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Abstra
tWe 
al
ulate and analyze Z and W� produ
tion in asso
iation with quark-anti-quark pair in kT -fa
torization. Numeri
al 
al
ulations are performed using the MonteCarlo generator Cas
ade for proton proton 
ollisions at LHC energy. We 
omparetotal and di�erential 
ross se
tions 
al
ulated in kT -fa
torization approa
h with totaldi�erential 
ross se
tions obtained in LO and NLO 
al
ulations in 
ollinear fa
toriza-tion approa
h. We provide strong eviden
e that some of the e�e
ts of the NLO andeven higher order 
ollinear 
al
ulation are already in
luded in the LO kT -fa
torization
al
ulation.1 Introdu
tionIn the following years new dis
overies are expe
ted at the LHC 
on
erning physi
s withinthe Standard Model and beyond it. The dis
overy of the Higgs boson and ex
lusion ora�rmation of possible extensions or alternatives to the Standard Model will be of spe
ialinterest. To be able to measure the proposed signals of pro
esses whi
h open the a

ess tonew physi
s a very good understanding of the dete
tors and their responses to produ
edparti
les will be needed. An a

urate 
alibration of parti
le dete
tors 
ould be a
hievedby using pro
esses with well known 
ross se
tions in whi
h parti
les with well knownproperties are produ
ed. A 
alibration of LHC dete
tors using W or Z signals is proposedin several publi
ations [1℄. Moreover, the W or Z produ
tion is important be
ause itplays a signi�
ant role in ba
kground pro
esses 
onne
ted to Higgs produ
tion. Another1
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experimental motivation is provided by the possibility to measure the luminosity via Zboson produ
tion [2℄.At the Tevatron 
ollider W=Z produ
tion takes pla
e at a typi
al x =pM2W=s � 0:04and hen
e is dominated by s
attering of quarks. Be
ause of the mu
h higher energy, protons
attering at LHC will allow smaller proton energy fra
tions and will be dominated by gluons
attering.TheW mass provides a hard s
ale and allows a perturbative 
al
ulation of the hard ma-trix element. The resummation of large logarithms of the form [�s ln(�2=�2QCD)℄n (where�2 � M2W , �2 � �2QCD) 
an be performed in the framework of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation [3℄, leading to the 
ollinear fa
torization into
onventional parton densities and a hard s
attering matrix element. While in the 
onven-tional 
ollinear approa
h the longitudinal momentum fra
tion is 
onsidered to be dominant,su
h that the transverse momenta of the partons 
an be negle
ted as well as their virtual-ities, at small x the transverse momenta entering the hard matrix element should be
omerelevant.At the LHC the larger 
enter of mass energy allows W=Z produ
tion at even smaller xsu
h that the produ
tion of parti
les will be dominated by gluon-gluon fusion. Moreover,in this situation we have to deal with two di�erent large s
ales (s � �2 � �2QCD) andlogarithms of the form [�s ln(1=x)℄n arise whi
h have to be resummed. This is realizedby the leading logarithmi
 (LL) Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation [4℄ orthe Ciafaloni-Catani-Fiorani-Mar
hesini (CCFM) evolution equation [5℄ whi
h additionallyresums terms of the form [�s ln(�2=�2QCD)℄n and [�s ln(�2=�2QCD) ln(1=x)℄n. Just as forDGLAP, it is possible to fa
torize the 
ross se
tion into a 
onvolution of pro
ess-dependenthard matrix elements with universal parton distributions. But as the virtualities andtransverse momenta are no longer ordered (as it is the 
ase in DGLAP evolution), thematrix elements have to be taken o�-shell, and the 
onvolution has to be made also overtransverse momenta with the so-
alled unintegrated parton densities. This fa
torizations
heme is 
alled kT -fa
torization [6, 7℄ or semi-hard approa
h [8℄ and will be used in thiswork.There is also the notion of transverse momentum dependent (TMD) parton distributions[9℄. But although in these approa
hes the transverse momentum of the parton is taken intoa

ount as well, this is only the 
ase on the side of the parton density. The matrix elementis 
al
ulated with in
oming on-shell partons, and transversal momenta of the in
omingpartons are negle
ted. It has been shown [10℄ that fa
torization within this approa
h isviolated beyond NLO. In 
ase of the kT -fa
torization approa
h used in this work this isalso expe
ted. Indeed, it is well known that in the BFKL approa
h beyond NLO multiplegluon ex
hange in the t-
hannel has to be taken into a

ount.In this paper we 
al
ulate and analyze Z and W produ
tion asso
iated with two quarkjets provided by gluon-gluon fusion in kT -fa
torization. We assume quasi-multi-Regge-kinemati
s (QMRK) where the 
luster of W=Z and the two quarks is well separated inrapidity from the proton remnants while the kinemati
s within that 
luster is 
onsideredwithout any further assumption. In parti
ular, we take into a

ount the mass of thequarks. In this kinemati
 regime a gauge independent o�-shell matrix element 
an beextra
ted due to high energy fa
torization. A similar 
al
ulation has been done in [11℄,2



