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Probing neutral gauge boson self-interactions irzZ production at hadron colliders
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A detailed analysis oZZ production at the upgraded Fermilab Tevatron and the CERN Large Hadron
Collider is presented for generdlZZ andZZy couplings. Deviations from the standard model gauge theory
structure for each of these can be parametrized in terms of two form factors which are severely restricted by
unitarity at high energy. Achievable limits on these couplings are shown to be a dramatic improvement over
the limits currently obtained bg* e~ experiments.

PACS numbdis): 12.15~y, 13.10+q, 14.70-€

[. INTRODUCTION proximation where th& bosons are considered as stable fi-
The standard mode(SM) of electroweak interactions nal state particlegl0,11]. We go a step further and include
makes precise predictions for the couplings between gauggecays with full decay correlations, finitewidth effects and
bosons due to the non-Abelian gauge symmetnBo{2), time-like virtual photon exchange in our analysis.
®U(1)y. These self-interactions are described by the triple  Two ZZZ couplings, and tw@Zy couplings, are allowed
gauge bosoritrilinear WWV, ZyV, andZZV (V=1y, Z) by electromagnetic gauge invariance and Lorentz invariance
couplings and the quartic couplings. Vector boson pair prol12] for on-shellZ bosons. We discuss the properties of these

duction provides a sensitive ground fdirect testsof the ~ COUPlings in Sec. Il, where we also derive unitarity bounds
trilinear couplings. Deviations of the couplings from the ex-Or the form factors associated with tZ&ZV vertices. The

pected values would indicate the presence of new physic§M is assumed to be valid in_our calculations except for the
beyond the SM. ZZ\ anomalous couplings/ ff couplings and strong inter-

To date the SM has passed this rigorous test with no ob2ctions of SM particles remain unchanged. _
served deviations from the SM values. TRV couplings Our analysis examines the observable flnil state signha-
have been measured with an accuracy of 10-15% ifures at hadron collidergZ—1y1 1515, 171 vy, 1717jj
W*W~, single photon and sing/ production at the CERN (I, 11, l,=e, w) andvvjj. In Section Il we provide de-
e"e” collider LEP2[1], and with 26-40% accuracy in tails of the signal and various backgrounds and discuss the
Wy, WZ andW"W~ production at the Fermilab Tevatron signatures of anomalousZZ and ZZy couplings. Besides
collider [2-5]. The ZyV couplings can be probed iy  theZZinvariant mass distribution and tieboson transverse
production ine*e~ and in hadronic collisions. The LEF2]  momentum distributions, the azimuthal angle betweenzthe
and Tevatror6,7] experiments find th& yV couplings to be boson decay fermionsA®, and their separation in the
smaller than 0.05 0.4, depending on the specific coupling pseudo-rapidity—azimuthal angle plaeR, are sensitive in-
considered. Th&ZV couplings, on the other hand, are only dicators of anomalous couplings. Theb distribution may
loosely constrained at the moment through production at  be useful in discriminating different types BZV couplings,
LEP2[1]. Because of low event rates after branching ratiosand in determining their sign. In Sec. IV we derive sensitiv-
or large backgroundsZZ production was not observed by ity limits for anomalousZZV couplings for various inte-
the Tevatron experiments in run . grated luminosities at the Tevatron and LHC and discuss the

In run 1l of the Tevatron which will begin in 2001, an results. Finally, in Sec. V we compare the expectations for
integrated luminosity of 2 15 fb™! is envisioned8], and a  Tevatron Run Il and the LHC with the current LEP2 limits
sufficient number oz Z events should be available to com- and expectations for am"e™ Linear Collider. In Sec. V we
mence a detailed investigation of tA&V couplings. At the  also present our conclusions.

CERN Large Hadron Collidef(LHC), pp collisions aty/s
=14 TeV [9]], one can imagine that the measurement of
these couplings reaches the 0.1% level of current precision
electroweak data. In this paper we study the capabilities of |n the SM, at the parton level, the reactip(rB—>ZZ pro-
future hadron collider experiments to test rng)v vertices  ceeds by the Feynman diagrams of Fig. 1. Including the
via ZZ production. In the past, the reactignp—ZZ for anomalous couplings under discussion requires the addition
non-zeroZZV couplings has only been studied in the ap-of the graphs of Fig. 2. In the massless fermion limit, a
reasonable approximation for hadron collider processes, the
most general form of th&*(q;)ZP(q,)VA(P) (V=Z, 7)
*Email address: baur@ubhex.physics.buffalo.edu vertex function(see Fig. 3 for notationfor on-shell Z's
"Email address: dirain@fnal.gov which respects Lorentz invariance and electromagnetic
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FIG. 3. Feynman rule for the generdV (V=2Z, y) vertex.

FIG. 1. The Feynman diagrams for the tree level processes Corrhe vertex function is given in Eql). eis the charge of the proton.

tributing to p(b)—>ZZ in the SM.

gauge invariance may be written [g?]

2 ap2
My .
gzzvrg%ze—rM [if}(PegHP+ PPgra)
z

+if et PP(q;—0,) ], (1)

where M5 is the Z-boson mass and is the proton charge.

contribute[15]. For these couplings, the factdP{—M?2) in
the vertex function is replaced by{—q3). The effect of
these couplings thus is strongly suppressed and we shall ig-
nore them in our discussion.

It should be noted that the twidZy couplings contribut-
ing to ZZ production are completely independent of the four
ZyZ couplings which appear iZy production(assuming
that theZ-boson is on-shell If all three vector bosons in the

The effective Lagrangian generating the vertex function ofvertex function are off-shell, there are seven couplings alto-

Eqg. (1) is [11]

)Z“EZB]

oun

e
L=— W[fX(aMVMﬁ)za(aazBH fe(a°V
z
2
zre.

whereV,,,=d,V,—d,V, andZ*f=3¢,,,,

The overall factor P?— M\Z,) in Eq. (1) is a consequence
of Bose symmetry forZZZ couplings, while it is due to
electromagnetic gauge invariance for tE&y couplings.
The couplingsfi\’ (i=4, 5) are dimensionless complex
functions ofqi, q§ and P2. All couplings areC odd; CP
invariance forbidg Y and parity conservation requires tHgt
vanishes. Becausg and f] are CP-odd, contributions to

gether. Four of them survive idy production, and two in

ff—-27227.

The parton level di-boson production cross sections with
non-SM couplings manifestly grow with the parton center of
mass energy\/:::,. Smatrix unitarity restricts theZzZV cou-
plings uniquely to their SM values at asymptotically high
energieq 16]. This requires that the coupling$’ possess a
momentum  dependence which ensures that the
V(g3 ,95,P?) vanish for any momenta much larger than
M. ForZZ production,g?,q5~M?3 even considering finite
Z width effects, butP?=s may be quite large at the hadron
colliders under consideration. In order to avoid unphysical
results that would violate unitarity, the dependence thus
has to be taken into account. To parametrize &hdaepen-

the helicity amplitudes proportional to these couplings will yonce of the form factor, we will use a generalized dipole

not interfere with the SM terms. In the static limi§ corre-
sponds to the anapole moment of theéboson[13]. In the
SM, at tree levelfy =fY=0. At the one-loop level, only the
CP conserving couplingﬂ{ receive contributions. Numeri-
cally, these contributions are 67(10™ %) [14]. Loop contri-

form factor[17]:

R £

V e
N ez ©

(i=45),

butions from supersymmetric particles and additional heavy

fermions produceZZV couplings of a similar magnitude
[14]. If the Z bosons are allowed to be off-shell, five addi-
tional ZZZ couplings, and five additionaZZy couplings

q zZ

zZ,y

z

FIG. 2. Contributions oZZZ andZZvy diagrams toqa—>ZZ.

where Ag¢ is the form factor scale which is related to the
scale of the new physics which is generating the anomalous
ZZV couplings.

