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We study the effect of one-loop logarithmic electroweak radiative correctiond/sand Wy production
processes at the CERN Large Hadron Collider. We present analytical results for the leading-logarithmic elec-
troweak corrections to the corresponding partonic proce@seswz, Wy. Using the leading-pole approxi-
mation we implement these corrections into Monte Carlo programsptlwlml’?, lvyy. We find that
electroweak corrections lower the predictions by 5—-20 % in the physically interesting region of large transverse
momentum and small rapidity separation of the gauge bosons.
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[. INTRODUCTION In coming years, hadron colliders will be the main source
of vector-boson pairs with large invariant mas3ds .
Vector-boson pair production provides us with an impor-Tevatron run Il will collect from tens to hundreds of events,
tant testing ground for the non-Abelian structure of the standepending on the particular process. The CERN Large Had-
dard model(SM). While gauge-boson properties, such asron Collider(LHC) will further increase the event number by
masses and couplings to fermions, have already been memughly two orders of magnitud&]. Owing to the expected
sured with great accuracy at the CERNe ™ collider LEP  increase in statistics, theoretical predictions must reach high
and Fermilab-Tevatron, vector-boson self-interactions havaccuracy to allow for a decent analysis of the data.
not been tested with comparable precision. New physics oc- Hadronic diboson production has received a lot of atten-
curring at energy scales much larger than those probed dtion (for a review of the subject see Rdf3]). Originally
rectly at forthcoming experiments could modify the structurecomputed by treatingV and Z bosons as stable particles,
of these interactions. These modifications are parametrized ipee-level cross sections fow*W—, W*Z, ZZ W=y,
terms of anomalous couplings in the Yang-Mills vertices. andZy production and decay have been updated by evalu-
In the last few years, the contribution of trilinear gauge-ating, in the narrow-width approximation but retaining
boson couplings was directly measured via vector-boson paigpin information via decay-angle correlations, the doubly
production at the LEP2 and Tevatron. While, in particular,;,asonant contribution to the four-fermion final statesy.,

the LEP2 has been able to produd& W~ pairs with high qq —W*Z—4f) [4] and the resonant contribution to
statistics, nevertheless all these events were generated @f ¢ormion plus photon final statee.g., qg — W=y
rather modest center-of-masgc.m) energies E.q 251+ 5] A . Ny

: . em . As a further step, in the last few years Monte
=210 GeV). The effect of anomalous couplings is, on the . 7)[5] . P | WY

. . Carlo programs[6] have included the fullqq —4f
other hand, expected to be strongly enhanced by increasin . e e
the invariant mass of the gauge-boson pility: (V,V’ fﬂ‘nplltude, by taking into account finite-width effects and the

—W,Z,y), since these couplings in general spoil the urmar_irreducible background owing to non-doubly-resonant dia-
ity cancellations for longitudinal gauge bosons. Hence, afams. ) ,
future colliders it will be useful to analyze the diboson pro- ~ 1heO(as) QCD corrections to gauge-boson pair produc-
duction at the highest possible c.m. energies. tion and decay have bgen exten_swely analyzeq by many au-
Moreover, vector-boson pairs constitute a backgroundhOrs. Gauge-boson pair production cross sections have been
to other kinds of new-physics searches. One of the goldcalculated at next-to-leading ord@dLO) accuracy retaining
plated signals for supersymmetry at hadron colliders ighe full spin correlations of the leptonic decay products. Sev-
chargino-neutralino pair production, which would give riseeral NLO Monte Carlo programs have been implemented
to final states with three charged leptons and missing trangnd cross checked so that compl@éa) corrections are
verse momenturfil]; the primary background to this signa- now availablg4—6]. QCD corrections turn out to be quite
ture is given byWZ or Wy* production. Leptonic final significant at LHC energies. They can increase the lowest-
states, coming froriVZor Wy*, could also fak&VZvector-  order cross section by a factor of 2 if no cuts are applied and
boson scattering signals, ®%W=W* and W*W= scattering by one order of magnitude for large transverse momentum or
signals if one of the charged leptons is lost in the beam pipdarge invariant mass of the vector bos¢#s8]. By including
which are again expected to be enhanced at high c.m. enea-jet veto, their effects can be drastically reduced to the order
gies[2]. of tens of percenf9,4], but in any case they have to be
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considered to get realistic and reliable estimates of total crosscludesWZ production as an intermediate state. The second

sections and distributions. class is instead related ¥y production. Both classes of
In view of the envisaged precision of a few percent at theprocess are described by the formula

LHC, a discussion of electroweak corrections is also in order.

For single W- and Z-boson productionO(«) corrections doMM2(P,,P,,ps)

have been computed taking into account the full QED and

weak contribution$10]. For gauge-boson pair production at :2 dxdxof; (X, Qz)f,— o (%0,02)
] Ny ! o !

hadron colliders, the electroweak corrections have been
taken into account only via an effective mixing angle.

As is well known, the impact 0O(«) electroweak con-
tributions grows with increasing energy. Analyses of the _ _
high-energy behavior of electroweak corrections in generatherep; summarizes the final-state momerfta, andf;p,
and for specificee™ and yy processes have already beenare the distribution functions of the partonsndj in the
performed, revealing effects which should be clearly visibleincoming hadron$; andh, with momentaP; andP,, re-
at future linear collidergsee, for instance, Refgl1,12). At spectively,Q is the factorization scale, aril! represent the
high energies the electroweak corrections are dominated bgross sections for the partonic processes. Since the two in-
double and single logarithms of the ratio of the energy to thecoming hadrons are protons and we sum over final states
electroweak scale. In Reflsl3,14) it has been shown that the with opposite charges, we find
leading-logarithmic one-loop corrections to arbitrary elec-
troweak processes factorize into the tree-level amplitudedohth(Pl,Pz,pf)
times universal correction factors. These results represent a
process-independent recipe for the calculation of leading- :f dxdx, > > [f5 p(X1,Q) Fu p(X2,Q%)
logarithmic corrections. U=u,c D=d,s

Using the method of Ref$13,14], we investigate in this —

X do' (x,P1, %P2, Ps), (2.1

paper the effect of leading-logarithmic electroweak correc- X daPY(x1P1,%,P2,py)

tions to the hadronic production &/~Z and W=y pairs in B ) o A UD

the large-invariant-mass region of the hard process at the +1up(X1,Q%) b p(X2,Q7) G (X1 P1,X2P2, )
LHC. Since the aim of this paper is to describe the structure o 2 1 ~DU.

of the O(«) electroweak corrections and to give an estimate +1p,p(x1, Q) fu p(X2,Q7) AT (X1 P1,X2P2, py)

of their size, we have not included QCD corrections. Also, _ ~UD.

