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Abstract

Single top quark production in electron photon interactions provides
a clean environment for the measurement of the Cabibbo-Kobayashi-
Maskawa matrix element;,. Aiming an experimental precision at the
percent level the knowledge of radiative corrections is important. In this
paper we present results for the radiative corrections in quantum chromo-
dynamics.



1. Introduction

One of the fundamental unsolved problems of todays high-energy physics is the exact mech-
anism of electroweak symmetry breaking (EWSB). Due to the fact that only the top quark
couples with a Yukawa coupling of order one to the so far unobserved Higgs boson it is natu-
ral to assume that the top quark plays a special réle in the context of the EWSB. For example
in so-called dynamical symmetry breaking models the scalar Higgs field — responsible for
the spontaneous symmetry breaking in the Standard Model — is replaced by a composite
scalar operator. Such an operator could be built for example from heavy fermion fields.
Having eliminated the elementary scalar field from the theory the problem of the large mass
corrections due to quantum corrections is solved. Examples for such models are techni-
colour models (for a review see ref. [1] and references therein), top-condensate models [2],
and top-colour models$ [3] 4]. For the search of such extensions a precise understanding of
the top quark sector of the standard model is necessary.

At hadron colliders both single top quark production as well as top quark pair production
have been studied extensively in the past. The differential cross section for top quark pair
production is known to next-to-leading order (NLO) accuracy in quantum chromodynamics
(QCD) |5,6,.7/8]. In addition the resummation of logarithmic enhanced contributions has
been studied in detail in refs.|[9,/10,/11) 12, 13]. Recently also the spin correlations between
top quark and anti-top quark were calculated at NLO in QCD [14]. Due to the fact that single
top quark production provides an excellent opportunity to test the charged-current weak-
interaction of the top quark it has also attracted a lot of interest in the past. In particular
NLO corrections were studied in refs. [15,/ 16] 17} 18]. In réf.! [18] the NLO corrections
for the fully differential cross section is given keeping also the spin information of the top
guark. On the experimental side the situation is not very conclusive for the moment as far
as single top quark production is concerned. Due to limited statistics at run | of the Tevatron
collider only upper bounds were obained in réef.[[19]. In ref.] [20] the possibility to measure
the electroweak couplings in single top quark production at the LHC is studied. In particular
also the sensitivity to new physics is discussed.

As far as lepton colliders are concerned much effort has been devoted to top quark pair
production ine" e -annihilation. In particular the total cross section in the threshold region

is known at next-to-next-leading order (NNLO) in QCD. (For an overview of the theoretical
status we refer to ref. [21].) Momentuimn [22,/23] as well as anguldr([24, 25] distributions
were studied in detail. In the continuum region the total cross section for massive quarks is
known to orderis? in the coupling constant of the strong interactionl [26]. In omlgrthe
quartic mass corrections to the total cross section are also known [27]. Also less inclusive
observables have been studied in great detail. For example the spin structure of top anti-top
system is completely known at ordeg [28,[29,30[ 311, 32] and partially known at oraey

[33]. Futhermore the 3-jet results obtained for masbregpiarks [34| 35, 36, 37, 38, 39] are
also applicable to top quark physics [40].



Less attention has been devoted to single top quark production. Studies at tree level can be
found for example in refs| [41, 42, 143,144,45]. In the refs) [41, 42] special emphasis was put
on single top quark production at LEP Il. For a top quark mass arround 175 GeV the pro-
duction rates in the standard model are to small to be detectable at LEP II. This was recently
confirmed by the L3 collaboration [46]. In ref. [45] also the single top quark production in
electron photon collisions is studied. The electron photon reaction provides a clean environ-
ment for the study of single top quark production because there is no background from top
qguark pair production. As a consequence this reaction is very well suited for the measure-
ment of the weak couplings of the top quark. In particular it has been shown in ref. [45] that
using polarised beams the Cabibbo-Kobayashi-Maskawa (CKM) matrix eléfesen be
measured with an uncertainty of 1% at the [2vel. In this analysis 1Dtop quark events

were assumed which corresponds to a luminosity of 108 & an electron photon collider
operating at/s =500 GeV.

Aiming an accuracy at the percent level it is clear that the knowledge of the QCD corrections
is mandatory. This is the main purpose of the present paper. In addition we study the struc-
ture of logarithmic enhanced contributions which are related to initial state singularities. The
full dependence on thie-quark mass is kept. This allows a systematic comparison between
the structure function approach and the fixed-order calculation. Furthermore close to the
threshold effects of the finite-quark mass are important. To calculate the QCD corrections
we use theeffective W-approximatiornin theW-approximation the scattering process which
needs to be studied W'y — tb. Using thew-approximation which describes the momen-
tum distribution of th&V-boson in the electron a prediction fery — tbve can be obtained.

A more detailed discussion is given in secti¢n 5.

The outline of the paper is as follows. In sectidn 2 we discuss the kinematics and the leading
order results for the reactiohf y — th. The virtual corrections to this process are discussed

in section B. In sectiop|4 the real corrections are calculated. In particular the cancellation
of the infrared singularities is shown. In the following section we present the results for the
subreactionV*y — tb as well as for the reactioa™y — tbve. We finally close with our
conclusions in sectidn 6.