The valuesf;="f(M3,M3,0) of the form factors at low

energy 6=0) and the power of the form factom, are con-
strained by partial wave unitarity of the inelasfi@ produc-
tion amplitude in fermion antifermion annihilation at arbi-
trary center-of-mass energies. In deriving unitarity limits for
the f\y’s, we follow the strategy employed in RéfL8]. The
anomalous contribution to the

f(o)f(0)—Z(A1)Z(Np) (4

helicity amplitudes may be written as
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Tree level unitarity is satisfied throughout the ensreange

— vfyf, S _ -~ ;
AMY(ooMNy) == 2670, 2 — B3, A\, when these limits are observed. For the more likely case that

20 2
Mz several anomalous couplings contribute, cancellations may
xd! — (0) (5) occur and the bounds are weaker than those listed in Egs.
oo A T (11) and(12). From then dependent factors in Eg€ll) and

L ) ) (12) one observes that>3/2 is necessary in order to satisfy
where d- are the conventional d-functions [19],  uynitarity. This is a direct consequence of the high energy
B=(1-4M3/s)*2 &,0 and\,\, are the helicities of the behavior of the anomalous contributions to @2 helicity

incoming fermion pair and outgoing pair, respectively. - amplitudes, which grow like (3/M,)2. In the following we
d,, > is the coupling of thes-channel vector boson to the shall assume that=3. Selecting an exponent sufficiently
incoming fermion pair,® is the center of mass scattering above the minimum value of 3/2 ensures that Ziediffer-

angle, and thé\"’s are the reduced amplitudes given(sge ential cross section stays well below the unitarity limit at

also Ref.[20]) energies\/§>AFF>Mz, where novel phenomena such as
resonance production, or multiple weak boson production,
are expected to dominate. For the form factor scale we

vV o _ eV V

Ao+ = 5 —ifg=Bis], (6) chooseA =750 GeV at the Tevatron andg=2 TeV at
the LHC in our numerical simulations.

\% \/g eV — V

Aro= oo Lifa™ Bls], (7 lll. SIGNATURES OF ANOMALOUS ZZV COUPLINGS
z
In this section we discuss characteristics of the signal and

A\;izAgoz AY_=0. (8) backgrounds of anomalousZV couplings. For simplicity,

we consider only reafZV couplings. We consider four sig-
Examination of theJ=1 partial wave amplitude produces natures oZZ production: decays to four leptons; two leptons
the desired unitarity bounds, and missing energy; two leptons and two jets; and two jets
plus missing energy. Due to the overwhelming four jet QCD
172 1 [3 background, decays where bdtbosons decay hadronically
( > |Axylx2|2) < 3,2[§(3—6 Sirf Oy are not considered here. We calculate the SM signal, the
Mh2 ap signal with anomalous couplings, and the significant back-
122 grounds via full tree level matrix elements for the subprocess
-z (99  inquestion, each of which is discussed in detail below.
S

, L\ 4 \F Y
2 _qj P
(%%2 IAS A, ) < e 705N Ow coS Oy =

where 6y, is the weak mixing angle and the QED fine
structure constant.

By substituting Eq(3) and assuming that only one cou-
pling is nonzero at a time, we find the following unitarity
bounds forAgg>My:

+8 sirf'6y)

A. General considerations

Our calculation is carried out at the tree level. We com-

pute theqq—ZZ—4 fermion helicity amplitudes in the
(10) double pole approximation which ignores contributions from
non-resonant diagrams except for contributions from time-
like photon exchange diagrams, using the method described
in Ref. [21]. Decay correlations, finit& width effects and
contributions from time-like photon exchange are taken into
account. Cross sections and dynamical distributions are
evaluated using a parton level Monte Carlo program.

To simulate the effect of next-to-leading-léyLL) QCD

corrections we multiply the differential cross section with a

13 12
|fi05d= ;[5(3— 6 Sirf O+ 8 sirf‘aw)}

2
§n

M, \3
Aer (2 )(n—3/2)’

n

X

§n—l

-n—1

g Eomeosn M2 5
2050=7\ 155" WcoswAFF (2

3

11

12

simpleK-factor which depends on the final state considered.
A more detailed discussion of how NLL QCD corrections
affect the four different final states is presented in the fol-
lowing sections, where we discuss each final state in turn.
Gluon fusion,gg—ZZ, contributes about 1% (15%) to the
cross section at the TevatrobHC) [22]. We do not include
the contribution from gluon fusion into our analysis.

To examine the effects of anomalous couplings on ob-

servables we simulatpp (pp) collisions at\s=2 TeV
(JVs=14 TeV) for the TevatrorfLHC). For all our numeri-

cal results we have chosen the set of SM input parameters to
be: sirf4,=0.2310, M,=91.187 GeV, and a(M;)
=1/128.9323]. For all processes which depend on the QCD
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coupling constant, we choose the value of the strong cou- Tevatron LHC
pling constant to berxg(M;)=0.118. We employ CTEQ4L

parton distribution functionf24] for all calculations, select- pr()>15GeV pr(1)>15GeV
ing the value of the factorization scale to pg=M, . [ 7(1)|<2.5 In(1)]<2.5
As finite detector resolution can have a sizable effect orPr(i)>20GeV pr(j)>30GeV
cross sections and thus the number of events accepted inta(j)|<2.5 [7(j)[<3
the data set, to make our calculations realistic we must takaR(lj)>0.6 AR(lj)>0.6
into account some minimal detector response. We accomAR(jj)>0.6 AR(jj)>0.6
plish this via Gaussian smearing of the four momenta of thg. ~20GeV for zz—1*1"v»  p;>50GeV for ZZ—I*1 v
outgoing particles according to detector expectations. ForT>60Ger0r 27 vvi] B:>60GeV for ZZ— vvi]

Gaussian smearing at the Tevatron we use the expected val-
ues of the UpgradEd Collider Detector at Ferm(ﬂDF) Wherep_l_ is the transverse momentum and
detector{ 25]:

AR=[(AD)2+ (A 7n)*]"? (13
AE 0.75 ) o . )
F(haa): —a0.03 (||<1.) is the separation in the pseudorapidity-azimuthal angle plane.
VEr pr is the missing transverse momentum resulting from the

nonobservation of the neutrino pair.
In addition, we require thé|~ and two jet invariant

0.80 ithi :
_ —EeaO.OS (|7>1.0 masses to be withinc 15 GeV of theZ boson mas§27,28:

JE 76 GeV=m(l*17)<106 GeV, (14)
76 GeV=m(jj)<106 GeV. (15)
AE .
?(Iep)=\/?ea0.02 (Iml<1.) These cuts help suppress contributions from non-resonant
-

Feynman diagrams and, in the jet case, the background from
Z+2 jet production. Additional cuts which are imposed to
reduce backgrounds for individual final states will be dis-
cussed when we consider the specific final state to which

_ 918 001 (In/>11
=—a0.01 (|7|>1.2). they apply.