Figure 2.1: Labeling and �ow of momenta of the pro
ess pp! q (W=Z) �q X.where the authors 
al
ulated photon (instead of Z=W ) produ
tion in the same framework.We 
al
ulated the matrix element independently and extended it to massive gauge bosons.In our work on massive gauge bosons produ
tion we espe
ially fo
us on the predi
tions forLHC and 
ompare with a 
ollinear fa
torization based 
al
ulation.When this paper was in preparation, we learned about another group [12℄ working onthis pro
ess as well using the same theoreti
al approa
h, but laying more emphasis on
onfronting the theoreti
al predi
tions with experimental data and examining the role ofquark 
ontributions.The paper is organized in the following way: In se
tion 2 we des
ribe notation, kine-mati
s of the pro
ess and the 
al
ulation of the matrix element. In se
tion 3 we present nu-meri
al results obtained from a 
al
ulation using the Monte Carlo generator Cas
ade [13℄,where the matrix element squared was implemented. In se
tion 4 we summarize the resultsand o�er 
on
lusions.2 Kinemati
s of Z=W produ
tion and 
al
ulation of thehard matrix elementWe label the 4-momenta of in
oming hadrons with masses mA and mB by p0A and p0B,respe
tively. In the 
enter of mass system they 
an be expressed in terms of invariant lightlike ve
tors pA and pBp0A =pA + m2As pB; p0B =pB + m2Bs pA: (2.1)In the 
ase of protons at the LHC we have m2A = m2B = m2p whi
h satis�es the relationm2ps � 1. Therefore, we 
an negle
t the masses in Eqs. (2.1) and use pA;B instead of p0A;B.It is 
onvenient to use Sudakov de
omposition for all momenta present in the 
al
ulation3



(see also Fig. 2.11) by de
omposing them into 
omponents proportional to pA and pB, anda remainder perpendi
ular to both of themki = �ipA + �ipB + ki?; (2.2)where i 2 f1; 2;W (Z)g for outgoing parti
les, andq1 =�pA + �q1pB + q1?; q2 =�q2pA + �pB + q2? (2.3)for the gluons entering the hard matrix element. It is also 
onvenient to introdu
e Eu
lideantwo dimensional ve
tors ~ki and ~qj whi
h satisfy the relations ~k 2i = �k2i? � 0 and ~q 2j =�q2j? � 0.In QMRK we have���q1; q21 =� ~q 21 = t1; (2.4)� ��q2; q22 =� ~q 22 = t2; (2.5)�i�i =m2i + ~k 2is ; (2.6)where i 2 f1; 2;W (Z)g, and mi are the 
orresponding masses of outgoing parti
les. Theinvariants t1 and t2 des
ribe the momentum transfer between the 
luster formed by thequarks and the W (Z) boson on one hand and the in
oming protons on the other hand.Due to the strong ordering in � and � one 
an negle
t terms proportional to �q1 and �q2in the 
al
ulation.It is useful to introdu
e a set of Mandelstam variables des
ribing the systemŝ =(q1 + q2)2 = ��s� (~q1 + ~q2)2; (2.7a)ŝ1 =(k1 + kW )2; ŝ2 =(k2 + kW )2; (2.7b)t̂1 =(q1 � k1)2; t̂2 =(q2 � k2)2; (2.7
)û1 =(q1 � k2)2; û2 =(q2 � k1)2; (2.7d)related byû1 + t̂2 + ŝ = t1 + t2 +m22 + ŝ1; û2 + t̂1 + ŝ = t1 + t2 +m21 + ŝ2: (2.8)It is 
onvenient to introdu
e transverse masses de�ned bymi? =qm2i + ~k2i ; mq? =pŝ+ (~q1 + ~q2)2; (2.9)and longitudinal momentum fra
tions of the produ
ed parti
les xi = �i� . Combining theserelations with Eqs. (2.6, 2.7) one �nds that � in the end � the matrix element of W or Zprodu
tion asso
iated with a quark-antiquark pair 
an be expressed in terms of independentMandelstam variables de�ned in Eqs. (2.7), transverse masses and variables x1;2;W (Z).1These and the following diagrams were drawn in JaxoDraw [14℄.4



In the kT -fa
torization formalism the hadroni
 and partoni
 
ross se
tion are relatedas follows:d�(pp! q (W=Z) �q X) = Z d�� Z d~q21 Z d�12� A(�; ~q21; �2)� Z d�� Z d~q22 Z d�22� A(�; ~q22; �2)d�̂(g�g� ! q (W=Z) �q); (2.10)where A is the unintegrated gluon density in a proton and �1;2 is the angle of ~q1;2 withrespe
t to some �xed axis in the azimuthal plane. The argument �2 of unintegrated gluondensities is the fa
torization s
ale. The partoni
 
ross se
tion is denoted by d�̂.Sin
e the in
oming gluons of the matrix element entering this partoni
 
ross se
tionare o�-shell, the 
al
ulation di�ers from that of a hard matrix element in the 
ollinearapproa
h signi�
antly. To guarantee gauge invarian
e, the pro
ess with o�-shell in
omingparti
les has to be embedded into the s
attering of on-shell parti
les. The extra
ted o�-shell matrix element is of 
ourse independent of the spe
i�
 
hoi
e of the parti
les in whi
hthe s
attering pro
ess is embedded. Therefore, we repla
e the protons by quarks for the
al
ulation of the hard matrix element. All diagrams for the dis
ussed pro
ess are shownin Fig. 2.2.

