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Effective vector-boson approximation applied to hadron-hadron collisions
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An improved effective vector-boson approximation is applied to hadron-hadron collisions. The effective
vector-boson approximation in this form is accurate enough to reproduce the result of a complete perturbative
calculation for the specific example @ production within 10%. This is true even far away from a possible
Higgs boson resonance and thus in a region where the transverse intermediate vector bosons give the dominant
contribution. Simple approximate formulas which greatly reduce the calculational effort are derived. The full
information about the kinematics is, however, lost in these approximations. A comparison between the im-
proved, the approximate, and existing formulations is presef&#556-282197)03109-3

PACS numbsgs): 13.85.Qk, 11.80.Fv

[. INTRODUCTION sum over all vector-boson paiks;,V,, which can couple to
the Higgs boson, is to be taken.
The effective photon approximatiofEPA) Weizsaker- In this early application of the EVBA only the contribu-

Williams approximatioh of QED [1] has proved to be a tion from longitudinally polarized intermediate vector
useful tool in the study of photon-photon processes abosonsVy V,, was calculated and the result was found to
e*e” colliders. With the prospect of high-energy hadron-give a reasonable approximation to an exact perturbative cal-
hadron colliders, the possibility to study the scattering ofculation[7].
massivevector bosons is given. Massive vector-boson scat- Subsequently, the EVBA was also applied to processes of
tering is of particular interest as the symmetry-breaking secthe typepp—V3V,+ X, where two vector bosons are pro-
tor of the electroweak theory and the self-interactions of theluced. The vector bosong; andV, emerge as the decay
vector bosons are directly tested. The method equivalent tproducts of a near-resonant heavy Higgs partj@de The
the EPA applying to the scattering of massive vector bosonscattering process was described by the diagram in Hiy. 1
is the effective vector-boson approximatid&VBA) [2-5].  Also in this case, the inclusion of only longitudinal interme-
The EVBA can be applied to fermion-fermion scattering pro-diate vector bosons was sufficient. It was noted that the pro-
cesses in which the final state consists of two fermions and duction of heavy particlegHiggs bosons or fermionsis
state & which can be produced by the scattering of twomainly due to the longitudinal intermediate stafd$
vector bosons. The fermion-fermion cross section is written The concept of vector bosons as partons in quarks was
as a product of a probability distribution and the cross secfurther established and expressions for vector-boson distribu-
tions for vector boson scattering. The probability distributiontions in quarks were derivef3,4]. The expressions were
describes the emission of vector bosons from fermions. Thgiven for all polarizations of the intermediate vector bosons.
method is an approximate one which neglects Feynman didBy convolution with the quark distributions in a proton, nu-
grams of bremsstrahlung type. In general, the method is apwerical results were given for vector boson distributions in a
plicable if the fermion scattering energy is large against theproton [3]. For the production via two intermediate vector
masses of the electroweak vector bosons. bosons it was assumed that convolutions of the distributions
The possibility of an EVBA has been first noticed in con- of single vector bosons could describe the emission probabil-
nection with heavy Higgs boson productip]. The Higgs ity of the vector-boson pair. The EVBA in this form gave
boson can be produced via the diagram in Figy,lwhere a  reliable results for heavy Higgs boson product[@w,7—9
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FIG. 1. (8 The diagram for Higgs boson production in quark-quark scattegimg—q;q;H. (b) The diagram for the production of a
vector-boson paiW;V, as the decay products of a heavy Higgs bosonq;i, scattering.

0556-2821/97/54.1)/716518)/$10.00 55 7165 © 1997 The American Physical Society



7166 I. KUSS 55

qi
v, Vs
Va Vi
2 0

Vi Vs

pea
X
2y

FIG. 2. The diagram fog,q,—q;q;V3V, in the effective vector-boson approximation and the diagrams for vector-boson scattering.
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and heavy fermion productigriQ]. taken into account by a complete perturbative calculation
The necessity to include all vector-boson scattering diatlowest order in the coupling of the process
grams forV;V,— V3V, in order to obtain EVBA predictions  q,q,—q;q5V3V,. This calculation requires the evaluation of
for the production of a vector-boson paiV,, not neces- more diagrams than only the vector-boson scattering dia-
sarily near a Higgs boson resonance, was first mentioned igrams, as indicated in Fig. 3. To be precise,[i4] the
[9] and [11]. The possible diagrams for these processesgVBA was used only to calculate the difference between the
0:0,—01095V3V,, Whereq; ,qf are quarks, are shown in Fig. cross sections in a strongly interacting model and in the stan-
2. dard model with a light Higgs boson. This difference shows
It was further pointed out that the yield &f;V, pairs  an interesting behavior in a strongly interacting scenario and
from q,0,—0q;05V3V, must be discussed together with the was therefore considered as a potential signal for strongly
yield from the direct reaction;q,— V3V, (Drell-Yan reac- interacting vector bosons. The difference receives a contri-
tion) unless a suitable analysis of the different proton rem-bution virtually only from the longitudinal states. It was
nants from the two production mechanisms allows one tdound[14] that this calculation agrees with a complete per-
separate the different production mechanisms. turbative calculation to about 10%videnced foW=Z and
In first applications to vector-boson scattering, again onlyW=W= production if the standard model with a heavy
the contribution from the longitudinal intermediate statesHiggs boson is taken as the strongly interacting model. | note
was considered while the contribution from transverse statethat for strong scattering a method has been recently de-
was neglected. This contribution was taken to be smalkcribed which does not make use of the EVBS].
against theq,q,— V3V, contribution while the contribution In [13,16,17 the application of the EVBA was extended
from V; V, — V3V, could be large if the longitudinal vec- to the contributions from all intermediate polarization states.
tor bosons interact strongly. The interest in the strongly indt was known, however, that the EVBA can overestimate
teracting scenarifl 2] was the original motivation to use the results of complete perturbative calculations by a factor of 3
EVBA. if the transverse helicities are importd®,20d. Other com-
The EVBA has been used for vector-boson scattering irparisons of results of complete calculations for
[2], [13—-17. In [14], the EVBA was used only for the lon- pp—V3V,4+ X with EVBA results[21,22] showed that the
gitudinal intermediate states. The transverse states wefeVBA is always a good approximation on the Higgs boson
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FIG. 4. The diagram for the hadron-hadron scattering process

\/ proceeding via two intermediate vector bosons
v hih,—0:0,—010;V1V, andV,;V,— E.
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DLy S
+ \f‘\‘ H3 L V( mﬁ T given. We derive useful approximations to the improved
[/‘ Oy p) ‘“;A EVBA. A comparison with previous formulations of the
AR | 4 EVBA is given. Section Il contains a comparison of EVBA
/\N‘\ ) ‘VV4 results with a complete perturbative calculation for
, /\ pp—ZZ+ X. Details of various existing formulations of the

) 4 0, Q EVBA are discussed in the Appendix.