QED corrections are not fully considered as they strictly de- + fU'P(Xl’Qz)vaP(X2’QZ)dUUD(XlPl'XZPZ’pf)]
pend on the experimental setup. We omit all infrared-singular (2.2

terms originating from the massless photon, as explained in

Appendix A1 and focus on the contributions of the leadingin leading order of QCD.

electroweak logarithms originating from above the elec- The tree-level amplitudes for the partonic processes have

troweak scale. been generated by means rRHACT [16], a set of routines
The simplest experimental analyses of gauge-boson pabrased on the helicity-amplitude formalism of REE7]. For

production will rely on purely leptonic final states. Semilep- the numerical results presented here, we have used the fixed-

tonic channels, where one of the vector bosons decays hadddth scheme withl',=2.512 GeV andl'\,=2.105 GeV,

ronically, have been analyzed at the TevatftB] showing and the input massesM,=91.187 GeV and My

that these events suffer from the background due to the pro=80.45 GeV. The weak mixing angle is fixed Lﬁvzl

duction of one vector boson plus jets via gluon exchange._MfN/Mg_ Moreover, we adopted the so call€g, scheme,

For this reason, we choose to analyze only diboson produgyhich effectively includes higher-order contributions associ-

tion where both gauge bosons decay leptonically @0 1. ated with the running of the electromagnetic coupling and
The paper is organized as follows. In Sec. Il we give somehe |eading universal two-loopn.-dependent corrections.

details of the general Setup of our calculation. In Sec. Il and’rhis Corresponds to parametrizing the |0\Nest_0rder matrix

Appendix A the logarithmic electroweak one-loop correc-glement in terms of the effective couplingrg
tions are examined and presented in analytical form. Section 2 2 _ H
IV contains a numerical discussion f@vZ production and ~V2G,Mys,/m. However, we usex(0)=1/137.036 for

decay, while Sec. V covend/y production and decay. Our tr;e ;:r?upllng of thed_real photon ptp—>l Vi V’ﬁ;'e" V\r/]e multtl)-
findings are summarized in Sec, VI, ply the corresponding cross sections in &g scheme by

a(O)/aGM. Additional input parameters are the quark-mixing

matrix elements whose values have been taken tfvhg
Il. PROCESSES AND THEIR COMPUTATION = Vol =0.975, |V, = |V =0.222, and zero for all other

We consider in detail two classes of process@spp  relevant matrix elements.
Syl T, with |, 1 =e, u, and(il) pp— vy, with | =e, u As to parton distributions, we have useteQsmy) [18] at

The first class is characterized by three isolated charged Ieﬁr—]e factorization scales
tons plus missing energy in the final state. In our notation, T by =
lv, indicates bothl ~7; and |7»,. This kind of process Q*=3[My+Mz+Ps(ly)+Pr(I"l")] 2.3
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and qu%WnHIWW

Born,SPA

(2.4 i E

- Pa— M+ iMwly <

Q*=3[M{+Pi(Im)+PH(»)] :
qq’ —W, vy’ Wy —lv
MBorn M MBc;\rn l'

(3.2
for WZandW1y production processes, respectively, whete
denotes the transverse momentum. This scale choice appears

to be appropriate for the calculation of differential cross sec- In the LPA, theO(a) electroweak corrections to boson

tions. in particular for vector-boson transverse-momentu nproduction processes can be divided into two classes, factor-
ons, in p izable and nonfactorizable corrections. The nonfactorizable
distributions[8,4].

. corrections, i.e., those contributions that cannot be associated
We have, moreover, implemented a general set of cuts; ., ~ " .
: . With either boson production or decay, have been evaluated
proper for LHC analyses, defined as follows: lepton trans- ; T ST
T for boson-pair production i e~ annihilation in Refs[22,

verse momentunP+(1)>20 GeV; missing transverse mo-

; 23]. There, these corrections turned out to be small. We as-
mis r\’” . !
”?e.”“‘mPT *>20(50) GeV forWZ (W); lepton pseudora- sume that this holds as well for the similar processes consid-
pidity |#7]<3 (2.5 for WzZ (Wy) where 5=

. S ered here and do not consider nonfactorizable corrections
—log(tan@/2) (6; is the polar angle of particlewith respect any further.
to the beam, ant=1, ); aznd rapldlty—2a2|muthal—angle S€pa-  Moreover, we do not include real corrections and restrict
ration ARy, =+(7—17,)°+ (¢~ ,)°>0.7 between the oy discussion to the infrared-finite part of the virtual factor-
charged lepton and photon favy. izable corrections, as defined in Appendix A 1. These contri-
For the different processes considered, we have also Usfliiions can be expressed in terms of the corrections to the
further cuts which are described in due time. In the followinggn-shell boson production and decay subprocesses. The ma-

sections, we present results for the LHC at c.m. en&f8y trix element for the virtual corrections to the procesy
=14 TeV and an integrated luminosity=100 fo 1. WZ—Iyl"T" can be written as

Ill. ELECTROWEAK O(a) CORRECTIONS 5qu’—>WZ—>|V||'T’

virt, DPA

We are interested in the electrowe@f«) corrections to
the processepp—Iy|l’'l’ and pp—Iv,y in the region of =
phase space where these are dominated by the gauge-boson
pair production subprocessegp—WZ and pp—Wvy, re-
spectively. In this region, the dominant contributions are
those that are enhanced by the resonant propagators bf the
boson and in the first process also of thboson. These can
be most effectively calculated in the so-called leading-pole
approximation(LPA), which is a double-pole approximation
(DPA) for pp—WZ—lyl'l" and a single-pole approxima-
tion (SPA) for pp—Wy—lv,y. The LPA has been success- _
fully applied for the calculation of electroweak corrections towhere 5/\/13;1!\"’*2%’, 5MVW"§H'V', and 5M§i¢t'ﬂl " denote
W-pair production19-21. _ the virtual corrections to the on-shell matrix elements for the

At tree level, the DPA for the partonic procesgl’  poson production and decay processes. A similar expression
—WZ—lyl'l’" reads holds for the procesgq’ —Wy—lv,y.

We focus in particular on the corrections involving single
and double enhanced electroweak logarithms at high ener-
gies, i.e., on O(a) contributions proportional to
a log’(&¥M3) or a log(¥M3), where /5 is the c.m. energy of
the partonic subprocess. The logarithmic approximation
yields the dominant corrections at c.m. energies large com-
pared to the gauge-boson mas&esM \ZN In the high-energy
limit, however, there might also be enhanced nonlogarithmic
csontributions that are relevaatpriori. In general, they con-
rt in constant terms proportional tZ/M3, and m¥/M3,.

i i
py—Ma+iMuTyw ps—M5+iM I,

aq’ =Wy Zy s, Wy —ly Z}\r~>|/|7'
X > {oMid M M

Born Born
AN

Zy—11
Born

+qu —)W)\Z}\raMW)\—‘le

Born virt

qq’—»WZr Wy — z r—>|,T/
+ MDA I s i T,

Born Born virt

(3.3

qu,ﬂWZﬂIVllrl_,: i I
Born, DPA p\z,\,—M\zN-i—IMWFW pg_M§+|M2FZ

Born Born Born

«S qu/—PW}\Z)\VMW)\—?|V|MZ)\I~>|IT/,
NN
(3.1

where the gauge-dependent doubly resonant contribution

replalc:e\s Sy the \\//Vvilll-defmed 9;‘98‘?}5‘“””““ residue, a hile for transverse gauge bosons, these Higgs-boson and
MAT I AL T and MEA denote the on-shell

Born » Meom Born top-quark mass-dependent corrections are entirely due to
Born matrix elements for the boson production and decayenormalization effects and can be effectively accounted for

processes. The sum runs over the physical helicities’
=0, =1 of the on-shell projectev and Z bosons(see Ap-
pendix A of Ref.[20] for detailg, while the momenta of the
virtual W and Z bosons are denoted kpy, andp,, respec-
tively. For the procesgq’ —Wy—1lv,y, the SPAis given by

by using theG, scheme, for longitudinal gauge bosons ad-
ditional contributions of this kind exist. These nonlogarith-
mic O(a) contributions are process dependent. EGe™
—W"W~, where complet®©(«) corrections and their high-
energy limit are availablgl1], the above terms turn out to be
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of the order of a few percent. We can then qualitatively as-This implies that the gauge bosons produced have to be emit-
sume that this holds as well for similar processes like hadted at sufficiently large angles with respect to the beam.
ronic diboson production, even if only an exact computationHence, the validity range of the high-energy logarithmic ap-
could really furnish a precise statement on this point. Neproximation for the radiative corrections corresponds to the
glecting nonlogarithmic terms can therefore be considered eentral region of the boson scattering angle in the diboson
reasonable approximation at the LHC, where the experimernrest frame. Fos-channel processes, integrating over the full
tal accuracy in the high-energy regime is at the few percenangular domain does not affect the reliability of the result at
level. logarithmic level, since the neglected pure angular-
Since the decay processes involve no large energy vardependent logarithms would give rise only to subleading
able, the corresponding virtual corrections vanish in the logaeonstant terms, if included. Férchannel-dominated scatter-
rithmic approximation. As a consequence, we do not conings like WZ or Wy production, the situation is instead more
sider in the following the last two contributions on the right- delicate. The-channel pole in the Born matrix element gives
hand side of Eq(3.3). Moreover, for the boson production rise to additional enhanced logarithms when integrated over
processes|q' —WZWy we take into account only the cor- the full kinematical range. Since these terms are not included
rection to the dominating channels involving two transversdan our O(«) analysis, we have to take care that we do not get
(TT) or two longitudinal(LL) gauge bosons. The contribu- sizable contributions from small scattering angles with re-
tions of the mixedLT, TL) channels are suppressed relativespect to the beam. On the other hand, our formulas do not

to the others by factors d¥,/\/3 in the high-energy limit  fake spurious contributions as long &$t|,|0| M2, since

