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QCD corrections to electroweakfv,jj and €¢*€~jj production
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The production ofV or Z bosons in association with two jets is an important background to the Higgs boson
search in vector-boson fusion at the CERN Large Hadron ColliddC). The purely electroweak component
of this background is dominated by vector-boson fusion, which exhibits kinematic distributions very similar to
the Higgs boson signal. We consider the next-to-leading-order QCD corrections to the electroweak production
of €v,jj and€* €~ jj events at the LHC, within typical vector-boson fusion cuts. We show that the QCD
corrections are modest, increasing the total cross sections by about 10%. The remaining scale uncertainties are
below 2%. A fully flexible next-to-leading-order partonic Monte Carlo program allows us to demonstrate these
features for cross sections within typical vector-boson-fusion acceptance cuts. Modest corrections are also
found for distributions.
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[. INTRODUCTION considered in the literature at leading orde©). To name
but a few examples, they have been studied in the investiga-
Vector-boson fusiofVBF) processes have emerged as ation of rapidity gaps at hadron collidef6—8], as a probe of
particularly interesting class of scattering events from whichanomalous triple-gauge-boson couplin@g or as a back-
one hopes to gain insight into the dynamics of electrowealground to Higgs boson searches in VBI©—13. In this last
symmetry breaking. The most prominent example is Higgsase, thel v,jj final state with an unidentified charged lep-
boson production via VBF, that is, the procepg—qqH, ton, or v,v,jj events fromZ—v,v, decay, form a back-
which can be viewed as quark scattering tiehannel ex- ground to invisible Higgs boson decgsee, e.g., Ref.12)).
change of a weak boson, with the Higgs boson radiated off "7 jj events are a background to the deday- 7" 7"
the W or Z propagator. Alternatively, one may view this pro- [10], and also ttH—W"W" when theWs and ther's decay
cess as two weak bosons fusing to form the Higgs bosorfeptonically[11]. In these examples, off-shell corrections to
The kinematic characteristics of this process are very distindZ— 7' 7 decay need to be included, since a Higgs boson
tive: two jets, in the forward and backward region of rapidity, mass in the range 1¥4m,<200 GeV, well above th&
with the Higgs boson decay products in the central region oP€ak, is favored by electroweak dfe8].
the detector. This characteristic signature greatly helps to dis- While a LO analysis is perfectly adequate for exploratory
tinguish theseHjj events from backgrounds. Higgs boson investigation, precision measurements at the LHC require
production via VBF has been studied intensively as a tool fo€omparison with cross-section predictions which include
Higgs boson discoverfl,2] and the measurement of Higgs higher-order QCD corrections. A poignant example is the
boson coupling$3] in pp collisions at the CERN Large Had- extraction of Higgs boson couplings, where expected accu-
ron Collider (LHC). racies of the order of 10%, or even betf8i, clearly require
Analogous to Higgs boson production via VBF, the elec-knowledge of the next-to-leading-ordedLO) QCD correc-
troweak production of &V or Z plus two jets, with the re- tions. In addition, one would like to eprdW andZ produc—
quirement that the weak boson is centrally produced and thdion, in VBF configurations, as calibration processes for
the two jets are well separated in rapidity, will proceed with Higgs boson production via VBF, namely as a tool to under-
a sizable cross section at the LH(he decay leptons in stand the tagging of forward jets or the distribution and veto

W—{¢v, andZ— € ¢~ lead to the final stateév,jj and Of additional central jets in VBHsee, e.g., Refd.7,8]). In
€7 ¢7jj (€=e,u,7). These processes have already beerfact, these processes share the same color structure: two col-

ored quarks are scattered via the exchange of a colorless
boson in the channel. The pattern of soft gluon radiation is
*Electronic address: carlo.oleari@mib.infn.it then the same. Understanding the gap-survival probability in
"Electronic address: dieter@particle.uni-karlsruhe.de the known case oV andZ production can give insight into
LAnother source ofijj or Zjj events are QCD processes at order tN€ gap survival for the case of Higgs boson production. The
o2a, sometimes called QCIVjj production. Within typical VBF ~ Precision needed for Higgs boson studies and for the under-
cuts, cross sections for these QCD processes are only somewh#@nding of radiation patterns then requires the knowledge of
larger than those for electroweak productfdi. One thus needs to NLO QCD corrections foWVjj and Zjj production as well.
calculate NLO QCD corrections for both sources independently and The NLO QCD corrections to the totéljj cross section
as a function of phase space. For the QCD processes, this was dofiem VBF have been known for many yeddst]. In a recent
in Ref.[5]. paper[15], we presented the calculation of these corrections
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v v A list of checks which we have performed on our calculation
W<l+ zvr;<l+ concludes Sec. Il. Additional features of our Monte (_:arlo
u i u d program, such as the gauge invariant handling of fikiite
and Z widths, the inclusion of anomalov&Wy and WWZ
YZ% %YZ couplings, the approximations with regard to crossed dia-
c c grams in the presence of identical quark flavors, the singu-

@) (b) larities for incoming photons, and the choice of parameters,
will be discussed in Sec. Ill. We then use this Monte Carlo

u d u- d . . .
program to present first results for EWj production at the
Vé w I LHC. Of particular concern is the scale dependence of the
¢ X NLO results, which provides an estimate for the residual
%<1+ vz v theoretical error of our cross-section calculations. We discuss
v e the scale dependence and the size of the radiative corrections
© @ for various distributions in Sec. IV. Conclusions are given in
Sec. V.
u: d it d
Wg y Wg " Il. ELEMENTS OF THE CALCULATION
- The structure of the three processes under consideration—
ng—‘; Zf" Pp— L wejjX, pp—{ wjjX, and pp—{ € jjX—is
c ’ c very similar. A discussion of any single one of them is suf-
() ® ficient to clarify our procedures for all, and we U8& pro-

o duction, i.e., the calculation of thep— ¢ v,jjX cross sec-
FIG. 1. Feynman graphs contributing to the procass on for this purpose. After the necessary changes have been

. X . .
—dct v, at tree level. For the generic VBF process discussed inyaqe gl the considerations apply to the other processes too.
this paper, seven Feynman-graph topologies contribute at tree level:

the six topologies shown plus an additional bremsstrahlung graph,

with the vector boson emitted off the final-state charm quiark- ) )
ror image of graphb)]. At tree level, the topological structure of the generic sub-

processes contributing to EWWjj production is depicted in
in the form of a fully flexible parton-level Monte Carlo pro- Fig. 1. Two additional classes of diagrams appear in case of
gram which allows the determination of NLO corrections toidentical quark flavors on two of the fermion lines.
arbitrary (infrared-saf¢ distributions. Here, we extend this (i) Diagrams where both of the two virtual vector bosons
work and describe the calculation and first results for suclare timelike. They correspond to diagrams called conversion,
corrections tdNjj andZjj production in VBF configurations. Abelian, and non-Abelian annihilation in R¢f.6], and con-
To be precise, since the decaying weak bosons are spinthin vector-boson pair production with subsequent decay of
particles, in order to retain all the possible angular correlaone of the weak bosons to a pair of jets. Using this subset to
tions between the final-state particles, we consider the ele@stablish the name, we call this class vector-boson pair pro-
troweak processepp—{= v jjX and pp—¢ €7 jjX at duction in the following.