FIG. 3. Some of the Feynman diagrams for a process
g10,—0195V3V,4 in a complete perturbative calculation. In the top
row to the right is the diagram for vector-boson scattering, which is II. LUMINOSITIES FOR VECTOR-BOSON PAIRS
the only type of diagram which is considered in the effective IN'HADRON PAIRS
vector-boson approximation. The bottom row shows diagrams of

A. Improved effective vector-boson approximation
bremsstrahlung type.

Applying the treatment of the improved EVBRR5|, we
present exact luminosities for finding a vector-boson pair in a

resonance but in general overestimates the transverse condt@"Eldron pair. The luminosities apply to the process shown in

bution which is the important one for vector-boson scatterin

ig. 4

away from a Higgs boson resonance. The EVBA was foun The cross se_ction for a sc.atteri_ng process of two hadrons
N, andh, with high energies, in which an arbitrary final state

to be unreliable away from the Higgs boson resonance. Fut::

thermore, the EVBA result depends strongly on the details of 'S Produced, is giveriin the quark-parton modeby a
the approximations made in deriving the EVBA9,20. In two-dimensional integral over a product of parton distribu-

particular, the frequently used leading logarithmic approxi—t'or,‘ functions anFi the cross sections for parton-parton scat-
mation can overestimate the transverse luminosity by an off€"1Ng processes:

der of magnitude{23,24]. ' o o(hihy—E +X,541)
In this paper we will obtain exact luminosities for vector-

boson pairs in a hadron pair from an improved formulation 1 1 hy 2. ey )
of the EVBA, previously introduced for fermion-fermion =2 d§1f d&p fo (61,mD)f (E2,12)
. . . . . . d1.42 0 0
scattering in25]. This formulation makes no approximation
in the integration over the phase space of the two intermedi- X 0(g102—E +X',Sqq)- (]

ate vector bosons. The only remaining assumption, necessary
in an EVBA, concerns the off-shell behavior of vector-bosontne sum in Eq.(1) extends over all partonguarks, anti-

cross sections. The formulation, however, involves multiplequarks and gluongy, in the hadrorh, andg, in the hadron
numerical integrals and is thus not very practical in itself.hz_ The variableZ; in Eq. (1) is the ratio of the momentum of

However, we will apply suitable approximations in which ‘ _ ingfhicg 2
some of the integrals can be carried out in closed form. Théhe partong; and the hadrorh; . The quantltlesfqi(gl 40

exact luminosities form a unique basis to test the quality ofreé the parton distribution functions, evaluated at the mo-
these approximations. We will present a test of the approximentum fractions; and the factorization scales{. The
mations here and also compare with other existing approxiscale is a characteristic energy of the process which is initi-
mations. In addition, by means of a specific example, we willated by the partom;. The quantitiess(q,0,—E+X") in
compare the EVBA, using the exact luminosities, with a cal-Ed. (1) are the cross sections for the parton-parton processes.
culation in which no EVBA has been applied. In Eq. (1), sy is the square of the hadron-hadron scattering

In Sec. Il the improved EVBA is applied to hadron colli- energy, related to the parton-parton scattering ene@
sions and numerical results for the exact luminosities ardy
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Sqq= §162Shh- 2 ad oy | @ > pol .pol
‘CV:L Vs ,pol(x) - E chl(Vl)qu(Vz)
The symbolsX and X’ represent additional particles in the

final state. In writing down Eq(1), we assumed that the 1dz (A ~ M2 M3

partons have no transverse momentum. We also neglected X ;(§£pol X’Z’S_’S_)- ©®)
the masses of the hadrons and partons. These approximations 49 —aq

may be made in any frame in which both hadrons are highly . ) ) )
relativistic. In Eq. (6), z is the ratio of the squared invariant ma\ﬂé of

Expressed in terms of the ratio of the squared invarian@ System consisting df; and the quarlq, and the squared
massesr=s,4/Sny and the rapidityy, of the motion of the ~ invariant mass of the quark pair:
center-of-mass of the parton pair in the center-of-mass sys-

tem(c.m.s) of the hadronsthe cross sectiofll) takes on the a 'Vl\z(
form =5 @
qq
o(hih;—E+X,shp) The parametew is the fine-structure constant ahy] are the
1 (U2 vector-boson masses. The quantitb%%vi) are combinations
=2 f de dyq of the vector and axial-vector couplings anda;, respec-
41,92 JO (1/2In(7) : ; 2.2
tively, of V; to g;. They can be eithep;+aj or 2v;a;,
xfzi( \/;qu,M%)fzi(\/;e_Yq,Mg) depending on pol. In E(6), the quantities
— 2 \p2
Xo(q102— E+X',Sqq= TShn) - 3 r <A ~ M1 Mz)
pol X,Z, - .
Sqq Sqq
The relations between the variablés, &, in Eqg. (1) and
7.Yq in Eq. (3) are given byr=¢,&,, qu%In(gllgz) or, _ fo dszo dK2
equivalently,é,=/re’a and ¢,= \re Va. 7o sgl-n ) sgza-wz A(Kf—M1)?
If the final stateZ is produced via the vector-boson fu- 1 2md
sion mechanisnV,V,—Z& and the partons are quarks or % f ﬂﬂf K (8
. S 2 2\2 pol™ pol
antiquarksiwe will simply call them quarks hejen expres- (k3—M2)Jo 2m
sion for the parton-parton cross section is given in the EVBA
by are “amputated” differential luminosities, which do not any-
more contain the fermionic coupling constants. They depend
(0102~ E+X',84¢) only on the variableg andz and, since they are dimension-
_ 0L Su) less, on the masses of the vector bosons via the ratios
=0 (0102—01025,Sqq M%/sqq and M3/sqq. In Eq. (8), 7, is the ratio of the on-
Lo . shell flux factor for the procesg;V,— E and the flux factor
_vg/z pEol fo dXLy "V, polX) for the same process evaluated fdf=0:
X Tpol( ViVa— B, W 2=Xs4q). 4 Mo
e e . oo [ [
In Eq. (4), the quantltlescvl'vzypol(x) are luminosities for =1/1+ W + K _ZW_ZW_ZW W

vector-boson pairs in fermion pairs. The variablds the 9
ratio of the squared invariant masg 2 of the vector-boson

pair and the one of the quark pair: We simply refer ton, as the on-shell flux factor. THé are

the squared four-momenta of the vector bosons and

~ W?
X= (5)

Sqq 1

K2= —k
21— (Kl(23qq)

2. (10)
2

The sum in Eq(4) runs over all vector bosong,; ,V, which
can produce the final staf¢ and over all their helicity states
labeled by *“pol.” Expressions for the Iuminosities The quantitiesp;, fpo, andKye have peen_definzed i25].
0192 |(;()’ using no other approximations than those in-We note that if the momentum &f, is lightlike, k1=0, the

V1:V2.po directions of motion oV, andq, are parallel. In this case
herent in the effective vector-boson method, have been given ! i P '

in [25]. The luminosities can be written in the form zis the ratio of the energy o7, and the energy od,. The
variable z has in this case the same interpretation for the
emission of a vector bosow; from a quarkqg, as¢; has for

The rapidity is taken along the direction of motion of the hadronthe emission of a quark; from a hadronh;. ThAeAcorre-
h,. sponding variable for the emission @ from g, is x/z. The
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vector bosons can be approximately treated as “partons” irvector-boson scattering. We call E@L4) with Eq. (8) the
the quarks. In analogy tg; and &, we introduce the two exact luminosities. In Eq14),
variablesz,=z andz,=X/z. '

Inserting Eq.(4) into Eq. (3) yields an expression for the 1 i Vi#EV,,
cross section for the production of the staten the hadron- Cap= 12 if Vy=V,, (16)
hadron process, proceeding via vector-boson fusion:

ot is a combinatorial factor. We further introduced the variable
o(h{h,—010,— 0055 ,Spn)

=o(hih,—VVo—E,spp)

(1/2)In( 7
- S [oar| " g, el
ql d Vl V, pol (1/2)In(7) 1 . .
In the case of lightlike momenta of the vector bosdhsand
><fq2( ﬁe—vq,ﬂg) V,, the variabley is the rapidity of the ¥,V,) center-of-
2 mass motion in the quark-quark c.m.s., taken along the di-
rection of motion of the quark from whick; was emitted.
The functlonsl hah 2(7-) contain all dependence on the type of
the quarksg; (V) i.e., on the parton distribution functions
The expression(11) allows one to define luminosities and on the quark couplings to the vector bosons. The remain-

~ 1] z
yzzln(z /X):zm . (17)

Z

f clxcqlqz (X)o(V1Vo—E, W 2=1xsp). (11)