2. Kinematics and leading-order results
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Figure 2.1: Feynman diagrams "y — thin leading-order



In the following we study the reaction

W (k) +(ky) — t(k) +b(ky), (2.1)

where we treat both outgoing quarks as massive. For later use it is convenient to define
dimensionless variables. In particular we define the rescaled masses

_ny
Z = S (2.2)
and the energy fractions
X = 2(ks-h) (2.3)

with k = ky + ky ands = k2. For the reaction given in e.1) the energy fractions are fixed
completely by the kinematics:

x=1+2%z-2z, and X,=1+2z —z. (2.4)

This is no longer true when the emission of an additional gluon is considered (c.f. section
[4). The calculation of the Born matrix elements for the reacfior] (2.1) is straightforward so
we just quote the results here. The corresponding Feynman diagrams are shown ih fig. 2.1.
For theW boson we distinguish between longitudinal and transverse polarization while for
the photon we average over the incoming polarization. For partons in the final state the
polarization$ nd the colour) is summed over. In terms of the leading-order squared matrix
elements M, ’L|2 for transversely/longitudinally polarized/-bosons the differential cross
sections are given by

dOT’L N)\bt 1 TL2
= -1l 2.5
dQ 641 (1— zy)SNTL y’tgpolll% | (2.5)
wherely is defined as
Aot = A (1,2, %) (2.6)
with
AX,Y,2) = /X2 +y2+ 72 — 2xy— 2xz— 2yZ (2.7)

The number of colours is denoted bly For transversely polarized/-bosons the normal-
ization At is given byAg = 2-2. For longitudinally polarizetlV-bosons we havg| = 2.
The squared matrix element for longitudinally polarix®@ebosons is given by
Z M2 = 2K (8(Zb3_22b22t + 2022+ (3202 — Zo2 ) Z)
y,t,bPol. gz'W(l_ZW)2 (Xb—)\th)2
2a’a— 222’ +2°+ (3 —2@)z) ,  F 15
(X + Apt2)? Xp—AntZ % +AptZ
+ 122\(32 — 3% — Zu)Zw + 18N8 202 + 182,2 — 925(1+ 47) — 9z
1822 + Zyy (3622 + 1225(1 — 67) + 607 + 3622)

247 (2 — 182,24 39 — 182 + 32,(5+ 12z¢>>), (2.8)

+
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wherez denotes the cosine of the scattering angle
Z = cOsByy = — COoSByy (2.9)
in the center of mass system and the prefaktisrgiven by
K = 8V 2Mm0Gs [Vip|?ZuS. (2.10)

HereGs denotes the Fermi constant avig the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix element. The functionk, I5 are given by
I = 2(—102° - 22,%(1— 11z) + (1 + 4z — 142°) + 7 — 2%° + 27°
—22/(192° + 7%+ 420(1— 37)) + 20 (2 — T21)), (2.11)

15 = 8(zy—22,°+22,°+ (1442, — 82,z — 2(1— 52,)z° — 47°
+2w(—22,2 — 2(4— 9257 — 202%) + 2*(2o — 77)). (2.12)
The above matrix element is given in 4 dimension. In the context of the QCD corrections we

will also need the squared matrix elementd stimensions. The matrix elementdn=4— 2¢
dimensions for longitudinally polarize®/-bosons is given by

;PIM/[OI:dZZ ;Il%ﬂzﬂxz(zb—ajz‘){l—é( 2 _,_8 )} (2.13)
y,t,b Pol. y,t,b Pol.

Xp—AptZ X% +AptZ
In the derivation of the results above we used
kK" kwukyv + k" kyu m\Nzkyukyv
m? (kw - ky) (kw - ky)? )
with g (ky) being the polarization vector of the incoming longitudinally polari#étoson.
The squared matrix element for transversely polarizedosons reads:

e 2 (64ztzw(zb—zt—zw> 162020(2 — 2 + 2w)
y,t,;Pol.m‘/[O | 9ZW(1_ZW)2

el (kw)e) (kw)* = ( (2.14)

(% + Apt2)? (Xp — Apt2)?

g 2 2
62\ 1-32+32)+6 -~
Al v v v s bt<ZW( Zp+3%) + 620 (2 — 2)

+ 2°(1+3%— 32) ) — 92N Zu(1+ 2?) + 2(— 19— 4527 — 182
—  452° 4 2,(18+ 907)) + 24 *(362° — 2(12+ 722) — 60z + 362.°)
+ 2W3(—19—92b2+62t—9z¢2—zb(6—182t))> (2.15)
with
1] = 4Zw(1+142b2+22b(1—82t)—22t+22t2+22w(72b—2t)+2w2), (2.16)
17 = 162 (1+22y° — 25(2+10z) + 2z + 822 — 22u(2, — 42) +24°),  (2.17)
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where we have used

(2.18)

MY + k' kP Pk Pk,
ZsT Vet (kw)* :<—g +kW T RTlyT Mtk 2)
(k- ky) (k- ky)

for the sum over the two different transverse polarizations of¥Heoson.

For later use we also give the squared matrix element for transversely poMfibedons
in d dimensions:

4
M| = |MT|? + ek {222)\2 (14 3(z — 21))
Vt;ol yt;m bt 3
_ 1 (322b(2b+2¢—2w) 128% (20 + % — Zw)
91—z \  (X%—Ani2)? (X + Apt2)2
16
(1— 20— 522 — (14 420)z + 22 — (1— 520+ 2) 2w+ Za?)
Xo — AptZ
64
Xt+)\th

— 2(—36(z0+2) +37(1+24") — 38w+ 3(1— 2)*(2+ 3(20 — 7)) (20— 2)) )]

1 2 8
—_— 2 —_——
15 ()| @9

Performing the remalnlng integration over the scattering angle we obtain the leading-order
total cross sectlorrtot for transversely/longitudinally polarizéf-bosons:

1 aGs|Vip/°N 1 1
Ot = M| (l}Lm (+—Bb>+|}L|n< +Bt) KT-/L), (2.20)