(see Fig. 2 beloyv and thus the corresponding correctionsy, . large logarithms become small fatt|, |8~ M2,.
are unimportant.

The logarithmic virtual electroweak corrections to the IV. W=Z PRODUCTION
dominating channels are calculated using the general method _ _ _ o
given in Refs[13,14). The corresponding analytical expres-  In this section, we present some cross sections and distri-

sions for the processetu—W, N, , N=Z,y, are given in butions for the leptonic processg— | vl "1 with |, I
Appendix A. Those fodU— W, N, are derived vicCPsym- =€, u. These final states allow us to analy& production
metry [see Eq.(A2)]. Our predictions are obtained by con- @nd thus in particular to test trilinear gauge-boson couplings.
sidering the matrix element squared Systematic studies of the effect of anomalous couplings on

the hadronic production of gauge-boson pairs have shown

2_ 24 T . that deviations from the SM cross sections should be particu-

| M= Meond“+ 2 R Meom,end Mui oal: (39 larly enhanced when gauge bosons are produced at high c.m.
energies and at large scattering angles in the diboson rest
frame. The same kinematical region is also appropriate to

contribution is computed in the LPA based on E@1—  gearch for scatterings of strongly interacting vector bosons.
(3.3, and the formulas given in Appendix A. In the high- " is therefore particularly interesting to study the elec-

energy limit, a reasonable approach is to neglect fermion ang, yeak corrections in these kinematical configurations,
boson masses, as compared V"Uﬁ) wherever possible. The \ynere their effect is also expected to be more sizable. As an
expressions given in Appendix A are based on this approxXigystration of the behavior and the size of tB&«) contri-

mation. However, we take into account the exact k'”emat":%utions, we have chosen to analyze the distribution of the

by evaluating the complete four-fermion or two-fermion- reconstructed-boson transverse momentum(l’V). The
plus-photon phase space and use the exact values of the Iﬁ . . .
1 variable is commonly used at hadron colliders because

nematical invariants in all formulas. Moreover, we do not uselarge P, requires high c.m. energies and large angles. We
. _ . . . . T . . .
the high-energy approximatioité.7) and(A8) in the correc study also pure angular observables of interest in the high-

tion factors but we implement th®(«) contributions ac- enerav reaime of hard scatterin
cording to the full expressions given in Eq#&12), (A13), gy reg 9:
(A18), and(A21)—(A23) with the exac{SU(2)-transformed
Born matrix elements. Owing to our choice of the input- ) ) ) )
parameter scheme, the terms proportionalAta(M2,) in We start by recalling basic properties of the Born ampli-
Egs. (A22) and (A23) are omitted, since these are alreadthde* WhICh will be gseful_ later in d|_scu_ssmg radiative-
taken into account by usingg instead ofa(0) as input. correction effects. In Fig. 1, just for expl|c§t|ve purposes, we

. LK . . . have plotted the on-shell Born cross section for the partonic

In the universal logarithmic corrections given in Appen-

dix A, the pure angular-dependent logarithms, such a@rocessdu—W™Z as a function of the anglé between the
a log?(|7|/3) and « log([f|/3) with 7 equal to the Mandelstam d quark and theZ boson in thedu c.m. frame, at fixed
variablest and 0 of the partonic subprocess, are not in- €N€rgy Ecm =500 GeV and before any convolution with
cluded. The validity of this approximation relies therefore onduark distribution functions. We have reported the different
the assumption that all the variabls|i|, and|d| are large helicity contributions separately. As can be seen, the trans-

) : ' . verse componenttt shows the well-known radiation zero
compared withMy, and approximately of the same size, - 5

for cosf=(gy +Ga1)/(GuL —Gs)=—S/(3ch)~—0.1 [24,9,

e ) whereg, | andgq  represent th&-boson couplings to left-
S~ [t|~|a|>My,. (3.9 handed up and down quarks, respectively, and is strongly

where Mg, is the exact Born amplitude, while th@(«)

A. Born level
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245 (pbl Vi &1 "
decos wH 2x1078 |
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1.5x 107 |
0.1 - 1x10°% |
5x 1077 |-
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[GeV]
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17 bl osd FIG. 3. Lowest-order distributions in the invarianfs and /]

08 06 -04 02 0 02 04 06 08 : ; > ©
as defined in the text for the full procegmp—Ivl’'l’" at Js

FIG. 1. Lowest-order angular distributions for the procEss =14 TeV. Standard cuts arfi(l ’7)>300 GeV are applied.
—W;Z,, atE, =500 GeV. Herex,\’ denote the transvers®)
or longitudinal(L) helicities. ing angle of theZ boson. Hence, at low energies, the allowed
angular region is strictly central and the LL component
peaked in the forward and backward directions. The longitudominates. At larger energies, the allowed kinematical range
dinal contributiono | is instead concentrated in the central increases by including smaller angles, and the TT contribu-
region, at large angle of th& boson with respect to the tion rapidly grows, soon overwhelming the LL part.
incoming quarks. Integrating over the angle from 0° to 180°, Of course, one has to consider the additional effect due to
one obtains the total cross sections shown in Fise the the partonic distribution functions, which in turn decrease
three curves on the left siflas a function of the energy. As with increasing momentum fractions and therefore with
expected, the dominant contribution is given &y;, and  increasing c.m. energy3= \/x,x,s. The net result is shown
above 300 GeV all polarized cross sections decrease witlm Fig. 3, where the distribution in the hard-scattering energy
increasing energy. V3 is plotted. Here and in the following we consider the full
The behavior of the polarized cross sections dependsrocesspp—4f, summed over all electron and muon final
however, on the selected kinematical region. If we consider L G o R
the region of phase space characterized by a large transverS@ieS: € V€ €, e” veu pu-, p-v,ee, and
momentum of theZ boson, the relative size of the different u= v ,u* 1. We have moreover applied our standard cuts
helicity components and the shape of the curves change ngs defined in Sec. Il and the additional cB&(1'17)
ticeably. As before, we plot the cross sections versus the ¢.m. 300 GeV on the reconstructefi boson. As can be seen,
energy but now foPr(Z)>300 GeV (see the three curves despite the suppression resulting from the decrease of the
starting at around 600 GeV in Fig).2n this case the LL _Iparton distributions with energy, roughly 50% of the contri-
contribution dominates at smaller energies, while the TThytion to the total cross section comes from the high-energy
component increases with increasing energy and takes OVE&gion \&>1 TeV. We will come back to this point later
at high c.m. energies. This is due to the fact that the abovgypen discussing radiative corrections.
mentionedPy cut translates into a minimum c.m. energy,  aAs explained in Sec. Ill, the DPA has proven to be a
Ecm=624 GeV, and limits the allowed range of the scatter-powerful tool for the computation of radiative corrections. In
order to analyze, for the process considered here, the appli-
LA %, ;JT(Z) T 200 Gev cability of th|s' approxmahon in a wide range of'energles, we
LL LLx 50, Pr(Z) > 300 GeV ————- j have plotted in Fig. 4 the tree-level cross section as a func-

[TLALT  (TLALD)x 50, Pr(Z) > 300 GeV ------ tion of the P¢(I'l") cut. The first three curves represent,
from top to bottom, the contribution of the pure doubly reso-
nant (DR) diagrams, the full result including all Feynman
diagrams that contribute to the same final stéte number
of diagrams is 10 in the absence of identical particles in the
final state, otherwise it doublgsand finally the DPA as de-
fined in Eq.(3.2).