A. Approximations and general framework

NLO. At LO, Feynman graphs for one such process, (i) Diagrams obtained by interchange of identical initial-
—dcW" ,W*—¢"v,, are shown in Fig. 1. Using the termi- or final-state(antjquarks, such as in theu—du¢ " v, or
nology introduced if16], we consider bremsstrahlufi@—-  du—dd¢ " v, subprocesses.

(0)], fusion (d), and multiperipheral(e) and (f)] diagrams. These additional diagrams are obtained from the ones

We neglect diagrams corresponding to conversion, Abeliarshown in Fig. 1 by crossing. In our calculation, we have
and non-Abelian annihilation, since thesgg annihilation neglected contributions from vector-boson pair production
contributions are negligible when we impose VBF cuts, ascompletely. In addition, any interference effects of the sec-
explained in detail in Sec. Il A. ond class with the graphs of Fig. 1 are neglected. This is
In the following, in order to use a shorthand notation, wejustified because, in the phase-space region where VBF can
will call processes such as the one depicted in Fig. 1 “EWbe observed experimentally, with widely separated quark jets
Vjj production,” or VBF production ofW/Z plus two jets, of very large invariant mass, the neglected terms are strongly
since we consider these processes with the kinematic cutssippressed by large momentum transfer in one or more
typical for the selection of VBRsee Sec. IV. It should be  weak-boson propagators. Color suppression further reduces
understood that, in spite of this notation, multiperipheral dia-any interference terms. We have checked WithDEVENT
grams like Figs. (e) and Xf) are included, even though they [17] that, at LO, the diagrams that we have not considered
cannot be represented as the production of a weak bosoand interference effects contribute less than 0.3% to our final
followed by its decay into two leptons. results in, e.g., Fig. 4. Since we expect QCD corrections to
The structure of the paper is as follows. In Sec. Il, wethe neglected terms to be modest, the above approximations
outline the calculation of the tree-level diagrams, of real-are fully justified within the accuracy of our NLO calcula-
emission contributions, and of the virtual corrections. Wetion.
dedicate Sec. Il C to a discussion of the virtual contributions, Fermion masses are set to zero throughout, because ob-
with some of the analytical details relegated to the Appendixservation of either leptons aoflight) quarks in a hadron-
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d Our Monte Carlo program computes all amplitudes nu-
vz v merically, using the formalism of Reff18]. The Born ampli-
c—— w tudes forW and Z production are taken from Reff6]. The
I real-emission amplitudes fa@ production were first given in
i Ref. [7]. The corresponding amplitudes f&¥ production
e — were partially programmed at the time. We have finalized
® and tested them for the present application.
g&QQ"—‘LQmQQ‘L—’—j C. Virtual corrections
VV&,< At NLO, we have to deal with soft and collinear singu-
I larities in the virtual and real-emission contributions. Our
T calculation uses the subtraction method of Catani and Sey-

U
0000200000000 : e Y’Z; mour [19] to cancel the soft and collinear divergences be-
© (d) tween virtual and real-emission diagrams. Since these diver-
gences only depend on the color structure of the external
FIG. 2. Examples of Feynman amplitudes with an initial gluon. partons, the subtraction terms encountered for EjjVpro-
Graphs like(@) and (b), with the gluon coupled to the initial quark §ction are identical in form to those found for Higgs boson
line, correspond to vector-boson pair production and are e”minatedproduction in VBF. Thus, we can use the results described in
The two gauge'invariam subsets of graphs (rk)ean_d(d), with the Ref.[15] for the case at hand. The main difference is that the
gLugozocrilrjiE{i?OLOStgﬁ;'g?é’?rﬁﬁ dqeudairrlj gﬁ'rr’c(;(l)cnlﬁ:%i”qq split- finite parts of the virtual corrections are more complicated
' than forHjj production(where only vertex corrections were

collider environment requires large transverse momenta an@resent

hence sizable scattering angles and relativistic energies. For The QCD corrections to EWjj production appear as two
the t-channel processes which we include, we have used @auge-invariant subsets, corresponding to corrections to the
diagonal form(equal to the identity matrixfor the Cabibbo- ~ upper and lower fermion lines in Fig. 1. Due to the color
Kobayashi-Maskawa matri®ycky . This approximation is  Singlet nature of the exchanged electroweak bosons, any in-
not a limitation of our calculation. As long as no final-state terference terms between subamplitudes with gluons at-
quark flavor is taggedno c tagging is done, for example tached to both the upper and the lower quark lines vanish
the sum over all flavors, using the exai«y , is equivalent identically at orderas. Hence, it is sufficient to consider

to our results, due to the unitarity of tha, matrix. radiative corrections to a single quark line only, which we
take here as the upper one. Corrections to the lower fermion

line are an exact copy.

- i ) In computing the virtual corrections, we have used the
_ For thewjj Born amplitude, we need to add the contribu- gimensional reduction schenfiz0]: we have performed the
tions from the 10 Feynman graphs shown in FidZlandy  passarino-Veltman reduction of the tensor integrale #n4
propagators counted as different diagrannd sum cross  _ ¢ dimensions, while the algebra of the Dirac gamma ma-
sections of all subprocesses producilig plus two jets. The  yices, of the external momenta, and of the polarization vec-
same is true folW™ production. For the case @fj produc-  tors has been performed =4 dimensions.

tion, amplitudes which correspond to neutral-current ex- e split the virtual corrections into two classes: the vir-
change(no change of quark flavorseceive contributions ) corrections along a quark line with only one weak boson
from 24 Feynman graphs at tree level. To obtain the realytached and the virtual corrections along a quark line with
emission diagrams, with a final-state gluon, one needs tQyq weak bosons attached.

attach the gluon to the quark lines in all possible ways. For () The virtual NLO QCD contribution to any tree-level

the diagrams in Fig. 1, this gives rise to 45 real-emissioneynman subamplitud#{) which has a single electroweak
graphs._At_otaI of 112 (_Jllfferent _I_:eynman _graph_s contribute %osonV (of momentumq) attached to the upper fermion
real-emission corrections t@jj production via neutral- line

current exchange.

