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Deep-inelastic scattering (DIS) of unpolarized electron by tensor-
polarized deuteron with tagged collinear photon, radiated from
the initial electron, is considered. The cross section is derived in
the Born approximation. The model-independent QED corrections
to the Born cross section are also calculated using an approach
based on the account of all essential Feynman diagrams.

Introduction

One of the main objectives of the HERA experiments
is the determination of both spin-independent and spin-
dependent structure functions of the proton and neutron
over a broad range of kinematical variables. For the
solution of some problems (for example, the separation
of the F and F5 structure functions), it is necessary
to measure the DIS cross section at different cms
energies. However, running of the collider at reduced
beam energies increases some systematic errors, (e.g.,
luminosity uncertainties), in the experimental analysis
[1]. To solve this problem, it was suggested [2] to
use radiative events. This method was already used in
a measurement, of the structure function Fy [3]. The
photon detector (PD) necessary for the detection of the
hard photon was a part of the luminosity monitoring
system of the H1 and ZEUS experiments. PD was placed
in the very forward direction of the incoming electron
beam.

The feasibility of using tagged photons at high
luminosity electron-positron storage rings, like the ¢-
factory DAPHNE or at B-factories, to measure opaq
has been proposed and studied in detail [4]. Preliminary
experimental results using this method have been
presented recently by the KLOE [5] and BaBar [6]
Collaborations. Photon radiation from the initial eTe™-
state, in the events with missing energy, has been
successfully used at LEP for the measurement of the
number of light neutrinos and for search for the new
physics signals.
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Polarized deuterons and nuclei of 3He are used
to extract information on the neutron spin-dependent
structure function gi(x) [7]. However, the polarized
deuteron is of interest in its own right, because it has spin
one. Therefore, other spin-dependent structure functions
(as compared with one-half spin particles) appear [8].
The 15 GeV ELF'E project provides a good opportunity
for the measurement of some hadron tensor structure
functions, which could give clues to physics of non-
nucleonic components in spin-one nuclei and study the
tensor structure on the quark-gluon level [9]. The use
of the tensor polarized deuteron target at HERMES
allows one to investigate the nuclear binding effects and
nuclear gluon components [10].

The spin-independent part of the DIS cross section
with tagged photon has been investigated recently in
detail [11]. The spin-dependent part (caused by the
polarized spin—% target and longitudinally polarized
electron beam) of this cross section that is described by
means of the nucleon structure functions g; and go was
considered in [12]. Now we consider the spin-dependent
part of the tagged-photon DIS of an unpolarized electron
beam by a tensor-polarized deuteron target

e (p1) +d(p) — e (p2) + (k) + X. (1)

We suggest, as in [11], that the hard photon is emitted
very closely to the direction of the incoming electron
beam (6, = ﬁ{ < By, 09 < 1), and PD measures
the energy of all photons inside the narrow cone
with the opening angle 26y around the electron beam.
Simultaneously, the scattered-electron 3-momentum is
also measured.

1. Born Approximation

The hadronic tensor of process (1) is parametrized in
terms of the tensor structure functions b;(i = 1 — 4)
[8]. As the opening angle of the forward PD is very
small, and we consider only the cross section where
the tagged photon is integrated over the solid angle
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covered by PD, we can apply the quasi-real electron
method [13] and parametrize these radiative events using
the standard Bjorken variables =z = Q2/2p(p1 — p2),
y = 2p(p1 —p2)/V, V = 2pp1, and the energy fraction of
the electron after the initial-state radiation of a collinear
photon z = 2p(p1 — k)/V = (1 —w)/e1, where €1 is the
initial-electron energy and w is the energy deposited in
PD.