If one looks at the difference between the complete result
and the DPA, one can see that the discrepancy is rather re-

Ecwm [GeV] markable. It amounts in fact to roughly 15% fB%(1'1")
cuts above 100 GeV. Let us note that, for this process, the
FIG. 2. Born cross sections for the procais—W'Z,, as a commonly adopted narrow-width approximation, which cor-
.2 Zy _ t
function of E, ,, with A\,\" as in Fig. 1. From left to right, the three "€SPONdS to (productio®(decay) differs from the DPA by

legends refer to the left-side curves and to the right-side ones rdess than 2% for the considered rangeP§f{( 1. So, de-
spectively, as explained in the text. pending on applied cuts and selected energy range, the

3

o [pbl
2.5

= =~~f-lIlicpo. L 1 1 i

0
200 300 400 500 600 700 800 900 1000
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1071 3x1075 T T T T T T T
DR with Mt(lv) cuts ------
o [pbl o lpbl DR with Mizy cuts  =----
" 25x107° - Full with My cuts .
10 DPA with My cuts —---—
2x1075 | ]
103
1.5 x 1075
1o~ 1x10°% |- -
_ 5 10—6 1 1 1 1 1 1 1 Meut [GeV]
10~3 PEH('T) [GeV] * 0 100 200 300 400 500 600 700 800
100 200 300 400 500 600 700 800
. - FIG. 5. Born cross section for the procgsg—lul’l’, at /s
FIG. 4. Born cross section for the full procegp—Iv|l'l’ at ; pcut =B b \/_
. =14 TeV as a function of the upper cMt" on the two invariant
\/§= 14 TeV as a function of the cut on the transverse momentum of

massedM (ij) of the leptonic pairs that could reconstridtand Z

bosons, as explained in the text. Standard cuts Brd ’F)
. . _ . >800 GeV are applied.
narrow-width approximation can underestimate the exact re-

sult by roughly 13%. This points out the need of using the—M§)2+F§|\/|§]*1, which reproduces the resonant peaking
exact matrix element at lowest order, as specified in EQstructure.
(3.4. Of course, a cut on the invariant mass of thepair is not

The second information one can extract from Fig. 4 isphysical since the longitudinal momentum of the neutrino is
related to the contribution of non-DR diagrams. As shown bynot directly measurable. We have therefore imposed the same
the dashed line, the DR contributionp§—WZ—4f),  kind of cut, but using the transverse ma$s(lv)

which is lower than the exact result by about 1% around_— EZ(Iv)— PZ(1v) as the physical quantity instead of the

threshold, increases_with increasing energy relative to thgﬂ(h}) invariant mass and releasing the lower cut on
full result. ForP(1’1')=300 GeV, the difference between M<(1v). The conclusion is similar. The DR contribution dif-

the two cross sections is already of order 20%, and at verfers at the order of 10% from the previous case, as shown by

large energies the DR diagrams can even overestimate thie dotted curve in Fig. 5. The full calculation, which repre-

result by a factor of 2 or more. This effect is due to delicatesents the true observable, and the DPA are instead rather

gauge cancellations between DR and non-DR diagramspsensitive to this change.

which characterize the behavior of off-shell cross sections in In the following, we assume the additional kinematical

the high-energy regime. DR and non-DR diagrams do notuts

constitute two separately gauge-independent subsets. Hence, o

the pure DR contribution cannot be considered as a physical M(Iv)<My+20 GeV, |[M(l'l’)—M,|<20 GeV,

observable and the signal definition based on the diagram- (4.0

matic approach and commonly adopted, for example, at ) L

LEP2 for WW and ZZ physics, is no longer adequate to de- under which the exact and DPA results coincide at the per-

scribe diboson production at the LHC in the hiBh-region. cent level, with a m_od_est loss of signal, as shown in F|g. 4

The only sensible observable is the total contribution or théVhere the lower solid line represents the full result after im-

DPA which is a well-defined gauge-independent quantity. POSing the above-mentlongd cuts. Since the exgct Cross sec-
In order to investigate whether the difference between th&ion for the procespp—4f is rather well approximated by

DR and full results is essentially due to the off-shellness ofn€ DPA if proper cuts are applied, we can safely adopt the

the gauge bosons as expected, we then studied the effects [QPA for computing electroweak radia’_[ivg correcti_ons_. Let us
possible kinematical cuts. In Fig. 5, we plotted the crosdote, however, that electroweak radiative contributions are

not much larger than 20% in the region of experimental sen-
sitivity, as shown in the next section, and the DPA differs
from the exact result by less than 15%. Therefore, without

the reconstructed boson. Standard cuts are applied.

section for the extreme case(| ’7)2800 GeV as a func-
tion of an upper cuM "' applied on the two invariant masses

M(ij) of the leptonic pairs that could reconstruct thend imposing the additional cutgt.l), the error induced by use

HH cut
\'\//IV (ip())s>ol\r;|s’ﬁ/|2((|)1 )GE\'yl Vv-\i/_h'}/(l:h .is VkVee ti‘isfggqii c?r dlg;Nteo ' SlCJUt_ of the DPA in computind(«) contributions would give rise
J v L P P 0 an uncertainty of less than 3% on the total cross section;
press the contribution from the virtual photon. As can be,

seen, forM®“'=20 GeV the difference between the DR and thus well below the statistical accuracy.
the exact result reduces to the percent level. Also, both con-
verge towards the DPA value, represented by the nearly flat
dot-dashed line. It is quite obvious that cross sections com- In this subsection, we discuss the effect of leading-
puted in the DPA are not affected by this kind of cut, as thelogarithmic electroweak virtual corrections\WéZ production

gauge bosons are always considered on shell except for thie the DPA. First of all, one can see in Fig. 3, where the
weakly cut-dependent factdfps,—M3)2+T3M23]1 [(p2 distributions in the reconstructed invarianfs and \|f] are

B. Effects of O(a) corrections
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) . o FIG. 7. Relative correction to the total cross section for the full
FIG. 6. (a) Relative correctiond |, to the angular distributions procespp— |11’ at s=14 TeV as a function of the cut on the

< +
for the processlu—W, Z, . For each c.m. energy, the upper curves reconstructed@-boson transverse momentum. Standard cuts are ap-
include the complete logarithmic corrections, the lower curves onlypjieq.

the angular-independent logarithrmib) The same for the process
du—Wj Zy. _ R —
a function of the angled between theZ boson and thel
plotted, that the previously discussed conditions under whicuark in thedu c.m. frame for the two energies; ,=0.5
the logarithmic high-energy approximation is valid are welland 1.5 TeV. As can be seen, the LL part receives sizable
satisfied forWz production at high transverse momentum corrections, in particular in the central regién-90° where
PT(||_)_ Both the hard-scattering invariant ma&é and o is more enhanced. In order to pinpoint the effect of the