JE

B. The ITIT1315 channel
For the LHC we take the expected values for the ATLAS
detector] 26]:

The firstZZ decay channel we considezZ—17 171515
(I4, I,=e,u) is observationally the cleanest as it is essen-
tially background-free. However, it does suffer from a small
AE 05 event rate due to a tiny branching ratio d(ZZ
?(hao)= —@0.03 (|5|<3.0 —17171515)=0.0045 if both electron and muon final states
VE are considered. In the following we concentrate on Zle
—e'e u*u~ channel. Results for the'e e*e” and
ntu wtu” final states can be obtained by dividing all
AE 0.095 cross section results by two. However, for these final states
= (lep= f@0-005 (|ml<2.5). one has to take into account the combinatorial background
originating from not being able experimentally to distinguish
identical charged leptons. All results presented in this section
Here, 5 is the pseudo-rapidityE (E-) is the energytrans-  include aK-factor of 1.28(1.34 at TevatronLHC) energies
verse energymeasured in GeV, and the sign symbolizes 0 approximate the effect of NLL QCD correctiofiz9)]. In-
that the two terms are added in quadrature. clusive NLL QCD corrections t&Z production are known
In all cases, the missing momentum in an event is taken a9 modify the shape of distributions only insignificantly. As
the negative vector sum of the smeared four momenta of alneéntioned in Sec. Il A, we do not include the non-resonant
observable final state particles. This does ignore the effectSeynman diagrams which contributedg—e*e  u*u™ in
of additional soft activity that will affect this distribution in our calculation. Requiring the invariant mass of the lepton
experiment, but for our purposes here may be safely nepairs to be in the vicinity of th& mass[see Eq(14)], these
glected. diagrams contribute less than a few percent to the differential
The geometric and kinematic acceptance of detectors, i.&ross section. Imposing the cuts listed in Sec. Ill A, one ob-
The ability to observe and properly identify final states par-tains aZZ—I|"17171~ (I=e,u) cross section of 3.85 fb
ticles, is simulated in our calculations by cuts imposed on22.5 b at the TevatroLHC). For 2 fb ! in run Il, only
observable particles in the final state. At the TevafildiC) a fewZZ—4 lepton events are therefore expected within the
we require (=e, u) framework of the SM.
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Similar to theWWVandZyV couplings[12,17), the ef-  gies and transverse momenta. Simﬁfe/iolateCP conserva-
fects of anomalouZZV couplings are enhanced at large tion, terms in the helicity amplitudes proportional to those
energies. A typical signal of nonstand&@Z andZZy cou-  couplings do not interfere with the SM terms. Cross sections
plings thus will be a broad increase in tA& invariant mass  thys are independent of the sign ©f. Interference effects
distribution, theZ transverse momentum distribution and the yetween the anomalous and SM contributions to the helicity
pr distribution of theZ decay products. Ther(Z) and  ;mplitudes, however, do occur f6¥. The magnitude of the
pr(w) distributions for the Tevatron pp collisions at interference effects in the transverse momentum zBdn-
Vs=2 TeV) and the LHC are shown in Figs. 4 and 5, re-yariant mass distributions unfortunately is small.
spectively. Results are shown for the SM and @0V cou- While it would be difficult to discriminate between the
plings, f3,=0.3 (0.02) and Jo=—0.3 (—0.02) at the Teva- yarious ZZV couplings in them,, or p; distributions, it
tron (LHC). Here, and in all subsequent figures, only onéshoyld be easy to distinguish between the SM Higgs boson
ZZV coupling is allowed '{/0 be non-zero at a time. which decays in a pair 6 bosonsH—ZZ, and anomalous

Terms proportional td, and fg in the matrix elements 77y couplings. This will be important at the LHC, where
have !dentical high energy behavior. Differences in the dif-to1 states resulting fronpp—ZZ are prime Higgs boson
ferential cross sections at high energies betwB&Z and  gerch channels. Anomalous gauge boson couplings lead to a
ZZy couplings are thus controlled by ti f and yff cou-  proad increase in the differential cross section at large ener-
plings, and by the parton distribution functions. At the Teva-gies and transverse momenta, whereas a scalar resonance
tron these result in differential cross sections which differ byproduces a Breit-Wigner resonance in tie, distribution
only a few percent forss>M32 if |f%|=|f}| (i=4,5). and a Jacobian peak in tig(Z) spectrum. In addition, the
Slightly larger differences are observed at intermediate eneicorrelation of the angular distributions of tEedecay leptons

0 0
10 §|||||||||||||||||||||||||||||§ 10 E....I....I....I....
a) pp-ZZ-ete utu” ] b) pp-ZZ-seteutu”
_1 —
100 F 3 1071 Vs = 14 TeV —5
1072 —;
o 3 1072
S o3 ] FIG. 5. Thep(Z) andpy(w) distributions in
) I pp—ZZ—ete utu” at  the LHC
&, 1 : (Vs=14 TeV) in the SM(solid ling), for %,
I 10 . 3 C =0.02, andfl,=—0.02. The cuts imposed are
3 ] 1wtk described in detail in Sec. Il A. The form factor
10-5 — RN —= E =
colid: SM : scale has been set for,=2 TeV.
1o-6 L dash: f%=0.02 ] 108 L
dots: 1, =—0.02 E . ]
D PN PN PN N P D R S I PRI B
0 250 500 750 1000 1250 1500 0 200 400 800 800
pr(Z) (GeV) prip) (GeV)
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© E Tt The form factor scale has been set fo-¢
_ =750 GeV.
0.005 [ —
. PRV S RPN R
5 0 50 100 150

A(utp”) (deg)

in the Z boson rest frames may be used to discriminate bedetermine the sign offy. Unfortunately, both the
tween a Higgs boson artlZV couplings.Z bosons originat-  AR(u*u~) and theAd® (" ™) differential cross sections
ing from Higgs boson decay are mostly longitudinally polar-are useless in distinguishirfg from 7 (i=4,5). As for the
ized [30], whereas anomalougZV couplings lead to one 77 inyariant mass distribution and the transverse momentum

transversely polarized and one longitudinally polariZeth- — yiyjpy tions, the differential cross sections fdr=1f? differ
son [see Eqs.(6) and (7)]. Since theZ boson coupling to very little in 7shape and magnitude. (5’_ I

erachy poTarizec® bosone lead 1o a anquiar diaributon for . AL the Tevation, the small number aiZ -4 leptons
yp 9 events will limit the usefulness of the\R(I*17) and

the Z decay leptons which is proportional to {£0S¢*), (1%~} distributions. At the LHC, the expected number

where 6 is the _polar _angl_e in the boson rest frame with of events is much larger; however, the magnitude of the in-
respect to the flight direction of the bosqn n theZZ reSt erference effects between the SM and the anomalous contri-
ffa’.“e- O,n Fhe other .hand, thg angular distribution for Iorlgl'butions to the helicity amplitudes is significantly smaller
tudinal Z's is pr(_)p(_)rnopal \t/o 5|?ﬂ*\./ . than at the Tevatron. This can be easily understood from the
~In ord\(/ar to distinguisif, andfg, and to determine the i energy behavior of the anomalous contributions to the
sign of f5, the AR distribution and the distribution of the jfferential cross section. The differential cross section is
opening angle in the transverse pladeb, of thel "I pair  proportional to the squared amplitude, which contains the
originating from the decay of @ boson may be helpful, if S\ terms, terms linear in the anomalous couplings and terms
deviations from the SM predictions are found in the; and  \hich are quadratic in th&ZV couplings. The terms linear
the transverse momentum differential cross sections. Figur@ the anomalous couplings originate from the interference
6 shows theAR(u" 1) andA®(u " u ™) distributions for  petween the SM amplitude and the anomalous contributions,

o=, t,, - : _ —
itigézrszzﬂz g)u eIlitnthse ;i?r:/i?atlrrorr:aslzlttsh2r§'\£b?z:i(rj1£ rfc:]r()tr;1e and are proportional to\@/MZ)B' Terms quadratic in the
piNgs. ZZ\V couplings on the other hand are proportional to

corresponding distributions of the*e™ pair, and for the A oig A
(s/M3)* and thus grow much faster with Due to the much

ZZy couplingsf]s. The SMAR(u " ™) andA®(u'u™) , . )
differential cross sections are dominated by the threshold réygher parton center of mass energies accessible at the LHC,
interference effects thus play a smaller role than at the Teva-

gion, \/§%2MZ, where theZ boson momenta are small and ;.00 TheAR(w* 1) and theA® (" ") distributions at
the decay leptons tend to be back-to-back, i.e. The distributhe i_HC for E#e ’LSLM)szZO 02 fzsiLOILCL)Z) andfzo= —002
11 4 . 1 15 . y 5 -

tions are strongly peaked AR~3 andA®=180°. Anoma- are shown in Fig. 7. Both distributions are very insensitive to

lous couplings affect the cross section mostly at larg . z N
Z-boson transverse momentum. Due to the Lorentz boost, tf\the S1gn Offz5°' Thezshape of th?(b_('u '“c,) distribution
iffers for f3, and f5y for A®(u™ n™)<20°, whereas the

relative opening angle between the leptons originating fro oL A0 S J 2
AR(un™ p™) distributions for f3, and fg, values of equal

Z—1"1" decreases with increasingy. The deviations due i ) ) _
to non-standardZZV couplings in theAR(x*x~) and magnitude are almost identical. It would thus be challenging