(1= 20+ 2" — (14 20)% — 22° — (1+ 2 — 22) 2 + Z°)

W2 (1-z)® AqL 1-Bp 1-B
with
KE = 226820~ 9 + 2827 — 2(9+ 562) + (182 + 412 + 182
+20(5— 362)) — 22(—8+ 122" — 32(1+ 82) — 272+ 1227) (2.21)
KT = 4zw)\bt<— 242,24+ 625(3+ 82) — 11— 127 — 2422 — 22,(— 92,2 + 325(1 + 67)
54 15% — 922) —zW2(62bz—12zbzt+11—62t+62t2)>. (2.22)
The velocitied3;, B, of the outgoing quarks in the center-of-mass system are given by
B = H’;t—zb and PBp= sz%zt. (2.23)

Note that the relation between the cross sections for unpolarized, transversely and longitudi-
nally polarizedN-bosons is given by

o= %(20T+0'-). (2.24)
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Furthermore we note that the structure of the logarithmic terms if eq] (2.20) is universal and
can be obtained without an explicit calculation. In particular the singular contribution in the
limit my — O can be written as

_ 1
oW (k) yiky) — tBko)) ™= | " o6 M2, ) x O(W (k) D) — ()
(2.25)
wherefy (X, my?,s) can be interpreted as the bottom distribution in the photon (at sgale

a s
oy (X, Mp2,S) = EIQ%PVHCI&(X) In (W) (2.26)
with the Altarelli-ParisiP,_.qg(x) kernel [47] given by

Rqg(X) = ¥*+ (1—x)2. (2.27)

(We denote withQp the electric charge of thie-quark in units of the elementary charg¢
A more detailed discussion will be given in sectidn 5 where the so-called structure function
approach is investigated.

3. Virtual corrections

In this section we discuss the calculation of the virtual corrections. In particular we sketch
briefly a few technicalities of the calculation, discuss the ultraviolet (UV) and infrared sin-
gularities (IR), and carry out the renormalization.

We work in renormalized perturbation theory, which means that the bare quantities (fields
and couplings) are expressed in terms of renormalized quantities. By this procedure one ob-
tains two contributions: one is the original Lagrangian but now in terms of the renormalized
guantities, the second contribution are the so-called counter terms:

L(Wo,A0,mM0,00) = L(WR, AR, MR, OR) + Lct(WR, AR, MR, OR)- (3.1)

The first contribution yields the same Feynman rules as the bare Lagrangian but with the
bare quantities replaced by renormalized ones. In the following we renormalize the quark
field and the quark mass in the on-shell scheme. The conversion of the on-shell mass to the
frequently usedMS mass or to any other renormalization scheme can be performed at the
end of the calculation. In spite of the fact that the calculation presented here is a one-loop
calculation, it is still leading-order in the strong coupling constatAs a consequence the
renormalization of the coupling constant does not appear.

Whereas in théMS scheme the renormalization constants contain only UV singularities, in
the on-shell scheme they contain also infrared divergences. We use dimensional regular-
ization to treat both types of divergencies. Although at the very end all the divergences
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must cancel it is worthwhile to distinguish between UV and IR singularities so that one can
check the UV finiteness after renormalization and the cancellation of the IR singularities
independently. To start with let us discuss the contribution of the one-loop diagrams before

e T

_______ R N .
3

Figure 3.1: Virtual corrections /"y — tb

renormalization, that is the contribution fron(Wg, ..., mr,gr). The corresponding Feyn-

man diagrams are shown in fjg. B.1. The calculation of the one-loop amplitude is tedious but
straightforward. To reduce the one-loop tensor integrals to scalar one-loop integrals we used
the Passarino-Veltman reduction procedure [48]. The two one-loop box integrals are given

by

pd, — / d’ !
o i (€ —k)?((£—k —ko)? —mp?) (£ — ki —kp +ky)2 —mp2)’
DI, = D : 3.2
02 071‘ (M k) (mh ) (3:2)
All the simpler topologies follow from these integrals by dropping one, two or three propa-
gators. For example, using the standard notatioh [48] the infrared divergent triangle integral
is given by

1
cd(1,2,3) = / d’ . 3.3
o Ak —r—my) &Y
The one-point, two-point and the finite three-point integrals have been calculated in the stan-
dard way using Feynman parameterization. We have checked that our results for these inte-
grals agree with the numerical evaluation given by the FF package of G. J. van Oldenborgh



[49,/50]. Here we give only explicit results for the two IR divergent integrals. The triangle
integral is given by

2\ €
e REY123) = oorare)(YE) [fine)- 520 (o)

— %(In(wt)erln(wo)z)—Liz(wb)—Liz(wt)]+O(8)
= —T(1+¢) (4—212) %ln(p)+c_?o(l,2,3), (3.4)

with
w=— (i=t,b), (3.5)

p:\/l_zt—zb_)\bt (3.6)

To calculate the infrared divergent box integral we have used two different methods. First we
have considered a subtracted version of the integral which can be calculated in 4 dimensions
using Feynman parameterization. From this result the desired result for the box integral can
be easily obtained. The second method is based on the result given [n ref. [51]. There the
infrared singularity is regulated by a small photon m&asg his result can be converted to
dimensional regularization using the substitution [52]

and

IN(A2) - % —y+ In(4m2). (3.7)
We found agreement of the results obtained by the two methods. The final expression reads
1 2 a2\ ©
2m)*ReDY ; = M(1+e (—>
BTHTRD0L= Zr g Tz 020 9 s
1 (Xp— Z)\bt)z)\gt 2
x{—gln(p)JrIn(p)ln (T —In(x3)
X3+ ol i (02) — 2L in(— 1
+2In(1+pX3) In(xz) — 2Lio(—pxa) + Li2(p?) — 2Lia(—p/x3) + 21‘[2}, (3.8)
with
s Zn—2— 2o+ N2Zw, %, 2)
X = — _ — — +)\ , , e . 39
3 2mbm[(zw Z — 2o+ M2w, 20, 21)) \/Z\N_Zt—zb—}\(zw,zt,zb) (3.9)