J= /|X<P-— p(ll_)|2 wherexP. is the momentum of the angular-dependent contributions to the radiative corrections,
parton fr(;ml one of ;he protolnélf corresponds td or 0 in the same figure we have also plotted the two flat curves

q di th oni 5 i fact hi that include only angular-independent logarithmss4¥13,.
epending on the partonic procksare In fact much 1arger Tﬁe difference between the two results for each c.m. energy

than the boson masses. We have checked in addition thg ows the importance of taking into account leading and full

most of the contribution to the cross section comes from th%ubleading terms. There are in fact partial cancellations oc-

re%l?g ;ﬁh\%; rthet?farzerlin%na&gle Orf1ttrh? rreﬁonitlriftrbd- tcurring between angular-dependent and angular-independent
S0 N est Irame 1s € central range espec arts, which sizably lower the overall correctiofsee also

to the beam. Finally, as to the ratios between the differen
invariants that appear in the logarithms, we have verified that ef. [25).
bp g ' For the transverse pastr; the corresponding relative cor-

the pure angular-dependent ones are mostly in the range rléctionsATT are shown in Fig. @) for two values ofE, , as

A ~ . A 2 . .
<S£|t|f6' while §/My,>50 thus allowing us to omit the ., yhe brevious figure. Here, radiative-correction effects are
log”([f[/8) type of logarithm up to an accuracy of a few per- |oss hronounced compared to the LL case, especially at ex-
cent. read ioned i ; h treme angles where1 receives its maximal contribution.

As already mentioned in Sec. lll, we perform the COMPU-The spikes in Fig. @) originate from the radiation zero of
tation of radiative corrections to the full procesp—4f in o |owest-order cross sectiésee Fig. 1, and the absolute
%orrections behave smoothly everywhere. The angular be-
; . havior of Aty is more complex compared with the longitu-
trix elements as in Eq9A12), (A13), (A18), and (A21)~  ina| one. The dependence on the angle has in fact a twofold
(A23). We have verified that the results obtained by makingy iqin “|n addition to the angular-dependent logarithisese
usde of Fhe h_|ghE-enexgy apé)r'(&)élmano_n for the Bgrn ampl"Eqs.(A18) and(A19)], there are angular-independent double
tudes given in Eqsl ). an .( ) are in Very gooad agree- logarithms log (§/M\";\,) with angular-dependent coefficients
ment. For all results given in the following, the difference [see Eqs(A13) and(A15)], which originate from the mixing
between the two methods is in fact at the level of parts PELt the finalZ boson with the photon, induced by virtual soft

thousand. This comparison shows the reliability of the h'gh'collinearw bosons. In Fig. ) we report the total deviation

energy approximation for the Born matrix elements, under represented for each c.m. enerav by the UbDer cUrves
which the correction factor can be factorized and expresseﬁﬁ’ P o gy by bp '

in a very compact and simple form, leading to considerable nd the partial gontrlblitlonz coming from  the af‘gu'ar'
decrease of CPU time. independent Ioga_rlthms &My, given by the Ilower lines.

In order to discuss the basic structure of radiative cor/*S &1 be seen, in this case also, the correct|on.factors pro-
rections, we first consider th®(«) contributions to the portpnal to the angulqr-dependent "’.‘”d angular-independent
partonic subprocesEu—>W*Z In Fig. 6a we plot the logarithms have opposite signs, leading as before to a reduc-

. . NP tion of the total correction.
relative correction to the angular distribution of the |5 grger to show the effect of the electroweak radiative

longitudinal ~~ component Ay =(do* /dcosé  corrections on the complete procesp—4f, in Fig. 7 we
—dogt /d cosB)/(dobs,/d cost) with o=o(du—W*Z) as  have plotted theD(a) correction relative to the total Born

A, i.e., implementing the fullSU(2)-transformed Born ma-
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0.0003 TABLE I. Cross section fopp—Iu1’l’ for various values of
e, bl PSITT).
7 P oo0as - !
pp—lul’l’
0.0002 |- P T7) (GeV) Teom () o (fb) A (%) 142Logem (%)
0.00015 [~ 250 1.716 1595 —-7.1 5.4
300 0.899 0.811 —-9.8 7.5
0.0001 [~ 350 0.503 0.441 —-12.4 10
400 0.296 0.252 —-14.9 13
5x1075 | 450 0.181 0.150 —17.1 16.6
500 0.114 0.092 —19.3 20.9
0

Ayz
5 4 3 2 11 0 1 2 3 4 5

FIG. 8. Rapidity distribution for the full procegsp— 111’1’ at Yz co-nsideredA in Refi8], WhiCh_ is strictly related to the
JS=14TeV. Standard cuts anél(1'T)>300 GeV are applied. scattering angle of the Z bpson in thewZ rest frame. The
The inset plot shows the difference betwe®fw) and Born results ~ definition of Ayzyy and cog requires, however, the recon-
normalized to the Born distribution. struction of the unknown longitudinal momentum of the neu-

trino. Even if this can be derived by assuming Ydoson to
Cross sectionA = (o — ogem)/ 0o, as a function of the cut be on shell[26], the twofold ambiguity given by the two
on the transverse momentum of the reconstru@edsbson, possible solutions for the neutrino longitudinal momentum
P%”‘(II_)_ Our standard cuts are applied. As can be seen, thepoils the radiation zero. Therefore, in order to extract infor-
O(«) contributions are negative and get larger with increasmation about the angular dependence ofWiprocess, it is
ing P$', roughly going from—5% to —25% in the consid- Preferable to uséyz [9,4]. o
ered momentum range. The relatively large size of the radia- The first information one can get from Fig. 8 is that the
tive corrections, especially at energies that are at first sighfain contribution to the cross section originates from small
rather modeste.g., P> 250 GeV impliesy&>500 GeV}, values ofAy, corr_equndmg to centr_al scattering a_ngles. At
is mainly due to two combined effects. On one side, thghe LI_—|C, for the first time the_statlstlcs will be sufflc_:lent to
longitudinal component of the cross sectian, , which e_xpenmentally tgst the behawqr due to the approm_mate ra
dominates at low values of the allowed energy range, adiation zero, which might be distorted by new-physics con-
shown in Fig. 2(right side, where the scattering angles are tributions. Figure 8 _|nd|cates that radlqnve_effects are maxi-
dominantly central, generates sizable corrections. On thE'@l at small rapidity separation, which is the region of

other hand, as can be seen in Fig. 3, the total cross sectiGifOnNger sensitivity to new physics. Moreover, owing to the
cut applied cuts, these relatively large radiative contributions are

even for modest values ¢f;" receives a substantial contri- . :

bution from the very-high-energy region, whese, domi- not due to the suppression of the tree-level cross section a_md,

nates. So, the generally smalf@f«) contributions from the being negative, t_hey even slightly enhance the residual dip.