2, pol

E?\ﬁh@ (x) of vector-boson pairs in a hadron-pair: ing part of ther integral in Eq.(14) depends only on kine-
1 2)p0| . . . .
matical variables. The summations in Eq5) extend over
o(hihy,—V Vo—E,sp1) all quarksq, andq, which can couple to the vector bosons
V; andV,, respectively. In the derivation of Eg&l4), (15
= > . d £h1h2 (X) we made use of the symmetry property of the luminosities

(V1" V2)pol ¥ Xmin (V1V2)po for vector-boson pairs in fermion pairs:

X opo(ViVo B W 2=xsy). (12

2
In Eq. (12), f dys o|<5<, xeY, M— M—)
5 P Sqq Sqq
Xx=W /Shh (13) 2
2
is the ratio of the squares of the invariant masses of the f dyﬁpol( \/— xel,— s_) (18
qq

vector-boson pair and of the hadron pair. The minimum
value forx is given byXmin=(M;+M,)?/s,,. The summa-
tion in Eq. (12) extends over al(unordered vector-boson wherepol is obtained from pol by exchanging the helicities
pairs (V,V,) which can produce the stafé and the lumi- of V; andV, (i.e. TL—LT, TT—TT, etc).

nosities are given by the expression Figure 5 shows the exact luminositiglg}) with (8) for the
) vector-boson pairsV*W-, W*Z, W~Z, andZZ in a proton
hihy (=c a j"“m dlin(1/7)] pair of \/s,,= 14 TeV for the diagonal helicity combinations
(V1V2 W\ 27 "o T as a function of. The definition for the helicity combina-
- oh tionsTT, TT, TL, LT, andLL can be found, e.g., ifi25].
X{Sa( 1)+ 120} The Martin-Roberts-Stirling set AMRS(A)] parametrization
5 [26] in the deep inelastic scatterif®IS) scheme was used
Xf 1/2>'"<X)d§, |< NAg M_ M_) for the parton distributiorfsf§, (&, ..f). The electroweak pa-
(112)In(x) £ro Sqq Sqq rameters werex=1/128, M,,=80.17 GeV, andM,=91.19
(14  GeV.
with B. Approximate luminosities
~(1/2)n(7) We give approximations to the exact luminosities which
h1h2 p0| g pp
lypol( 7 f(l,z),nm d ( 2, Ca vy f oy fo(rera #3) ) are obtained from the full expressidB). We stress, how-
ever, that these approximations do not contain the full infor-
pol v mation about the kinematic variables \¢f andV, which is
X qz(E\:/ ) Cay( (v, ay (\/;e %13) ) (19 contained in Eq(8) anymore. Therefore, these approxima-

tions might not be used for studies involving cuts on the
The luminositieg14) are exact in the sense that no approxi-kinematics of the outgoing quark jets as, e.g., carried out in
mation has been made on the kinematics of the two vector
bosons. The only approximations which have been made are
those inherent in the EVBA, thus the neglect of bremsstrah- 2wWe useu?= &s,, unless explicitly stated otherwise. The sensi-
lung diagrams and the continuation from on-shell to off-shelltivity to the precise choice of the scale is small.
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FIG. 5. The exact Iuminositieé\r}llr\'}z(x), Eq.(14) using Eq.(8), for finding a vector-boson pair inside a proton pairf,,= 14 TeV for

the diagonal helicity combinations of various vector-boson pairs as a function of the vatiable

[14]. The approximations are similar to luminosities which 1d% M2 X 2

were commonly used in the literature. These luminosities £3192 (x)=7;oﬁ —fl —fe |22,
. ~ ~ ) ) ) Vi.Vaihihy x 7z Vi Sqq Vool 57 5g

were functions ok andz only. To obtain the approximations qq(lg)

all kinematical variables other than and z are integrated _
out. The integrations can be carried out analytically whichwhere the functionsty_, fi_, and fj (we useV=V;,

results in simple formulas. The aim of this section is to com-q=gq;, etc., if no distinction between two different particles
pare the exact expressio(® with approximations. If one is is necessapyare the distribution functions of vector bosons
interested in distributions of other variables thaandz one  in fermions of[27]°. The label =T, T,L denotes the helicity
has to go back to the exact expressi@)sand consider their
differential forms. It is not meaningful to use the approxima-
tions in this case because in general no simplifications are®No correction for the flux factor has to be applied to the distri-
obtained. butions[27] appearing in Eq(19) (as opposed to the prescription
It has been shown if25] how the expressiof(6) reduces given in the Appendix This is because the boson-boson flux factor
to a convolution of vector-boson distributions if certain ki- already appears explicitly in front of the integral in Ef9). It does
nematical approximations are made. The approximate exsot have to be approximated as a product of boson-quark flux fac-
pression for(6) is given by tors.
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q,; M q, ) Luminosities £3t,-, V5, = 2 TeV, X = 0.1
104 E T T rrrrrTs T 3 E T T T T T
Vv, (k) - Fpa R °
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Sag Sy & My :
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10° ¢ e
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FIG. 6. The Feynman diagram in the effective vector-boson ap- i — 1
proximation for the scattering of a quadg with a quarkg, at a 10’ E— Raltios 'of Lummosi’ties bbb
scattering energy/sqq. A final stateY with the squared invariant 3 e Ty
massM? is produced. The particl¥; is an exchanged vector bo- Lheprexl /g R R A d
son. The four-momenta of the particles are denoted], by, k, and 25 —% 4 F
p. ! L
o | T s f
of the vector boson. Distribution functions of vector bosons ’
in fermions describe the process shown in Fig. 6. The cross °[ TS .- R ]
section for the process in Fig. 6, averaged over the helicities N
of the quarkqg; and summed over the helicities of the quark ' \ 1 F ]
gy, is given in terms oﬂ‘{*,A by the expression o o LN o L
. 1

-15 -1 -05 15 -15 -1 -05

<o

1 . M2
U(qlqzﬁquaSqq): 2 dz ft (Z,—)
Vihg JO FIG. 7. (a) and(b): The amputated differential luminositi¢8)
for finding a W*W~ pair with an invariant mass squared
W2=Xs4q, X=0.1, in a fermion pair of/s,,=2 TeV as a function
o . ~ . . of the rapidityy. (a) shows the helicity combinations which are
The distribution functlonfs,k(z,Mz/sqq) is the probability diagonal, (b) those which are nondiagonal in helicity space).
density for the emission of a vector bosdrwith the helicity  shows the ratios of the luminosities in Approximation 1, E2p),
A and masdM from a fermionq. Separating the fermionic and the luminositieg8). (d) shows the ratios of the luminosities
couplings, thefy can be written as (31) evaluated with the vector-boson distributidr2¥] and the lu-
A minosities(8).

.~ M2 o . . M?
fd |z, —|==—zc*, h\| z,—]|. (21)  fermionic couplings, and helicities; and\,) and the fer-
W\ T s 27 aV) s . R .
a4 a4 mionsq, andq,. We refer to the luminositie€l4) using Eq.

vector-boson (23)_as Approximation 1. _ o _

Figure 7 addresses the quality of Approximation 1. Fig-
ures 1a) and {b) show the amputated luminosities of the
improved EVBA, Eq.(8), for finding aW*W~ pair in a
fermion pair as a function of the rapiditf/. We chose

The quantitied, in Eq. (21) are “amputated”
distribution functions. They only depend on two dimension-
less variables. Equivalent to EQL9), for the corresponding
amputated differential luminosities one obtains the forms