An alternative set of the kinematic variables, that
is specially adapted to the case of the collinear-photon
radiation, is given by the shifted Bjorken variables [2]:
Q* = —(pp —p2— k), 2 = Q*/2p(pr —p2 — k), § =
2p(p1 —p2 —k)/2p(p1 — k), V = 2p(p1 — k). The relation
between the shifted and standard Bjorken variables
reads Q% = 2Q% 2 = 2yz/(z+y—1), 9= (z+y—1)/z,
V = zV. At fixed values of z and y, the lower limit
of z can be derived from the constraint on the shifted
variable : £ <1 — 2> (1 —y)/(1 — zy).

In the Born approximation, we use the following
determination of the DIS cross section of process (1) in
terms of the contraction of the leptonic and hadronic
tensors (further, we will be interested in the spin-
dependent part of the cross section only)

do 4ma®(Q?)

= _ LB H,, , 2
§dzd) ot ' 2)

nv

where a(@Q) is the running electromagnetic coupling
constant that takes into account the effects of the
vacuum polarization, and the Born leptonic current
tensor in the considered case reads [14]

3
B« &k o
LW =12 o o [ng,uu + Biip1upiv+
+BaaPayubav) (3)

where ) covers the solid angle of PD. The hadronic
tensor is determined by the standard way [15]. The
quantities By, Bii, and Baa, for the case of the
initial-state collinear radiation, were calculated in [16].
The trivial integration of (3) over the collinear-photon
angular variables gives, in accordance with the quasi-real
electron approximation [13],

(6% - ~ ~
Lfy = —P(2, Lo)d2(— Q%G + 42P1,P1,,),

47
202
_ . €16
LO—IHW, (4)
P, Lo) 1—|—22L 2z
z,Lg) = 1_ 2 0 1727

where m is the electron mass.
To write the hadron tensor, we define first the
deuteron spin-density matrix

Pub [
Puv = _g (g;u/ - ]I\};) - meuupasppa + QHV?

Q;w = Quuv Q,u,u =0, p/_LQ;w =0,

where s, is the 4-vector of the deuteron vector
polarization, which satisfies the following conditions:
s2 = —1,sp = 0; Qu is the deuteron quadrupole-
polarization tensor.

The corresponding hadron tensor has polarization-
independent and polarization-dependent parts
H,, = gw 4 )

uv J7I 20
HY = = WG + WaM Py

- Quly . Ppq
Guv = Guv — q—2 yPu = Pp — q_2qM )

- aBy . _
H;(g:) = aB1gu + pq2pppy+

2

M M2 -
+7B e} ~1, va + ~l/ o) —B A7)
a2 2 (PuQsa + PvQjia) o 1Q,

M?
= WQ&ﬁQaqﬁ- (5)

The structure functions W; and B; depend on two
independent invariant variables: ¢ and &. We used the
following notation on the right side of Eq. (5):

qvq
Q;u? = QMV - %Qua ) QM17QV =0,

e qvq 9.4
Qm/ = Q;w + %QQQQQQQ - ;2(1 Qua - ZQQ Qua )

QMVQV =0. (6)

The structure functions B; are related to the
structure functions b;, introduced in [8], in the following
way': Bl = —bl, B2 = b2/3 + b3 + b4, Bg = b2/6 — 174/27
By =by/3 — bs.

In our problem, it is convenient to parametrize the
polarization state of the deuteron target in terms of the
4-momenta of the particles participating in the reaction
under consideration. Therefore, first, we have to find the
set of axes and write them in covariant form in terms
of 4-momenta. If we choose the longitudinal direction 1
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along the electron beam and the transverse one t in the
plane (p1, p2) normally to 1, then

S(l) — 27—p1u — Pu

I M ?
S(t) — b2y — (1 Yy 2Iy7—)plu — TYPu
12 d 5
n 2€1ApoPAP1pP20 M?
S = TR T = S @

where d = \/Vayb, b = 1 — y — xy7. The set of the 4-
vectors Sff’tm has the following properties: S,(f‘)S,(Lﬂ ) =
—6ap; S,(f‘)p# =0, a,8 = [,t,n. In the deuteron rest
frame, we have

l n
S[(L) - (0,1), S/St) = (Oat)a S/S ) = (O,Il) ’

nz — (n1n2)n1

121117 t=

)
1-— (n1n2)2
n; X ng P12

; M2 = ——.
|p1,2|

)