TT configuration, as compared with the LL ones, are en- The effects discussed above should of course be com-
ared with the expected experimental accuracy. In Table | we

h he high I f the c.m. i ) . e .
gﬁ)r;)ijg tgéldtitﬁ)n ;? s(iazra\l/)?euiife%tsf i; 21 ngg;%ﬁ e?]r;cei gtlr\: ave listed the relative deviatioh and the statistical error,
' . estimated by assuming a luminosity=100fb ! for two

corrections to the total cross section are large becausethe ; cut . . -

cut selects high-energy domaifsince the only way to ob- experiments, for some;" values. This comparison indicates
tain a largeP+(IT) is to have a larg&VZinvariant maskand that at high transverse momentum of the gauge bosons the
ain a largeP+(11) s 0 have alarg a aspa virtual electroweak corrections are non-negligible and can be

) . X S LS aiomparable with the experimental accuracy up to about 500
region. This shows that the size of the radiative contribution eV. In this region the corrections range betwees®% and

is strictly dependent on the applied cuts and the selecte_zo%. Whether or not they should be taken into account

kln_lgrr:;atilcalvc?lnrfrzgl;ratlloni,l. visible in Fia. 8. where we hav when performing analyses in this kinematical region depends
S IS even more clearly visible 9. 6, WNere We Nave ¢ ., \1se on the available luminosity. Only in a high-

plotted the distribution in the difference between the rapidity, . . ; :

of the reconstructed boson and of the charged lepton com- luminosity run will their effect be relevant.
ing from the decay of th&V, Ay, =y(l'l")—y(l), at Born
level (solid line) and including radiative correctior{dashed
line). The rapidity is defined from the ener@yand the lon- In this section, we extend our analysis to the progess
gitudinal momentumP, by y=0.5lod(E+P)/(E—P.)]. —lvy (I=e,u). This channel, proper for the measurement
This variable, studied in Ref§9,4] and defined in terms of of the trilinear gauge-boson coupling/ Wy, can furnish
direct observables, is symmetric around zero and shows @omplementary information on the vertex structure of the
residual dip reflecting the approximate radiation zero of theSM when combined with the analysis WZ production. As
angular distribution of the BoriZ production. The quantity before, we consider the region of high c.m. energies of the
Ay, is in fact similar to the rapidity differencAy,w=yyw  hard scattering, where the sensitivity to new-physics effects

V. W*y PRODUCTION
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FIG. 10. Relative corrections to the cross section for the full
obrocesspp—lvyy at Js=14 TeV as a function of the cut on the
photon transverse momentum. Standard cuts are applied.

FIG. 9. (a) Born cross section for the full procepp—1v,y at
Js=14 TeV as a function of the cut on the photon transverse m
mentum. Standard cuts are appli¢h) Relative corrections to the
angular distribution for the subprocegs—>w$ y. The two upper
and lower curves for each energy are as in Fig).6 which resonant, full, and SPA cross sections converge to the

same value within 1% and with a negligible loss of signal.
is expected to be more enhanced, and the precise knowledge
of the SM background can then be particularly useful. In the B. Effect of O(a) corrections
following we analyze the same set of variables used to dis-

cuss theWz production process and the effect of Béa) In this subsection, we study the effect of virtual elec-

electroweak corrections on them. troweak radiative corrections 0y production in the SPA.
We consider first the partonic subprocess—W™" y. In Fig.
A. Born level 9(b) we have plottedA r=(do""/d cosé—dag! /d cosb)/

(dogy /d cosd) as a function of the anglé between thed

production of two transverse gauge bosons, whereas the rgyark and 'the'phot_on. AS can be seen, _the behavior of the

maining (LT) helicity configuration is suppressed by a factor O(@) contributions is quite similar to that in th&/rZy case.

My /E.m in the high-energy limit. All features discussed in ONlY the spikes, again due to the radiation zero, are corre-

Sec. IVA for the subprocesgu—>W+ZT with transversely spondingly shifted, and reverse the shape of the curves with
: T

. o respect to the angle, compared with Figh)6
polarized gauge bosons qualitatively apply as wel\Wey ! ) - .
production. The corresponding cross section is in facji]_ ’?}‘S in thelprev_lcr)]us_ case, th_e Vé.md';y Cﬁnmug_ns_ of the
strongly peaked in the forward and backward directions an igh-energy logarithmic approximation for the radiative cor-

. - AN rections are well satisfied by the complete process
presents a radiation zero for c@s(Q,+Qqy/(Qu—Qy)=1/3 —lv,y. The kinematical behavior diVy at high transverse

whered is the angle between tiiequark and the photon. As o mentum of the photon reproduces in fact the same shape
to the general behavior of théu—W"y process, we refer of the distributions as in Fig. 3. All invariants are then much
back to Figs. 1 and 2 and details given in the text. larger than the boson masses, and at fiR§t(y) the pro-

In spite of these similaritiesWy production presents ..qs receives considerable contributions from very high c.m.

some dlﬁerent_ characteristics with respect to We case. energies. We have moreover verified that, despite the radia-
First of all, owing to the absence of any pure nonsuppresseql

o . on zero and the absence of any non-mass-suppressed lon-
longitudinal components, there are no sizeable gauge cancel-, = . cu cu
lations in the total cross section of the full procesp gitudinal components, for larg®7"(y) values [P'(y)

_.lyy at high energy. The resonant contributiomp( =250 Ge\ﬂ_ the major part of the _contribution to the total
—Wy—1lpy) is always lower than the full result, also for Cross sect|o_n comes from the region of p_hase space where
high values of the cut on the photon transverse momenturf'® Photon is emitted at a large angle with respect to the
P.(y), and the difference between the two cross sections i§eam(see also Fig. 11 below o _

below 3%. Therefore, one can still consider the pure resonant |n order to show the effect of radiative corrections on the
part as a useful definition of thé&/y signal. Also, the single- full processpp—1v,y, we have plotted as before ti# «)

pole approximation defined in Ed3.2) differs negligibly ~ corrections relative to the Born cross section as a function of
from the exact result, as shown in Figa® where we have the cut on the transverse momentum of the photon in Fig. 10.
plotted the total cross section versus the cut applied on th&he overall behavior is quite similar to tWéZ case; the size
photon transverse momentum. One could directly use thef the radiative effects is, however, lower.

SPA to compute radiative corrections at the percent level This affects in the same way also the distribution of the
without imposing any additional cuts. However, for the sakedifference between the rapidity of the photon and the charged
of uniformity, in the following we apply the same kind of cut lepton coming fromW-boson decay[27], Ay,,=y,—Y,,
M+(lv)<My+20 GeV as used for th&VZ process, under plotted in Fig. 11. Here, unlike in the previous case, the dip

The partonic subproces_tu—>W*y is dominated by the
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0.001 T T T T T T U TABLE Il. Cross section forpp—1|v,y for various values of
o P y).
%y,.,[Pb] TI(V)
0.0008 |-
pp—lvy
P$(y) (GeV)  ggom (b)) o (fh) A (%) 1/\2Logem (%)
0.0006 |-
250 5.810 5,519 -5.0 2.9
300 3.180 2940 -7.6 4.0
0.0004 - 350 1.832 1.650 —10.0 5.2
400 1.100 0.966 —12.2 6.7
0.0002 450 0.684 0.587 —-14.2 8.6
500 0.437 0.366 —16.2 10.7
G 4 a4 4y | 550 0.285 0.234 -18.0 13.2
0 Ayyy
5 4 3 2 -1 0 1 2 3 4 5 6 600 0.190 0.152 —19.8 16.2
S 650 0.129 0.101 -21.4 19.6
FIG. 11. Rapidity distribution for the full procegsp—|v,y at 700 0.089 0.068 —23.3 237

Js=14 TeV. Standard cuts arf(y)>300 GeV are applied. The
inset plot shows the difference betwe@{«) and Born results
normalized to the Born distribution.

to isolate the signal is no longer viable at large transverse

reflecting the radiation zero is much more pronounced, buinomentum of the reconstructefl boson, owing to gauge
the radiative corrections slightly decrease going towarctancellations. The doubly resonant approximation can differ
Ay;,=0. Owing to the different location of the radiation from the full result by tens of percent in experimentally rel-
zero, the radiative contribution for very small rapidity sepa-evant regions. The only sensible observable is the total con-
ration is still sizable, but it does not get enhanced as for theribution. Moreover, the two commonly used approxima-
WZ process, where in the same region the longitudinal comtions, the narrow-widttii.e., (production) (decay] and the
ponent gives the dominant contribution. Hence Wy, de-  |eading-pole approximation, can underestimate the exact re-
spite the complex behavior shown in Fig(bf which is  sult by about 10-15% at relatively modest energies, if no
merely due to the fictitious spikes, the radiative-correctioncuts are applied.
effect is rather uniform in the angular range we consider, and The primary aim of our analysis was to investigate the
leads to an overall rescaling of th&y,, distribution by  structure of virtual electroweak corrections and their effect
roughly a factor of 0.9. These effects could still mimic the on diboson production processes at the LHC. The one-loop
behavior of new-physics contributions. Their smaller sizeleading-logarithmic corrections to the full four-fermion or
compared with theNZ case, is compensated by the largertwo-fermion-plus-photon process have been calculated in the
value of the overall cross section. Therefore, even if not exteading-pole approximation, neglecting nonfactorizable cor-
tremely enhanced in the central rapidity range, radiative efrections, and restricting oneself to the gauge-invariant
fects can become comparable with the statistical error. leading-logarithmic corrections, which only contribute to the