The contributions with an initial-state gluon are obtained q(ky)—q(ky) +V(q), (1)
by crossing the previous diagrams, promoting the final-state
gluon as an incoming parton, and an initial-st@atiquark . i o .
as a final-state particle. We again remove all diagrams wher@PP&ars in the form of a vertex correction, which is factoriz-
two timelike, final-state vector bosons appear suchgas 2Ple in terms of the original Born subamplitude
—{ v, dZ*, with Z* —cc. Such diagrams, for consistency,

B. Tree-level diagrams and real corrections

must be removed since we have not considered the corre- ' ad(pR) Ampl) €

sponding Born contributions. Figure 2 clarifies this issue: we MP=mP . 5

drop all initial-gluon contributions in which the gluon A Q

couples to the fermion line of the initial quark or antiquark. 5 3

In fact, these diagrams are strongly suppressed when VBF XT(1+€)| — —— —+Cyin+ O(e)}. )
cuts(see Sec. IYare applied to the final-state jets. € €

093004-3



C. OLEARI AND D. ZEPPENFELD

G@Gﬁ@@ﬂm‘ﬂ‘m@b\

kl &E § o % %§ kz
q1 92 q1 92
(@ (b)

G600 1793
&% &%,
kL % Ky kg % ¢ % o N T
91 92 Q1 Q@

© @

FIG. 3. Virtual corrections for a fermion line with two attached

electroweak boson#/;(d;) andVx(qy). The finite part of the sum
of these graphs defines the reduced amplitdde(q,,q,) of Eq.
(5).
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the sum of the four diagrams in Fig. 3 is a multiple of this
Born subamplitude, just like for the vertex corrections,

2
Ampg)©
QZ

2 3
——— — T Cyin
€

62

M“) :M(i)as(MR)C
boxline B F
41

XT'(1+e€)

as(ur)
J’_
4

+0O(e).

CeM.(ay,0,)(—e?)g t1g Y22
(5

Here 7 denotes the quark chirality and the electroweak cou-
plings gV" follow the notation of Ref[18], with, e.g.,g¥’

Here ug is the renormalization scale, and the boson virtual-=Q;, the fermion electric charge in units dg|, g\ﬁ”

ity Q%= —(k;—k,)?=—0q? is the only relevant scale in the

=1/(v2 sinf,), and g%'=(T3;— Qs Sir? &y)/(Sin By COSGy),

process, since the quarks are assumed to be maskfess, where 6,, is the weak mixing angle ands is the third
=k3=0. In dimensional reduction, the finite contribution is component of the isospin of théeft-handed fermions.

given by c,ix=7%/3-7 (Cyix=7>/3—8 in conventional di-
mensional regularization

A finite contribution of the virtual diagrams, which is pro-
portional to the Born amplitudéhe c;, term), is pulled out

(i) The second class of diagrams are the virtual QCDin correspondence with E¢2). The remaining nonuniversal
corrections to the Feynman graphs where two electroweajerm, £ (q,,qs,), is also finite and can be expressed in

bosonsV; and V, (of outgoing momentay; and q,) are
attached to the same fermion lifgee, for example, the up-
per quark line in Figs. () and Xb)]. It suffices to consider
one of the two possible permutations \éf andV,, as de-
picted in Fig. 3. The kinematics is given by
q(ky)—a(ky) +Vi(d1) +Va(dz), ()
where k=k3=0 and momentum conservation reakls
=k,+Qq1+0Q,. In the following, it is convenient to use the

Mandelstam variables for a22 process which we take as
qq—V.V,. We then define

s=(k;—ky)?=(0;+0z)?,

t=(ky—0)?= (Ko +0)?,

terms of the finite parts of the Passarino-VeltmBg, Cy,
and D;; functions, which we denote &, Co, andD;;.
Analytical expressions for these functions, along with the

expression fotM (q;,0,), are given in the Appendix.
An equivalent form for Eq(5) has been derived where all

the D;; have been reduced &, C,, andD,, functions. We
have checked numerically that the two expressions agree
within the numerical precision of the twaDRTRAN codes.

The factorization of the divergent contributions to the vir-
tual subamplitudes, as multiples gf({), implies that the
overall infrared and collinear divergence multiplies the com-
plete Born amplitudéthe sum of the Feynman graphs of Fig.
1). We can summarize this result for the virtual corrections to
the upper fermion line by writing the complete virtual am-
plitude My, as

2\ €
u=(k;— )= (kp+ ;)2 4 as(pr) [ 4mug 2 3
(k1—02)"=(ka+0a1) (4) My= Mg s _ T(1+6)| - =~ 4oy
) ) ] A7 Q? € €
In order to use the same notation as in E2), we define
Q2=2k1k2= —S. aS(MR) ~ Vafs Vof
The two electroweak bosons are always virtual in our cal- Ly Cr(—€*)[M(d1,02)9," "9,

culation, i.e., the effective polarization vectoes(q,) and
€,(q,) actually correspond to fermion currerjthe charm-

quark current and the leptonic-decay currents in the Feyn-

+ M,(02,01)9"2g 2]+ O(e)

man graphs of Figs.(&) and 1b)]. Since fermion masses are ag(ug) 477,u§ € 2 3
neglected, current conservation implies transversity of the = Mg Ck 7| F'(l+te)| ——— —+cCun
effective polarization vectorse,q;=€,9,=0. The expres- am Q € €

sions that we give in the Appendix exploit this relationship. + My ©6)

Our numerical code permits us to switch on the missiyay

ande,Q, terms, allowing us to test gauge invariance. Due to B
the trivial color structure of the corresponding tree-level dia-where M, is finite. The interference contribution in the

gram, the divergent parsoft and collinear singularitigof

cross-section calculation is then given by
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as(uR) 47TM2R € which is very similar to the program fdijj production by
2 R MyME]=|Mag|? Ck | I'(1+e) weak-boson fusion described in REE5]. As in our previous
2m Q work, the tree-level and the finite parts of the virtual ampli-
2 3 tudes are calculated numerically, using the helici_ty-arnplitude
X| === —+Cyn| +2 R MyME]. formalism of Ref.[18]. The Monte Carlo integration is per-
€ € formed with a modified version ofEGAS [22]. While many