Figure 2.2: Full set of diagrams 
ontributing to W=Z produ
tion via o�-shell gluon-gluonfusion.The �rst two rows of Fig. 2.2 in
lude also non-fa
torizing (`non-resonant') diagramswhi
h fa
torize only in the sum. To make this fa
torization apparent already at this level,one 
an sum up the di�erent diagrams of one gluon produ
tion in quark-quark s
attering5



leading to one e�e
tive diagram with an e�e
tive vertex (see Fig. 2.3). By working inFeynman gauge one obtains the well known Lipatov vertex [15℄:���� (q1; q2) = 2pA�pB�s  2t1 +m2q?�s p�A � 2t2 +m2q?�s p�B � (q1? � q2?)�!: (2.11)It 
an be shown that this vertex obeys the Ward identity. By this pro
edure, the �rst tworows of Fig. 2.2 are ea
h repla
ed by just one diagram.

Figure 2.3: Diagrams 
ontributing to the Lipatov vertex.Strong ordering of Mandelstam variables s and t1;2 allows us to make a simpli�
ationof the 
oupling of gluons to in
oming quarks. By negle
ting the ex
hanged momentumin the vertex, we get an eikonal vertex whi
h does not depend on the spin of the parti
le
oupled to gluon and preserves its spin. In detail, it reads�i�u(�01; pA � q1)
�u(�1; pA) �! �2ip�AÆ�01;�1 : (2.12)With the help of Eq. (2.12) it is possible to remove the external quark lines and atta
hso-
alled `non-sense' polarizations to the in
oming gluons:��q1 =p2 p�Aps ; ��q2 =p2 p�Bps : (2.13)Instead of Feynman gauge, one 
an 
hoose an appropriate axial gauge [6℄ n �A = 0 withthe gauge ve
tor n� = ap�A + bp�B with a; b 2 C : (2.14)The 
ontra
tion of the eikonal 
oupling (2.12) with the gluon polarization tensor in thisgauge d(n)�� (q) = �g�� + n�q� + q�n�nq � n2 q�q�(nq)2 (2.15)then reads p�Ad(n)�� (q1) =q1?�� ; p�Bd(n)�� (q2) =q2?�� : (2.16)6



In su
h a physi
al gauge the `non-resonant' diagrams vanish sin
e the dire
t 
onne
tionof two eikonal 
ouplings gives p�Ad(n)�� p�B = 0 (in other words: the Lipatov vertex is to berepla
ed by the usual three gluon vertex).In the 
ase of heavy quark produ
tion the polarization sum for the s-
hannel gluonredu
es to its Feynman gauge analogue �g�� due to the heavy �avor 
urrent 
onservation.The same simpli�
ation takes pla
e in our 
al
ulation. Nevertheless, we have to stressthat in general the polarization sum stays in its 
omplex form. Of 
ourse, both ways to
al
ulate the matrix element are equivalent due to gauge invarian
e.The sum over the physi
al polarizations � of the W boson readsX� ��(�; kW )���(�; kW ) = �g�� + k�Wk�Wm2W : (2.17)It is equivalent to repla
e the polarization sum byX� ��(�; kW )���(�; kW ) ! �g��; (2.18)and to add also the 
ontribution of the Goldstone boson emission diagrams, where theW boson is repla
ed by a Goldstone boson with mass mW . This is in analogy of usingthe Feynman-t'Hooft gauge instead of the unitary gauge. We have 
al
ulated the squaredmatrix element in both ways as a 
ross
he
k.Expressions for the single diagrams in Fig. 2.2 � where the �rst diagrams are already
ombined using the Lipatov vertex of Eq. (2.11) � are listed here (the hat marks 
ontra
tionwith Dira
-matri
es):Mab1�� = �igwg2sKW=Z �u[tb; ta℄ �̂��(q1; q2)ŝ �k̂2 � k̂W +m1ŝ2 �m21 �̂(vq � aq
5)v;Mab2�� = �igwg2sKW=Z �u�̂(vq � aq
5) k̂1 + k̂W +m2ŝ1 �m22 [tb; ta℄ �̂��(q1; q2)ŝ v;Mab3�� = �igwg2sKW=Z �uta
� k̂1 � q̂1 +m1t̂1 �m21 tb
��k̂2 � k̂W +m1ŝ2 �m21 �̂(vq � aq
5)v;Mab4�� = �igwg2sKW=Z �u�̂(vq � aq
5) k̂1 + k̂W +m2ŝ1 �m22 ta
� q̂2 � k̂2 +m2t̂2 �m22 tb
�v;Mab5�� = �igwg2sKW=Z �uta
� k̂1 � q̂1 +m1t̂1 �m21 �̂(vq � aq
5) q̂2 � k̂2 +m2t̂2 �m22 tb
�v;Mab6�� = �igwg2sKW=Z �u�̂(vq � aq
5) k̂1 + k̂W +m2ŝ1 �m22 tb
� q̂1 � k̂2 +m2û1 �m22 ta
�v;Mab7�� = �igwg2sKW=Z �utb
� k̂1 � q̂2 +m1û2 �m21 ta
��k̂2 � k̂W +m1ŝ2 �m21 �̂(vq � aq
5)v;Mab8�� = �igwg2sKW=Z �utb
� k̂1 � q̂2 +m1û2 �m21 �̂(vq � aq
5) q̂1 � k̂2 +m2û1 �m22 ta
�v;
(2.19)
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with the short hand notations �u � �u(�; k1), v � v(�0; k2), �̂ � �̂(�; kW ), and where �, �and �0 label the heli
ity/ spins of the 
orresponding parti
les. Color fa
tors are representedby Gell-Mann matri
es ta, tb. The fa
tors vq, aq and KW=Z en
ode the W and Z 
oupling.For W boson we have vq = aq = 1 and KW = Vud 12p2 , where Vud is the 
orrespondingelement of Cabibbo-Kobayashi-Maskawa matrix. For Z we have au = 12 , vu = 12 � 43 sin2 �Wand ad = �12 , vd = �12 + 23 sin2 �W and KZ = 12 
os �W , where �W is the Weinberg angle. Inthe latter 
ase m1 equals m2, and mW is repla
ed by mZ .If we make use of the Eq. (2.18) to repla
e the polarization sum, one has to add diagramsand 
orresponding amplitudes with Goldstone bosons with 
ouplings�igwKW=Z�m2 �m1mW=Z vq � m1 +m2mW=Z aq
5�: (2.20)Finally, the square of the amplitude averaged over initial heli
ities and 
olors of gluonsand summed over spins/ heli
ities and 
olors of �nal parti
les 
an be written as14 1(N2
 � 1)2 jMj2 = 14 1(N2
 � 1)2 X�;�0;�;a;bTr
olor(����� 8Xi=1 ��q1��q2Mabi�������2): (2.21)By evaluating the tra
es over the produ
ts of Gell-Mann 
olor matri
es, one en
ounterstwo possible 
ases of 
olor fa
torsTrftatbtatbg =� 14N2
 � 1N
 ; Trftatbtbtag =14 (N2
 � 1)2N
 ; (2.22)where N
 = 3 is the number of 
olors.Finally, the expression for the partoni
 o�-shell 
ross se
tion appearing in Eq. (2.10)to 
al
ulate the hadroni
 