In Table Il we compare th®(«a) relative correctiomd to  gauge-boson pair production subprocess. We found that this
the Born cross section with the expected experimental acclapproach constitutes a reliable approximation in the litgh-
racy, assuming.= 100 fb ! for two experiments, for differ- region at the LHC.
ent values ofP$"{(y). As one can see, radiative effects are  In order to illustrate the behavior and the size@fa)
very sensitive toP$"{(y) and, despite the decrease of the contributions, we have presented different cross sections and
cross section with increasinB$"(y), are larger than the distributions. In this study, we have not included the full
statistical error folP$“{( y) below 700 GeV, where they range QED radiative contributions, which also involve the emis-
from —5% to —23%. Moreover, they could be of some rel- sion of real photons and therefore depend on the detector
evance also in a low-luminosity rurLE30fb™2) of the resolution. We focused instead on the contributions of the

LHC, as they might become comparable with the experimenleading electroweak logarithms resulting from above the

tal precision forP$"{(y) <400 GeV. electroweak scale. ,
For WZ and Wy production processes, electroweak cor-

rections turn out to be non-negligible in the high-energy re-
gion of the hard process, in particular for large transverse
By means of a complete four-fermion calculation, we momentum and small rapidity separation of the reconstructed
have examinedlVZ production in the purely leptonic channel vector bosons, which is the kinematical range of maximal
at the LHC. An analogous computation has been performedensitivity to new-physics phenomena. Electroweak radiative
for the Wy process followed by leptoni®/ decay. We have effects lower the Born results by 5-20% in the region of
given some examples of phenomenological analyses relevaakperimental sensitivity. We have moreover shown that their
to hadronic diboson production in the high dibosonsize depends noticeably not only on the c.m. energy but also
invariant-mass region. on the applied cuts and varies according to the selected ob-
At tree level, we have found that, for processes involvingservables and kinematical regions. Despite the strong de-
WZ production, the diagrammatic approach usually adoptedrease of the cross section with increasing diboson invariant

VI. CONCLUSION
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mass, radiative effects can still be appreciable if comparednd we restrict ourselves to the combinations of gauge-boson
with the expected experimental precision. This depends ofielicities that are not mass suppressed compared &itim
course on the available luminosity. P&fZ production, these  this limit. These correspond to the purely transverse and op-
effects are relevant for the high-luminosity run of the LHC. posite final state Xy ,\y)=(=,F), which we denote by
Owing to their larger overall cross sectiow/y production (Aw,Ay)=(T,T), and, in the case dV*Z production, also
processes can instead show a sensitivity to radiative effecty the purely longitudinal final state\(y,\ ;) = (0,0), which

at low luminosity also. we denote by Xy,\z)=(L,L).
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APPENDIX: LOGARITHMIC ELECTROWEAK 5 . virt (pd 1Pu vaapN) Ad
CORRECTIONS dyug —WINy = diug—W, Ny, (A4)
MBom (pd!puva=pN)

In this section, we present the analytical formulas for the
logarithmic electroweak corrections to the polarized partonic

subprocesses to the Born matrix elements. A more detailed derivation can
be found in Ref[28].
o As shown in Ref.[13], in the high-energy logarithmic
di(pa) UL(DU)HW;W( pPwNy (Pn), N=A,Z, (Al)  approximation the longitudinal gauge bosons can be replaced
by the corresponding would-be Goldstone bosons. Therefore,

which can be derived from the general results given in Refin our results for longitudinal final statea L), the substi-

[13]. The labelL indicates the left-handed chirality of the tutionswf—>¢i andZ, — y have to be performed.

initial-state quarkdqright-handed quarks are not considered The correctiongA4) are split as

since they cannot produd¥' bosong, and\, y=0,+1 rep-

resent the gauge-boson helicities. The photon field is denoted

by A in this Appendix. The Mandelstam variables reg&ad 5= 8-SC4 555C; 5C 4+ sPR (A5)

=(PatPu)? t=(Pa—pw+)? andii=(pg—py)®, where the

momenta of the initial and final states are incoming and out-

going, respectively. In the high-energy limit, we haie  into leading ¢-°°) and subleading £°°9 contributions

—§(1+cosd)/2 and 0~ —3(1—cosé)/2, where § is the ongmatmg f_rom soft collln_ear gauge bosons, contributions

angle betweefig andpy , in the c.m. frame of the scattering &° that originate from collineafor sofy gauge bosons and

quarks. from wave-function renormalization, and contributiods®
For the calculation of the cross sectih?) we need, as that originate from parameter renormalization. All these cor-

well as the processu— W™ N, also its charge conjugate and rections are evaluated in logarithmic approximation, i.e., in-
the cross sections for exchanged initial quarks. These Iattéﬁj'v'dﬂ'”g2 all terms that involve logarithms of the form
can be obtained from one another just by exchanging th€9(&My) in the high-energy limit. More precisely, we re-
invqriants t—0. Owing to CP in\_/ariance, the (_:h_a_lrge- SF”CT (lnurse.l\;]es. to the .angulz:r-;]ndeper:degty d(Z)ubIe;j and
conjugate processes can be obtained from the initial proSiNg'e- ngar't mic corrections of the typelog(§My,) an
cesses by applying a parity transformation, a log(@My,), which involve only the ratio of the c.m. energy
to the W-boson mass, the double logarithms of the form
a log(@M3)log(M3/M3), and the angular-dependent double
M[d(pg)u(py) =W (pw)N(pn)] logarithms of the typer log(&M3)log([F|/3), with F=t,0.
— - - - For completeness we give also the analytic expressions
— ) +
=M[d(P)u(Pa) =W (BWN(BN]  (A2) ¢ the double- and single-logarithmic corrections that con-
tain logarithms log13/\?) and logM&/n%), which involve

with B=(E,—p) for p=(E.p). So, in this case also, the photon mas$ or masses of light charged fermiohs.
correction factors can be obtained from the same initial pro- P m P

L . These contributions, denoted hy™ and|€™ in the follow-
cess(Al). The formulas we give in the following for the

process(Al) can therefore cover all contributions we need Nd: '€ of pure electromagnetic origin and are not included

for the completeVZ and W+ production processes. in the numerical studies.
The one-loop corrections are evaluated in the limit

oA 2 IThis kind of contribution includes also energy-dependent double
S~t~U>My, (A3)  |ogarithms of the typer log(&@M2)log(M2/\2).
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a) . ) w* b) dp Wi dy; Wi G b ) TSL YqL AS B
W ug, dy MBorn =—e€ z\%""rc&v ?, qL_uleL'
uy, X g, Nr uy, Nt (A7)
FIG. 12. Dominant lowest-order diagrams fru, —¢*y and  1he production of transverse gauge bosons is dominated by
AL U —WE Ny thet- andu-channel contributiongsee Fig. 1%)] and gives
TNT.
q - e’ 1 1
Moot M= {1 A
The coefficients of the various logarithmic terms are ex- Born v2s, | ‘i L0
pressed in terms of the eigenvaluéﬁ, or of the matrix
a
components\;w,, of the generatofs
MELQL‘}N‘II'NT:eq N'| N E + E A
Born q. qp| -~ A t
t u
Y c
|A:—Q=_—_T3, |Z:_iy+_w'|'3’
2 2c,, Sw 2
ManL_’W'JrrW'Ij — e_ ﬁ A8
Born - 233\/ P (A8)
TH+iT?