1-— (n1n2)2

If to add one more 4-vector S,SO) = pu/M to the set
(7), we receive the complete set of orthogonal 4-vectors
with the following properties:

S/(]n)sl(/'rn) = G S}(;rn)s/(}{n) = Gmn,
m,n=0,1,t,n. (8)

This allows us to express the deuteron quadrupole-
polarization tensor in general case as follows

QNV = S;(Lm)SISn)Rm,n = Sp(ba)S£ﬁ)R<¥/3’
Raﬁ = Rﬂaa Raa =0 (9)

because the components Ryg, Ron, and R,o are
identically equal to zero due to the condition Q,.p, = 0.

Using the expressions for the leptonic (4) and
hadronic (5) tensors and parametrization (9), we derive
the spin-dependent part of the cross section of process
(1) in the following form:

do 2ra2(Q?) « 5
Gdjd: g0 27TP(ZaLO)[SllRll+

+Stt(Rtt — Rpn) + Sltth]7

(10)
where

Su = Vi([2abt — §(1 + 227)%)G+
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+2b(1 + 327)Bs + (b — a)Ba),
S = 2V &9b7[29(1 + 227) G+

+(2 — § — 4b)Bs + B4, Sie = 2¢°b7(G + By),

. b .
G=i&gB1— =By, b=1-9—a,
y
M? -
F=—r, a=ajf, V=2V
|4

2. QED Corrections

We restrict ourselves to the model-independent QED
radiative corrections (RC) related to the radiation of
the real and virtual photons by leptons. The remaining
sources of RC in the same order of perturbation
theory, such as virtual corrections with the double
photon exchange mechanism and bremsstrahlung off the
deuteron and partons, are more involved and model-
dependent. They are not considered here. Our approach
to the calculation of RC is based on the account of all
essential Feynman diagrams that describe process (1)
in framework of the used approximation. To get rid
of cumbersome expressions, we will retain the terms
in RC that are accompanied at least by one power
of large logarithms. In our case, three different types
of such logarithms appear: Lo, Lo = In(Q?/m?), and
Ly = In(62/4). Besides, in the chosen approximation,
we neglect the terms of the order of 6%, m?/e%63, and
m?/Q? in the cross section.

To calculate the contribution of the virtual- and soft-
photon emission, we use the expression for the one-
loop corrected Compton tensor with a heavy photon
[16]. Then it is necessary to account for the hard
collinear initial-state radiation which is considered here.
The obtained expression contains the fictitious photon
mass (introduced for the regularization of the infrared
divergence). In order to eliminate it, we have to add the
contribution due to additional soft-photon emission with
the energy less than Aey, A <« 1 [17] (for details, see
[16]). Using this, we derive the contribution due to the
emission of virtual and soft photons to the Born cross
section (10) as

d0V+S a2

Gidgdz ~ a2 PP o) = T1%(, 9, Q%),
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_ 2ra? (QQ)
§Q*

+Stt(Rtt — Rpn) + Sltth]a

(&, 7,Q%) [SuRu+

(11)

AQ
ﬁ:2(LQ—1)1n?+3LQ—|—3lnz—ln2Y—

29 0
—%—§+2Li2(COSQ 5),
_ 1+ 22
12z

T

Lo[2LgInz —Inz(Lo +21In(1 — 2))+

4z 2—(1-2)2

+1n? 2 — 2Liy(1 — 2)] — Lolnz—

1—=2

z

€ . dz
Yzi, ng(z):—/?ln(l—x),
0

where €2 is the scattered-electron energy and 6 is the
electron scattering angle (6 = p1p2)-

Let us consider the emission of an additional hard
photon (radiated at arbitrary angle) with 4-momentum
k and the energy more than Aegy

e (p) +d(p) — e (p2) + (k) + (k) + X(po).  (12)

To calculate the contribution due to the real hard
bremsstrahlung, which corresponds in our case to double
hard photon emission, with at least one photon seen in
the forward PD, we divide the phase space of additional
hard photon into three kinematical regions (for details,
see [12]). Below we use the notation of this paper.

