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Bethe-Heitler process in polarized photon-nucleon interactions
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We calculate the Bethe-Heitler cross section for the production of lepton pairs in the field of a longitudinally
polarized nucleon, taking into account the lepton masses and the target mass. This process is a dominant
background to the detection of open charm from semileptonic decay modes, which is a potential probe of the
polarized gluon distribution in the nucleof$0556-282(197)06221-9

PACS numbgs): 13.60-r, 13.40—f, 13.85.Qk, 13.88te

The knowledge on the spin structure of the nucleon hagg—cc. Such a measurement at fixed target energies has

improved considerably over the past few years. More preciseriginally been suggested in the literature[it0] and was
measurements of the spin asymmetnA,;(x,Q?) further studied in[11]. The charm production induced by
=0,(x,Q%/F1(x,Q% in longitudinally polarized deep- partons in the photorithe “resolved” subprocess, where
inelastic scatterindDIS) of leptons off proton, deuterium, also the yet experimentally unknown polarized parton distri-
and neutron targefd] yielded valuable information on spin butions of the photon enteis moreover shown to be negli-
sum rules and on the polarized valence quark distributionggibly small at the energies available at fixed target experi-
On the theoretical side, it has become possible to perform ments (\/S_y,\,s 20 GeV) for realistic scenarios of the
consistent analysis of polarized DIS in next-to-leading ordephotonic parton densitigd 2].
(NLO), since the required spin-dependent two-loop splitting The charmed events can either be detected via their had-
functions have been calculated recer@y. Nevertheless, all yonic  D-meson  decays [DO—K 7" D" HDO%7
NLO analyses[3,4] have _d_emonstrated that the avalllabIeH(K—W+)7T;roft' ..], which allow for an efficient back-
data sets are still not sufficient for an accurate extraction ?_%Lound rejection provided a sufficiently good particle identi-
the spin-dependent sea quark and gluon densities of t

M~ ; ; X ation and energy resolution, or from the observation of
nucleon. This is true in particular for the detailedhape of decay muons. The hadroniz-meson decay channels were
the spin-dependent gluon distribution, even though a ten '

) " 2 used in the recent H1 and ZEUS measuremgisand will
dency towards a sizable positive total gluon polarization wag, employed also in the upcoming COMPASS experiment

found[3,4]. The spin-dependent gluon distribution enters the[8]_ The proposed SLAC experimel@] will use the muonic
polarized structure functions at leading orde©) only in- decay channels, which were first used in the measurements
directly via theQ? dependence ofj;, which could not be of charm photop;roduction by EM{14].

stuo!ied accurately until2 now due to the .rather limited kine- Obviously, a good understanding of possible background
matical coverage inx,Q?) of the present fixed target experi- ,rqcesses yielding charged lepton final states is essential in
ments[1]. Moreover, a direct extraction of the gluon distri- o |atter case. The calculation of asymmetries induced by
bution from scaling violations of the polarized structure 5o of the most important background processes, the photo-

functions is more involved than in the unpolarized case, as goqyction of charged leptons with circularly polarized pho-
complicated interplay of quark and gluon contributions to the;y o and longitudinally polarized nucleons via the Bethe-

scaling violationg 5] is taking place even at low valuesf  aitjer (BH) mechanism[15] depicted in Fig. 1 is the

Clearly, the determination of the polarized gluon distributionpurpose of this paper. There is, in principle, another source

@s one of 'ghe most interesting challenges for future spin physg¢ charged leptons in photon-hadron interacti¢s]: the

ICs experiments. . Drell-Yan (DY) process, where the incoming quasireal pho-
_Recently much effort was devoted to examining the feayy, can either resolve into its hadronic contétresolved”

sibility of such measurements at future polarizeg [BNL process or can act as an elementary partiéfeirect” pro-

Relativistic Heavy lon CollidetRHIC) [6]] andep colliders,  cesy. For the energies available at the proposed SLAC ex-

one conceivable option for a future upgrade of the DESY eriment E.<50 Ge\ks /S..<10 GeV). the contribution
collider HERA, which is currently under discussipf]. An P € N ),

alternative measurement could be possible at the recently

approved COMPASS experimef@] at CERN or at the pro- y(k) Fp) (k) I"(ps)
posed E156 experimef®] at SLAC. The key process stud-

ied in these latter fixed target experiments is the production v () I"Cp+) v (q) Fcp)
of charmed particles, as the cross-section asymmetry for  P(») X (p,) p(p) X(p)