Ad(u*p”) distributions are therefore concentrated at!© discriminate betweefy andf?, and to determine the sign
rather small values. Figure 6 demonstrates that théf fs, using theAR(I*17) and theAd(1*1~) distributions
AdD(u* ) distribution would be particularly useful in in the ZZ—4 leptons mode at the LHC. Since events in
separating the individua ZV couplings. The shapes of the regions where anomalousZV couplings have a significant
AD(u"p”) distributions forf§o= 0.3, f§0= 0.3 andf§0= effect originate from higher values ofg the typical sepa-
—0.3 differ considerably, and for a sufficient number of ration and the opening angle in the transverse plane are sig-
events it should be possible to distinguishfrom fY, and to  nificantly smaller than at the Tevatron.
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5 0 50 100 150

A®(u'p”) (deg)

C. The I*I v channel qq—W*W~—1"1" 11, background, which is described in

In contrast to theZZ—4 leptons mode which is almost more detail below, are contained in this set. Usingp-
background free, there are several potentially importanBRAPH [31] and theHELAS [32] library, we have calculated
background processes if one of the t&dosons decays into the SM cross section fggp—e*e™ vv including the full set

neutrinos. The advantage of t&&Z—|*1~vv channel, ob- of contributing Feynman diagrams and summing over the
servable ad*1 py, is its larger branching fraction. Sum- three neutrino species. In Fig. 8 we compare the transverse
ming over the three neutrino species, the raw number ofnomentum distribution of the e*e™ system for
ZZ—1"1" vy signal events before cuts are implemented ispp—e* e~ vv at the Tevatron resulting from the full set of
about a factor 6 larger than the numberZf—4 leptons tree level Feynman diagrams with the distribution obtained
events. _ o using the subset of diagrams contributing ¢m—ZZ
| Calcurl]atlonlof _tr;]e h5|gnrf:1I is smfular to tk;gt f]?r the four —ete vrandqq—W"W" —e’e v, in the double pole
epton cTar\lnne » Wit the c gngefo oﬁm?uptglgh rocringzn approximation. Figure 8a displays the individypa! distribu-
t0gz,, . There Is no photon interference for t¢hat decays tions, whereas part)bof the figure shows the ratio of the
fo neutrinos. Slnc_e Itis not pos_5|ble to restrict the invariantyigerential cross sections. In addition to the cuts listed in
mass of the neutrino pair to be in the vicinity of tHeeso- ‘Sec. Il A we have imposed pr>20 GeV cut in Fig. 8.
hance, one has_ to verify that _the non-resgnaqt Feynman dIé}'he non-resonant diagrams are seen to redeomkancgthe
tghrarr:js';ﬁlgnortt'adl in our calcglatloq_r(]ﬂo not S|gln(|)f|('::antly char:jgerate by about 5% forpr(e*e )<80 GeV p(-(e*e)

© dierential cross section. TNere are &5 Feynman s gy Gev). This is significantly smaller than other theoret-
grams contributing tag—1"1"» v, 1#1’, and 19 con- jcal uncertainties such as the factorization scale uncertainty
tributing to qg—1"1"» v, in the SM. The graphs of the in our calculation. In the following we shall therefore ignore

100:....|....|.... 115 e
a) ppoete vv i [ b) pp-ete vv
Vs = 2 TeV Lo Vs = 2 Tev 7 FIG. 8. Full and approximate results for the
= C ] transverse momentum distribution of te¢e”
§ 10-1 ] —|_:——’_|—_ pair in pp—e‘te vy at the Tevatron
a g ] (yVs=2 TeV) in the SM. The individual distri-
~ _‘g’ L butions obtained using the full set of contributing
o X oo ] Feynman diagramésolid line) and the subset of
) [=] L . — — —
= £ r 1 diagrams for qgq—ZZ—e"e vr and qq
T 102 - 3 085~ - —W*rW~—e*e po, in the double pole ap-
o r proximation (dashed ling are shown in parta).
[ dash: SM full 090k i Part(b)_dlspla)_/s the ratio of_ the full and approxi-
| colid: SM 22 + W~ avor C ] mate differential cross sections. The cuts imposed
’ PPE- 3 are described in detail in the text.
BN AN PP PR B PR o AP PN P PR PO PO
0 50 100 150 200 0 50 100 150 200 250 300
pr(e*e”) (GeV) pr(e*e”) (GeV)
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1-||||||||||||||||- 1-||||||||||||
10° ¢ | | ] Wk | |

[ a) PP-ZZ-e*e v ] [ b) pP-~ZZ-e*e v
100 —= 109 L —
_\ Vs = 2 Tev E _\ Vs = 2 TeV
~ b 1L with jet veto -
E 10 1070 TN~ E FIG. 9. Transverse momentum distribution of
> C \ v Tl o3 thee*e™ pairinpp—2ZZ—e*e vy at the Teva-
= 1078 1072 8 3 tron (ys=2 TeV) for the SM and forf%,=0.3,
i«v F \ Y <] together with the differential cross sections from
& 1078 \ 1073 \ b o several background procesgaswithout and(b)
= RS 3 with a jet veto applied. The cuts imposed are de-
E 1074 ‘ 10-4 L ‘ EE scribed in detail in the text. The form factor scale
l E \ Y E for nonzeroZZV couplings has been set 1o
r N J L A WiW +0 jet ] =750 GeV
107° \ WWTNLO Y. § 107° \ R 3
F AR E1Z+1 jet "5
PP S N I R R V0 VP S P DA VU B
0 100 200 300 400 0 100 200 300 400
pr(e’e”) (GeV) pr(e*e”) (GeV)

effects of the non-resonant diagrams in channels where onef the e"e™ pair forZZ—e*e™ p; in the SM(solid curve
of the Z bosons decays into neutrinos. and forf5,=0.3 (dashed lingat the Tevatron, together with

The _most important background processes Z& e gifferential cross sections of the (dotted ling, W+W-
—1717 vy production arett—W"W~bb, standard elec- (dot-dashed ling and Z+1 jet (long-dashed ling back-
troweakW " W™ + X production withW*W~—I1*vI"», and  grounds. The cut on the angle in the transverse plane be-
Z(—1717)+1 jet production with the jet rapidity outside the tween a charged lepton and the missing transverse momen-
range covered by the detector, thus faking misging We  tum is responsible for the slight dip in th&Z differential
will call this last process the Z+1 jet” background. We  cross section curves at(e*e”)~50 GeV in Fig. 9a.
have calculated thét background using standard helicity = One observes that all backgrounds shown in Fig. 9a are
amplitude techniques, fully including the subsequent decaysignificantly larger than th&Z signal at small values of
t—Whb andW—1Iv and all decay correlations. Finite width p(e*e™). Because of kinematical constraints, however, the
effects for the top quarks anll’s are included. Jetgartons Z+1 jet background drops very rapidly wihy. In a more
with AR(jj)<0.4 are merged into a single jet. We do not complete treatment in which soft gluon and/or quark radia-
decay the bottom quarks explicitly, but do include a paramtjon and hadronization effects are included, one expects that
etrized energy loss distribution to make a more realistiGng p(e*e™) distribution will be somewhat harder for the
;imulation of observe&i final state momenta and overall missy | q jet background, especially at high transverse momen-
ing momentum. FOW "W" +X production we make use of . Thez+1 jet background sensitively depends on the

the calculation described in Rd83]. For a realistic assess- o hich a iet i - ii
ment of theZ+1 jet background, a full-fledged Monte Carlo rapidity cut above whieh a Jet_ 'S as§um(_ad o be m_|5|dent| led
, L : X ; aspr. Our assumption that jets withy(j)|>3.5 will fake

simulation is required. Here, for a first rough estimate, Wemissing transverse momentum is probably conservative, and
use a simple parton level calculation. For a jet, i.e., a quart Z+gl ot back d ?I b y ificantly | '

or gluon, to be misidentified ag, at the TevatronLHC), thgn shovleﬁ i ?:ci:gg;oun may well be signiicantly lower

hall i hat the j idi i . 9. .
v>ve3 ;qzi](j)r'eglg)re that the jet pseudorapidity be(j)| TheW" W~ background exceeds tiZ& signal cross sec-

i . — . tion for pr(e*e”)<80 GeV. Since the tail of thp(eTe™)
Additional backgrounds originate frofsb production and ictribtion for W W- production is very sensitive to NLL
Z— 1" 7~ decays. These backgrounds can be suppressed t