ross se
tion isd�̂(g�g� ! q (W=Z) �q ) =(2�)4Æ(4) �q1 + q2 � k1 � k2 � kW=Z��� 12��s �2�2s2t1t2 14 1(N2
 � 1)2 jMj2 Yi2f1;2;W (Z)g d3ki(2�)32E(ki) : (2.23)The origin of the spe
i�
 form of the �ux fa
tor and prefa
tor �2�2s2t1t2 is formulated in[6, 7℄. We summarize the most relevant aspe
ts here. An important feature of the whole
al
ulation is that it is possible to re
over the result obtained in 
ollinear fa
torization bynegle
ting the transverse momenta of the gluons when they enter the hard matrix elementand instead integrate over them only in the gluon densities. Due to fa
torization it is pos-sible to keep this 
onne
tion not only for the full 
ross se
tion, but also for gluon densitiesand hard matrix element separately as well, provided that the expli
it manifestations ofthe fa
torization formulae are phrased.The key point is the observation thatD2q1?�q1?�q21? E�1 = �g?�� = D2q2?�q2?�q22? E�2 : (2.24)8



As shown in Eqs. (2.14-2.16), in an appropriate gauge the polarization sum 2pA�pB�s 
an berepla
ed by 2q1?�q2?���s . Sin
e in this gauge one has to deal with exa
tly the same diagramsas in the on-shell 
al
ulation, by dressing the o�-shell matrix element squared with theprefa
tor �2�2s2t1t2 and performing the averaging over azimuthal angles of the `in
oming'gluons, followed by taking the limit t1; t2 ! 0, one gets the 
ollinear limit of the matrixelement squared. The �ux fa
tor for o�-shell gluons is de�ned as for on-shell gluons with12��s . As the matrix element is gauge invariant, this 
onne
tion remains valid when oneperforms the 
urrent 
al
ulation in a di�erent gauge.Due to the o�-shellness of the in
oming gluons and the three parti
le �nal state the�nal result of the matrix element squared is rather lengthy. For that reason, we 
al
ulatedit independently and in di�erent ways. One 
al
ulation followed dire
tly the derivationabove using Feynman gauge for the gluons, and has been performed usingMathemati
a.A se
ond 
al
ulation written in Form [16,17℄ used an axial gauge as des
ribed above su
hthat the Lipatov verti
es in (2.19) are to be repla
ed by standard three-gluon-verti
es.Moreover this se
ond method used the method of orthogonal amplitudes, des
ribed in [18℄,whi
h a�e
ts the fermioni
 part of the matrix element and with whi
h one is able to treatthe matrix element squared in a more 
ompa
t way.2For this se
ond method a few te
hni
al details are elaborated in the remainder of thisse
tion. The method of orthogonal amplitudes is based on expressing a generi
 amplitudefM (with one quark line) in terms of a set of four independent operators Ôi; i 2 f1; ::; 4g,whi
h satisfy orthogonality relations TrfÔi(k̂2 � m2)Ôj(k̂1 + m1)g = kÔik2Æij for anypossible i and j, where kÔik is the �norm� of the operator Ôi. The proje
tion of fM by anoperator Ôi is performed in the following wayfMi = 1kÔikX�;�0 fM �v(�0; k2)Ôiu(�; k1): (2.25)The matrix element squared then has the following formX�;�0 jfMj2 =Xi jfMij2: (2.26)In our 
ase the matrix element 
onsists of up to �ve Dira
-matri
es (negle
ting 
5), aftersquaring one has to evaluate tra
es of up to twelve of them. In 
ontrast the method oforthogonal amplitudes leads only to tra
es of up to eight Dira
-matri
es.If one wants to 
onsider also the Z or W� 
oupling in the Feynman diagram, oneen
ounters a te
hni
al problem 
onne
ted with the appearan
e of the Dira
-matrix 
5 inthe expression for the amplitude, leading to terms whi
h in
lude Levi-Civita tensors whi
hlater 
an
el. To avoid this 
ompli
ation, one 
an split the expression for the amplitudeinto two parts, one whi
h does not in
lude 
5 and the other one whi
h does (to separatethe ve
tor and axial part of the Z or W boson 
oupling). For the part with 
5 one uses abase of operators Ôi
5. It is easy to 
he
k that they satisfy the same orthogonality relation2We also have 
ross-
he
ked numeri
ally our results for the 
ase of a produ
ed photon instead of aW=Zboson with those of the authors of [11℄ whose 
ooperation we gratefully a
knowledge.9



