 1. The mechanisms of production of muons (pions) pair and three pions state

quantity can be constructed for inelastic collisions of photon with hadron by
production of lepton pairs. The properties of effective meson Lagrangian as
well as three-current correlator matrix elements, averaged on hadron states can
be measured in relevant experiments, which is a motivation of our paper. We
consider below the experimental set-up corresponding to the kinematical region
of proton fragmentation, which means that the recoil proton and mesons created
move in directions close to the initial proton motion in the center-of-mass system
of initial particles, with invariant mass square of this jet s; much smaller than
the center-of-mass square of the total energy of initial particles s + M? (M is a
proton mass, we put below the electron mass as well as p- and m-meson masses
m to be small and neglect the terms of the order of m? /sy, s1/5).

For laboratory system (initial proton in rest) the angles of emission of the
produced particles can be of the order of unity (see discussion below).

This quantity can be measured using the combination of the double differen-
tial cross sections

dUOdd

1 do
ar 2

dr

[F(q+,q-,X) = F(q-, g+, X)], =F(qs,9-,X), (2



where X is the characteristics of other particles, dI' is the phase volume of final
particles.

The paper is organized as follows. In Sec.2 we calculate charge-odd cross
section for processes (1). In Sec. 3 the charge-odd inelastic photon—hadron (pro-
ton) scattering is discussed. In Conclusion we estimate the order of charge-odd
contribution, give spectral distribution and discuss the background effects.

2. MESON PRODUCTION

The remarkable feature of such a kinematics — the relevant contribution to
the cross section does not depend on s in the high-energy limit. The corresponding
matrix elements are proportional to s. This fact can be explicitly seen using the
Gribov’s representation of nominator of the virtual photon Green function in
Feynman gauge:

2 .
uv = 91luv + ;Lplupu +p1upu]7 3
M2
with light-like vectors p1, p = p — —p1, p? = p> = 0.
S

Matrix element corresponding to one-photon mechanism of p 1~ -meson pair
production («bremsstrahlung» ones) has the form

(4ra)? 2

ZsNysu(p )\ VPu(p)J™, 4)
q%q% s 1 ( )M ()

M,y = f

with ¢ = p1 —py, @1 = ¢+ +q-, J' = u(q-)v.v(g+) — the conversion of
virtual photon to muon pair current, and

1.,
Ny = EU(m)pw u(p1),

. P —q+M Pri+M.
‘//l. =N d H Vi d 1

When summing over spin states of electron (initial and scattered) we have
> |N1]? = 2. As well the averaged on waves of initial and recoil proton functions
the quantity V), will be finite in the high-energy limit.

The two-photon mechanism matrix element has the form

dra)? 2
M, = %gleu(p’)wu(p)SA, ©=p-7, )
2



with Iy = @(g—)V"v(¢g4+) — two-photon conversion to muon pair current

- —4q
d_

m ~ —q + j ~
V' =mh I+ %7(]:; qph ds = (q+ — q)* —m”. (6)
+

The similar expression is valid for creation of pion pair bremsstrahlung matrix
element. It can be obtained from the muon pair by replacing J;* by J =
(g- — g+),. For pion pair creation by two-photon mechanism the replacement
I — I must be done in the relevant matrix element for muons

1,20 — @) (24 + ~2q1 +q)u (29— —
5= (2¢-—4q) EL g+ + a2 | (=204 Q)d+(q ey 1

For the case of three-pion production we must replace the one-photon con-

1 .
version to two pions current J,, by Jﬁ” = W(M%q_qo), with (ugrg—qo) =
B ™

« Y
€papy44+49-9do-
For two-photon conversion to three pions we use (see [1] for details)

pV
II, = ?1 p(pvqqe) + (pv(g2 — q)q0)—

qy v qy q"
- 1aq—qo) — ——(1qq+q0) — —— (vq2q-qo) — — (V@294 q0) |, (8)
q+q2( ) qfqz( +0) q+q( ) 4—q ’

with p = g —6(qrq-)/(q+ + q— + qo)*. Here fr = 94 MeV is the pion decay
constant.