~ . M2 M3 . M2 X M3 VSgq=2 Te\{ and;(:.l.O*1 as typical values fpr a quark
Ly, X’Z’s_’s_ Iﬂohxl Z’s_ A ?Es subprocess ipp collisions a}t\/sppz 14 TeV. F|g.ure T '
qaq-~aq a9 qq shows the ratios of the luminosities calculated in Approxi-

mation 1, Eq.(23), and the luminositie$8). For the domi-
The amputated distribution functichi,, h7; andh, have nanETT helicity combination, the ratio decreases with grow-
been given in closed form if27]. We further approximate ingy. Figure 7d) shows the ratios of the approximation of
Eq. (22) by the expression [27], Eq. (31), with the vector-boson distribution functions
[27] (to be discussed in Sec. I)@nd the luminositie8).
M2 M2 M2 - MZ\/: This latter approximation is clearly worse than Approxima-
51 T2 ~nohy | 2 L I i_‘ 2VZ _ tion.l. This result wi!l bg cqnfirmed by t.he one obtained for
""Sqq’ Sqq i \/Es 2| 57 \/§s the invariant mass distributions, shown in Fig&)&nd 8b)
aq aq (to be discussed belgw
(23 Figure 8a) shows the ratios of the luminosities E4d4),
The luminosity(23) is invariant under the simultaneous ex- evaluated with23), and the exact luminositigd4) with (8),
change of the vector bosong andV, (i.e., their masses, for the diagonal helicity combinations as a functiorxofrhe
region 103<x=<2x10 2 is particularly interesting for
vector-boson pair production. It corresponds to invariant
*For numerical evaluation we requirez>M3/s,, and Mmasses of 400 Ge-My, v, =2 TeV. In this region, the

X/z>M3/sy,, otherwise the functions are set to zero. dominantT T luminosity deviates by less than 30% from the

Ly

1Mo
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Ratios of Luminosities £5%, where we introduced the variable=¢,z,. The variablez
Vs =14 TeV describes the invariant mass squakéfi which is left for the
2.5 T T 25 T T T T T

reaction of the vector bosovi; with the quarkg,. If V4 is

Approx 1 Johnson b . . . N
£ V4 8 L/ lightlike, z is equal to the ratio of the energy ¥ and the

2L T energy of the hadron from which it was emitted. In analogy
- to z, andz, we introduce the variables =z andz,=x/z. It
s 1L ] follows that z;=¢;z;. Inserting the convolution$23) into

(24) leads to the expression

hahy B 1dz ld 1 .
£(V1V2)AIAZ(X)_C(12) WOL 7J’Z glfx/z &

dfhl dff2
. Vo, | X
A (2) T <>+hl<—>h]

(25

05 L L1 taaal L 111 0.5 Il Loyl 1 1410

25 — T 10 — T rT——

X

In Eq. (25), the quantitiesdf{‘,x/dg are differential distribu-
tion functions of a vector bosoy, in a hadronh. They are

given by
] Ll L TR N e i £ ' TSP PR R I W W h
"o 10° W 10 107 10" gdf (z)— E N e ) z M2\¢
X X g g q(V) q ) A g; \/E%q )
(26)

FIG. 8. The ratio of the luminosities using the approximations
(23) or (31 and the exact luminosities, E¢8), for finding a )
W*Z pair in a proton pair ok/Sy,,= 14 TeV for the diagonal helic-  With Sqq=£1£2Shn- .
ity combinations as a function of the variabte In (a), the direct The integrations oveg; and &, in Eq. (25 cannot be
approximation, Eq(23), was used. In(b), (c), and(d), the vector- ~ carried out independently becausg in the differential dis-
boson distributions df27], Eq. (A10) (DGC for Dawsen, Godbole, tributions (26) depends on botlf; and &,. We may, how-
and Capdeqyi and the leading logarithm approximati¢hLA),  ever, approximate,, by sqngizshh. It means that we as-
respectively, were used to evalualg, according to Eq(3D. All sume the same energy = &E,,, for the quark which emits
luminosities have been calculated according to &¢). the vector bosorV; and the other quark which emitg; .

Ey, is the hadron energy evaluated in the hadron-hadron
exact result. A comparison with results of other authors willc.m.s. E,=\/s,/2. Equivalently, it means that the parton-
be given in Sec. IIC. parton c.m.s. is approximated as the hadron-hadron c.m.s.

Further approximations may be applied. So far we havaNith this approximation the vector-boson distributions in a

employed approximate expressions for ﬂ?@-ﬂvqu/z p0|(>A<) but hadron are given by
we used the correct expression for the quark-quark suben-

ergy Sqq= 7Shn- If approximate expressions fey, are used, £ (Z):F§Z £ 1) z MZ\/E 27)
the Iumlnosnyll?v V2o (x) can be approximated as a con- d Vi & \/Esqq ’

volution of vector- boson distribution functlon‘i} in had-

rons. Luminosities have been previously obtained in this wayVith sqq= &%, and fy) (Z z/¢) from Eq.(21). We require
[5,23]. The possibility of using vector-boson distributions in z/§>M2/sqq, ie. fmm maxzM?(zs,)] as the lower limit
hadrons has already been mentioned3h An equivalent of integration in Eq(27) Again, as in Eq(19), the functions
expression for Eq(14) is (27) do not contain a flux factor since the boson-boson flux
factor 5, already appears explicitly in front of the integral in

- 1dz (1dg, (1 dE, 1 Eq. (25 .
C(\lll\z,z)pol( )= C(lz f f f/z E, 05 The Il{minositi(.esﬁ(\ﬁl\zlz)(x) whi?h one obtains by using
the functions(27) in Eq. (25) are given by

2 CpOIv (§1,M1)
A q.(Vq) gy

~(1/2)In(x)
hihy _ hy
£(V1V2)M>‘2(X) C(lz)nof(llz)ln(x) dy[fvl?\l(\/;ey)
X chl +hyeh B
qz(ZV) (V) q2(§2 Mz) 1 2} Xfczzmz( \/;e Y)+h;—h,], (28)
- X .z M1 M§
X Lool| X= 74 , (249 where we introduced the variable
6152 gl Sqq Sqq
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Ratios of Luminosities £7%, hoc assumption that the luminositie&]'%? _ (x) can be
V5 = 14 TeV 1-Vz:Ro!
25 . o5 obtained by convolutions of vector-boson distribution func-
ghopren 2 g a shindtors o b tions. The convolution is similar to E419) and is given by
T T . 5 5
2T TT 1 27 TT A ~ 1dZ ~ Ml X M2
S TL NN (x)=f, —fh |z, =1l (2=
LT LT 1:V2:M02 X Z 1M Sqq 202\ Z Sqq
15 |- LL Qs | LL 1

Instead of the particular functiorf@A of [27], various differ-

ent functions have been used. Equivalent to the approxima-
tion (30), the amputated differential luminosities are written

05 X Lt 111l L L1 ruul g5 1 Loyl ! 1411 i . . A
A . O as a product of amputated distribution functions:
fDGC/Jf c ok fLLA/Jf d E
] 2 M2 2 o oM2
e[ ~~ MT M5 ~ M1 x M5
LMAz X’Z’_’s_ =hy, z,S— hAZ Xk (31
aq >qq ad Z >qq

Vector-boson distribution functions have been derived by
several authorf3-5,20,22,23,27,28In most cases more as-
sumptions than only the ones inherent in the EVBA, i.e., that
the reaction proceeds via the exchange of vector bosons and
that the vector-boson scattering cross sections for off-shell
vector bosons must be knownr an assumption has to be
made, were made in the derivation. The differences of vari-