In the actual calculation we have replaced the box integrdl#n4 — 2e dimensions by the
box integral in(d + 2) dimensions. This can be done by the use of the relation

1
DY, = —ETDg+2 (3.10)
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WhereDg7 is the coefficient of the metric tensgy, in the decomposition of the four-point
tensor mtegraD (cf. eq. (F.3) in ref. [[48]), which in turn can be expressed as a linear

combination of the scalar box mtegrlag and scalar triangle mtegraﬂ% i, j,k) inddimen-
sions. This procedure has the advantage that only one infrared divergent integral appears.
As a consequence the extraction of the IR divergent contribution is simplified. Very often
this procedure yields also a reduction of the algebraic complexity of the coefficients of the
scalar integrals. Usin@‘”2 instead oDOI we obtain the following result for the contribution
involving Cp(1,2,3):

SRl =%Ck (247 - 1) (2m)*ReCo(1,2,3) s > Mg (3.12)

’ IR—div. Tt vt

(In the following discussion of the structure of the singularities we restrict ourselves to the to-
tal cross section for unpolariz&®d-bosons. The singular structure of the cross section for po-
larizedW-bosons is analogous.) As mentioned above the contribution invoﬁg(ng 2,3)
is the only infrared divergent contribution as far as the generic loop diagrams are concerned.
Furthermore we note that no expansion in the dimensional regelats been performed so
far. As a consequence we observe that the rational function muItipIyir@Odt(rieZ, 3) inte-
gral is up to an additional factor the squared born matrix elemeshtimensions as it must
be. This is an important cross check of the calculation. The cancellation of the divergencies
by the real corrections is discussed in detail in segtjon 4.

Let us now switch to the UV divergent contribution which is generated by the scalar one-
and two-point integrals. Defining the finite pa&sB of these integrals by

2
@Am) = r(e) (b

)8m2+Z\<m>,

2\ €
@AMy = {T(4e) (o) m A,

1 a2 \*®
2m)%By = —M(l+¢ ( ) +Bo, 3.12
(2r)=Bo -M(1+¢) — 0 (3.12)

the UV divergent contribution before renormalization reads:

A2 Qs am\®1
6‘ l,d| ’UV*diV. = Z_[r(l—f—s)CF P E|%|

mMmy
Os a2\ * 1
— 3—=I(1+¢)C -F 3.13
eraece (mh ) Fawma),  (313)

with

K
F(Zw,2,2%) :_(Z)\bt<zb—22t>+ (2202(14 2w?) — Z(1 — 52y — 6242

32y 2(1—2zy)zy
+ 62(1422) — 22 (1— 52w — 620 — 22 (1+ 2/2)))
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+ L H v 4 }64Z\N(Zb2—zb(22t—zw)+zt2
3(1—zw)%2w | | (o —Aet2)® (% +Ap2)®

8zyzyy
9z 2)y_ T
T AR 2) TG T o

- 7zN+24aN2+22t(5—7aN))+(1—zt)(22t2—22w(1+zw)—zt(1—3zw))}
3222y
(% + Apt2)?

— 422~ 237~ 2) + &(1— Taw+ 1220) + 22a(1+ 20) |

- <)(t+—2)\btz>{8zb42\/v—122b3(1_zw)zw—22b2(82t22w—2t(3_182W+312W2)
—  225(1— 22y — 524°)) — 2o(4(1— 52w) 2" + 42°(3 — 272w+ 162,°)

+ z(3- 212y + 412, + 252,°)) + 2 (8232w + 62°(1 — 102y + 924°)

+ 42(2+ 32w — 620 + 52,°) — 32 (1 — 32+ 192,° — 9zw3))}

{102 + 22(7 - 222 + 52u) — 2o(1 - 142

{22b3 — 2,2(3+ 8% — 32w) + Zo(1 + 1022 — 52y — 224> + 22 (5 — 424))

— 16+ 276 722+ 66a,D) — 27(3 21y + 3262 + 812,
(Xo — Apt2)

— 152, +4z(3— 302w+ 1124%)) + 25(2%(6 — 242y + 822%) + 42w(1+ 32w + 420°)
— 7(3— 212y + 732° +412,°)) — 8(1— 2)22(22° + 2y — 524 — 21 (1 — 32\/\/))}} )

The UV singularities must be canceled by the renormalization procedure. For the renormal-
ization we need only to consider the wave function renormalizafipof the quark fields

and the renormalization of the mass parameters. As mentioned earlier the top quark mass
and the bottom mass are renormalized in the on-shell scheme. The generic counter term for
a quark flavourf is given by

x = i(Z(F) — DK — (Z8(F) ~ Dmey)
— IBZE() (K — Mon) +1(8Z(F) — BZ3(F) Mo, (3.14)

with

Zyo(f) =1+ 02y (f). (3.15)
The first term in eq.[(3.14) gives simply the corresponding born diagram multiplied by
—0Zy). This contribution itself is not gauge independent, it is canceled by a similar con-

tribution from theytt andybb counter terms. In addition to the mass counter term we have to
consider the counter terms which corresponds to the vertex corrections. These counter terms
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amount to an additional factor multiplying the born amplitude:

f f

Wy - - S x (\/Z9(1)/Z9(1) - 1), (3.16)
f f

wheref (') denote the flavours of the outgoing quark (anti-quark). Expanding the factor in
the coupling we obtain