The contribution from kinematic region i), when
both hard photons hit PD and every one has the energy
more than Aeq, can be written as follows:

i)
doyy [ a2 1 Ao~ A2
s = (57) TolgLoA+ BIZ(..@%),  (13)
1422 1—2
A=4 In —— 1 | —2(1 —
I (2 ms - 2(1 - 2),
B 3+22 1+2)?% 1-2

In the case of kinematic region i), there are two
possibilities for the experimental setup depending on the
detection method for the scattered electron and the hard
photon that is collinear to it: exclusive and calorimetric
ones.
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For the exclusive event selection, when only the
scattered electron is detected, while the hard photon,
that is emitted almost collinear to it (i.e. within
the opening angle 26] around the momentum of the
scattered electron), goes unnoticed or is not taken into
account in the determination of the kinematic variables,
we have, in accordance with [13],

do—i/Q/EXCI a2 Y1 max dyl

—  — = _P(z. L -

gdjdidz — An? (2 Lo) ys(1+y1) 8
AY

U (Z - 1) +y1:|2(wsvysaQ3) )

where y; = @/e9. The expressions for the quantities L,
Ts, Ys, Q2, and Y1maex can be founed in Ref. [12]. Here
the parameter 6, is pure auxiliary and escapes the final
result when the contribution of region #i) will be added.

From the experimental point of view, the calorimeter
event selection is more realistic. Here the hard photon
and the electron cannot be distinguished inside a
narrow cone with the opening angle 26] along the
outgoing-electron momentum direction. Therefore, only
the sum of the hard photon and electron energies can
be measured if the photon belongs to this cone. In this
case, we obtain

o a? [ dy
-2 Pz L _
didgds ~ 1zl (1o / Aty
AJY

X [41 + (Z+ y1)2 (Z - 1) + y1:| Z(ii’,:l], @2) =

- ‘LQP(Z, Lo) [(Z - 1)(2 In §_

4
—g) + %]2(557@,@2) . (15)

Here the parameter 6, is the physical one, and the final
result depends on it (see below).

The approach of [11] allows us to extract the
leading contributions (proportional to Ilnfy and In @)
in the cross section as well as to separate the infrared
singularities. The contribution of kinematic region 4i7)
may be presented as

“7) 9 21 max
doyy  « . 2
Gaagd: ~ P I [ / tdn
A
2(1=¢) _
+(z —z1) Y Hz12(z —21)} ' In %yt tx

05
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Y1 max

S,y Q) + 9 /

AVY

dy:[1+ (1 + 1)
y1(1+y1)

2(1—-¢)
02

x In

U S (0,90, Q)| + 2} (16)

where 1 = @/e1. The expressions for the quantities x;,
Q?, yi, and 71 max can be found in [12].

The dependence on the infrared auxiliary parameter
A as well as on the angles 6y and 6, is contained in the
first two terms on the right side of Eq. (16), whereas the
quantity Z does not contain the infrared and collinear
singularities. It can be written as

1

P @4(;@;) / 1 iuug{/d@(l — ) 'x

0 2
"L'rnd
x\cz—c|_1/ﬂ[q’(c2,51)—
Ty
0
1 d armd
C2 T
wten)s [ e Fin,
(e, 1) (I—=0¢)(1=c9) ) 1
x|@(e,1) — (1,0}, (17)
where we use the following notation: é& = c_+
(cr — )1+ (1= cp)2/(l — )], cx = cep &
V1—c2—c2+c2c3, c10 = cosbia, 010 = l~<p172.
Quantity ®(cg,c1) reads
2052
B(car 1) = 29 930020201 — ) (1 — )8, (18)

q4

The upper limit of the integration z,, can be found
in [12]. The term S can be represented as follows:
S = AoQo + A1Q1 +A20Q2 + A11Q11 +A22Q22, where