FIG. 9. The ratio of the luminosities approximated as convolu-OUS derivations are discussed in the Appendix. In the Appen-
tions of vector-boson distribution functiori§ and the exact lumi- dix we also specify the vector-boson distribution functions

nosities for finding av*Z pair in a proton pair of/s,,=14 TeV fJ, which we use for our numerical examples.
for the diagonal helicity combinations as a function of the variable Figures &b), 8(c), and &d) show the ratios of the approxi-
X. In (a), Eq. (28) was used to evaluatié‘,A in Eq. (32). In (b), (¢), mated luminosities, Eq14) evaluated with Eq(31), and the
and(d), Eq.(35) was used and the vector-boson distributiong5df ~ exact luminosities, Eq(14) with Eq. (8), using forh, the
Eg. (A10) (DGC), and the LLA, respectively, were used. distributions[27], the distributiongA10), and the LLA® re-
spectively, for the diagonal helicity combinations as a func-
tion of x. The LLA overestimates the improved EVBA by an
order of magnitude at smallif both polarizations are trans-
1 1 [z . verse. Using Eq(A10) or [27], instead, greatly diminishes
y= §|n(ZZ/X)= 5'”(2—) =YqtV. (29 the deviation of the approximation from the improved
2 EVBA. We note that the better agreement of the distributions
L ) o (A10) than the one of the distributiod®27] with the im-
If the vector boson¥/,,V; are lightlike,y is the rapidity of  ,oyeq EVBA is accidental since the distributiof#s10) in-
theV,V, center-of-mass motion taken along the direction ofy,q|ye additional approximations as compared to the distribu-
motion of the_hadror_1 which emltte\il._The formula(28) _ tions[27] (see the Appendix One sees that the use of Eq.
ha; been denve_d with only the mentlonegl apprOX|mat|on§23) [Fig. 8] further improves the agreement between ap-
[usmgzthe factorized formé&23) and approximating,q by proximated and exact luminsoities, at least compared to the
Sqq™&°Shn] from the exact luminosities for a vector-boson conyolutions 0f27]. In particular, the agreement is substan-
pair in a proton pair, Eq(14) with Eq. (8). We refer to Ed.  tja|ly improved for the dominating T luminosity.
(28) as Approximation 2. o Similarly to Approximation 2, vector-boson distribution
Figure 9a) shows the ratios of the luminosities in Ap- fynctions in hadrons have been used. They were derived in
proximation 2, Eq(28), and the exact luminosities for find- rder to describe the process shown in Fig. 10. The distribu-
ing aW*Z pair in a proton pair ofys,,=14 TeV for the  tion functions were obtained as convolutions of the quark

diagonal helicity combinations as a functionxfThe Ap-  distributions in hadrons and the vector-boson distributions in
proximation 2 is in excellent agreement with the improvedquarks:

EVBA. The results of other authors will be discussed in the
following section.

0.5
10° 16°
X X

z MZ)
-, —. (32

I h p 2 q(
o= [ G2 fendy|

C. Comparison with the literature

The exact luminositieg14) with (8) may be compared
with results presented in the literatyi&5,23. In contrast to Swe uses,q/M? as the arguments of the logarithms. This is the
the approximation§23) and(28), these results do not use the simplest choice. Other choices and next-to-leading forms have been
exact expression as a starting point. Instead, they usadhe used, e.g., in29].
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masses of a vector boson and a quark which are defined in

h, [\t; y terms ofsyq or, alternatively, in terms ofy,, by
1
U q qQ, 2_ 1 Z; gj Lo
v, Q; =zisqq:gisqq=xz—jshh, i#j, i=12, (36
Shq M2
q, > Y Y where we have only used the exact relatiggg= §162Shn

andz,z,=x. Clearly, again, factorization does not occur us-
ing the exact expressiori86). Instead of using the approxi-
mation syq=&7sy,, another approximation for th@? has
FIG. 10. The diagram for the scattering of a hadtgnand a ~ P€en made in[29] when luminosities were calculated,
quarkg, proceeding via the exchange of a single vector bogpn Nnamely, the simple approximate choi@@] =xsy,=W 2.
originating from the hadron. A final sta¥of invariant mas#y is ~ Thus, the quark vector-boson invariant mas@éﬁave been
produced. approximated by the vector-boson—vector-boson invariant
mass. This choice always underestim&ths exact values of
The functionsf{‘,A describe the emission probability of a vec- Q?. However, we know that reducing the invariant masses
tor bosonV with helicity A and massM from a hadronh. involving quarks will in general improve the agreement with
The sum in(32) extends over all quarks and antiquarksthe improved EVBA. We will therefore use this choice of
which can couple t&/. Equation(32) is similar to Eq.(27), Q? in our numerical example below. It leads to an excellent
however, in Eq(27) the specific distributiong27] have to be  agreement with the improved EVBA. For the other distribu-
used. In addition, in Eq(27) we included the square roots tionsf{‘,k, We US€eSqq= fizshh as before.
introduced |n(23) The definition ofz in terms Ofshq (de' Figures gb)' 9(C), and Qd) show the ratios of the lumi-
fined in Fig. 10 andM$ is given by nosities calculated according to E&5) and the exact lumi-
nosities for finding awW*Z pair in a proton pair of
Jshn=14 TeV for the diagonal helicity combinations as a
unction of x. To evaluate Eq(35), the distributions of5]
r%usingQi2=W 2), the distributiongA10), and the LLA were

z=M¥/sp,. (33)

The cross section for the process shown in Fig. 10 is give

b : e
y used. The LLA overestimates the exact luminosities by far.
T, M2 The distributions(A10) yield slightly low values at lowx.
a(h19,—hiY,spg) = > dzfvln (ZS—) The distributiong[5] are an excellent approximation to the
Vihg JO M aq

improved EVBA. For the dominaT luminosity, the direct
XU(V1A1q2—>Y,M\2(). (34) approxi_matior[Fig. 9a)] is bgtter than the distributioris].

’ We finally present numerical results for the vector-boson
distribution functions in hadrons. In this numerical example
we approximate the boson-boson flux factor in E2p) by a
product of boson-quark flux factors,

In writing down Eq.(34) no other assumptions than those
inherent in the EVBA have been made.
The quark-quark energg,q is in principle unknown if

only the energyEy, of the hadron or the hadron-hadron scat- ) 5
tering energysyy, is known. Thus, an approximation fsgg . M1 M3

e o 7= 1- -—. (37)
has to be made. We will again usg,=§“s,,, as above. Z1Sqq Z5Sqq

In [29], a variableQ?, which was defined byQ?=M?
was used. The approximatiosy,=&2s,, applied toQ? is

Q2=Esqq=z/(§sqq):z§shh. One of the boson-quark flux facto{ﬂ,—(leisqq)], is then

. . q ": .
The luminosities "2 (x) were approximately ex- included in thefvh(z z/¢) in Eq. (27). No changes are

(Ylvz)w _~__ made in Eq(32). Figure 11 shows the distributions functions
pressed as convolutions of the vector-boson distributioR,, 4 \wW+ in a proton ofE;, = \/s,/2=7 TeV for the various

functions(32): helicity combinations of theN™ as a function ofz. The
—(1/2)In(x) distribution functions have been calculated according to Eq.
?\ﬁh@ ) (x)=C<12)f dy[f\h/1 (Vxe) (27) or Eq.(32). To evaluate Eq(32), the LLA, the distri-
172hh (1/2)In(x) 1h butions(A10), and those of5] and[27] have been used for
Xfcz“ (VxeY)+hyh,]. (35) fﬁ‘,x. We note that we used the complete expressidis
N2

instead of the next-to leading forni29].

The approximatior(35) has often been used in the past and _ FOr theT andT polarization, the LLA overestimates any
numerical results for the luminosities can be found in©f the other distributions by far. The distributiofia7] are
[23,29. larger than those of Eq27). The distributions(A10) yield

We note that in[29] an excellent approximation was
made. As discussed above, instead of the variafletwo

variablesQi and le which appear irfCl and fcz re- %We see from Eq(36) that the approximated values for t@é are
1N, 2), smaller by the factorg;/¢;<<1 than the exact values. One should

spectively, were used. Th@i2 are the squared invariant note that the variablé; runs in the limitsz;<&<1.
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W* distribution functions
in a proton of E, =7 TeV
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FIG. 11. The distribution functions of &* boson in a proton oE,= \s,/2=7 TeV, Eq.(27) (this work), or Eq.(32) (all others, for
the helicity combinationd, T, andL as a function o&. The LLA, Eqg.(A10) (DGC), and the distributionf5] and[27] were used to evaluate
fy in Eqg. (32.