\/Zg,”(f)\/z&”(f’) 1= %(523?(1‘) +8Z2(F)). (3.17)
The contribution from the renormalization is thus given by
1
M = 5 (8ZG(t) +623(D)) Mo g+ M t (3.18)

where (! denotes the contribution of the tefifdZy — 8Zo)myn in eq. [3.14). The contri-
bution to the squared matrix element finally reads

M Mog" + M*™ Mo g = (8Zy(t) + 8Zy(b))| Mool + 2R M Mo ”). (3.19)

Using

€
o = % e\ L2
oZy\(f) = 4T[|’(1+8)Cp<m%> { 8+€IR 454 0(¢g)
€
on - on _ % 4T[112 §
0Zy'(f) —0Z5"(f) = 4nr(1+E)CF<m%> {8+4 +0(¢). (3.20)
we obtain
M{en%ﬂ*_'_M{en*%’d:
as C2 4P\ 2 anP\" 2 (4Nt 2
4T[r(1+s)cp{ s(mm,> ol mz) tom e 8}\%,d|

o\ € 2\ €
S (5 e () ) o

In eq. [3.20) we have introducesk (with d = 4+ 2¢eRr) to distinguish between IR and
UV singularities. The functiong;, f, are given in the appendix. Inspecting €q. (8.21) one
observes that the UV singularities match exactly those appearing i eg. (3.13). The UV
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singularities are thus canceled by the renormalization procedure as it should be. Note that
the renormalization procedure introduces an additional IR divergent contribution

%r(1+s)cpi (<4m_mf)8+ (%f)e) | Mo 2. (3.22)

21 &R

The complete IR divergent contribution of the virtual corrections is thus given by:

Os 4Tq12)8 (Z+z—1) 1 2
Zor(14e) (8 ) G2 A D n(p)=
wraee () o5 Te), 5 (g

s ame\°®  /4am\ ) 1 5
o (HTEG (<m—) () ) g, | Modl 29

€
y,t
The cancellation of the IR singularities is discussed in the next section.

4. Real corrections

In this section we consider the calculation of the real corrections

W (kw) +Y(Ky) — t(ke) +b(kp) +9(ka). (4.1)

The calculation of the matrix elements is straightforward and does not impose any problems.
In principle it can also be done automatically with packages like for example CompHEP [53]
or MadGraph([54]. We have checked that we reproduce in the soft limit the factorization

formulae
kqsoft

Mo(ky; K, ke, Ko, k1) == S (ke, K1, Ko) x Mo(ky, kw, ke, ko) (4.2)

with the well known eikonal factor

ey 2k k) (ki-k) — (kj-kj)

Ukl = i k)~ ke (ko) (“2)
We also compared the results numerically with MadGraph and found agreement. The IR
divergencies arise from the phase space integration over regions where the gluon is soft. To
extract these singularities we used the subtraction method for massive quarks [55, 56]. The
basic idea of the subtraction method is to add and subtract a so-called dipole term which
on the one hand matches point-wise the singularities in the real corrections and on the other
hand is simple enough to allow an analytic integration over the unresolved phase sgace in
dimensions/[56]:

oNto /d R(kt, kb) [do‘Vift. (ky: Kw, K, kb) + do'bofn(ky’ Kw, ke, kb) ® | 0
+ /dR(kt, ko k) | o™k, i, e o ki)

= Y A0k ki, ko) © AVipog |- (4.4)

dipoles
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In eq. [4.4) the symbab involves in addition to the identification of the kinematics also spin
correlations. In general also colour correlations appear. This is not the case here because the
leading-order matrix element is proportional to the unit matrix in colour space. We note that
the dipolesdVgipoes are universal and can be obtained from the study of soft and collinear
limits [56]. The dependence on the specific process is encoddaP#(ky, kw, ki, k). The
integral of the dipoles over the ‘dipole phase space’ which appears in the factorization of the
phase space is denoted by

| = / dVdipoIes (4-5)

1dip0 es

A more detailed description of the subtraction method is given in ref. [56], here we just
reproduce the relevant formulae for the specific case studied in this paper. In the notation of
ref. [56] the dipolesiVipoesare given by

1 L.
da"(ky, ku, ke, Ko) @ OViipoles = m——— (V. Kat, ko) [2
p3 07Ky, Kw, Kt kp) @ dViipol 2(k1-kt)< 1t.b) | Mo (Kat, kp) |
1 PRy 2
+ 2<k1 . kb) <V1b,'[> |%(kt7 klb)| (46)
with , ) ,
— _ Vatb 5 m
Mup) = BroisCe (1—z<1—yn,b> Vich L+at k- kl)]) ' (4.7)

The moment&.-j .k play the role of the emitter and the spectator. For the detailed definition
we refer to ref.[[56]. The general expressionsZoyij k, Vij k, Vij k are also given in ref[ [56].
For the specific reaction considered here we obtain

5 (ke - ko)
A= ko) (ko k) (4.8)
_ (ke - k1)
Yith = k) 7 (ke o)+ (K Ko (49)
= (@.10)
and ,
Vit = V% + (1-2—2)(1-yup)” —42 (4.11)

(1-2z—2)(1—Yirp)
Combining the dipole terms as given in eg. {4.4) together with the real corrections given
by dcrea'(ky,kw, ki, kn, k1) the integration can be done numerically in 4 dimensions over the
whole phase space. The integrals of the dipoles over the dipole phase space (which we have
to add to account for the additional term we have subtracted from the real corrections) can
be obtained from ref/ [56]:

_Gs 1 (4ne
S 2nr(l—¢) \ s

| ) Ce 1K (/v /251€) 1 (VE /2 E) + 152N (Vs V)]

(4.12)
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with

1

0 iE) = | e n(e) — n(p) In (1 0+ g2 — S0

—%In<pk<uj,uk))2+ % +2Liz(—p) — 2Li2(1-p)

 5Hie(1- 9. ) — 3Lia(L— Pl ) | +0(0)
1

1 .
—— ek (s 4.1
Gk 28 np -+ 1551y, M), (4.13)

lgok(Ho, M e) = %+In(uQ)—2In[(1—pk)2—pé}+In(1—uk)

2% lQ Mo 2u(L—2)
_1_%_%In<1_“k)+5— - +0(¢),

A

coll

1
= o+ (50K (o, L), (4.14)

and

, (n=]j,k)with y = /7 (4.15)

on(lt 1) 1—Vij k+ 203/ (1— 16 — 1)
h L4014+ 28/ (1— 18 — 1)

andp as defined in eq[ (3.6). From the formulae above we can read off the singular contri-

bution .
as 1 4m2 2/(1—z—12z
2nlr(1—¢) \ s Abt

= ne)+1)[962  (819)

Comparing the above result with eg. (3.23) we observe that the real corrections indeed cancel
the IR divergent contribution from the virtual corrections. Having canceled the IR divergen-
cies all the remaining phase space integrals can now be done numerically in 4 dimensions.

5. Results

Before presenting the results we first discuss a few consistency checks. As mentioned earlier
we have checked the loop integrals appearing in the virtual corrections with the FF package
of G. J. van Oldenborgh [49, 50] or in the case of the box integral by comparison with re-
sults available in the literature. Using the box integrald #n2 dimensions we have verified

that only the triangle integrﬂg(l, 2,3) produces an IR singularity and that the form of this
singularity agrees with the structure predicted by QCD. By this procedure we test essentially
the coefficients of the two box integrals and the IR divergent triangle integral. Note that this

14
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Figure 5.1: Total cross section for the proc¥¥sy — th for polarised W-Bosons. The
smaller figures inside the plots show the threshold region.

check is valid ind dimensions. That means that tpalgebra is also tested thdimensions.

(The treatment ofs is not an issue here because we have only four external momenta.) Fur-
thermore we have checked that the UV singularities have exactly the form as predicted by the
renormalization procedure. The structure of the UV singularities is determined by the one-
and two-point integrals. The coefficients of these integrals (more precisely a linear combi-
nation of them) are thus checked by the fact that we reproduce the predicted structure of the
UV singularities. We have checked the real corrections by the comparison with Madgraph.
A further important check is also the finiteness of the real corrections in combination with
the subtraction terms discussed in the previous section. This is a non-trivial check because
the matrix elements are tested point wise in the singular regions.

Let us now come to the numerical results. For the numerical evaluation we have chosen the
following parameters:

1
- 137036

For the strong coupling we have used a runraggvith the renormalization scale set to the
center of mass energy. As input value we usg(lt = 200 GeVj = 0.105. Note that the
Fermi constanGs and the electric coupling enter only through a prefactor and can thus be
changed without redoing the numerical integration. Fortugiark pole mass we consider

the range between@and 51 GeV as given by the particle data groupl[57]. Inffig]5.1 the
total cross section for the proceéds"y — tb is shown for polarisedV-bosons. Fla
shows the total cross section for longitudinally polari$éebosons, whereas fid. %.1b is

the corresponding plot for the transversely polarised case. Both plots show the Born cross
section as well as the QCD corrected cross sections for two different values letytherk

Gf =1.16639x 10 °GeV 2, «

my=28042GeV, m =175GeV (5.1)
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Figure 5.2: Differential cross section for the processy — th with polarised W-Bosons as
a function of cosby)

mass. The QCD corrections are of the order of 12% in the longitudinally polarised case and
of the order of 24% in the transversely polarised case for a center of mass energy of 1000
GeV. In the smaller figures inside the two plots the threshold region is shown. Here one
observes that the QCD corrections become negative for a center of mass energy between
195 and 225 GeV. Close to the threshold the corrections are again positive. As one might
expect from phase space arguments the cross sectiofquark mass of 4.6 GeV is larger

than the cross section forkaquark mass of 5.1 GeV. We note that the difference between
the two different mass values is quite sizeable in the energy range 300-600 GeV given the
smallness ob-quark mass compared to the center of mass energy. The relative size in this
region is roughly given by Ifm, /m2,)/In(mé,/s). For a center of mass energy arround
500 GeV this corresponds to an effect of around 2.2%. For larger center of mass energies
the curves approach rapidly. Furthermore we note that the cross section for transversely
polarisedW-bosons is suppressed in comparison with the one for longituthhbbsons.

This is a well known feature of th&/-boson couplings to very massive quarks. In ref) [58]

it has been demonstrated that in the space-like axial gauge with a specific parmetrization of
the Higgs-doublet the contribution of longitudinally polarized gauge bosons comes primarily
from the ‘scalar gauge fields’. In particular in this specific gauge the equivalence theorem

[59,(60,61] 62] known from th&s-gauge becomes an identity in the sense of an expansion

2
in Mw
In s -
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Let us add at this point also a remark about the renormalization scale uncertainty. As told
already the QCD corrections are of leading-order in the strong coupling constant. That
means no compensation of the residual scale dependence takes place. If we consider for
example for guvalue of 500 GeV the range between 250 and 1000 GeV we obtain a variation
of the QCD corrections by about 7-8 %. Keeping in mind that the QCD corrections are only
of the order of 10-20 % this yield an uncertainty of the cross section of 1.5 %. We can thus
conclude that the scale dependence is small as far as the total cross section is concerned.