like the operators Ôi. One also easily see that proje
tions of amplitudes in whi
h 
5 o

ursdo not 
ontain terms with Levi-Civita tensors. In doing so, we extend the method oforthogonal amplitudes in a natural way.Another 
ompli
ation 
omes from the presen
e of 
olor fa
tors in the expressions whi
hare not numbers but matri
es. To treat the proje
tions as numbers, it is ne
essary toseparate the Feynman diagrams into three groups a

ording to di�erent 
olor fa
tors,namely Cab1 = tatb � tbta;Cab2 = tatb;Cab3 = tbta; (2.27)whi
h form a ve
tor Cab = (Cab1 ; Cab2 ; Cab3 ) (
omponents of Cab are 
olor fa
tors ofMab(1;2)�� ,Mab(3�5)�� and Mab(6�8)�� 
orrespondingly). One 
an then build a 
orresponding ve
tor
ontaining the sums of Feynman diagrams without the 
olor fa
tors F = (F1;F2;F3) su
hthat Mab = (Cab)TF : (2.28)The Lorentz indi
es have been dropped for simpli
ity. Using the matrixCij = TrfCabi Cbaj g; (2.29)the expression for the square of the matrix element takes the formjMj2 = F yCF ; (2.30)where 
ombinations of Fi and F�j are 
al
ulated using the proje
tion method introdu
edin Eqs. (2.25, 2.26). For the �nal simpli�
ation we have diagonalized the matrix C. Afterdiagonalization of the matrix C only two diagonal elements remain nonzero. This is ex-pe
ted be
ause the quarks in the �nal state, in this pro
ess, 
an o

ur only in two possible
olor states.3 Numeri
al studiesThe last missing pie
es needed to 
al
ulate the hadroni
 
ross se
tion using Eq. (2.10), arethe unintegrated gluon densities. As mentioned in the introdu
tion, there are two equationssuited to des
ribe the evolution of an unintegrated gluon density, namely BFKL [4℄ andCCFM [5℄, respe
tively. Both have been shown to agree on the leading logarithms in smallx [19℄, but the CCFM evolution is valid in the domain of larger x as well and, moreover,mat
hes in this region with DGLAP. Therefore, we base our numeri
al studies on anunintegrated gluon density obeying the CCFM equation, whi
h has been implemented inthe Monte Carlo generator Cas
ade [13℄. We also investigate how the results 
hangewhen using uPDFs generated by a di�erent pro
edure known as KMR [20℄.For this purpose, we implemented the matrix element squared as des
ribed above intoCas
ade. This implementation will be available in the next version of Cas
ade.10



We have used the unintegrated parton distribution fun
tion (uPDF) CCFM 2003 set 3for the numeri
al 
al
ulation.To investigate the 
al
ulated matrix element as a

urately as possible, we negle
t inthis �rst study the e�e
t of hadronization of the �nal state. We study in detail rapidityand transverse momentum distributions of the produ
ed gauge boson, quark and antiquarkwhi
h (if one assumes that quarks approximately determine jets) are the most importantobservables in the experiment.Furthermore, we 
ompare the kT -fa
torization approa
h to the 
ollinear one. For thispurpose, we 
ompare the distributions obtained by our transverse momenta dependent ma-trix element with distributions obtained from the Monte Carlo generatorM
fm [21℄ whi
hprovides a 
al
ulation of the same pro
ess in the 
ollinear limit. In that 
ase the transversemomenta 
oming from the evolution are negle
ted. We also investigate in Se
. 3.3 howthe variation of unintegrated parton densities a�e
t the azimuthal angle and transversemomenta distributions.As an artefa
t of the perturbative 
al
ulation, the results depend on the renormalizations
ale �R and the fa
torization s
ale �f . In the CCFM formalism the hardest s
ale is set bythe emission angle of the hardest sub
ollision. It 
an be expressed in terms of the energyof the sub
ollision �f = pŝ+ (~q1 + ~q2)2. For the 
omparison with 
ollinear fa
torization
al
ulations we have used as renormalization s
ale �R = mZ in kT -fa
torization 
al
ulationand in 
ollinear 
al
ulation as well. We have also investigated other possible 
hoi
es (seesubse
tion 3.3).3.1 Comparison with LO 
ollinear 
al
ulationOur 
al
ulation of the hard matrix elements in
ludes W� and Z produ
tion in asso
iationwith all possible quark-antiquark 
hannels in gluon gluon fusion. Sin
e the basi
 stru
tureof all these matrix elements is very similar, we present results only for the typi
al 
aseof Zb�b produ
tion at LHC energies of ps = 14TeV. The mass of the b-quark used ismb = 4:62 GeV. For the 
ollinear fa
torization 
al
ulations we use the parton densitiesCTEQ6L1 [22℄.The total 
ross se
tions are 
omparable in magnitude, though they di�er 
onsiderably:0:406 nb in kT -fa
torization and 0:748 nb in 
ollinear fa
torization. The di�eren
e of total
ross se
tions stems from the di�erent behavior at low transversal momenta of �nal stateparti
les (dis
ussed later in this se
tion) where 
ontributions from transversal momenta ofthe initial state gluons play a signi�
ant role. It 
an be seen that by applying a 
ut onthe transversal momentum of the Z boson pZ? > 50GeV the di�eren
e of the total 
rossse
tions be
omes smaller. With this additional 
ut one obtains 
ross se
tions of 0:118 nbin kT -fa
torization and 0:141 nb in LO 
ollinear 
al
ulation.The total 
ross se
tions for other �nal states of interest are given in Tab. 3.1.The transverse momentum and rapidity distributions of the ve
tor boson are shownin Fig. 3.1 and 3.2, respe
tively. The 
omparison of the kT -fa
torization approa
h to the
ollinear shows that they agree in transversal momentum distributions of Z at high valuesof this quantity. This is no surprise, sin
e at high pZ? the 
ontribution from initial stategluon transverse momenta is expe
ted to be
ome small.11
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Figure 3.1: Transverse momentum distributions of the produ
ed Z gauge bosons. Cal
u-lation with massive b-quarks. Both 
al
ulations are in LO of perturbation series.
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Figure 3.2: Rapidity distribution of the produ
ed Z gauge bosons. Cal
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al
ulations are in LO of perturbation series.12