A

rather low values. The differences between the distributionshoose the procegsp—ZZ+ X, for which complete results

increase at smatt. For theL polarization, the differences are available in the literature.

between the models only manifest themselves at low values The complete perturbative calculation uses in &).the

of z. complete(lowest ordey cross section of the process on the
We note that a typical value faris z= x=7x10"2ifa  quark levelq;q9,—q;q5ZZ. Numerical results of the com-

final state= of mass 1 TeV is produced ipp collisions at  plete calculation for/s=40 TeV can be found ifi30] and

Jsph=14 TeV. However, all values of in the range [22,31. Only the production via W'™W~-pairs,

x<z<1 contribute to the integral in Eq28) or (35). For pp—W"W —ZZ, was considered.

W=450 GeV, which is still a large energy compared to the In the EVBA one has to calculate the cross sections for

vector-boson massesbecomes as small as=x=10"2 and

the whole range af which is shown in Fig. 11 contributes to

the luminosity. A separation into a contribution from intermediat™ W™ pairs
and a contribution from intermediafeZ pairs is also possible in the
lIl. COMPARISON WITH A COMPLETE PERTURBATIVE complete calculatioffin a very good approximatiorj30]. The dia-
CALCULATION grams of the complete calculation can be grouped into two classes.

One class contains thé&/* W~ diagrams of the EVBA and addi-

We are now going to present a numerical comparison ofional bremsstrahlung-type diagrams, the other class contains the
the EVBA with a complete perturbative calculation. The Zz diagrams and also additional bremsstrahlung diagrams. Both
complete perturbative calculation includes the contributiorclasses are a gauge-invariant subset. The interference term between
from bremsstrahlung diagrams as shown in Fig. 3. As anhe two classes, which arises when the amplitude is squared, is very
example for a vector-boson pair production process, wemall.
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W*W~™—2ZZ. In the Born approximation there are four dia- W2 2 1

grams which contribute to these processes. Two diagrang= T\/l_ W(M§+ M3) + W(Mg—Mﬁ)z- (39

describe the exchange of massive vector bosons, one dia-

gram a four-particle point interaction, and one diagram

Higgs boson exchange. An analytical expression for the hethe rapiditiesys,y, of V3,V, in the hadron-hadron c.m.s.

licity amplitudes has been given [82]. frame are approximately obtained by additign=y+y}
As in [22], we apply a rapidity cut on the produced vector 54 ya=y+Yy:, where the equality holds strictly if both

bosons_\/3V4=ZZ in_the hadron-hadron c.m.s. frame. We Vv, andV, are lightlike. We apply a rapidity cut to both
treat this cut approximately assuming that the vector boso”ﬁroduced vector bosons:

V1,V, move collinearly to the hadron beam direction. The

rapidities of the vector bosong; andV, in theV,V, c.m.s.

frame, taken along the direction of motion of the hadron lys| <Y
from whichV; is emitted, are

qcosh —qcoy and
y3 =arctan) ——= |, y; =arctanh —=|.
o+ M3 VaP+ M
(38) lyal<Y. (40

In Eq. (38), 6 is the angle between the directions of motion
of V; andV; evaluated in the\{(;V,) center-of-mass system. Following from Eg.(12) and Eg.(14) with Eq. (15), we
The variableq is the magnitude of the spacelike momentumobtain the expression for the cross section for

of the vector bosov; in this system: h,;h,—V,V,— V3V, with a rapidity cut:
do
&(h1h2—>V1V2—>V3V4,Shh)9(Y_|Y3|)0(Y_|Y4|)
2 .
1% Ymax In(1/x) d|n(1/7-) min[(1/2)In(1/7),(1/2)In(7/x) +y]
- ﬂ) Xf dy f dyq 2 C(lz)ﬂoz
~Ymax 0 T max[— (1/2)In(1/7),— (1/2)In(7/x) +y] (V1Vy) pol
2 fhl \/_ y 2\ ~pol 2 fh2 \/— Y, 2, ~pol r ~ \/; vy, M% M% h h
X - -V VYo, —, — |+
5 ql( Te q,Ml)qu(vl) o qz( Te q,Mz)qu(vz) pol| X, \/ 7€ q,sqq,sqq 1+h,
Zmaly) do 2
% Zmin(Y) dcosem[(vlvﬂpm_)vsv‘hw 1 1)

where the integration limits are determined by the rapidityand co%,,,=1. On the left-hand side of the equality sign in
cut, Eqg. (41) 6 is the Heaviside function. In the vicinity of the

_ 1 /1 threshold for the production of the paisV,, the rapidity cut
Ymax=min Y,z In| - |1, has no effect anymore, i.ezy(y) and zyi,(y) are deter-
mined by co8,,=1.
B —tanh(Y+y) —tanHY-y) If the masses of the vector bosovig andV, are equal or
Zmin(Y) = Ma, B(MZ,M2) " B(MZ,M2) »~ COLpin| only slightly different,-MgzM-z, or if the momenta of the
bosons are large against their massgs; max(M3,M3), the
___[tanhY—y) tanh(Y+y) @ 42 expressions (42) for zm,, and z,.x simplify to give
ZmalY) =N 5 g7 32y gz w2y COFmin Zmax=— Zmin= Zo, Where
with
_[taniY—1y|)
B(MZ,M'2) Zo=MiN ——5—>5—,C0Dmin|- (44)
0 B(Mg,Mi) min

V1= (22 (M2 +M'?) + (LW (M?—M'?)?
1+(MZ=M'HNP)

If one applies a rapidity cut to the expression for convolu-
B o} tions of vector-boson distributions, E28) with (27), one

= 43 . .
\/m (43 obtains the expression
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pp - W*W- > ZZ at Vs = 40 TeV

My = 0.5 TeV
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FIG. 12. The cross section fap—ZZ+ X via WHW~ scattering as a function of the invariant mass; at y's,,=40 TeV. A rapidity
cut of Y=2.5 andY = 1.5 was applied. Shown is the result of the complete perturbative calcufaghrthe improved EVBA(41), and the
result of the convolutions of vector-boson distributigns).

o as a function of the invariant mads,, of the ZZ pair for
&(h1h2HV1V2HV3V4,Shh)|cut rapidity cuts of Y=2.5 andY=1.5 as a result of the im-
proved EVBA calculation and the calculation with convolu-
tions of vector-boson distributions together with the com-
plete result from{22]. For Y=2.5, the cross section of the
improved EVBA deviates by a factor of 2 from the complete

ymax h
= > Cuzymo 2, dy[fot (Vxe¥,ud)
(V1Vo) p 1Ny

0I=NgAo J —Ymax

hy y 2 Zma¥) result atM ;,=0.7 TeV. The result obtained with the convo-
% fV%z( Vxe #2) Ty =he] Zenin(Y) deoss lutions deviates by 13% M;,=1.2 TeV) and 18%
(M;,=0.6 TeV) from the improved EVBA result, indepen-
> dcggg[(vlv2)h1hz_’v3v4 w2, (45) dently of the magniFude of the cut. F¥= 1.5, a good agree-
ment between the improved EVBA and the complete calcu-
lation is found. The EVBA deviates by less than 10% from
With Yimax, Zmin(Y), andzma(y) from Eq. (42). the exact result foM,,>0.4 TeV.
We calculate the differential cross sectida/d M from An explanation for the different results fof=2.5 and