In fig. [5.2 the differential cross section is shown as a function 08gowith 8, defining the

angle between the initial state photon and the final state top quark. Figure a) shows again
the longitudinally polarised case and figure b) the transversely polarised one. In the curves
shown the QCD corrections are included. Both cross sections increase strongly for the case
that the angl®, becomes close to 180 degrees. The origin of this behaviour is an initial state
collinear singularity which appears for masslesguarks, when the initial state photon and

the final statdo-quark become collinear. In the case of a none-vanishiqgark mass this
singularity is regulated by the finite-quarks mass and becomes manifest as/afys).

When the photon and the top quark become collinear the increase of the cross section is
smaller since the top quark mass is not so small compared to the center of mass energies
considered in fid. 5]2.

In principle these logarithmic terms could be large and one might worry that the convergence
of the perturbative expansion is spoiled. As far as QED is concerned this is here not the case
as long as one considers only moderate values for the center of mass energg.lr‘l'(ﬂ@?w)

is still a small quantity (i.e. %In(%) = —0.077) and perturbation theory remains ap-
plicable. Although these logarithms are not a problem at leading-order it is worthwhile to
study their resummation. This is interesting in itself for two reasons. On the one hand the
framework to do so is the so-called structure function approach for massless quarks (only
the b-quark is considered massless) — which, in principle, one could have used from the
begining. In the structure function approach the logarithms are absorbed into the structure
functions and resummed via an Altarelli-Parisi like evolution. As mentioned earlier the QED
evolution itself is not important for moderate values of the center of mass energy. Therefore
one might argue that the structure function approach for massigaesrks should give a

good description because terms of oragr — which are dropped in this approach — are
small. In general this is not true because close to the threshold regitwrgierk mass ef-

fects can be important. It is therefore instructive to compare the fixed-order calculation with
the structure function approach. The second reason why the structure function approach is
of interest are the logarithms appearing in the QCD corrections. In principle they could be
larger and the need for the resummation becomes more imgfrEme theoretical frame-

work would be once again the structure function approach but now with a mixed evolution.

LFrom a practical oriented viewpoint those logarithms if present can not cause a serious problem because
otherwise the QCD correction would be much larger. Nevertheless one should address this issue in the future
to get a more reliable prediction.
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In the structure function approach the total cross section for top quark production reads:

[ AT e 30 SOV (kaYixky) — tk)B(k)
[ Xy ) x SO ()bi) — (k) 52

The cross sections appearing in the above equation are the subtracted cross sections for mass-
lessb-quarks. They depend on the factorization scheme used to factorize the singular part.
We used théMS scheme. Note that although not written down explicitly the cross sections
depend in general also on the factorization sggleat which the subtraction is done. The
functionsl'y (K, X), Th/y(HE, X) are the ‘parton distribution functions’ describing the proba-

bility to find a photon or d-quark inside a photon. The above procedure is in fact almost the
same as the corresponding procedure in QCD describing hadron-hadron reactions. However
there is one important difference: in QCD the structure functions are not calculable in pertur-
bation theory, while in QED it is possible to calculate the structure functions perturbatively.

To the order needed here they are given by

Cyy(ME,X) = 8(1—x)+0O(a),
2

Coyy(HE,X) = %Q%<x2+<1—x>>ln<$;)+0< ). (5.3)

Note that the'y (1=, X) structure function is only needed to oradétbecause the subtracted
hard scattering cross section starts already witifhe above results for the structure func-
tions can be easily obtained from a matching calculation. In fact one could also argue that
one starts with the initial conditiors,,(mp, X) = &(1 —X), 'y, (M, X) = 0 and generates

the above distributions dynamically through evolution. This gives the same result.

In the following discussion we restrict ourselves to the unpolarized cross section, the polar-
ized case can be discussed in the same way. Using

A<w+<kw>v<ky> — t(k)b(kp)) =

2 1 2
27[aef MolN =3 <(1—zt)(—22W(11+ 62+ 11242
—(9— 582+ 3320° — 122,%)2 + 4(7 — 324> + 624" — 320)2°)

—&(z + 220) (1 — 22 + 42wz + 20 — 42°) In(2)

A YA
+(z 4 220) (1 — 27 — 2202t + 24% 4 222) In (“TZZ‘)S» (5.4)

for the MS subtracted parton cross section we obtain the following result for the leading-
order cross section in the structure function approach:

11
= G+ [Vip|2N
o 27\/—Gf|tb|

1
(1—2zw)3
18

((1— z)(—22w(11+ 625+ 1124%)



9 -
Born for m, = 4.85 GeV
/ (structure function approach)
=° [ )
[=f
N
o]
7 -
i Born for m, = 4.85 GeV (exact)
6 i
.
8 -
6 -
(=]
> 4 |
2 -
0 1 L L L 1 L L n T T T 4
180 200 _ 220 240
Vs (GeV)

Figure 5.3: Total born cross section for the prodassy — tb for unpolarized W-Bosons.

The upper figure compares the structure function approach with the fixed order calculation
for massiveb-quarks. The lower figure shows the deviation of the structure function ap-
proach from the massive calculation in percent.