Due to gauge invariance the replacement p; — ¢ in expressions V/, V", IT,
IT, turns them to zero. Keeping in mind the approximate kinematical relation

S1 .

q = —p1+4qL, ¢up1 = q1Lp = 0, with g; — transversal component of the
transfesr momentum ¢, one can be convinced that all these currents turn to zero at
g1 — 0 limit.

At this stage, we use the Sudakov’s parametrization of 4-momenta of the
problem (see Appendix A). Accepting it, we perform the phase volume of the
process of type 2 — 4 and 2 — 5 defined as

(2m)* &®py gy dPq d*p 4

dly = K} A —q.);
4= om 2B, 2B, 2B_ 20 M1 TP TP TP T4 m 0
(2m)* d®pl dPqy dPq_ dqo &p 4 P
s = 5 D e — e — o).
° 7 (2m) 2E] 2B, 2E_ 2E, 2F (pr+p=p1 =P — 04—~ %)



to the form

1 d?’q* d2qj_- d?*q* dx dx_
(2m)® 8sryx_(1—x4 —a_)

1 d%¢t dzq}r d*qt d?qy doy dx_ dxg
2m) 16szix_xo(l —xy —2_ —20)

al'y =

)

dl's =

Deriving these expressions we had introduced an auxiliary integration [ d*qd*(p1—
dx;d*q; .
ALid il i
2.131‘

z; — the energy fraction of ¢th particle in the center of mass of colliding beams.
Further we denote ¢~ = (0,g;), where i = +,0 and §; is the two-dimensional
vector lying in the plane orthogonal to beam line.

The standard procedure leads to the charge-odd contribution to the cross
sections:

ph — q) = 1, using the relation d®q;/(2E;) = d*q;6(¢? — m?) =

_ 16a (d2CI/7T)(d2<T+ (2m))(d*q- /(2m))da da—
Ohs m(@®)?Ggrra—(1—xy —x-)
doodd _ 4 Hd*q/m)(d* ¢4/ (2m))(d*q- [ (2m))da da— R(™
m(¢*) a3z (1 — 2y — ) ’
doodd 4044(d2q77f)(d26’+/(277))(d2ff /(2m))(d*qo/(27))dzy v dao o
o m(¢?) gt ey v—xo(l — x4 — 2 — x0)

R,

1 1

RW = 1 7@+ MVE(P + M)yx 7 Tra-Vi"ds v,
1 . . ™

R™ = 170+ MV + M)ya(g- — a4)ul3,

RO = o 2r( + M)V (o + M) (g -ao)Th.
Explicit forms of VP, V", IT, 11, in terms of the Sudakov’s variables are given
above; the ones for the case ¢'? < s; are given in Appendix A. For general case,
the expressions R; are complicated. For the realistic case —¢? = ¢'2 < s1, they
can be considerably simplified. Really, one can perform the angular averaging
on transfer momentum ¢ and can omit the terms of higher order of ¢'2 in the
nominators.
Performing the integration on transversal momenta of mesons we obtain

dUOdd 4

g __ @ (2n)
= F _ 9
dordr_di  nMEgz THTo ©)




(x4 —2_A)(3 — 14A + 16A2?)
6(1—A)3 '
Note that in the paper of one of us [2] the similar quantity was considered for
process ete™ — ete .
The similar manipulations for 7+ 7~ -pair production lead to

F(QIL) (x+,x_) =

(10)

do’Odd a4
drydr_dq?  nM2q2

(zy —z )A(1+4)

FCOzy 2, (11)

F) _= 12
Ty, T 3(1 — A)4 ( )
For the case of three-pion production we have
do3™ Nd at M4
o — F(?)ﬂ') _, 13
dryde_dg®  16mofeg2z T (13)
. 1 drod?q, d*q_d? _

F(3”)x+,x, — — / - Toad~q+a~q q0 5 Rgﬂ, (14)

T4T_G mzo(l —zy —z- — 20)qiq;

where integration is performed with additional condition 0.2 < A =1 -z —
x_ —xg < 1, and R®" is averaged by azimuthal angle of transfer momentum §

R37T / dd) R37‘r (15)
0

where ¢ is the azimuthal angle between vector ¢ and the vector of problem. The
results of numerical integration for F3™) (2, 2_), as well as F(?*) and F(7),
are given in Tables 1, 2, 3.