Eqg. (41) with the luminosities of the improved EVBA. Asin y=1 5 is that the bremsstrahlung-type diagrams in Fig. 3
[22], the quark distributions of EHLQ33], set 2, are used pegin to play a role if the angle between the produced vector
and the electroweak parameters arex=1/128, poson and the hadron beam direction is small. This is the
sy=0.22,My=80 GeV, My=05 TeV, andI'y=515 case forY=2.5. In contrast, the bremsstrahlung diagrams
GeV. For the scalesu? in the quark distributions, might be neglected if only large angles are involved. This is
,uizz Sqq/4 is chosen. We also carry out a calculation with thethe case foly=1.5. For a cut off = 2.5 the smallest allowed

convolutions of vector-boson distributions from H45).2 angle is6,;,=9.4°, while the smallest angle fof=1.5 is
Figure 12 shows the cross section for 6,,,=25.2°.
pp—W'"W~—ZZ at a scattering energy afs,,=40 TeV In summary, we have seen that the improved EVBA de-

viates by only~10% from the result of a complete pertur-
bative calculation for a cut of =1.5. This result was found
8The value ofu? in fgl(gi ,u?) was againu’= sy . for pp—ZZ+X at \/sp,=40 TeV and invariant masses of
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IV. CONCLUSION

We have given exact results for luminosities of vector-
boson pairs in a proton pair. In contrast to previous results,
our treatment of the effective vector-boson method made no
approximation in the integration over the phase space of the
two intermediate vector bosons. The full calculation is in-
volved but we have shown that approximate expressions ex-
ist which reproduce the exact luminosities to a fairly good
degree. Identifying in detail the approximations leading to
the simple formalism of convolutions of vector-boson distri-
butions in hadrons we have given a direct approximation to
the exact luminosities. For one of the phenomenologically
interesting processes of vector-boson pair production in
high-energy proton-proton collisions we have shown that the
direct approximation deviates by less than 20% from the
result obtained with the exact luminosities.

In a numerical comparison of the improved EVBA with a
complete perturbative calculation for the process
pp—ZZ+X we have shown that the improved EVBA can
reproduce the complete result t610% if a rapidity cut of
large enough strength is applied. This is true not only on the
Higgs boson resonance but also far away from it. The im-
proved EVBA thus gives a good approximation not only for

longitudinal but also for transverse vector-boson scattering.
If a light Higgs boson exists, this latter process is the domi-
nating production mechanism of high-energy vector-boson
pairs inpp collisions at LHC energies.
) \ We further investigated previous formulations of the
improved EVBA, Eq(41), for a scattering energy afsm=14TeV  £ypa These formulations always used the approximation
with & rapidity cut ofY=1.5 as a function of the invariant mass o .y olyutions of distribution functions of single vector
M, . The contribution from thé& L-diagonal, the diagondiithout . . . . : . .
LL), the nondiagonal, and the sum of all helicity combinations arebosons. We |nvest_|gated in detail .the approximations Wh'.Ch
shown separately. were made.anq discussed the d|ﬁerences.bet.ween various
existing derivations. Only some of the derivations use no
other approximations than those inherent in the EVBA. We
JWZ>0.4 TeV. There is, however, no reason that a similamumerically addressed the deviation of existing formulations
conclusion could not also be drawn for the production offrom the exact luminosities. The deviations are in general
other vector-boson paigsp— V3V,+ X. We expect this be- larger than those of the direct approximation given here.
cause the EVBA only pertains to the process-independent
vector boson luminosities. The use of convolutions instead of
the improved EVBA leads to an additional error ©f20%
for \W2=0.5 TeV (10% at/W2=2 TeV). | thank D. Schildknecht for giving me the opportunity to
We finally present another result which is of interest indo this work, and both he and H. Spiesberger for advice. |
connection with the EVBA. It concerns the magnitude of thethank S. Dittmaier for useful discussions. This work was
off-diagonal terms in the helicities af; andV,, denoted by ~Partially — supported by the EC-network contract
TTTT TLTL, andTLTL in [25]. Figure 13 shows the con- CHRX-CT94-0579 and the Bundesministeriunr Bildung
tributions of thel L-diagonal, the other diagonal, the nondi- Und Forschung, Bonn, Germany.
agonal, and the sum of all helicity combinations for the cross
section forpp— (W*W~+22)—ZZ at \Js,,=14 TeV as a
function of the invariant mas#/1,, for a rapidity cut of
Y =1.5. The parameters and parton distributions were chosen
as in Sec. Il and the parameters for the Higgs boson were . ) .
M, =500 GeV andl',=51.5 GeV. The sum of the nondi- In the main text | gave some results obtalnedA by using
agonal helicity contributiond TTT, TLTL, and TLTL is vector-boson distribution functions in fermiorf@h(z). In
negative and very small compared to the diagonal helicitythis appendix | specify the explicit forms which | used for
combinations. The nondiagonal terms can therefore be safetyre functions and briefly discuss the differences of various
neglected for this process. The longitudinal helicity combi-functions which were derived in the literature.
nationLL only plays a role near the Higgs resonance and is Vector-boson distribution functions have been derived by
otherwise also small. For the production of vector-bosorseveral author$3-5,20,22,23,27,38 All distributions de-
pairs with large invariant masses, the transverse helicities aigcribe the emission of a vector boson as shown in Fig. 6
important. according to Eq(20). In general the functions differ from

FIG. 13. The cross section fap— (W*W~+2Z2Z)—ZZ in the
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VECTOR-BOSON DISTRIBUTION FUNCTIONS
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each other because different approximations and assump-o evaluatel, , the polarization vectoe(0) for an on-shell
tions were made. A discussion of the differences can b&ector boson was used ir8,20] while €(0) for a vector
found in [34]. We repeat the main points. [#,22], kine-  boson of arbitraryk? was used in[23]. Since one has to
matic approximations concerning the transverse momentunmtegrate ovek?, we use the latter choice, leading to

k, of the vector boson were made. It was assumed that
kf<sqq. These approximations were removed 28]. Also 1- 2+ (KI(4E?))
in [3,20,23, no approximations of this kind were made. The T =2(v2+a?)EY — k) ———y———.
distributions [3,20,23 are all very similar to each other. K

They have in common that the scale variableas defined

as the ratio of the vector boson’s energy and the energy dbo far, no reference has been made to a specific frame. In all
the quarkg z=k%E. For clarity, we define a single set of distributions[3,20,23 the flux factor ratio infAl) was evalu-
distribution functions instead of using any particluar one ofated in the laboratory system of the quar thus,

the parametrizationg3,20,23 or [28]. The three parametri-

(A5)

zations[3,20,23 all agree if they are written in the form va(Mz)/Fm: \/m (A6)
g A @ [0 , T Fy(M?)
fV (Z):_ Adk 2_ a2 2 . . 2 .
A 2m) ag2a-y  (K°=M7) Fip In this frame, however, the relatioM{/s,,=2 is only an
approximate one. It is really given byM\z(/sqq
| M|2(K?) =2+k?/(2Em,), wherem, is the mass of the quard,. |
| M2(M2) (A1) note that since the integration variatké| becomes as large
A

as %£%(1-z), the desired connection between and
In Eqg. (A1), T, is the fermionic trace tensor contracted with M\Z(/sqq becomes completely disturbed even|kP| is not

the polarization vectors(h): even very large. It is therefore not meaningful to carry out
the integration ovek? in the laboratory frame. The relation
Tr=(w2+a2) > [I-e*(h)l'-eh) z=M3/syq, however, holds exactly in the c.m.s. @f and
h=+,- d,. We therefore evaluate the flux factor ratio in the c.m.s.,
+1-e(h)l’"-e*(h)+1-1"], M2
Fyp(M?)/F =2~ =l (A7)

Tr=(2va) > (—1)"iers'?o1 1! € (hye, (h),
h=+,-
and we have Ezzsqq. The remaining task in evaluating
T =(v?+a?)[2l-e(0)l"-e(0)—1-1"€(0)- e(0)]. Eq. (Al) is to make a model assumption about Kiedepen-