7 aspects of our present calculation are completely analogous
to those described in R€f15], several new problems appear
This expression replaces the analogous result for the NLdor the vector-boson production processes which require ex-
corrections toggq—qqH, Eq. (11) in Ref.[15]. The diver-  planation.
gent piece appears as the same multiple of the Born ampli- In order to deal withV/Z boson decay,
tude squared as in thgg—qqH cross section. It cancels
explicitly against the phase-space integral of the dipole terms WIZ(pe,+Pe,) = €1(Pe) +€2(Pe,), 9
[see Ref[19] and Eq.(10) of Ref.[15]],
we have to introduce a finité//Z width, I'y,, in the resonant

5 as(ur) 477:“2R ‘ poles of thes-channel weak-boson propagators. However, in
(1(€))=| Mgl Cr I'(l1+e) h f hs. like th f Fi
20 Q2 the presence of nonresonant graphs, like those o Figs. 1
and Xf), this introduces changes in a subclass of Feynman
2 3 4 ) graphs only, which leads to a violation of electroweak gauge
X ?+;+9—§7T , (8) invariance, which is guaranteed for the zero-width ampli-

tudes. Such non-gauge-invariant finite-width effects can lead
which absorbs the real-emission singularities. After this canf® Nuge unphysical enhancements at very small photon vir-
cellation, all remaining integrals are finite and can, hence, b&lity and should be avoidefP3]. For the case at hand,

evaluated ird=4 dimensions. This means that the values oft’@nSverse-momentum cuts on the two final-state tagging jets
Mg and My need to be computed in four dimensions only (see Sec. IY largely eliminate the dangerous phase-space

. . . regions with low-virtuality gauge bosons. Nevertheless, a
and we use the amplitude techniques of R&8] to obtain .- handiing of the finite-width effects is called for.
them numerically.

We have accomplished this using two different schemes.
(i) In the overall-factor schem4], one multiplies all the
D. Checks diagrams shown in Fig. 1, and all virtual and real-emission
We have verified, both analytically and numerically, the contributions as well, by an overall factor
gauge invariance of Eq6): once the extra;q; and e,q,
terms have been reinserted in this expression, the individual (pg1+ pgz)z—m\z,

finite subamplitudeS/\N/lT(qi ,0;) vanish upon the replace-
mentse; —(; Or e,—(,. This is a strong check of the tensor
reduction and manipulation of the virtual contributions de- )
picted in Fig. 3. wherel'y, has been assumed to be constant. This way, close
We have taken the Born amplitudes fatandZ produc-  to resonancé(pe, +pe,)?~mg], where the sum of the dia-
tion from Ref.[6] and use the real-emission amplitudes ofgrams is dominated by the vector-boson propagator, we re-
Ref. [7] for Z production. In addition, thejj results at the cover the result of the resonance approximation. Away from
Born level were successfully checked wittomMmPHEP code  resonance, and, thus, in a subdominant phase-space region,
[21]. For W production, the real-emission amplitudes werethe error that we make, by multiplying all the diagrams by
obtained by modifying the previously test&jj amplitudes the factor in Eq.(10), is of the order ofl"\,/my~2.7%, for
[7]. We have generated equivalent amplitudes vwithD- both Z andW boson production.
GRAPH [17], checking their consistency numerically. The advantage of this scheme is that it preserves full
For theW™ case, we have built two totally independent SU(2)xU(1) gauge invariance, since the gauge-invariant
codes. This has allowed us to check the overall structure dfet of zero-width diagrams is multiplied by an overall factor.
the dipole-formalism term&common to all the vector-boson (i) In the complex-mass scherfizs], one globally re-
fusion processesand to compare tree-level, real-emission, placesm?—mZ—imyI'y, also in the definition of the weak
and virtual amplitudes. The two codes agree within the NUmixing angle, siA 0\N=1—nﬁ\/m§. We have implemented a
merical precision of the tweORTRAN programs for the total - modified complex-mass scheme where we reptage-m2
cross sections and for final-state kinematic distributions. —imyTy in the weak-boson propagators appearing in Fig. 1,
but we keep a real value for ifi,. With this prescription,

, 7 (10)
(Pe,+Pe,)?— mg+imyl'y

lll. THE PARTON-LEVEL MONTE CARLO the electromagnetic Ward identity relating the tree-level
PROGRAM triple-gauge-boson vertex;-iel'jik,, and the inversen

The cross-section contributions discussed above havoPagator, D), ;(a), is preserved26],
been implemented in a parton-level Monte Carlo program for B . _ .
€ vejj, € vyjj, and€ €~ jj production at NLO in QCD, (d1=d2) LWk, =1(Dw) o 5(d1) —1(Dw) 4, 5(d2). (11
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This relation removes potential problems with smgdl  the photon cutoff thi,min:O'l Ge\? from our 4 GeV de-
photon propagators, where gauge-invariance-violating termsault value? This number increases to 0.7% fary;;>2.
proportional tol'y,/myy,, may be enhanced by factde$/q?,  Because these contributions are negligible, we have not yet
where the hard scalg; is set by typical transverse momenta implemented the calculation of this small missing piece in
of the process. The corresponding enhancemenZ4ooson  our program.
propagators is of orddf$/(|q2| + m%) and, hence, small for In the computation of cross sections and distributions pre-
the energies available at the LHC. Also, we note that thesented below, we have used the CTEQ6M parton distribution
imaginary part of sif&y=1—(mg—~imyl\w)/(mé—im,T;), in functions (PDF9 [29] with as(m'z).zo..l18 for all NLO re-
the full complex-mass scheme, is 200 times smaller than thﬁ“lts_ and CTEQ6L1 pgrto_n distributions for all L.O Cross
real part and hence well below the naive expectationseCt'onS' The_CTEQG fits mcludn_aqgarks asan actn_/e_ _fla-
T'y/my~2.7% for the size of finite-width corrections. vor. For consistency, the quark is included as an initial-