open charm photoproductiao ™ —¢¢%/g™N=ccX provides
a clear tool to access the spin-dependent gluon distribution FIG. 1. Feynman diagrams for the photoproduction of leptons
due to the dominance of the photon-gluon fusion subprocessda the Bethe-Heitler process.
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from the DY mechanism is, however, expected to be onlylepton-antilepton pair, which is put on shell by interacting
marginal compared to the BH process as can be inferredith the target nucleon, which is not necessarily left intact
from corresponding analyses in the unpolarized dd€8. (Fig. 1. The interaction with the nucleon is described by the
Moreover, there is also experimental indication that leptorsame structure functions appearing in lepton-nucleon scatter-
pairs in unpolarized photon-nucleon collisions are producedhg. The unpolarized cross sectidir for this process was
predominantly by the BH process. The NA14 experimentoriginally calculated long ago by Drell and Walecka[ 9]
which has studied the photoproduction &fys particles at and rederived by Kim and Ts&20,21], whose notation we
E,~90 GeV, has foundi17] that the lepton pair continuum will adopt in the following. Moreover, polarization asymme-
below the J/¢ resonance is well described by the Bethe-tries in the Bethe-Heitler process with circularly polarized
Heitler process only. photons onto an unpolarized target due to electroweak inter-
Apart from being a background process to the detection oference or due to external fields have been derive@h.
open charm, the polarized BH cross section is interesting in We consider the production of charged lepton p&ivish
itself as a probe of the polarized structure functignsand lepton massm) in the collision of a photon beam off a
g,. The momenta of the two muons allow for a completenucleon targelN of massm; and spin directior5®:
reconstruction of the kinematics and hence for a measure-

ment in any desired kinematic regigdeep inelastic, reso- y(K)+N(p)—1"(p)+17(p)+X(py).
nance, elastic This could be in particular relevant for a mea- o _ _
surement ofy; in the region of lowx and lowQ?, where the The hadronic final statX has an invariant mass; and

SLAC electroproduction experiments suffered from large pi-the four-momentum transfer to the target is denotedyBy

onic backgroundfl8]. However, more detailed studies using = pf— p{=k*—p*—p? with —g?=Q?>0.

the formulas derived below will have to be carried out to test The hadronic tensor is defined in terms of two spin-

the feasibility of such a measurement. independent structure functiok, , and two spin-dependent
The Bethe-Heitler process in the field of a nucleon can benes,G; ,, appearing in the symmetric and antisymmetric

viewed as the fluctuation of a real photon into an off-shellpart of W*”, respectively:

1
WHY =——— E (pi,S|I*#(0)|F)(f|3"(0)|p; ,S)(2m)*8%(q+ p; — ps)

4mm;e
a“q” 1 Pi-d Pi-d
=—| gHtV— 2y | pt— " v T gV 2
(9 7 )Wl(V,q )+mi2 (p| % q )(p, % q )Wz(V,q )
b L g, l ] 611 0D+ Pl Gy(1,7) |~ gt G ®
m|2 p| Yo ’ m|2 ’ m|2 io ’ ’
wherev=p;-qg/m;.
We define the longitudinally polarized and unpolarized cross sections in the usual way via
1 - — [ 1 — —
dAO’EE(dUC—dU:), dO'EE(d0'<:+da':) (2

(the arrows denote the spin directions of beam and tagyeth that the measurable cross section asymmetry becomes

daz—do'; dAo
= — = = —_— (3)
do=+do~ do

We present our results in the experimentally relevant target rest frame and denote the energy of the photon in this frame by
K and the energies of the lepton and antileptorEbgndE , , respectively. The polarized BH cross section finally reads

m d¥pddp, 1
4k-p) E E, 257 5q

dAo=e® 7 Lo, Wa”, (4

where the contraction of the antisymmetric parts of the leptonic and hadronic tensors(i) Bogiven by

2

m.
— 7 L Wi"=Gy(q?,mf

H,

(P+- k)? (p+ k)

+C1+Dy(ps-K) +Eq(ps-k)?

+_qu( 2 m?) + +Cp+Dy(ps-K) |,
:
mi 2 q f (p+ )2 (p+ k) 2 2 er

©)
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with energies in this special frame are denoted by a subssript
The angle betweeR; and thez axis is denoted by, the
) ) angle betweem , ¢ and thez axis by® , . The projection of
H.o=— mZ{qunL(k' D)A + (k-p)* (k-p)q } B s onto thexy plane and the axis forms the angle. The
1 K 2m; |’ chosen frame has the advantage that the integration @ver
can be straightforwardly carried out analytically, following
closely the unpolarized calculation of Kim and T§20,21],