—(9— 582y + 3320% — 122,%)2 + 4(7 — 32y + 624° — 324°)2)
—A(z+ 220) (1 — 22 + 42wz + 2” — 42°) In(2)

2
+(z 4 220) (1 — 22 — 2202 + 20° + 222) In (%)) (5.5)

Note that we have used the structure functions given irf ed. (5.3) — and not the evolved ones
— which is strictly speaking only valid fai= ~ my,. As mentioned earlier limiting ourselves

to center of mass energies up to 1 TeV the evolution does not change the structure functions
very much. We have checked that the difference which one obtains using on the one hand the
evolved structure functions and on the other hand the fixed order results (¢q. (5.3)) is indeed
of the order of a few per mil and thus negligible. Keeping only terms involvirigyhn

in the exact result eq. (2.R0), and dropping all terms which vanish in therigit- 0, we
reproduce the above result. The comparison between the two approaches is shoyn jn fig. 5.3.
It is clearly visible that for large center of mass energies the structure function approach
agrees with the fixed order calculation. This is due to the fact that the corrections of the

typemy?/s can be neglected at high energies and that the logarithms of the foﬁgzr)rare
still of moderate size so that the resummation of these terms would not change the result. In
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the threshold region one observes a significant difference between the two methods. In this
region the finiteb-quark mass is important because it affects the location of the threshold.

So far we have only studied the reactidy — tb which is not directly observable. While a

high energy photon ‘beam’ can be realized through the interaction of low energy photons of
a laser with high energy electrons/positrons (see for example_ref. [68}pason beam is

not available. On the other hand one can argue that the dominant contribution to the reaction

rry—tbv, (£=ep) (5.6)

proceeds via the production of an almost on-skélboson which then interacts with the
photon to produce the top quark and thquark. This is the essence of the so caliéfdctive

W -boson approximatiof64,[65, 66| 58, 67]. In this approach the intermediatdosons is
considered on-shell and described through structure functions similar to the afore mentioned
structure function approach for thequark. The effectivéV-approximation is similar to

the Weizsacker-Williams [68] approximation. The total cross sectioi fgr— tbv, in this
approach is then given by [64,165, 66] 58| 67]

oty — thue) = /dx fagt e+ (%) 0(W|_+y—>tl:_))+/dx far e (%) oWy—tb), (5.7)

with the structure function§y;, given by

a 1-xXx
fag (%) = 4msin®2, x (5-8)
. a 14(1-x)7? s
g /0 (X) = srsn® (n—%) . (5.9)

Note that we have written down only the leading terms for the structure functions. The ‘sub-
leading’ terms which are suppressed by additional powers,8f/s are not universal and
depend on the exact prescription how to define them. We note that the distribution function
of longitudinally polarizedV-bosons is very well approximated by the leading term. On
the other hand using only the leading term for the structure function of transversly polarized
W-bosons results in an overestimate of the cross section for energies of the order of 1 TeV.
For the structure functiofiy, /,(x) we have included the sub-leading terms as given in ref.
[65]. An additional remark on the use of those functions is in order: while in the original
work [65] a lower boundary on the allowedvalues appearx(> my/E), apparently no

such boundary appears in refs. [[69] 58]. Having studied the quality of the approximation
for center of mass energies of about 40 TeV and hedwguarks we find that only without

this additional constraint we obtain good agreement. For the present case we have used
the following approach: for the contribution of the longitudinally polari¥#ebosons the
constraintx > m,/E is not used. For the transversly polariAédbosons we must use the

additional constraint because otherwise the distribution function (incld@@'ﬁ%gorrections,
see eq. (2.18) in refl_[65]) is not defined. In {ig.]5.4 we show the leading order result for the
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Figure 5.4: Total cross section for the procesy — tb_\TG. The full line shows the exact
result while the dashed line shows the result using the effédlhamproximation.

reaction/ty — tb_\7g. The full line is the exact result. The exact result agrees with the result
presented in ref.[ [45]. The dashed line shows the result in the effaédtia@proximation
using the above prescription.

It is clearly visible that the accuracy of the approximation is only at the 10% level for small
values of the center of mass energy. To obtain a reliable prediction at NLO we have com-
bined the exact leading-order result with the QCD corrections obtained in the efféttive
approximation. We expect that by this procedure the uncertainty due to the effdttive
approximation is smaller than a percent and thus of the same order as the next-to-next-to-
leading order QCD corrections. The NLO cross section obtained by this procedure is shown
in fig.[5.3. We note that the QCD corrections which are quite sizeable at the level of the par-
tonic reactionV "y — tb for large values of the center of mass energy are only of the order
of 5% for the reactiore™y — thve. This is due to the convolution with th&-distribution
functions which gives more weight to the lower center of mass energy values.

6. Conclusions

In the present paper we have studied the QCD corrections for single top quark production
in electron photon interactions. We have first calculated the QCD correctiol fgr—

th. Applying the effectiveW-approximation these results can be used to obtain the QCD
corrections fore™y — tbve. While the corrections are sizeable for the reactghy — tb

they are only of the order of 5% for the reactiehy — tbve. We can thus conclude that
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Figure 5.5: Total cross section for the procesg — tb_\7e in the effectiveN-approximation.

as far as the QCD corrections are concerned the reagtipn- thve is very well suited for
precise measurements of the CKM matrix eleméggpt
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A. Contributions from self-energy like counter terms

K
fe(zw, 20,2) = ﬁ(ﬁ {22(1+ 20?) — 225(1+ 24?) + 624 + 524 — 1}

2562‘52 2 2 2
3(1—zw)3(xt+>\bt2)3{zb ~ (2% — 2w) + 2% + 22w — 224" |
32z
3(1—2w)3(% + Aot2)?
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