. nd/or final-state massless parton in all neutral-current pro-
We have used the two different schemes to compute tot P P

i ith VBE cut d find tatthe | esses, i.e., we include only those processes with extbrnal
Cross Sections wi cuts and Tind agreement at the 1eVey, ,arks, where no internal top-quark propagator appears via

of the 0.5% or better. This ambiguity thus represents a minof, o puw vertex being forbidden by Feynman rules. Top-
contributiqn to higher-order electroweak c_:orrections. quark contributions, obviously, go beyond our massless-
Inspection of the Feynman graphs of Fig. 1 shows that thgermion approximation and would have to be treated as a
non-Abelian triple-gauge-boson verticgEGV) enter via the  separate process. Allowed neutral-current processes twith
WWZandWWy couplings in diagrams like Fig.(d). These  quarks appear fof production only. Theb-quark contribu-
graphs receive QCD vertex corrections only and, thereforajons are quite small, however, affecting théoson produc-
factorize according to Eq2) in terms of the tree-level TGV tjon cross section at the 1% level only.
graphs, independent of the form of the TGV. In particular, \ve choosem,=91.188 GeV,m,,=80.419 GeV, and the
the presence of anomaloWWZor WWy couplings can  measured value obr as our electroweak input parameters,
easily be taken into account by a simple modification of thegiom  which we  obtain agep=1/132.51  and shéyy
Born amplitude. Our program supports anomalous couplings-g 2223, using LO electroweak relations. The decay widths
Ky, Kz, Ny, Nz, etc.[27] and thus allows us to extend the gre  then calculated asT\,,=2.099 GeV and T,
analysis of anomalous-coupling effects in vector-boson fu— 3 510 Gev, which agrees with their Particle Data Group
sion processef9] to NLO QCD accuracy. N [30] values at the level of 0.9% and 0.6%, respectively,
The requirement of two observable jets, of finite trans-yhich is better than the overall theoretical uncertainty we are
verse momenturtsee Sec. IV, is sufficient to render the LO  gtjying for.
cross section for EWWjj and Zjj events finite. At NLO, In order to reconstruct jets from the final-state partons, the
initial-state collinear singularities appear. Fpr-qq andq | aigorithm [31], as described in Ref32], is used, with
—qg splitting, these are properly taken into account via thereso|ution parameted =0.8.
renormalization of quark and gluon distribution functions.
An additional collinear divergence exists, however, because
of the presence of-channel photons in tree-level graphs,

such as in Figs. (&), 1(b), 1(d), and 1e). Real-emission  The parton-level Monte Carlo program described in the
corrections lead to Feynman graphs such as the one shown jievious section has been used to determine the size of the
Fig. 2(d): the final-stated andu quarks may lead to observ- NLO QCD corrections to EWjj cross sections at the LHC.
able jets, allowing vanishing momentum transfer for the Vir'Using thek; algorithm, we calculate the partonic cross sec-

tual photon and a corresponding collinear singularity, repretions for events with at least two hard jets, which are re-
senting, in the case shown, a QED correction to the LQyuired to have

processyy—duW'. This singularity would have to be ab-
sorbed into the renormalization of the photon distribution pri=20 GeV, |y|<45. (12)
function inside the proton. Alternatively, one may impose a ! .

cut, |t|>Q7 i on the virtuality of the photon and replace Herey; denotes the rapidity of thenassivé jet momentum

the missing piece by they—VjjX cross section, folded \yhich is reconstructed as the four-vector sum of massless
with the appropriate photon density in the prof@#,28. We  partons of pseudorapidityy| <5. The two reconstructed jets
have chosen this latter approach: all divergent amplitudes argy highest transverse momentum are called “tagging jets”
set to zero belovQ’ ;=4 GeV? andpy—VjjX is consid-  and are identified with the final-state quarks which are char-
ered to be a separate electroweak COﬂtribUtiOVjt(EVEﬂtS, acteristic for vector-boson fusion processes.

which we do not calculate here.

When imposing typical VBF cuts, with their large-

rapidity separation and concomitant invariant mass of the 2rpe finite proton mass provides an absolute lower bound on the
two tagging jets, thepy—VjjX contribution to the EWVjj - photon virtuality, Q2=m2(m2;,/xs)?, wherem; is the invariant
cross section is quite small. For the VBF cuts defined in thQ‘naSS of the produced system axdenotes the Feynmanof the
next section, withp+;>20 GeV and a rapidity separation of colored parton in the subprocessesfigr—VjjX. We have chosen
the two tagging jets o\y;;>4, the NLOW™jj cross sec- the lower cutoff ofQ? ,,,=0.1 GeV? for a very rough simulation of
tion, for example, increases by a mere 0.2% when loweringhe resulting finite photon flux.

IV. RESULTS FOR THE LHC
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FIG. 4. Scale dependence of the total cross section at LO and NLO within the cuts ¢i.Bgg15) for W~ andW" production at the
LHC. Here and in all subsequent figures, the decay branching ratio ofMh® included in the definition of the cross section. The
factorization scalg.e and/or the renormalization scale; have been taken as multiples of the vector-boson ngasg,, and¢ is varied in
the range 0.££<10. The NLO curves are fopg= ur=&émy, (solid line), ug=my, and ug=émy, (dashed ling and ugr=my, and ug
variable(dot-dashed line The dotted curve shows the dependence of the LO cross section on the factorization scale. At this(Qcdgr,
does not enter.

We consider decayd— ¢ "¢~ andW—{v, into a single to scale variations: allowing a factor 2 variation in either
generation of leptons. In order to ensure that the chargedirection, i.e., considering the range €.5<2, the NLO
leptons are well observable, we impose the lepton cuts  cross sections change by less than 1% in all cases.

As a second option, we have considered scales tied to the
virtuality of the exchanged electroweak bosons. Specifically,
independent scalel; are determined as in Eq&) and(5)

whereR;, denotes the jet-lepton separation in the rapidity-for radiative corrections on the upper and on the lower quark
azimuthal angle plane. In addition, the charged leptons argne and we set

required to fall between the rapidities of the two tagging jets,

pT€>20 GeV, |7](|$25, AR](BO‘L (13)

mEi=&eQi,  uri=E&rQ;- 17
Yi min< 77€<yj,max- (14)
140 T 1 1 1
We do not specifically require the two tagging jets to re- I
side in opposite detector hemispheres for the present analy- lid:  NLO pompo=
sis. Backgrounds to VBF are significantly suppressed by re- L :Ztld;sh- NLO'U':;; bme
quiring a large rapidity separation of the two tagging jets. 130~ Baidas i NLO :’zémz -
Unless stated otherwise, we require e dot;- LO p:=€mz
Ayji=lyj, = ¥5,l>4 (15 & |
_ o %120
Cross sections, within the cuts of Egd.2)—(15), are o >

shown in Fig. 4 forWjj production, and in Fig. 5 for thgjj
case. In both figures, the scale dependence of the LO and
NLO cross sections is shown for fixed renormalization and
factorization scaleg g and g, which are tied to the masses

of the produced vector bosons,,

(16)

MR=ERMy,  up=E&emy.