2 4

(k-p)? ) ) q Kq where more details can be found.
By1= K + K (9°—2m%) - 2_rni+A (k-p)+ 2(k-p) By defining an auxiliary vector
2
2 - - - 2 A O a a a o
+q 2_m| (E K)} m<A, U =p++pf:k +p—p?,
with
1 1 2
Ci=rg [(k-p)—2m?]+ =~ | (q2-m?)| A= 51
K (k-p) 2m, —
U=U%= Jm?+m?+2m(K—E)—2(k-p)
1
+EQ? |~ ——— Kg®m?,
a } (k-p) am in the target rest frame, all particle energies, momenta, and
angles in the special frame can be expressed in terms of the
S 1 X 1 [1 oy ea o } observables as follows:
m2 2 S—T,
+ —2 q__A L
(k-p)= [ 2m;
U2+ m?—m?
1 m2 Ees™ 30 ’
E]_: 1—
K(k-p) [ (k-p)}
_ 2 _ 2
H,=m2(k-p), Pra” VLTI
2 2 m 2 2 2
LGS L. il I pis=15 VK*+E?—m’+2[(k-p)—KE],
277K om | M T2
—m?2
@ A 1 [, s=(k'p)+LT‘E T
C2=omK K T kp {m _?}’
D.— 1 m2 E 6 co® :Ks_Es+(k'p)
27 (k-p) | (k-p) K| © T pis KsPis ’
where we have introducetl=(mZ—m?)/(2m;). 1 ’
Finally, we calculate the cross section where only one of  co®d, = a_ m?+(k-p)+E, (Ks—Eg)|.
the leptons, say the (p), is observed by integrating over P+sPis | 2

d3p, in Eq. (4). This integration is most conveniently per-
formed in the frame wherB—j is at rest and both the vec- The cross sectiori4) for detecting only the leptoh™(p)
torsk andp lie in the xz plane[21]. Vectors, momenta, and finally reads {=—q?)

3W?2—Y?
2

7o J(Ufm)zd 2ftmaxdt D G md) Hy o 4By Gyt DKW EAK?
dep_ 27Tm|2 2 m; ¢ KEUq4pis l(q !mf) 1Y3K§ 1YKS 1 1Ns 1Ns

m; min

q° ) o W 1
+EG2(Q ,mg) H2Y3_K§+Bzm+cz+DszW , (7)
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where we have introduced with u representing the magnetic moment of the nucleon,
these form factors yield good agreement with the experimen-
tal data on longitudinally polarized elastic electron-proton
scattering 24].

The formulas(4) and(7) derived above enable, in combi-
nation with Eqs(2.1) and(2.7) of [21], a complete calcula-
tion of the Bethe-Heitler cross section with twone ob-

M= — 2m2+ 2(k- p) + 2E o Ks— E¢) + 2P oPis - served leptons in polarized photon-nucleon collisions,
including all effects of lepton and target masses. They are in

For completeness, it should be mentioned that the deeplg form similar to the unpolarized cross secti$¢@6,21] and
inelastic limit of the form factors, and G, appearing in  can be readily implemented into Monte Carlo simulations of
Egs.(1), (5), and(7) is related to the commonly used polar- lepton production in photon-nucleon collisions, relevant for

W=E,;—p,sco0P . coPH,,

Y= \m?sirf®,+ (p, oM , —E, oD ,)?.

The integration limitst i, max in EQ. (7) are given by

ized structure functiong; andg, by realistic background estimates to the detection of open
charm—and hence to a measurement of the polarized gluon
LA o [V 2G . ) distribution[9].
m, 1(1,09=0:(x,Q%, m; 2(7,0%)=02(x, Q7). Moreover, the Bethe-Heitler cross section with two de-

(8)  tected leptons can in principle be used for a measurement of
) ] o the polarized structure functiorts; and g, in any desired
Finally, the elastic contribution to these form factors, rel-kinematics. The feasibility of such a measurement is still to
evant in particular for the calculation of the single leptonpe gemonstrated, and the formulas derived in this paper can

inclusive cross sectiofv), can be expressed §23] be used to test the sensitivity of the polarized Bethe-Heitler

| Gu(q?) % process oln kt_he polarized structure functions for realistic ex-
ey g2)= — = 2y 4 21m: + _) perimental kinematics.

Grv.a) 2(1+1) [Gela®)+ 7Gu (™) 1m; | v 2m;/, In summary, we have presented a complete calculation of

(99  the Bethe-Heitler photoproduction of lepton pairs in the field

Gy (0?) 2 of a longitudinally polarized nucleon and given analytic ex-
GS'(v,q2)= owla) [Ge(9?)—Gu(gD)Im; 8| v+ q_) pressions, including all lepton and target mass terms, for the
4(1+7) 2m pair production and the single lepton inclusive cross sections.

with 7= —q2/(4mi2) and Gg  being the elastic nucleon We are grateful to P. Bosted for drawing our attention to
form factors. Using the dipole parametrizatidi] the relevance of the polarized Bethe-Heitler process and for
1 numerous helpful discussions. The work of M.S. has been

2 _ 212 2 supported in part by the “Bundesministeriumr fBildung,
Ge(@)= " Gu(q%)=[1-0%/(0.71 GeV)] %, Wissenschaft, Forschung und Technologie,” Bonn.
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