�nal state Z
�
 Zb�b Zt�t W+s�
, W�
�s�tot [nb℄ 0:430 0:406 0:525 � 10�3 1:92Table 3.1: Total 
ross se
tions for di�erent �nal states, 
al
ulated in kT -fa
torization usingCas
ade.
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Figure 3.3: Distributions of the rapidity distan
e between quark and antiquark. Cal
ulationwith massive b-quarks. Both 
al
ulations are in LO of perturbation series.The rapidity distributions of the Z show a similar behavior, ex
ept for the overallnormalization (Fig. 3.2).To elaborate the di�eren
e between kT - and 
ollinear fa
torization, we investigate moreex
lusive observables, like the 
ross se
tion di�erential in rapidity distan
e between quarkand antiquark (Fig. 3.3). Both 
al
ulations show a two peak stru
ture with a minimum atzero rapidity, but the kT -fa
torization result has a 
onsiderably shallower minimum. Theminimum in the 
ase of the 
ollinear 
al
ulation gets shallower � bringing together both
al
ulations � when one again applies a 
ut on pZ? > 50GeV as one 
an see in Fig. 3.4.In the distribution of the azimuthal angular distan
e of Z and max(pb;?; p�b;?) (Fig. 3.5)we observe that the region from 0 to �=2 is forbidden within the 
ollinear 
al
ulation due tomomentum 
onservation, whi
h is not the 
ase for kT -fa
torization. This is 
aused by the
ontribution from initial state gluon transversal momentum whi
h allows the transversalmomenta of Z, b and �b to be unbalan
ed. A larger spread of possible 
on�gurations 
ausesthat the distribution in the kT -fa
torization 
al
ulation �attens.
13
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Figure 3.4: Distributions of the rapidity distan
e between quark and antiquark. Cal
ulationwith massive b-quarks. A 
ut on pZ? > 50GeV has been applied.
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3.2 Comparison with NLO 
ollinear 
al
ulationIn 
ollinear fa
torization the physi
al e�e
t of the intrinsi
 transverse momenta of the initialgluons 
an not be des
ribed until higher order 
orre
tions are taken into a

ount. Thenadditional real emissions lead to o�-shell gluons and their transverse momenta. Therefore,the signi�
ant di�eren
es between a 
al
ulation in the 
ollinear fa
torization framework andkT -fa
torization framework shown in the previous se
tion en
ourage us to 
ompare our LO
al
ulation in kT -fa
torization with a NLO 
ollinear 
al
ulation, sin
e CCFM evolutionin
ludes the high-energy part of the NLO 
ollinear 
orre
tions. Sin
e there are two o�-shell initial gluons in a kT -fa
torized pp-
ollision, one 
ould even 
all for a higher order
ollinear 
al
ulation to 
ompare3.To 
ompare with a 
ollinear NLO 
al
ulation, we use again the Monte Carlo generatorM
fm. This Monte Carlo generator provides the pro
ess gg ! Zb�b at NLO only in themassless quark limit. To avoid divergen
es, additional 
uts are applied on transversalmomenta of quarks, on the invariant mass of the b�b pair, and on transversal momentaof a gluon whi
h is produ
ed in diagrams of real NLO 
orre
tions. Transversal momentaof produ
ed quark, antiquark and gluon have to satisfy the 
ondition p? > 4:62GeV(
orresponding to the mass of the b-quark). These 
uts on quark (antiquark) momenta areautomati
ally applied in M
fm when one is performing a 
al
ulation involving masslessquarks (antiquarks). We 
hoose the parton density fun
tions set CTEQ6M [22℄. The same
uts on transversal momenta of quark and antiquark are then applied in Cas
ade as well.For the total 
ross se
tions, we obtain in the NLO 
ollinear fa
torization 
al
ulation1:04 nb, and in the kT -fa
torization 
al
ulation 0:429 nb. The di�eren
e of the total 
rossse
tions in kT -fa
torization 
al
ulation and the NLO 
al
ulation in 
ollinear fa
torizationis of the same origin as the di�eren
e between the total 
ross se
tions in se
tion 3.1 where
omparison of kT -fa
torization 
al
ulation and NLO 
al
ulation in 
ollinear fa
torizationis dis
ussed. This is again illustrated by a 
ut on pZ? > 50GeV diminishing the di�eren
ebetween the 
ross se
tions (0:125 nb for the kT -fa
torization 
al
ulation and 0:165 nb forthe NLO 
al
ulation in 
ollinear fa
torization).The result for the 
ross se
tions di�erential in the transversal momentum of Z 
an beseen in Fig. 3.6. The 
ross se
tion 
hanges espe
ially at small pZ? (see Fig. 3.7) from LOto NLO 
al
ulation, and the di�eren
e between 
ollinear 
al
ulation and kT -fa
torization
al
ulation be
omes more pronoun
ed. We observe that the maximum of the distribution inthe NLO 
al
ulation (M
fm) stays approximately at same value of transversal momentaand the shape of the peak is very di�erent from the one we obtain in kT -fa
torization.Nevertheless, the pZ? distributions mat
h at very high pZ? (O(102GeV)).The rapidity distribution of the Z (Fig. 3.8) shows no major di�eren
e in shape inkT -fa
torization approa
h, LO and NLO 
ollinear fa
torization approa
h.3Although we argue that already the LO kT -fa
torization 
al
ulation in
ludes in some sense higher order
orre
tions, one might ask for an extension to NLO. So far kT -fa
torization based on CCFM evolutionhas been formulated only at LO. On the other hand, sin
e the BFKL equation has been 
al
ulated atNLO a