Table 1. The results of integration for odd part of spectrum of 2y production
100 - F(Q“):ur, z_ (see (10)) for the case 72 < s;

z_/xy| 015 | 025 | 0.35 | 045 | 0.55|0.65|0.75
0.15 | 0.000 | 5.625 | 0.000 {-0.370|1.399(2.734|2.414
0.25 |-5.625| 0.000 |-0.123| 0.700 |1.641(1.610
0.35 | 0.000 | 0.123 | 0.000 | 0.547 |0.805
0.45 | 0.370 {-0.700|-0.547| 0.000
0.55 |-1.399(-1.641|-0.805
0.65 |-2.734(-1.610
0.75 |-2.414




Table 2. The results of integration for odd part of spectrum of 27 production
FCmg,  x_ (see (12)) for the case 72 < s1

z_/x4+| 0.15 | 0.25 | 0.35 | 0.45| 0.55| 0.65 | 0.75
0.15 | 0.000 | 1.250 | 0.800 |{0.432{0.217|0.098 {0.034
0.25 |-1.250{ 0.000 | 0.144 0.108|0.059]0.022
0.35 |-0.800(-0.144] 0.000 {0.020|0.011
0.45 |-0.432{-0.108|-0.020|0.000
0.55 |-0.217(-0.059|-0.011
0.65 |-0.098(-0.022
0.75 |-0.034

Table 3. The results of numerical integration for odd part of spectrum of 37 production
100 - F(3”)a¢+, z_ (see (14)) for the case 72 < s;

z_/zy| 0.15 | 0.25]0.35| 045 | 0.55
0.15 | 0.00 | 1.71 |5.74|11.38|10.76
0.25 | -1.72 | 0.00 |3.52| 4.86
0.35 | -5.74 {-3.52]0.00
045 |-11.36(-4.88
0.55 |-10.74

3. PROBING THREE-CURRENT CORRELATOR IN CHARGE-ODD
EXPERIMENTAL SET-UP OF PHOTON-PROTON COLLISIONS

In photon—proton collisions with production of lepton pair
v(k) +p(p) — e*(ar) + e (g-) + X (an) (16)
with charge-odd experimental set-up

dO’Odd 1 do

dT = 5 F(quvq*vqh) _F((JﬂQJmQh) ) d_F :F(quvqquh)v (17)

where dI' is the phase volume of final particles including leptons, we can to
measure the three electromagnetic currents correlator

Hyn =< p|Ju(k) (@) Ir(q1)lp > . (18)

Really, in such a kind of experiment the interference of amplitudes of
two mechanisms of lepton pair creation can be measured. One of them (two-
photon mechanism) corresponds to charge-even state of lepton pair, another one



(bremsstrahlung mechanism) describes the creation of a pair by the single virtual
photon (see Fig.2, a, b).

k q+ k 9+
q_
a q._
q
- X X
P p
a b

Fig. 2. The two mechanisms of lepton pair creation: a) production of lepton pair in
charge-even state; b) the bremsstrahlung mechanism

Charge-odd cross section can be written in the form

do o® (e)
m ~ WLWAHW/\th’ (19)

with dI';, — the phase volume of the final hadron system. Leptonic tensor LEZ,) N
(we neglect lepton mass)

o Lo
Ly = 377 [0-Opien] (20)

with
1 N

~ 1 ~ 7.
O = H_'Vu(qf —k)v + H'Yz/(_Q+ + E) v, it = 2kq 1)

obeys the gauge conditions Lffy)klc“ = Lffy)AqV = Lffy)kqi\ = 0 with

BP=¢l=0, k+tg=q =q+ +q_. (22)

Leptonic tensor can be written in explicitly gauge-invariant form:

L) = QTS + P,TH + R,TX,

11 1 - ~

Qx = P — [K+G—x + s1kn],
R4 K_—

pl g At

2 ko Ky 2K_

s1 1 1 - 281+ Ky + Ko
o=l g Zmdhydrog

P2k ok M 2k =



- q-k ~
L =(_y — — , k, =k,
q— q— q+kq+# 1 w
- _ ~ k
q—v = 4q—v — uf]+uv k, =k, — —qQ+V7
q+49 q+4q
_ 9-¢ ik kg
g\ =q-x — —q+Xx, A= RX — ——(q4x,
q+9q q+q1
besides,
ki _ kage A — k)
TS = g+ va By TH =gt q L. TE :gyﬁ—q (4 ) : (23)
kq kg1
and, finally,
_ kvgu . kFaqiu - N
n = N — —; = — ; = — . 24
Guv = Guv kq Gux = Gux kar 9w = G a0 (24)

The form of hadronic 3-rank tensor depends on experimental conditions of detec-
tion of hadron jet particles. It won’t be touched here.

4. CONCLUSION

The processes with meson production mentioned above can be studied at such
facilities as HERA, HERMES and RHIC. Photon—hadron interaction processes
(the analog of DIS experiments) can be realized at the facilities with the high-
energy photon beams. The effective meson Lagrangian predictions can be exam-
ined for two- and three-pion productions for the experiments of the first class. In
particular, the anomaly 2y — 37 can be measured.

For experiments with photon—hadron production the three electromagnetic
current correlations can be studied. Unfortunately, these correlations are very
poorly investigated in experiments as well, as theoretically [3].

Our results were obtained in the framework of QED with point-like mesons.
In real applications we must include form factors of pion J2™ — Fr(q7)(qy —
g—),. Another modification is replacement of QED coupling constant used for
proton—photon interaction by that ones for proton—p-meson interaction: a* —
a?(g2,,/(4m))%. Besides, we must take into account the resonance character of
vector meson propagators

1 1 qi — M
— — Re : = (25)
a qf = M7 +iM,Ty g2 — M2* 4+ M2T,

for v* — p — 27 and the similar expression with replacement M,,T", — M, T,
for v* — w — 3w case. All these factors were not included in calculations of
spectra given above.



Charge-odd effects in two-pion production in proton fragmentation region
provide besides the possibility to measure the deviation from point-pion approx-
imation used above. Really, the subprocess of two charged pions production at
two-photon collisions for the case when one of them is real and another is virtual

Y(q) +7*(g2) = 7(q-) + m(qy) (26)
can be described in terms of three kinematical singularities free amplitudes [4]:
Ty ™ = a1l + az L) + as L), @7
Ly = (492)9p0 — 4204,

L) = —(902)QpQ0 + (4Q)(020Qp — 4 Q0) + (4Q)*Gpor-
L) = (4Q) (43900 — @20020) + Qo ((442)42p — 4305,

with @ = (¢+ — g—)/2. All three tensor structures are gauge-invariant

LWq¢” =LGgs =0. (28)

The case of point-like pions corresponds to the choice

1 . 1
o) = — X X2, o =0, (29)

X XS X— X+ T oxgx-

where 2¢Q) = x4+ — X—, 992 = X+ + X—, X+ = qq+. We note that in charge-odd
experimental set-up differential cross section contains the linear combination of
amplitudes.

Photon—proton deep inelastic interaction (see Sec.3) can be considered as an
alternative to deep inelastic Compton scattering (see Fig.3, a,b) where as well
three-current correlator H,,, » can be measured [6].