- . . D corrections, we show the NLp(e"e™) distribution
negligible level by requiring the angle in the transverse plane —

between a charged lepton and the missing transverse m 1 Fig. 9a. The differential cross section of tttebackground

X .
mentum to be between 20° and 160°pif<50 GeV. Is larger than the SM signal f@™ e~ transverse momenta as

Subsequently, in this section we shall focus on theIarge as 200 GeV, and may thus reduce the sensitivity to

e*e pr final state. Virtually identical results are obtained an0malousZZV couplings. We do not show the d|str|bqt|9ns
for ZZ—u* u pr. For reasons which will become clear for thebb or Z— "7~ backgrounds, as they are negligible
shortly, we do not include &-factor for the signal cross after the aforementioned angular cut.
sections in the figures shown in this section. In addition to Thett background can be virtually eliminated by requir-
the cuts specified in Sec. Il A, we imposepa>20 GeV ing that no jets withp(j)>20 GeV and|#(j)|<3.5 are
(p+>50 GeV) cut at the Tevatrofi HC), and the cut on the present. Such a jet veto also reduces \WieW~ + X back-
angle in the transverse plane between a charged lepton agdound at large transverse momenta. This is shown in Fig.
the missing transverse momentum discussed above. 9b. The remainingV* W~ background will only marginally

In Fig. 9a we show the transverse momentum distributioraffect the sensitivity taZZV couplings. The jet veto also
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of magnitude larger than at the Tevatron, tﬁebackground
is significant even when a jet veto is required. For the cuts

imposed, thett_background(dotted ling exceeds the signal
Vs = 14 TeV for pr(e*e”)<140 GeV but is negli_gible for large trans-

verse momenta. Both th&/* W~ andtt backgrounds could

be reduced somewhat by choosing a smaileg ™ invariant
mass window. Due to the more severe missing transverse
momentum cut and the improved rapidity coverage of the
hadronic calorimeters of the LHC experiments, the 1 jet
background is very small.

As in the ZZ—4 leptons channel, thaR(e*e™) and
- A®(e*e™) distributions would be useful at the Tevatron in
[ -~ distinguishing betweeriy and fY, and in determining the
' sign of fY. As shown in Fig. 11, th&V*W~ background is
negligible in those regions cAR(e*e”) and A®(e*e)
where the contributions from anomalodZV couplings are
most pronounced. The jet veto imposed in Fig. 11 renders

v the tt_background negligiblésee Fig. 9l The p; cut re-

\ \<._ W'W™+0 jet moves events where th# bosons are produced right at
o threshold and thus causes the peak in thB(e*e™)
\ 4 E (Ad(e"e™)) distribution to shift from~3 (180°) to~2.6
1074 L IS - A (=~140°). It has a similar effect on th&/*W~ +0 jet back-

0 100 200 300 400 500 ground. Note that thaV pair production background van-
. - ishes forAR(e"e )<1.4 andAd(e*e )<90°. TheZ+1

pr(ee”) (GeV) jet background is not shown in Fig. 11 to avoid overburden-

: - o £ -
FIG. 10. Transverse momentum distribution of #ee™ pair in ing the figure. Qualitatively, thaR(e"e ") andA®(e"e" )

— distributions of thez+ 1 jet background are similar to those
— —e" = .
pp—ZZ—ete vv atthe LHC (s=14 TeV) for the SM and for Pf the W W~ +0 jet background.

f20=0.02, together with the differential cross sections from severa For completeness, we show thaR(e*e”) and

background processes. The cuts imposed are described in detail in 4N g - . .
the text. The form factor scale for nonzet@V couplings has been 2 (€ €) distributions at the LHC in Fig. 12, imposing the
set toAge=2 TeV. same jet veto requirements as in Fig. 10. Due to the higher

missing transverse momentum cut, the peak in the M
significantly reduces the size of the NLL QCD correctionsAR(e"e€”) (Ad(e"e™)) distribution is shifted to
for the ZZ signal, justifying our procedure of not including a AR(e"e7)~2 (Ad(e"e")~100°). TheAR(e"e") distri-
K-factor in the signal cross section in this section. butions of thett and W*W~+0 jet background peak at

The pr(e*e™) distributions for signal and background similar values. Both backgrounds are negligible for
processes at the LHC, requiring that no jets with(j) AR(e*e”)<1.4. In the SM, the dominartV* helicity at
>50 Ge\/_and| 7(j)|<5 are present, are shown in Fig. 10. high energies iuu—W*W~ (dd—W*W~) is A==+ 1
Since thett production cross section is more than two orders(A = *=1) [34]. Because of th&/—A nature of theWlv

1
10 IIII|IIII|IIII|IIII|IIII

pp-ZZ-ete v

100
with jet veto

101

10—2

do/dpr(e*e”) (fb/GeV)

[ IIIIIIV

103

TTTTTTrTTTTTTT A A A
a) PP~ ZZ-ee v : F b) PP~ ZZ-ete v
15— Vs = 2 TeV — 0'3__ Vs = 2 Tev ~ 7
| solid: SM / 1 ~ L dots: %=0.3 / \
B =
& [ dashifi-03 / \\ § | dotdash: f7,=-0.3 / \ ] FIG. 11. TheAR(e*e™) andAd(ete™) dis-
™ ol a £ 0.2| long dash: \ - tributions inpp—ZZ—e*e vy at the Tevatron
2 / \ ~ | WHW40 jet / (Vs=2 TeV) in the SM and in the presence of
Ej / \ K / \ . non-standar@ZZ couplings. The cuts described
3 ,,",-""i\.\;‘ 4 r \ ] in Sec. lll A and ap+>20 GeV cut are imposed.
3 R \ § i L,;F‘-?\ T In addition, we require that no jets with(j)
ST/ ,/ \\ B Tt e \ >20 GeV and 7(j)|<3.5 are present. The form
v *\ T L factor scale has been setAg=750 GeV.
i IR
Fo/ N -
oLt RTAN N e B SR I
0 1 2 3 4 0 50 100 150
AR(e*e”) Ad(e*e”) (deg)
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e L I I e L B B
a) pp-ZZ-e‘e bv ] 0.8 | b) pp-ZZ-e‘e v
so[ Vs = 14 Tev - i VE= 14TV
[ solid: SM . —- N
—_ - _ & r . S FIG. 12. TheAR(e*e™) andAd(e*e™) dis-
2 40 dots: tt — © 06 dash: {5,=0.02 ; ) 4 o ) L
= r i 5 - 3 . tributions in pp—ZZ—e*te vy at the LHC
o prheee s S [ ] (V5=14 TeV) in the SM and fofZ,=0.02 with
1 - lw L ; Do a form factor scale of\c=2 TeV. The dotted
% 5 and dash-dotted curves represent tte and
° ] § W*W~+0 jet backgrounds. The cuts described
© L in Sec. lll A and ap+>50 GeV cut are imposed.
In addition, we require that no jets witpy(j)
— >50 GeV and 7(j)|<5 are present.
1.-4 o - Iso 100 I I150
AR(e*eT) Ad(e*e™) (deg)

Similar to the treatment of the signal processes, we use a
be emitted either both intadd annihilation, or both against Parton-level Monte Carlo program based on the work of Ref.
[37] to model the QCDZjj background. All interference

TPZ fjl(la%k:/tectigeigt:%npgfsgzjelzhpgf ﬁ:\:\g?/ignir?\gva;anilrhg?ggl?é- effects between virtual photon adexchange are included
tion are almost back to back in the transverse plane, and sfﬁr charged lepton final states; for final state neutrino pairs

are theW decay leptons. ThA®(e*e") distribution of the there is no photon contributiom running at one loop order
WH*W~+0 jet background thus peaks at a significantlyis included, correcting the contribution from each phase

. — " space point from the input value at(M ;) =0.118. To com-
larger angle than that of theZ signal and of thett back pute theWZ background we make use of the calculation

ground (see Fig. _12)3 While the+tti backgrqund is smalller presented in Ref:38].