The LO cross sections only depend gpa=£&m,,. At NLO
we show three casesi(a) &= ég=¢ (solid ling); (b) &
=¢,6p=1 (dot-dashed ling and (c) ég=§&,é=1 (dashed

100

110

o

0.1

5.0 10.0

02 05 1.0 20
§

result is sizable, the NLO cross sections are quite insensitiveross section here and in all subsequent figures.
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This choice is motivated by the picture of VBF as two inde-MRST2001E provides 30 PDFs, which correspond to ex-
pendent deep-inelastic-scattering type events, with indeperremal plus-minus variations in the directions of the error
dent radiative corrections on the two electroweak-boson vereigenvectors of the Hessian in the space of the fitting param-
tices. ResultingVjj cross sections at NLO are about 1% eters. To be on the conservative side, we have added the
lower for ug=ur=Q; than for up=ug=my. In the fol- maximum deviations for each error eigenvector in quadra-
lowing, we refer to the latter choice as théM“scheme” ture, and we have found a total PDF uncertaintyzof%
while the choiceur=ugr=Q; is called the ‘Q scheme.” As  with the CTEQ PDFs, and of roughty2% with the MRST
we will see below, a residual NLO scale dependence of aboiget.
1-2% is also typical for distributions, resulting in very  For precise comparisons with future LHC data, the re-
stable NLO predictions fo¥jj cross sections. sidual theoretical error on the jet and lepton distributions
In addition to these quite small scale uncertainties, wemust be estimated. As a first example, we show the
have estimated the error of th=jj cross sections due to transverse-momentum distribution of the highgsttagging
uncertainties in the determination of the PDFs. This error iget for W*jj production in Fig. 6a): the shape of the
determined by calculating the tot&jj cross section, within  distribution is fairly similar at LO(dashed curyeand NLO
the cuts of Eqs(12)—(15), using two different sets of PDFs (solid line). Both curves were obtained with a scale choice of
with errors, computed by the CTE{R29] and MRST[33]  ugr=ug=Mmy. Inthe right-hand panel their ratio to the NLO
Collaborations. Together with the PDF that gives the best fiturve withug= = Q; is shown. The ratio of the two NLO
to the data, the CTEQ6M set provides 40 PDFs and thelistributions deviates from unity by 2% or less over the en-

v @] SN ]
600 L ,,";(‘.\ — 600 L ,.'(,/ \‘.-\ p—
| 77N solid: NLO Ay>4 | L A ", 1
- ~),  dashes: LO Ay>4 . 5 s e
= %\, dotdash: NLO Ay>2 - = P L
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gy 400 g 3400 — ;
> | >
o o
< I
5 5
st 19
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0 ol o b T, 0o 1o,
1 2 3 4
min
IY|tug |Y|$’

FIG. 7. W™ production cross section as a function(af the smaller andb) the larger absolute value of the two tagging-jet rapidities.
Results are shown for a rapidity separation between the two tagging jets greater than (dighéand lower pairs of curves, respectiyely
The LO cross section is always slightly below the NLO result. Due to the rapidity cut of12y.the distributions are truncated }ayg\
=4.5.
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FIG. 8. Transverse-momentum distributions of the charged final-state lepWii iproduction[panels(a) and(b)] and of the softest of
the two final-state leptons iA production[panels(c) and(d)]. The solid curves in panelg) and(c) represent the NLO cross sections and
the dashed curves the LO ones, for scalgs= ug=my (M schemé Panels(b) and(d) show the ratio of the NLO transverse-momentum
distribution computed in th&1 andQ schemegsolid line) and theK factors in theQ (dashed linpandM (dot-dashed lineschemes.

tire range, which, again, points to the small QCD depen-comes more natural. However, because of the greater stabil-
dence of our calculation. ity of the cross-section prediction, the scale selection also
In contrast to the stability of the NLO result, the LO becomes less of a phenomenological issue.
curves depend appreciably on the scale choice. The dotted Rapidity distributions of the two tagging jets are shown in
line and the dashed line in Fig(l§ give the ratio of the LO Fig. 7, at LO and NLO, and for two choices of the rapidity-
curves forug=Q; and ug=myy, respectively, to the NLO gap requirementAy;;>2 andAy;;>4. The shapes of the
result. The shape of the LO curves, in particular for a con+apidity distributions for the more central tagging jet, panel
stant scale choice likez=myy, is quite different from the (a), and the more forward tagging jet, par@®), are quite
more reliable NLO result. For transverse-momentum distrisimilar at LO and NLO. In fact, th& factors for these dis-
butions, we generally find that the “dynamical” scale choice tributions are fairly flat, and adequately described by a con-
ue=Q;, at LO, better reproduces the shape of the NLOstant value of about 1.1. The results in Fig. 7 were obtained
distributions, and is thus preferable to a fixed scale. At NLOfor a fixed scaleur= ugr=my and are foW~jj production.
or higher order, where the definition of the momentum transCurves for thew* jj andZjj cross sections are very similar
fer Q; becomes more problematic, the fixed-scale choice bein shape and show the preservation of shape between LO and
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FIG. 9. Angular correlations of leptons and jetsZiproduction. Panel§éa) and(b) show the minimum rapidity separation between the
two leptons and the two tagging jets. Pan@lsand(d) are for the minimum rapidity-azimuthal angle separations between the leptons and
any reconstructed jetsiot necessarily the two tagging jet$he NLO differential cross sections are shown as solid lines, while the LO ones
are displayed as dashed lines. Scales are fixed iMtiseheme. Paneld) and (d) show the ratio between the two NLO differential cross
sections in thevl and Q scheme(solid lineg and their respectiv& factors.

NLO curves. me=pr=Q; (solid lineg in Figs. 8b) and 8d). Varying
While tagging-jet distributions are quite similar for elec- either scale by a factor of 2 leads to the same conclusion of
troweakWijj and Zjj events at the LHC, the presence of two 1-2 % scale uncertainties for the NLO results. Comparing
charged leptons in th&jj case results in somewhat more the LO predictiongdashed and dot-dashed curvesth the
noticeable differences. When considering changes in the leprery precise NLO results shows theoretical errors of the or-
ton py cut of Eq.(13), the transverse momentum of the softerder of 10%. Again, as for the jegi; distributions discussed
lepton is critical forZ production, while the single charged earlier, the choice.r= Q; is better for simulating the shape
lepton must be considered f@vjj events. These distributions of the lepton p; distribution at LO. A fixed scaleur
are shown in Fig. 8 foW™" production(top panelsandZ  =m,,, predicts too steep a fall-off at large,. One should
production(bottom panels At NLO, the scale variations are note, however, that for the electrowe®lj processes con-
again very small, at the 1% level, as demonstrated by theidered here, these differences are exceptionally small al-
ratios of the NLOp+ distributions for ugp=ug=my and ready at LO: the differences between the LO curves in Fig. 8
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are of the order of 10% only. tagging jets, Mg At LO, there are only two final-state