Qo = Qaplalds, Qi = Qapdabip, Qi = QapPiabip,
(i =1,2) and the functions A; are the following:

1T M2,
0= =—>5(2(¢" +u" — 25t)B1+
5t (pq)Q( ( )
M? ~ -
Hﬁ((i“ + @ — 238) — dzppi (@ + 1)+

. 44>
+4ppa (i + 5) + E(ZQ(ppl)z + (pp2)?)] B2 —

—2B3[2zpp1 (@ + t) — 2ppa2 (@ + 3)]),

ISSN 0503-1265. Yxp. is. orcypn. 2002. T. 47, N 7

4 M2~2
+B,)], Ap == ~qB4,
st pq

(19)

where § = zp1 — pa — l}, U = —2zpip2, § = 21%]72,
f=—2zkpy, & = —G2/2pq, B; = Bi(&,¢?), (i =1 — 4).

If we use the set mentioned above of the four-vectors
S,(f)(i = [,t,n) we can write the coefficients Q;(i =
0,1,2,11,22) in the form

1 1
Qo = (a? — 5[)? — 56%)1%11 + 2a1by R+

1
+§(b§ — 6%)(Rtt — Rnn) + 2(1161Rln + 2b161Rtn,
Q1 = a1a2Ry + bras Ry + eras Ry,

1
Q2 = (araz — 55153)Ru + (a1bs + braz) Ry +
1
+§b1b3(Rtt — Run) + e1a3Ryy + bser Ry,
2 o 1.,
Qu = a3 Ry, Q22 = (a3 — ibg)Rll‘i’

1
+2a3b3th + §b§ (Rtt — Rnn)a

where a; = [7(@ +t) — 2pd]/Mz, ag = —V/2M, a3 =
—V(b—zyr)/2M,

1 - u+t
blz—ﬁ[%ypqﬂb—mm)u +a+3],
2
62:62:63:0, bg:*C??b7

9 1

1= 55 (—[zé + (1 — y)f)? + dayz[r5t+

+(28— (1 —y)t)pk — xyZ(pff)Q])
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3. Total RC

The total RC to the Born cross section is the sum
of the virtual and soft corrections and hard-photon
emission contribution. In the considered approximation,
it is convenient to write this RC as

RC
do a?

didgdz poo

i+ 3y) . (20)

The term X, is independent of the experimental selection
rules for the scattered electron and reads

1+ 22
1—2

1
5, = LO{—LOPQ(Q)(z) +

5 [3 Inz—

1
—511122+1112Y—2lnzlnY+

2

+2InzIn(l —z) —2In(1l — 2) — %4-

1
2Lis(1— 2) + 2L12( ;rc)]+

z
1—2

4z
In® 1
+ 0”2+ — In( )+

(1—-2)

21 —c¢)

1—16z — 22
+ : z }E(:%7 Av 2 X
90

2(1— 2) 9,Q%) + (2, Lo)jIn

uo

du _
X/Tup(l)(l —w)y; S(we, y, QF)+
0

1+ 22

+1—z

L()Z, ug = L1 max . (21)
z

Here we use the notation P(,(z)(z) for the ©-part of the
second-order electron structure function D(z,L) [12].
The quantities zy,y;, Q7 depend on u = x1/2.

The term Xy explicitly depends on the rule for
the event selection. It includes the main effect of the

scattered-electron radiation. In the case of exclusive
event selection, this contribution is

Y1 max
25 = §P(2,Lo) | dyl(Lo+InY 1)
0

PO 1 ) Y1

—1 2
) .
T + 1+yl]ys (zs,vs, Q%)

Here the parameter 6, that separates kinematic
regions 1) and i), is not physical, and we see that the
final result does not contain it. But the mass singularity,
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that is connected with the scattered-electron radiation,
exhibits itself through the Lg term.