ura
y [23℄, in the small x regime kT -fa
torization 
an be formulated at NLO a

ura
y as well[24℄. Nevertheless, an implementation into a Monte Carlo generator is still outstanding. Moreover, the
al
ulation of an o�-shell 2! 3 pro
ess at one loop order is far beyond the s
ope of this work.15
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Figure 3.6: Comparison of 
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tions di�erential in transverse momentum of the pro-du
ed Z gauge boson. Cal
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uts are des
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Figure 3.8: Comparison of 
ross se
tions di�erential in rapidity of the produ
ed Z gaugeboson (logarithmi
 s
ale). Cal
ulation with massless b-quarks. The applied 
uts are de-s
ribed in the text.We 
onsider the 
ross se
tion di�erential in the total transversal momentum of the Zb�bsystem pZb�b? in Fig. 3.9. In the NLO 
ollinear 
al
ulation a non-zero pZb�b? is generated bythe emission of an additional gluon, while at LO it is always balan
ed to zero. At low pZb�b?we see the 
onsequen
e of the 
ut on the transverse momenta of the outgoing parti
les inM
fm (a small gap between 0 GeV and 4:62 GeV in pZb�b? histogram). Sin
e there are noparton showers or soft gluon re-summation [25℄ in
luded in the M
fm NLO 
al
ulation,one observes a steep rise of the 
ross se
tion towards zero transverse momentum be
ausethe matrix element diverges when approa
hing pZb�b?!0GeV. On the other hand, uPDFsin
lude 
orre
tions similar to parton shower e�e
ts, treated 
onsistently, whi
h 
auses theturnover in the 
ross se
tion of the kT -fa
torization 
al
ulation. Here, the entire transversalmomentum of the Zb�b system stems from the transversal momenta of initial state gluons.We expe
t that resummation e�e
ts at low values of pZb�b? would tame the growth of the
ross se
tion in 
ollinear fa
torization and would de
rease the di�eren
e to kT -fa
torization.Interestingly, there is a di�eren
e not only at low values of pZb�b?, but also at high valuesof pZb�b?. The di�erential 
ross se
tions at high pZb�b? have a similar slope, but di�er by afa
tor of � 3. This is 
ontrary to the behavior of distributions of pZ? in Figs. 3.6 and 3.1where at large values of pZ? the di�erential 
ross se
tions overlap. For this di�eren
e atlarge pZb�b? further 
al
ulations have to reveal the exa
t e�e
t of higher order 
orre
tionsin 
ollinear fa
torization, keeping in mind that the NLO for this obersvable de fa
to is the�rst non trivial order.The 
ross se
tion di�erential in the di�eren
e of azimuthal angles of Z and b or �b quark17
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Figure 3.9: Comparison of 
ross se
tions di�erential in the p? of the system Zb�b. Cal
ula-tion with massless b-quarks. The applied 
uts are des
ribed in the text.with higher transversal momentum � ��Zhb � is shown in Fig. 3.10. Going from LO toNLO, the 
ollinear 
al
ulation reveals a broader distribution like in the kT -fa
torization
ase. Nevertheless, the kT -fa
torization result shows a more homogeneous spread of theazimuthal angle distan
e. This di�eren
e origins partly in the di�eren
e of the transversalmomentum distributions at low values (see Fig. 3.7). A 
ut on low values (pZ? > 50GeV)of the transversal momentum of the Z boson results in steeper ��Zhb distributions asshown in Fig. 3.11. Still, the kT -fa
torization result is �atter than the NLO 
ollinearfa
torization 
al
ulation giving an indi
ation that there is a 
ontribution from the totaltransversal momentum of the Zb�b system generated by both uPDFs.3.3 Variation of the Cas
ade results on uPDF and renormaliza-tion s
aleTo estimate the un
ertainty 
oming from the di�erent 
hoi
es of uPDF sets, we 
al
ulatethe 
ross se
tions di�erential in either the transverse momentum of the Z boson or ��Zhb(distan
e in polar angle between Z and max(pb?; p�b?)) using di�erent sets of uPDFs, namelyCCFM J2003 set 1, 2, 3 [26℄ and CCFM set A0 [27℄, whi
h are all obtained from �ts toHERA F2 data [28℄. In addition we use the unintegrated parton density by [20℄, referredto as KMR. The resulting plots are shown in Figs. 3.12 and 3.13. We do not show thedistributions for set 1, be
ause they are very 
lose to distribution for the set 3, to keep theplot 
lear.The total 
ross se
tions obtained for di�erent uPDFs 
an be seen in Tab. 3.2. The18
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Figure 3.10: Comparison of 
ross se
tions di�erential in distan
e in azimuthal angle of Zand higher p? b=�b. Cal
ulation with massless b-quarks. The applied 
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uPDF Total 
ross se
tion [nb℄CCFM J2003 set 1 0:369CCFM J2003 set 2 0:147CCFM J2003 set 3 0:406CCFM set B0 0:277CCFM set A0 0:378KMR 0:190Table 3.2: Total 
ross se
tions of the pro
ess pp! Zb�b+X for di�erent sets of unintegratedparton distribution fun
tions. �R Total 
ross se
tion [nb℄mZ 0:4062mZ 0:39212mZ 0:607pm2Z + p2Z? 0:4672pm2Z + p2Z? 0:38112pm2Z + p2Z? 0:585Table 3.3: Total 
ross se
tions for di�erent renormalization s
ale �.total 
ross se
tion varies for these di�erent uPDFs about 45%, while the shape of thedistributions is hardly e�e
ted ex
ept of the KMR. KMR set uses 
ompletely di�erentevolution equations and a deviation is not surprising.As a last point to dis
uss, we turn to the s
ale dependen
e. As already mentioned inthe beginning of se
tion 3 the fa
torization s
ale is �xed by the emission angle of the hardsubpro
ess. However, there is still freedom in 
hoi
e of the renormalization s
ale whi
hshould be of order of the typi
al s
ale of the hard subpro
ess.We 
onsider two possible 
hoi
es: the 
onstant renormalization s
ale �1 = mZ and thes
ale �2 =pm2Z + p2Z?, whi
h are varied by fa
tor of 2, so � has values 2�1, 12�1 and 2�2,12�2. The results for the pZ? and the ��Zhb distribution 
an be seen in Figs. 3.14 and3.15, respe
tively. The values of the 
ross se
tion for individual 
hoi
es of the s
ale aresummarized in Tab. 3.3. One 
an see that a running �S does not a�e
t the shape of thedistributions, but only the total 
ross se
tion.4 Summary and Con
lusionsIn this paper we have 
al
ulated the matrix element for the pro
ess g�g� ! W=Zqi�qj,taking into a