than the SMZZ signal forA®(e"e™)<50°, it is not negli- . —

gible in this region. Other potentially dangerous background sourcestéare
andWjj production. Thewjj background contributes only

to the vvjj final state. For ZZ—I1"17jj, the tt

— 1% 11~ v bb background can be reduced by requiring that
dhe missing transverse momentum fg<20 GeV at the
Tevatron, anddt<<40 GeV at the LHC. The higher value
5‘%{ the LHC is motivated by pile-up effects due to the large
number of interactions per beam crossing at the LHC design
luminosity of £=10** cm 2s L. Pile-up effects amplify
small momentum imbalance effects due to mismeasurements
in the underlying event structure and can lead to a significant

production andV Z production where th&/ decays hadroni- falie missing transverse momentum. Backgrounds from
cally into a pair of jets. In both cases the jet pair invariant’'W_iJ production are significantly smaller than those

mass is constrained to be near thpole, Eq.(15). The range from tt production after imposing Ay veto, and are ignored
of jj invariant masses considered here roughly correspond8 the following. - o

to M;*+20;; whereo; is the two jet invariant mass resolu-  For ZZ— vvjj, suppression of thet—I" |~ v bb and
tion of the detector, which typically isr;;=5-9 GeV  W(—lv)jj backgrounds is possible by requiring that there

[26,35. The Z boson decays to eithe&e™, u"u~ orin-  are no charged leptons withr(1)>10 GeV and|#(l)|

coupling, the charged leptons "W~ —e"e™ v.v, tend to

D. The semi-hadronic channels

The decay modes where one of the t&dosons decays
hadronically have much larger branching fractions than th
ZZ—4 leptons and theZZ—1%1" vy channels, but also
much higher backgrounds. Nevertheless, these channels m
be useful in searching fa£ZV couplings: both CDF3] and
D@ [5] have successfully used thWwWW, WZ—lvjj chan-
nels to constrain anomaloW¥ WV couplings in the past.

The main background sources are QZB 2 jet(“ Zjj")

visibly to neutrinos. _ o <2.5 present in the event. The—|vjjbb background can

The Zjj background consists of QCD real-emission cor-pe further reduced by imposing the constraint that the event

rections toZ production. These subprocesses incl{8& does not contain more than two jets satisfying fheand
A , = pseudo-rapidity cuts described in Sec. Il A. TWg| back-
ag—agll™, qa’—qq’l"l, (16 ground is calculated using the results of R&f].

. . In the following, for ZZ—1*1"jj, we shall sum over
wh|ch. are dominated by-channel gluon exchange, and all gjectrons and muons in the final state and impose a
crossing-related processes, such as pr<20 GeV (pr<40 GeV) cut at the TevatrofLHC) in

o o addition to the charged lepton and gt, pseudorapidity and
gg—ggl*l™, gg—qql™l. (170 invariant mass cuts specified in Sec. lll A. FoZ— vvjj,
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3>|||||||||||||||| 3-||||||||||||||||
10% ¢ | | | 10 ¢ | | |

a) PP~ 22 b) PP~ ZZ > vvjj

10° 102

Vs = 2 TeV Vs = 2 TeV

101 7

10! FIG. 13. Transverse momentum distribution

3 ] (a) of thel "I~ pair inpp—ZZ—1*1"jj, and(b)
S W0k 5 100¢ of the jet pair inpp—ZZ— vvjj, at the Tevatron
:i ] C (Vs=2 TeV). The SM prediction is shown to-
i& 10-1 | = 107t gether with the cross section fd¥,=0.3 and
8 i i Ape=750 GeV. Also shown are the differential
10-% | o 102 L cross sections of various background processes.
g g The cuts imposed are described in detail in the
10-3 ] o3 text.
PR S I WO IV V0 WP RRPR Y AV T O DD
0 100 200 300 400 0 100 200 300 400
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we require a missing transverse  momentum ofverse momenta. The semi-hadronic channels therefore may
p+>60 GeV and no charged leptons wip(1)>10 GeV  siill be useful in obtaining limits on th&ZV couplings at the
and|7(1)|<2.5. In addition, the number of jets which satisfy Tevatron.

the cuts detailed in Sec. lll An;, has to ben;=2. The The case is much worse for the LHC, as shown in Fig. 14.

rather highpy cut ensures that backgrounds from heavyryere the rate fozjj events is almost two orders of magni-

quark production and three jet production, where the rapidit ; ;
of one of the jets is outside the range covered by the detectgfrUde greater than the SM signal, and approximately one order

are sufficiently suppressed. At the LHCpa>60 GeV cut of magnituvde.greater than t.hat fdiz event; for moderate
may well be too low to trigger ofji+ events, especially at vValues offj, (i=4,5). TheW|j background is a factor 3 to
high luminosities. However, since anomalaigV couplings 10 larger than the SNZZ— vvjj signal. Although thett
lead to deviations only at large transverse momenta, raisingackground is significantly larger than at the Tevatron, it has
the pr cut to 100 GeV or even 200 GeV at the LHC will amost no effect on the sensitivity of thgg final state to
have very little impact on the sensitivity of theZ— vvjj ZZV couplings.

mode toZZV couplings. Finally, all signal and background |t should be noted that NLL QCD corrections could
cross sections presented in this section are calculated at leagprsen the signal to background ratio. QCD corrections en-
ing order. hance theZZ signal cross section by about a factor [29].

The p(1*17) distribution forZZ—1*1"jj is shown in . 5 . -
Fig. 13a for the Tevatron, while Fig. 13b illustrates the Teva-The full NLL QCD corrections tZjj andWjj production

o e — .. . are currently not known. However, the QCD corrections to
tron p(jj) distribution forvvjj events. We display the SM Zbb production in the limit of leds ks | h
cross section(solid line) together with the main back- production in the imit o massiessquarks increase the

grounds. We also show tH&Z cross section forff0=0.3 cross section by about a factof29]. If the QCD corrections

(dashed ling The “kink” in the WZ and ZZ differential  ©© £J] and Wjj production are of similar size, they will
cross sections ap;~250 GeV is due to tha\R(jj)>0.6 weaken the signal to background ratio by about a factor 1.5.

NS Al
cut which becomes effective only at sufficiently high trans- In the AR and A® distributions of thel "1 = system and

verse momenta. Because of the missing transverse momeW—e jet pair, theZjj background overwhelms théZ signal

. — even for rather larg&ZV couplings. For the semi-hadronic
tum (charged leptonveto forZZ—1"17jj (ZZ—vvjj),the 77 ¢na states it will therefore be very difficult to utilize
tt background is negligible at the Tevatron. TW§j back-  these distributions in distinguishing the various neutral gauge
ground, which contributes only to thevjj final state, is boson couplings.
considerably larger than the SkZ signal only for small In our discussion of semi-hadronic final state<Zifi pro-
values ofp¢(jj), thus it will not affect the sensitivity to duction, we have considered only inclusive jet rates. With
anomalous couplings significantly. TR¢Z differential cross the excellentb-tagging capabilities of the Tevatrd25,40
section(dotted ling is very similar to that of the SM signal and LHC [26,41] experiments, one may also be able to
over most of thepy range considered, whereas @ back-  search for anomalougZV couplings usingZZ—1*1~bb
ground dominates, overwhelming the signal even at very 4 >> 7" 1p decays. ThezZ—1*1"bb (ZZHjqu)

high transverse momenta. Its size is uniformly about ON&oss section is about a factor 10 smaller than Hi@
order of magnitude larger than the SKF signal. It will

- T : .
therefore be very difficult to obsen#Z production in the ;I ! Iij (Zztﬁ'”’éj )_”:ate if (k))nekreqwzjes_ ”][‘E]‘t bOt?]
semi-hadronic channels, if the SM prediction is correct. -quarks are tagged. The main backgrounds n these chan-

However, for sufficiently large anomalo®&ZV couplings, Nnels areZ(—1717)bb, Z(—v»)bb andtt production. The
the ZZ cross section exceeds the background at large trangbb background is about a factor 3 larger than th&
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—I"1"bb and ZZ— vvbb signals[39]. The signal to back- assume that a jet veto has been imposed to reducétthe
ground ratio thus is considerably better than in thé™ jj background and requiner(I "1 7)>40 GeV to eliminate the
andvvjj cases. However, due to the smaller signal rate, onéj background. FoZZ—!*1"jj we require that events do
expects that the sensitivity limits obtained frodZ  not contain missing transverse momentum of more than 20