The situation is quite different for the calorimeter
event selection. For such an experimental setup, we
derive

Y1 max
. o 2(1—¢)
cal __
29 —P(z7L0)[ylnT)2 / dyy X
1 E(ms Ys Q2) 1 S~ A
pM EA L VAR .
x (1+y1) ” +352(2,9,Q )}

For the calorimeter setup, the parameter 6, defines
the rule of the event selection and has, therefore, the
physical sense. The final result depends on it. However,
the mass singularity due to photon emission by the final
electron is cancelled in accordance with the Kinoshita-
Lee-Nauenberg theorem [18]. The absence of the mass
singularity indicates clearly that the term containing
In @, arises due to the contribution of kinematic region
i), where the scattered electron and the photon
radiated from the final-state are well separated. That
is why no question appears to determine the quantity e
that enters the expression for yi max-

Note that the correction to the usually measured
asymmetry, which is the ratio of the spin-dependent
part of the cross section to the spin-independent one,
is not large because the main factorized contribution
due to the virtual- and soft-photon emission trends to
cancellation in this case. If the experimental information
about spin observables is extracted directly from the
spin-dependent part of the cross section (for the
corresponding experimental method, see [19]) such
cancellation does not take place and the factorized
correction gives the basic contribution.

We acknowledge numerous useful discussions with
N.P.Merenkov.
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PAJITAIIIIHT TIOAIT ¥V TJIMBOKO HEMPYYXHOMY
PO3CIAHHI HETIOJIIPU30BAHOTO EJIEKTPOHA
TEH30PHO MMOJIAPN30BAHUM AENTPOHOM.
PATIATIIHI IIOIIPABKI

I. I. Tax, O. M. llezosyosa
Peszmowme

PosrnstryTo 1iimbOKO HenpyKHE pPO3CISHHS HEIOJISPH30BAHOIO
€JIEKTPOHA TEH30PHO TOJISIPU30BAHUM JIEHTPOHOM i3 MideHuM
KOJiHeapHUM (POTOHOM, IKHH BUIPOMIHIOETHCS MTOYATKOBUM €JIEK-
TporoM. [lepepisz o6uucieno y 6opuiBchkOoMy HabsvkeHH]. Takox
obuucieno MmomesnbHo HezamexkHi KE/[-monpasku g0 60pHIBCHKOrO
mepepisy 3 BUKOPHUCTAHHSAM MiAXOAY, AKUi IPYHTYETHCS HA BPAXYy-
BaHHI BCiX icTroTHEX miarpam PeiiHMaHa.

PAJTMAIIIOHHBIE

COBBITHSI B TJIYBOKO HEYIIPYT'OM
PACCESTHUT HEMOJISTPU30BAHHOTO
DJIEKTPOHA TEH30PHO MOJISIPU30BAHHBIM
JOEUTPOHOM. PAJIWAIIMOHHBLIE TIOTIPABKN

I. U. I'nz, O. H. Illexosyosa
Pezwowme

PaccmoTrpeno riy6oKo HEympyroe pacCesHHe HemOJIsIpA30BAHHO-
r'0 3JEKTPOHA TEH30PHO MOJISIPU3IOBAHHBIM JEATPOHOM C MEUEHBIM
KOJIJIMHEAPHBIM (bOTOHOM, KOTOpI:Iﬁ U3JIy9aeTCA HaYaJIbHBIM 3JICK-
TpoHoM. CedeHne BEIUYKMCIEHO B HOPHOBCKOM MpUOIMKEeHnH. TaKKe
BBIYUCJIEHBI MO/1€JIbHO He3aBucuMbie KO /I-nonpaBku Kk 60PHOBCKO-
MY CEYEHHIO C WCIOJH30BAHMEM ITOJXOAA, OCHOBAHHOTO HA ydere
BCEX CyHIeCTBEHHbIX auarpamm PDeiinmana.
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