%X
p P
a b

Fig. 3. DVCS alternative to yp DIS from Fig.2



APPENDIX A
SUDAKOV’S PARAMETRIZATION

For light lepton—proton scattering e(p1) + p(p) — e(p}) + q¢(g—) + G(g+) +
-+« + p(p’) in high-energy limit (keeping in mind the experimental requirement
of detecting the final state particles, i.e., we must imply the polar angles between
their 3-momenta and the beam axes to be sufficiently large) we can consider the
leptons (e*, u®) as well as pions 7770 to be massless. Errors caused by this
assumptions is of the order

2 2
My m2 si
O((ﬁ) oy s)» (A1)

with m,, M — masses of pion and proton; s; — invariant mass square of
produced particles (excluding the scattered electron), s = 2pp; >> s; ~ M2,

Introducing the light-like 4-vector p = p — p1(M?/s) we use the standard
Sudakov parametrization of 4-momenta of problem

qi = zip + Bip1 + qiL, aip1 =arp=0, P =pi =0,

P =A0p+ B +0,  F=dq=-77 p=p+—n,

g=p1— Py =agb+ Bep1 +q.. (A2)

We imply §; to be two-dimensional vectors situated in the plane transversal to
the initial electron direction of motion (chosen as z-axis direction).

Putting on the mass-shell conditions ¢7 = 0, (p’)? = M2, permits to exclude
the «small» coefficients (;:

-2 = \2 2
i D)+ M
p=f g BT

A3
sT; sA (A3)

Both light-cone components of transfer momentum ¢ (a4, G4) are small (of the
order of s1/s), so we have ¢ ~ —7' 2. The conservation law reads as

g+p=qy +q-+...+p,
l=ay+a_+...+A,
(=q+q-+...+7,
M2
ﬂq+_:ﬂ++ﬂ—+~-~+ﬂp-
S

In the center of mass of initial particles the quantities x; are the fractions of
energy of the initial proton. Scattering angles of the set of particles, moving
2|Gi|

along initial proton direction of motion 6;, are small quantities 6; =

10



Special attention must be paid for describing the processes in the laboratory
frame with resting proton. In this frame the light-like 4-vectors are

M
p= 7(1,—1,0,0), p1 = E(1,1,0,0), s=2ME. (A4)
. . M P
Energies of pions are F; = > + 5 and the energy of the scattered proton
T

AM  (p)* + M?

is B/ = 5 . The scattering angles of the pions and recoil proton
are the quantities of the order of unity*:
sinf; = 72%]\/[@‘
M 202 + q,%°
2MA|p
tan = 7

(77)? + M2(1 - A%)

We put here the expressions of kinematical invariants entering R; in terms
of the Sudakov’s variables:

di = qr — ¢ —m? = =77 + 20.0 — s174,
— 2 A
= A A
2qwqo = 204 + =— — ==[(7)? + AM?),
T+ A
2¢1q = =24+ + 517+,
= = 2
q-Ty — qra—
2q4q = M’
T_T4
= = 2
o — X
2440 = (Gxzo — GoT+)
T+ To
1 - _
¢ =—x(0)+AM?], A=1-A,
0= (94 @) =-G%+ a3 + 237 + s1A. (A5)
The quantity s; for my,7_p’ jet has the form
=2 22 2
= + M R
=M+ P T i g+ (A6)
Ty T A
and for my,m_, mop’ jet is
-2 2 2 2 2
= + M- o .
P Vg (I =G 47 +a@+P. (A7)
Ty 0 A

*The relations of that type were first obtained by Benaksas and Morrison (see [5] and references
therein).
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The simplified expressions for vertex functions Vf’ Vi, I3, 11, (the lowest
order of |g] expression) are

2pq Yud1D1 | D1GL7y, L LS
VP = £ + Lo P=qr 4o
g2 A 5510 5510 P=80+ T4
247 D1y MmaLpr . .
V' = — Y+ - ;o TEITqr —Tyq,
ST0T+T— S12T— S1T4
1 (27 q 2q,.q
13=—< 2q1+ — g2, + 29— — g2, +2q; |,
510 \ S10T— S10%+
v v
v 1 qy q_
II" = = | pp1vq1q2 — P1Vq1qgo — P14Lq—qo — P1419+90 | —
S q+4q2 q—q2

1 [qrq qq
— |:LVQ2Q—QO + —vq2q4+qo |,
S10 L9+4 q-9

with s1¢9 = 81((7: 0)
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