In contrast to the lepton transverse-momentum distribugyarks of pr>20 GeV in each event and, hence, the two
tions described above, the shape of the lepton-rapidity distrigyryves are identical. At NLO, additional parton emission pro-

butions is virtually unaffected by the NLO corrections: anjges for soft third jets which form low invariant-mass pairs
overall constanK factor is sufficient to describe NLO ef- | iih one of the tagging jets, and this pair shows up as a

fects. Larger changes are found when considering angu'%w-mass peak irdo/dm™". Generic selections of the two
correlations of the leptons and jets, which we show Zgr L L .
tagging jets in a multijet environment tend to pick up some

production in Fig. 9. The top panels show the minimal rapid- fth | ; d lead t bstantial diff .
ity between any of the two leptons and the two tagging jetsO 1ese Jow-mass pairs and lead to substantial difterences in
the invariant-mass distribution of the two tagging jets at LO

Aymin A ing igh- . o .
Viag) - AS before, the tagging jets are taken as the two hlghand at NLO. Thept selection of tagging jets, which we have

est transverse-momentum jets in the evept Eelection. : P
. N used throughout and for which results are shown in Fig.
The_ two bpttom panels show the minimal separation in the_LO(b) is re?narkable in that it preserves the shape of tr?e
rapidity-azimuthal angle plane of the two leptons from anytaggi,ng et invariant-mass distributiodg-/d M., when go-
ags!

jet (not necessarily the two tagging jeis the eventR".
In both cases, the two scale choices for the NLO res]ult shov'vng from LO to NLO.
excellent agreemefsolid lines in Figs. &) and 9d)]. How-
ever, the dynamicaK factors
V. CONCLUSIONS
_ dono/dx (18) Vector-boson fusion at the LHC represents a class of elec-
doo/dx troweak processes which are under excellent control pertur-
, , batively. This has been known for some time for the most

for x=Aygg andx=R{"\" show qualitatively different be- interesting process in this class: Higgs boson production via
havior. WhileK(Aygg)) is fairly constant, i.e., the shape of VBF has a modesK factor of about 1.05 for the inclusive
the distribution is well described by the LO approximation, production cross sectidri4] and this result also holds when
the minimal lepton-jet separatiods/dR{"}", shifts notice-  applying realistic acceptance cyts5].
ably to smaller values at NLO. This behavior was to be ex- In the present paper, we have extended this result to the
pected, since additional parton emission in the higher-ordegelectroweak production oV andZ plus two jets, when the
calculation reduces lepton isolation. What is remarkablefinal-state particles are in a kinematic configuration typical
then, is that the selection of the tagging jets as the tw®f VBF events. More precisely, we have calculated the NLO
highestp jets does not affect the lepton-tagging jet separaQCD corrections to electroweak production 6f,jj and
tion. As for the Higgs boson ca$é5], this selection of the ¢ ¢~ jj at LHC, and we have implemented them in a fully
tagging jets provides excellent correspondence of the LOflexible NLO Monte Carlo programK factors are of the
and NLO-event topology. same size as for the Higgs boson production process, typi-

In order to stress this point, we show dijet invariant-masscally ranging between 1.0 and 1.1 for most distributions.
distributions for the reconstructed jefsot necessarily the What is more important is the stability of the NLO result:
two tagging jets for W*jj events at LO(dashed lingsand  residual scale dependence is at the 2% level or below. This is
at NLO (solid lineg in Fig. 10. The distribution with respect smaller than the present parton-distribution-function uncer-
to the minimal dijet invariant mass in the event is shown intainties, which we have calculated for tNé"jj cross sec-
Fig. 10(a) while Fig. 1ab) uses the invariant mass of the two tions. We estimate 4% PDF errors using CTEQ6M parton
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distributions and roughly half that size using MRST2001E APPENDIX: VIRTUAL CORRECTIONS

PDFs. . . . . -
Given the excellent theoretical control which we now In this appendni, we give the expression for the finite,

have for EWVjj production, these processes can be used agduced amplitude\1,(ds,d) that appears in Eqs5) and

testing grounds for Higgs boson production in VBF: tech-(6), in terms ofBy, Cy, andDj; functions. HereB,, Co,

niques should be developed to measure hadronic propertiegndD;; are the finite parts of the Passarino-Veltn Co,
such as forward-jet tagging efficiencies or central-jet-vetoand D;; functions[34], and are given explicitly below. We
probabilities, inWijj or Zjj production at the LHC and to have also derivedv1(q;,qs) in terms ofB,, Gy, andD,

extr_apolate these re_sults to Higgs _boson production_, thus "lnctions, but do not show this expression here, due to its
ducing the systematic errors for Higgs boson coupling meafength W’e write '

surements. We leave such applications for the future.
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™5 k), (A1)

C1=26K,T(05,1) = 2[ D 15Kz, 02,01) + Doa(K2,02,01) J€2k(G3 + 95— 35— 4t)

~2[D1a(k,02,01) ~ Doa(kz,02,01) J€201(a5— 1) +4[ — D11(K,02,01) €2kpS—D1a(kz, 02,01 ) €Kyt

+D 13Kz, 02,01) €2Ka(A5—5—1) + D15(Kp,02,01) €20105— D21(K, 02, 01) €2Ko5— D ool Kz, 02,01) €2kt

—D2aK2,02,01) 20105+ D2g(Kz, 02, 01) €2K205 + Dos(kz,02,01) €2Ka(G5— 5~ 2t)

~Dod(K2,02,01) €2Kx(05—5—1) + Dg(K, 02, A1) €201t + 2D p7(K2,02,01) €201~ Dgol K, 02, 1) €2k

—Daa(kz,02,01) €2Ka(A5— 1) + Dag(Kz,02,01) €2kp(205— ) + D3z k2, 02,01) €2k05

+Das(Kz,02,01) €2Ka(05—5—1) + D3g(Ky, 02, 01) €2Ko(05 + 05— 5) — Dol k2,02, 01) €2Ko0]

—Da1dK2,02,01) €2K(05 +205— 25— 1) = 4D 314(K2,02,01) €2kp + 6D 314Kz, 012,01) €2k

+2D319k,02,01) €201], (A2)
where

2t+30?
t—q?