—1*17bb (ZZ— vvbb) will be about a factor 2 to 3 weaker GeV (40 GeV) at the Tevatron(LHC). Finally, for ZZ

than those derived froZ—1"17jj (ZZ— vvjj). —vvjj we impose a charged lepton veior(l) <10 GeV if
| 7(1)|<2.5) and require exactly two jets to reduce g
andtt backgrounds. As before, we use a form factor of the
form of Eg. (3) with n=3 and A=750 GeV
In this section we discuss the method to extract sensitivit{ Arr=2 TeV) for the Tevatror(LHC).
bounds on anomalous couplings, and then determine the Non-negligible interference effects between the various
bounds onf} and fy which one expects to achieve with ZZV couplings are found only betwed andf}, and be-
2 fb™' and 10 fb'! of data at the Tevatron in run I, and tweenfZ andf. Thefy andfy couplings do not interfere,
10 fb~* and 100 fb* at the LHC. For simplicity, we con-  as expected from th€P-odd nature off} and CP-even
sider only realZZV couplings. o nature offy . This result is demonstrated in Fig. 15, where
We calculate 95% confidence lev&.L.) limits perform- . ——
ing a y2 test. The statistical significance is calculated byW& ShoW the Erl and 2 limit contours forZZ—171"vy
events in 2 fb* of data at the Tevatron run Il. In each

splitting the selectegh; distribution into a number of bins, . .
each with typically more than five events. We use thedraph, only those couplings plotted against each other are

1“17) distribution for all final stat wcentvii for assumed to be different from their SM values. Plots similar
pT(. ) distributio for a a states € cep_tv” 0 to those shown in Fig. 15 can be obtained for the LHC, other
which we use thep(jj) differential cross section. Other

. : final nd different val . As a result of th
distributions, such as théZ invariant mass distributiofuse- al states, a dd eze t aﬂes Qe AS @ ezsut N i €
; o correlations betweerfi; and ], and betweerfg and fZ,
ful only for ZZ—4 leptong, or the maximum or minimum

transverse momenta of the charged leptons or jets, yieIg'rf;e:ﬁgéeasnr?]rgalggﬁcg?ugmg" corrétga:::onii ﬁe;iirhbﬂﬁ:gs
similar results. In deriving our sensitivity limits, we combine P y P Y, g

channels with electrons and muons in the final state. In eac};1an if only one coupling at a time is allowed to deviate from

bin the Poisson statistics is approximated by a Gaussian dil:t-S SM value.

tribution. Since we selected bins containing at least ﬁveivit limits expected from the Tevatron run Il for integrated
events, the error introduced by this approximation is ver)} y P 9

small. The same method has been used in the past to estiméll’émnos.'t'es of 2 fo aﬂd 10 fb*, taking into acg:ount the
limits on anomalousV'Wy and ZyV couplings for run | of correlations between d?fferen_t anomalous couplings. Due to
the Tevatrorj17,42. The actual limits obtained from experi- the small branching ratio fqpp—ZZ—4 leptons, the num-
mental datd2—7] agree well with the predicted bounds. ber of expected events in that channel for 2~ ¥is too low

In order to derive realistic limits, we allow for a normal- to allow for an analysis of the(I"1") distribution using
ization uncertainty of 30% of the SM cross section. Back-the method chosen here. The bounds obtained féin
grounds in thezZ—1*1" vy, ZZ—1*17jj and ZZ—>7vjj —1"1" vy andZZ— vvjj are quite similar. The cross sec-

channels are included in our calculation. We impose the cutton for ZZ—>;vjj is about a factor 10 larger than that for

described in detail in Sec. Il A. In th8Z—1*1 vy case we ZZ—I1*1"vv; however, the large background frafijj pro-

IV. SENSITIVITY LIMITS

In Table | we display 95% confidence leu&.L.) sensi-
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duction considerably limits the sensitivity B2V couplings  pected from the LHC for integrated luminosities of 10~ tb

for ZZ—vvjj. The limits from thezZz—I1*17jj andzz  and 100 fb'. The most stringent bounds are obtained from
—4 leptons channels are about a factor 1.5 and 2 weakehe ZZ—|*| vy channel. ThezZ—4 leptons channel
than those fronZZ—1"1~ vy and ZZ—vvjj. We do not Yields sensitivity limits which are a factor 1.6 to 2 weaker;
attempt to combine limits from different channels. FromWwhile, due to the increasedjj and Wjj backgrounds, the
Table | it is clear that this could result in a significant im- limits which can be achieved from analyzing the semi-
provement of the bounds. hadronic channels are a factor 2.5 to 4 worse than those

In Table Il we display 95% C.L. sensitivity limits ex- found forZZ—I1"1"vv.

TABLE |. Sensitivities achievable at 95% C.L. for anomaldigV couplings inpp—ZZ—4 leptons,
pp—ZZ—1*1" vy, pp—Z2Z—1717jj, andpp—ZZ— vvjj atthe Tevatron{s=2 TeV) for an integrated
luminosity of (8 2 fb~!, and(b) 10 fb™ . The limits for each coupling apply for arbitrary values of the
other couplings. For the form factor we use the form of B).with n=3 andAg=750 GeV. The cuts
imposed are discussed in the text.

(@ fLdt=2 fo?

coupling ZZ—4 leptons 77— " vy ZZ—1117j ZZ— vvjj
2 _ +0.169 +0.219 +0.159
40 -0.169 -0.218 —0.160
” ~ +0.175 +0.222 +0.163
40 —-0.174 —-0.221 —-0.162
fZ _ +0.171 +0.220 +0.162
50 —0.204 —0.244 —-0.184
fr _ +0.184 +0.229 +0.170
50 —0.202 —0.241 -0.179
(b) f£dt=10 fb !
coupling ZZ—4 leptons 7711 " vy ZZ—1*17jj ZZ— vvjj
2 +0.180 +0.097 +0.146 +0.106
40 —-0.179 —0.097 —0.145 —0.106
£ +0.185 +0.100 +0.148 +0.109
40 —0.185 —0.099 —0.147 —0.108
f2 +0.178 +0.092 +0.144 +0.105
50 —-0.216 —-0.120 —-0.167 —-0.127
£y +0.192 +0.103 +0.151 +0.112
50 —-0.213 —-0.115 —-0.163 -0.121
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TABLE Il. Sensitivities achievable at 95% C.L. for anomalaigV couplings inpp—2ZZ—4 leptons,
pp—ZZ—I1"1" vy, pp—Z2Z—I1*17jj, andpp—ZZ—vvjj at the LHC (Js=14 TeV) for an integrated
luminosity of (@ 10 fb™*, and(b) 100 fb L. The limits for each coupling apply for arbitrary values of the
other couplings. For the form factor we use the form of E).with n=3 andAgg=2 TeV. The cuts
imposed are discussed in the text.

(@ [£dt=10 fo !

coupling ZZ—4 leptons 77171 " vy ZZ—1"17jj ZZ—vvjj
2 +0.0115 +0.0060 +0.0230 +0.0156
40 —0.0114 —0.0060 —0.0228 —0.0154
£ +0.0139 +0.0072 +0.0274 +0.0186
40 —0.0139 —0.0072 —0.0274 —0.0186
2 +0.0119 +0.0062 +0.0226 +0.0160
50 —0.0113 —0.0060 —0.0220 —0.0158
£y +0.0137 +0.0072 +0.0268 +0.0188
50 —0.0145 —0.0075 —0.0274 —0.0190

(b) [£dt=100 fo !

coupling ZZ—4 leptons vy i ) ZZ—1"17jj ZZ— vvjj
£z +0.0052 +0.0031 +0.0130 +0.0088
40 —0.0051 —0.0031 —0.0128 —0.0086
£y +0.0062 +0.0038 +0.0154 +0.0104
40 —0.0062 —0.0038 —0.0154 —0.0104
¢z +0.0053 +0.0032 +0.0128 +0.0092
50 —0.0051 —0.0031 —0.0122 —0.0088
f +0.0061 +0.0037 +0.0148 +0.0104
50 —0.0065 —0.0039 —0.0154 —0.0108