ount the virtuality and transversal momenta of the initial gluons in the kT -fa
torization formalism. We have implemented the matrix element squared in the MonteCarlo generator Cas
ade and have 
al
ulated the total and di�erential 
ross se
tions ofthis pro
ess in proton proton 
ollisions for the LHC at energy of ps = 14TeV. We have20
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ompared our results with results obtained in 
ollinear fa
torization (using M
fm). Thetotal 
ross se
tions di�er by a fa
tor of � 2. There are di�eren
es in distributions whi
hare sensitive to 
ompensation of transversal momenta of parti
les in the �nal state 
omingfrom rather fundamental di�eren
es between the two approa
hes.We found the most signi�
ant di�eren
es in the 
ross se
tion di�erential in the az-imuthal angle between the Z boson and higher pT quark or antiquark � ��Zhb. Whilefor a LO 
al
ulation in 
ollinear fa
torization a region of values of ��Zhb is kinemati
allyforbidden, in kT -fa
torization the whole range of ��Zhb is allowed. This is be
ause ofnegle
ting the 
ontribution of transversal momenta of initial state gluons in 
al
ulation ofmatrix element in 
ollinear fa
torization. The NLO 
ollinear 
al
ulation (where transversalmomentum is generated by real 
orre
tions) shows already the same qualitative behavioras the kT -fa
torization 
al
ulation. However, there remains a di�eren
e in the shape of thedistribution of ��Zhb 
ompared to the kT -fa
torization 
al
ulation We also 
ompared 
rossse
tions di�erential in the transversal momentum of the Zb�b system � pZb�b?. In 
ollinearfa
torization and lowest order perturbation theory (�2S), the observable pZb�b? is exa
tlyzero. For a non-zero 
ontribution in 
ollinear fa
torization higher order 
orre
tions areneeded. The kT -fa
torization gives non-zero 
ontribution already at �2S order. We have
ompared 
ross se
tions di�erential in pZb�b? 
al
ulated in NLO in 
ollinear 
al
ulation andLO in kT -fa
torization. The distributions have di�erent shape at low values of pZb�b?. Athigh pZb�b? the slopes are similar but di�er in absolut size.We have 
al
ulated the 
ross se
tions di�erential in the transversal momentum of theprodu
ed boson. The maximum of the distribution in the kT -fa
torization 
al
ulation isat higher transversal momenta 
ompared to the 
ollinear one. This shows the sensitivityof this distribution on parton evolution model and treatment of kinemati
s.We 
on
lude that some of the e�e
ts of NLO and even higher order 
ollinear 
al
ulationare already in
luded in the LO kT -fa
torization 
al
ulation.A
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