' (AB) wheref =t,0 for g=d,u, respectively. In order to determine
v2s, the relative corrections, the explicit dependence of the am-
plitudesAg and A; in Egs. (A7) and (A8) on the kinematics
wherec?=1—s2=M2/MZ. and on the helicities need not be specified.

3. Leading soft collinear corrections
2. Born matrix elements in the high-energy limit . . .
g 9 The angular-independent leading soft collindBC) cor-

As input for the evaluation of the relative correctiqig!) rections, which are given in Eq€3.6) and(3.7) of Ref.[13],
we need the Born matrix elements for the proce$84$ and depend on the eigenvalues

the SU2)-transformed Born amplitudes that we list in the
following, restricting ourselves to the nonsuppressed helici-

ties. The corresponding amplitudes are given in Hgg) o 1125 Cew_ cen_ cen_ syt 27ch, ew_ 2
and (A8) in the high-energy approximation, i.e., omitting ~® "~ 452¢2 uoo Ao AL 3esicr W sl
mass-suppressed terms. As we will see, this leads to very

compact analytical expressions for the relative corrections (A9)

(A4). However, we recall that in the numerics instead of the
high-energy approximation@\7) and (A8) the correspond- of the electroweak Casimir operat6f", on its components
ing exact expressions have been used. As noted in Sec. IV B,
the difference is at the level of parts per thousand.

For longitudinally polarized gauge bosons, we consider Cw w
the Born matrix elements involving the corresponding Cha=2, CRz=Cza= —25, CE"ZV=2£ (A10)
would-be Goldstone bosons. These are dominated by the
s-channel exchange of gauge bosdeee Fig. 128)], and  in the neutral gauge-boson sector, as well as on the squared
read Z-boson couplings

2

_ a2 o
MdLuL_"f’+X: e 'A_‘S MAA—HY_ o222 is Z., (303\,4—53\,)2 5 2_(30@—53\,)2
Bom a2 8 Bom a'xHg (Ig) = 362 () T
_ 2 2_2y2
MQLQL"XXZO (IZ )2: C_W (IZ )ZI(CW_SW)
Born ! w= Se\,’ ¢ 43\%/03 ,
2A detailed list of the gauge-group generators and of related quan-
tities that are used in the following can be found in Appendix B of (|Z)2= . (Al11)
X 4sic
Ref.[13]. wCw
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For longitudinal and transverse gauge bosons we have

PHYSICAL REVIEW D 65 073003

For transverse final states, the nondiagonal compor@iits

and C5; of the electroweak Casimir operator require the
o N evaluation of the transformed matrix elements with# N.
Lsc i i imati i
5= =—| —[C™+ Cew]|og2< ) Using the high-energy approximation of the Born matrix el-
du —W(Z 477[ a e M, ements(A8), Eq. (A13) can be written as
5 M2
+ > (I )2Iog( )Iog( ) N 3
e=du . ¢ x W LSC ew
. 5ELULHW¥NT 47T| [C + = C Y1+GN)log ( W)
__ 21 ema \ 2 2
2 752[] ¢7 Q@L m(sr)\ 1m(p)! (Alz) § M%
g=d_uL, + > (IZ)ZIog — Iog
and e=d_,u W~ W
1 2 232 2
-5 2 QULTEAC M), (A1)
SLSC a1 S cew edL U W
du—~WiN 47| 2| — _ e . -
e=d,u W with the angular-dependent functions
dpu — W, NG .
+2 C L |O 2 i 2
N’NMdLUL*’W‘F—NT g M\ZN GA: Fi GZ _ CWFi
Bom TF_+YgF. T C—sy Yo Fy
s M2 (A16)
+ > (IZ)ZIog(—) Iog(—z)
o=dy u W ® Mg Mg and
! > QALeMEaAZm?), (A13)
2 _ B 1] ) ) @/ 1 1
o=d_,u W = rir . (Al?)
a
respectively, where the electromagnetic logarithms t
Le(8,A%,M2) are given by
4. Subleading soft collinear corrections
S M3, MW The angular-dependent subleading soft collin€a8Q
eM(§,\2,m2) = 2 |Og( W) log| ~— ~Z +log? corrections are obtained by applying the form(8al2 of
a W . .
Ref. [13] to the crossing symmetric process
2 e — . _
—Iogz(&) . (A14) dLA(pE)UL(pu)\fVAW(-_pv.v)NxN(_pN)—’Oa with r1,=8, 3
A =t, andr,=0. This yields
N 2 a A
ssc a S Mw |t| va ol
= — + - -
dLu, W N, 47Tva=ZA‘22 log(W\/ log M\Q/—a I Iog IuL log 5
@ i z dou —~WNJ| Z M z |f| B i
+4W[2Iog(M\2N) < IN;NAMBom IdLIog 5 +1y Iog 3 fz_l g M\ZN
X

Born

Born

— +
( 2 IN,M LdL—bN N)\+ I ;)\MULUL‘}W}\ W}\ ) log(

Born

U u —N/N dydy — W wy
(E|N,MLL NIRRT Mghr A)|og(

Born

—)

]

|

)”(MEES; W1,

w>|:[

(A18)
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In the cases\=L and\=T, the sums run oveN, = y,H
andN;7=A,Z, respectively, andij are defined in EqgB23)

and (B27) of Ref.[13]. Using the SW2)-transformed Born
matrix elements given in Eq$A7) and (A8), we obtain

SSC _ @ 1 S |0 |f|
‘%LUWWEZL__Eglog(WV) Iog(? +log 3
Sh 1t . 1t
2YqLIog al +21°M(M3)| Qqlog 5
]
ul0g 3
SSC a 1 S |f|
O Ny —z—g'og(m) '09( g)
ol [ oy x g2
+log Sy + G} log | | +21*(M{y)
Il |0
x| Qalog| 7| ~Qulog| = (A19)
where
a |\/|2 M2
Ie”‘(MZ):——Iog +Iog . (A20)

andG" is given in Eq.(A16).

5. Single-logarithmic corrections

The single-logarithmic corrections consist of the contribu-
tions 6¢ and 6°R described in Sec. A1. For longitudinally

polarized final states, according to E¢4.6) and (4.33 in
Ref.[13], the correctionss read

PHYSICAL REVIEW 15 073003

c
%

LuL

(S
wiz, = [(3Cew+ 4C¢‘“ﬁlog( w)

3 m? 5
—2—2—2Iog —

Sw My my
+ 2 Q¥Tml), (A2
e=d_,u W~
and the parameter renormalization yields
5 = % beMog |+ Aa(M2
du—w'z 4 W 9 W\, a(Miy).

(A22)
whereby)'= 19/(65@) is the one-loop coefficient of the $2)

B function, andA a(M\ZN) represents the running of the elec-
tromagnetic coupling constant from the scale (Mg, .

If the final-state gauge bosons are transversely polarized
then the Iogi/M\zN) contributions ins which are associated
with the final gauge bosons cancel the @g(ﬁ,) contribu-
tions originating from parameter renormalization, and ac-
cording to Eqs(4.6) and an analogue ¢A1l) in Ref.[13]
one obtains

c PR
6ELUL_'W‘|T NT+ 6ELUL—>W.IT Ny
3u A
—_ _  rew 2)el 2
=2-Cé Iog( > QAeMm)

e=d_,u_ W~

+%(1+ Snp)Aa(M3), (A23)

where 6y represents the Kronecker symbol.
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