The sensitivity bounds on theZZ couplings at the Teva- the form factor scale to Apr=1000 GeV (\ge
tron (LHC) are up to 10% (20%) better than those on the=500 GeV) improvegweakens the bounds which can be
correspondingZZy couplings. The sensitivities achievable achieved by a factor 1.8). To a lesser degree, the limits
for an integrated luminosity of 10 fi at the Tevatron are also depend on the powerin the form factor, which we
about a factor 1.5 to 1.7 more stringent than those found witlhave assumed to be=3. A smaller value of allows for
2 fb~'. At the LHC, increasing the integrated luminosity by additional highp; events and therefore leads to a somewhat
a factor 10 improves the limits by approximately a factor 2.increased sensitivity to the low energy values of Z&V
These numbers are in good agreement with the naive scalingbuplings.
law which predicts that sensitivity limits on anomalous cou-  Limits on the anomalous couplings depend on the power,
plings improve roughly with (£dt)** [35]. Due to interfer- n, and the scaleAg, of the form factor. These parameters
ence with the SM helicity amplitudes, the limits 6%, are  area priori unknown, as they represent our ignorance of the
somewhat sign dependent. In contrast, because of thegcale and the nature of new physics beyond the SM. In Ref.
CP-violating nature, contributions to the helicity amplitudes[11] it was pointed out that in final states without missing
proportional tof 5, do not interfere with the SM terms, and transverse momentum one can in principle determine the

the bounds on these couplings do not depend on the sign grm factor by fitting they/s distribution simultaneously to
the coupling. - f\y, A andn. However, a study43] carried out folWWy
The W*W™ andtt backgrounds only marginally influ- couplings demonstrated that the method will not produce
ence the sensitivity limits obtained in tBZ—| "1 vy case. competitive limits. One expects that a similar result is ob-
The limits derived fromzz—1*1-jj and ZZ—>7vjj pro- tained forZZV couplings. Alternatively, if non-zero anoma-

duction, on the other hand, are significantly degraded by théUS couplings are observed, the method may be useful in

Zjj andWjj backgrounds and thus depend on an accuratQ?term_'”'”g thg shape of the forn_1 factor which proyldes in-

knowledge of the signal to background ratio. The signal tadiréct information on the dynamics of the underlying new

background ratio is affected by QCD corrections which arePYsics:

not yet fully known, by the factorization scale uncertainty,

and by uncertainties originating from the parton distribution

functions. Changing the signal to background ratio by a fac-

tor 1.5 alters the sensitivity limits by 1015 %. ZZ production in hadronic collisions provides an oppor-
The sensitivity limits depend significantly on the scaletunity to probe neutral gauge boson self-interactions in a

A . For example, at the Tevatron, increasiigcreasing  direct way. In this paper we presented a detailed investiga-

V. SUMMARY AND CONCLUSIONS
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tion of how well future experiments at the Tevatron anddiffer very little in shape foiZZZ andZZy couplings.

LHC will be able to measure th8ZV couplings. Our calcu- In order to determine the bounds on tA&V couplings
lation has been carried out in the double pole approximationywhich one can hope to achieve in future Tevatron and LHC
using the most generdlZV vertex function which respects experiments, we have performedya test for the four dif-
Lorentz and electromagnetic gauge invariance. If bdath ferent final states, using tH€' |~ and dijet transverse mo-
bosons are on-shell, there are two independ& (f5 and  mentum distributions. At the Tevatron, with an integrated
fZ) and twoZZy couplings ¢} andf). Z decays with full  luminosity of 2 fli %, one will be able to measurfg andfy
decay correlations and finitg width effects are included in with a precision of 1520% (95% C.L) in the ZZ

our calculation. Non-resonant Feynman diagrams, except for,|+| = andzzﬁfyjj channels for a form factor scale of
time-like photon exchange diagrams, and contributions fromy .. =750 GeV. The limits obtained from th&Z—4 lep-
gg—ZZ are not taken into account. The non-resonant Feyntons andzZ—1"1~jj channels are a about a factor 2 and 1.5
man diagrams change the differential cross section by afeaker than those which can be achieved in the other two
most 5%. The contribution from gluon fusion enhances the:hannelgsee Table)l At the LHC with 100 fb'!, thezzV

cross section by about 1% (15%) at the TevatbHC).  couplings can be measured with an accuracy &f18 3
NLL QCD corrections are approximated in our calculation_4><1073 (95% C.L) in pp—>ZZ—>I+I’_

. N vv fOf AFF
where appropriate by a simplefactor. , =2 TeV. The limits obtained from the other three channels
S-matrix unitarity requires that th&@ZV couplings are

. __are a factor 1.6 to 4 weakésee Table ).
momentum dependent form factors. We derived constraints The sensitivity limits which can be achieved at the Teva-

on the low energy values of théZV form factors and the 5 in run 11 and the LHC should be compared with the

_shape .Of the form f_actor fro_m a partlal wave a_nalys_|s of theoounds from recent measurements at LEP2 and expectations
inelasticZZ production amplitude in fermion antifermion an- ¢, o future linear collider. as well as predictions from

nihilation [see Eqs(11) and (12)]. _ theory. The combined 95% C.L. limits from the LEP2 ex-
The effeqts of anomalouszV couplmgs are enhanc_ed at periments presently afé4]

large energies. They lead to a broad increase inZthan-

variant mass distribution and in various transverse momen-

tum distributions. We considered four signature<af pro- —0.66<f§< 0.68, —0.40<f}<0.38, (18

duction: ZZ—4 leptons,ZZ—I|"1" vy, ZZ—1"17jj, and

ZZ—vvjj. The ZZ—4 leptons channel is almost back- .

ground free but suffers from a small event rate due to the —1.06<f5<0.69, —0.89<fZ<0.86. (19

small branching ratio for Z pair decaying into four charged

leptons. The rate fofrZ— 1"~ vv is approximately a factor It should be noted that the LEP2 limits do not contain any
six larger than that foZ Z— 4 leptons; howeveMV*W~ and  form factor effects. For the form and scale chosen here, these

tt production constitute non-negligible backgrounds at smalgffects weaken the limits by about 20%. In run I, CDF and
values ofp;(1*17). TheZZ—I1*1-jj andZZ— vvjj modes DO will be able to improve these bounds by at least a

A, : )
have larger branching ratios than td&Z—4 leptons and factor 3 to 6. At ae € Linear CoII|Qer .(LC) with

oy . Js=500 GeV and an integrated luminosity ofZdt
ZZ—|"1" vy channels, but also much higher backgrounds._ 100 b L, one expects to measure &V couplings with
The main background source for the semi-hadronic final '

: . : . L precision of45] 4x 1073~ 6x 103 (95% C.L). This is
states is QCIZ + 2 jet production. TheZ+ 2 jet cross sec- | h hich h hi h
tion is about a factor 2(60) larger than theZZ signal at the comparable to the bounds which one hopes to achieve at the

LHC. I i in th M, i i
Tevatron(LHC). Nevertheless, we found that these channel% ogelgnzn ; ?ﬁ ﬁqoc:;ztl:govsihlnh;a?/ysfe}n;?oﬁgp?rzggzn\]/emc
may be useful in searching f&ZV couplings. L ; —4 '
All ZZV couplings have similar high energy behavior. couplings which are 0O(10 ) or less.

X e S . In view of our present poor knowledge of tEZ&V cou-
Th's m_akes it difficult to distinguish the V?‘”O‘TSZ_ V' cou- plings, the direct measurement of these couplings in run Il
plings in the transverse momentum afAd invariant mass

oo . and at the LHC will constitute major progress. However, it
distributions. We found that in thEZ—4 leptons andZZ will be very difficult to achieve a precision which will make

—1"17 v channels, the distributions of the lego plot sepa-it possible to test the SM one loop prediction for &V
ration, AR(I "1 7), and the angle in the transverse plane becouplings.

tween the charged leptons® (1 717), may be useful to dis-
tinguish f from f¢ and to determine the sign 6t . Since
f}{ violate CP conservation, terms in the helicity amplitudes ACKNOWLEDGMENTS
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