(A2)  dence of thgM|2. The most simple assumption,

The indexh is the helicity of the vector boson and we used
the four-momenta defined in Fig. va(Mz) andF,, are the |/\A/1|§(k2)
on-shell flux factors for the scattering of the vector boson T2
with the quarkqg, and for the scattering of the two quarks | MIXM®)
with each other, respectively. In terms of the particles’ four-
momenta the flux factors are given by

1, (A8)

was made for alk in [3,20]. In [23], more refined assump-

va(k2)= W Flp= m tions were made. These led to the same simple rel#88n

(A3)  for A\=T and different relations fox =T and\ =L. We will

adopt here the following minimal model assumptions:

The quantitiegM|2(M?) and|M|2(k?) are the on-shell and
off-shell, respectively, squared matrix elements for the scat-
tering of the vector boson with the quagk. - -

The polarization vectors were defined in a system in | M|2(M?)

which the vector boson has a three-momentuiof magni-
tude K along a particular direction in spade=Ke,. We

M) =

have K?=2?E?~k’. Inserting the polarization vectors one |M2(k3) M2
obtains o - g2 ML (A9)
| MIZ(M?)
—kH)[1+(1—2)%— (K?/(2E?
e (o2 0ty O (A22P~ (2]
z°—(k°/E") The same assumptions have been mad@ih They amount
£ to taking into account th&? dependence of the polarization
S E oo L2 vectors and assuming G dependence otherwise. The dis-
Tr=(2va)(2=2)(~k7. (A% iribution functions are now given by
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9,(2)= 5 (v?+a?)| 2 M_Z) [, aelkmras 22— (%1(2E%)]
VT 2 4E? 74Ez<1fz> (K2—M2)2[ 22— (K¥/E?)]
.« . M2\ (o —k?)(2-2
f2)= 5 (2va)| 2~ @U L dR ( )(A )
2m —4E%(1-2) (k2 MZ)Z‘ /ZZ_(k2lE2)
-« - 2 0 1-z+ (K%/(4E?))
) (2)=—(v?+a? ——)sz dk? - : A10)
v, ( ) 77( ) 4E? —ae21-3 (k2= M2 22— (K?/E?)] (
|
The distribution functionfl_in Eq. (A10) is the one given -« . M? . 2
in i in [3,20] (and it i i N (2= —w*+a)| 2= 7= || (1-Dl= 7=z 1),
(in integrated formin [3,20] (and it is also the one if23], L T AE AE
but there are errors in the formulas given therovided one (A15)
divides these latter functions by the flux factor ratio in the .
laboratory frame and multiplies by the flux factor ratio in the with the integrals
c.m.s., thus,
e de(— k)
1— (M2/(47E2)) ' 282017 (K2~ M2)2(22E2—K?)
fq = ~ V)\| literature* (All) ~ N -
V1-(M?/(2E2) __ e[ [4EPa-pam?) ) 2-3
- (2E2—M?)2 n M2 el
The distribution function‘ﬂqin Eqg. (A10) is the one given
in [20] provided one applies the same multiplicati@xl1). . E? 1— M? (A16)
The function fJ— has only been given forz>M/E Z?E2—M? AE%(1-2)+M2 |’
in [20]. For arbitrary values of [in the allowed range o )
M?/(4E2)<z<1] it is given by . MzEzf dic
*4E2(172) (k2_M2)2(22E2_k2)
2
(2=3 —(2ua) 452)(2_2)'3 (A12) _E ~ M?2
Z°E2—M? 4E%(1-2)+M?
The integrall 5 in Eq. (A12) is defined by M2E2 | (4E2(1—2)+M2 " 2_5%
- =< n 2 - Nn—=
0 dk3(—k?) (ZE-M%? M z
| =f . Al3
° —4E2(1—2)(k2_M2)2\/22_(k2/E2) (AL3) (A17)

For z<M/E, the result of the integration is
(2_
M2 2
+ ~ ~
2(2E*~M?) \\MYE?-22

arctar( ) - arctar(

This result thus continues the result given[&0] into the
regionz<M/E. The distribution function‘{“,L in Eq.(A10) is
different from any one of those iI8,20,23. It is given by

1
22— (M?E?)

M2(2—2)
4E%(1-2)+M?

272E2—

VA
VMZ/E?- 72 ]

(A14)

2—-7

VMZ/E2- 72

X

The distribution function$A10) are defined for all values of
z in the range

M?/s4q<z<1, (A18)
where sqq=4E2, and they are zero otherwise. The lower
limit in Eq. (A18) is meaningful because the cross sections
for on-shell vector-boson scattering vanish for
zSqq=M{<M2 We will use the distribution$A10) in the
main text.

Having evaluated the functiorié1) in the center-of-mass
frame of the quarks we have induced an additional approxi-
mation, namely that the helicitigs=0,=1 are not well de-
fined. To the ordekf/EZ, there appears mixing between the
helicity states. In particular, the transverse and longitudinal
helicity states mix. To see this we note that the on-shell cross
section a(V1,A1q2—>Y,M$) appearing in Eq(20) must be
evaluated for definite values of the components of the four-
vectorsk and p since one has to use specific polarization
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vectors. In particulazr, the components cannot depend on thalaced by

integration variabld“ appearing in Eq(A10). Of course, for A oot A
a given value of the integration variable, a Lorentz transfor- lo(z)=[a"+2z(1=r)a]in +In(@)+b(1-2a), AL9
mation into a frame in whick andp have given components (A19)

may be applied. However, this transformation in generalvhere | used the variablas a, andb defined in[5]. Con-
changes the helicity of the vector boson. Only in framescerning[27], | note that the flux factoF, was evaluated at
which are related to each other by a boost in the direction 0k?=0 but it should be evaluated &&= M?2 [since it is the
motion of the vector boson is the helicity the same. Therecross section for on-shell vector bosons which appears in Eq.
fore, in the frame in whiph the helicity is defined, the trans-(20)]. | therefore multiplied the distributions ¢27] by the
verse components qj with r.espect_ tok must be th_e same  fx factor ratioFVp(Mz)/FVp(O)z[l—le(isqq)] before

for all values of the integration variabl&. For the distribu- using them for numerical exampled.ike the distributions

tions (A10) evaluated in they,q, center-of-mass frame this (A10). the distributiong5,27] are defined for all values of
is not the case. | note that the helicity could have been de- .

fined without an approximation in the laboratory frame. g2 " the range(A18) and they are zero otherwise.

thus seems that with the distributiof&10) we can choose All distribution functions reduce to the same analytical
between either having mixing of the helicity states or a vio-€XPressions if a crude approximation is made. This approxi-

a

z

lation of the relation(7). mation is obtained by retaining only the leading terms in the
The above-mentioned approximations were avoided in théimit of vanishing vector-boson masselsl?<zs,, and
derivations5,27]. By definingz directly asz=M3/syq (i.e., M?<(1—2)zSqq. This approximation has been frequently

not as a ratio of energigsind defining the vector-boson he- used in the literature and has been called the leading loga-
licity in its Breit frame no approximations of kinematic ori- rithmic approximation(LLA)."® Expressions for they in

gin were made. The only remaining necesséamthe frame-  the LLA can be found, e.g., if3,23,29. We use the lower
work of the EVBA) assumption congerned the ‘?Ont'nu?t'onlimit for 2, 2>M2/sqq, also for the LLA distributions.

of the vector-boson cross sections into the region of virtua

vector bosons. 1115], the specific assumption that the final
stateY couples like a fermion to the intermediate vector o
boson was made. I.'ﬁ27]’ the minimal assumpt!onSAQ) were used to evaluate Approximation 1, E2@3), or Approximation
were used.ACOncernlr[g], | note that the expression for the 2, Eq. (28), because these approximations use the exact boson-
integral I5(z) given there is not correct. This expression poson flux factory,.

would lead to vector-boson distribution functions which be- 19 should be noted that not all leading terms are of logarithmic

come infinite asi—>M2/sqq. The expression must be re- type.

The flux factor ratio was not included when the distributip2g|
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