1 [ - - - ~
Tdq? )= t_qz[[Bo(t)—Bo(qz)] +250(q2)+1—2q200(q2,t)] (A3)

is defined in terms of the finite parts of tly and C, functions

= g’+io"
Bo(g)=2—In S (A4)

and 1 ( q?+io* t+i0"
|n2 2

Co(g%t)= |
ola”1) 2(t—g?) s "

(A5)

These expressions are obtained by pulling a common fdetar+ €)(—s)  =I"(1+ €)/(Q?)¢ out of all amplitudes and
Passarino-Veltman functions, e.g.,
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, dk 1 ['(1+e€) I'(1—¢)? o
Bold ):f PRk’ e T2-200 70T
I'(1+e)[1 g?+i0”* IF'(l+e)[1 _ }
= —+2—1In +0(€) |=—=—|—+Bo(q)+0(e) . (A6)
(—=s)° |e Q)€ e

For the other coefficient functiorg=c;(q;,q9,) we find

02:

—2[D1akz,G2.01) + D2y(kz,02.01) L €1ka(GF + 45 — 5= 21) + €202(q5 — 5= 31)]

+4[D19(K2,02,01) €1K205 —D13(ky, 02, 01) €K1 (25+1) + Dok, 05, 01) €K1 05— D g Kz, 02,01) €1kt
+D,4(K2,02,01) €02(q5— 1) = D a2, 02, 01) €1K195+ Dos(Kz,02,01) €1Ko0 + Dos(K, 02, A1) €1k (95— 25— 1)
+D26(K2,02,01) €1Kot — Doe(K, 02, 01) €1k1(a5— ) — 2D 57Kz, 02, 01) €102+ Dag(K»,02,01) €1k,03
+Da3(ka,02,01) €20205+ Dar(ka,02,01) €K1 (05— 5—1) + Dag(K»,05,01) €1k 05— Dag(Kz,02,01) €1k1 (A3 +05—5)

- E)310(k2 02 ,Q1)€k1(qg_t) + 25311(k2 ,02,01) €K+ 25312(k2 102,01) €10~ 65313("2 102,01) €1Kq ]
+2e:K, T(051), (A7)

Cq= [D1a(Kz,02,01) + Daa(kp,02,01) €1 €28

+2[4D 14Kz, 02, 01) €2kp€1Kkp+ 3D 15Kz, 02,01) €2Ko€1 0o+ D 1oz, 02, 01) €201 1Ko~ 4D 15(K;, 02, A1) €2k €1k,
—2D14(Kz,0,01) €2Ko€10,— 2D 19(K2,02,01) €201 €:Ko — D15(K, 05, 01) €165+ 2D 2K, 0, 01) €2Ko€10
—Daakz,02,01) €162t — 2D 5Kz, 02, 01) €201 €1k, — 2D 55(K2, 02, 01) €201 €102~ D2o(K2, G2, 01) € €5t
+6D24(Kz,02,01) €2Ko€1kp+ 3D 24Kz, 02, 01) €2Kp€1 02+ D oa(K2,02,01) €201 €1ko — 6D 5Kz, 02, 01) €2K€1 Ko
—2D55(kz,02,01) €2Ko €102~ 2D 5(K2,02,01) €201 €1k~ D 2s(Kz, 02, 1) €1€25— 4D 26Kz, 02, 01) €2k €10

+4D (K20, 01) €201 61K+ 2D 56(K2,02,01) €201 €102+ D og( K2, 02,01) €1€2(S+2t) = D3y Kz, 012,01) €1 €205
+Da3(ka,02,01) €1620% + 2D 34(Kz,02,01) €2Kp€1Ko — 2D 35( k2 ,02,01) €2k €1Kp+ Dag(kz, 02, 01) €1€2(05— 1)
—2D37(kz,02,01) €201 €1Ko+ 2D 36(K2,02,01) €2Kp €102+ Dgr(Kz, 02, 01) €1€2(a5— 5 1) + 2D 3g( K, 02, 01) €201 €102
+D3g(Kp,0,01) €1€62(05 +205—5) — 2D 39(K2,02,01) €201 €10, Dag(K2,0,01) €1€2(207+05—5)

—2D 519k, 02,01) €2K€102+ 2D 310 Kz, 02,01) €201 €1k~ Da1d K2, 02, 01) €1€2(205— 5~ 2t)

+4D314Kz.,05,01) €16, 4D 319K2,02,01) €1€2], (A8)

= —2{[Dag(K,02,01) + Darkz,02,01) — 2D 310 k2,02,01) 1(a5—t) + Dag(K2,02,01) (a7 +203)

—Dag(kz,02,01)(205+03)} —2[Do(ky,02,01) + D11(K2,02,01) + D1a(Kz,G2,01)
—2D15(K2,02,01) + D 24(Kz,G2,01) — Dos(K2,02,01) + Dog(K2,02,01) — Dar Kz,02,01) — Dag(Ko,02,01)
+Dag(k2,02,01) + Da1d K2,02,01) 15+ 2{[D2x(K2,02,d1) + D2s(Ko,02,01) — 2D 26(K2, 02, 01) ]t — 2D 274(K2,02,01)

"’532('(2YQ2,Q1)qg_533(k2:CI2ﬂl)qg_6[5312“(2:Q2:Q1)—5313(k2:Q2,Q1)]}
2
7T

1 ~
~ | Tz + To(a2, ) +Bo(t) =5+ -1, (A9)
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with ply replace the timelike invariant by—t+i0" or g°—q?
+i0*, as in Eqs(A4) and (A5).
2{ZqZ[EO(t)—~Bo(q2)]+t~Bo(t) The remalm_ng f|n|teD~iJ- fu~nct|ons are obtglned from the
t—q above expressions for ths,, Cy, andD functions with the
0% oo o= o usual Passarino-Veltman recursion relations given in Ref.
9"Bo(9%)} —2a7Co(a%1). (A10) [34], adapted to the Bjorken-Drell metrig?>0, for a time-
like momentumg; . In these recursion relations, we need the

Tb(qzat) =

For the crossed functiaﬁ/l(qz,ql), the same expressions as . R ~ .
above apply, with the obvious interchange—(q.,, €,<¢,,  additional finiteB, and C, functions
andt—u.

The finite part of theD, function is defined by Bo(0)=0, (A12)
- 1[ digs t - - 1’
Do(kz.02,01) = 2st In? tlz - +4Lip1-— Co(kz,d1+02)=Cy(s,0,00= s6

91 (A13)
t 2 .
+4 Li2< 1- —2) -5 (A17) ~ While
2 ~
Co(01.,02) = Co(07,03.5) (A14)

This expression is well defined when all invarianu.ﬁ,—qg,

andt—are spacelike. In our application, we always have onds the infrared- and ultraviolet-finit€, function for massless
spacelike and one timelike weak boson, i.e., exactly one oihternal propagators but with nonzero invariagés g3, and
the two quotientsl;/qi2 is positive. In the other quotient, sim- s.
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