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Abstract

Z7Z production at the LHC provides an opportunity to probe neutral gauge
boson self-interaction in a direct way. The possibility to detect anomalous ZZZ
and ZZv couplings is investigated in the context of the ATLAS detector. The
expected limits on these couplings will improve the limits currently obtained by the
LEP experiments by 3 orders of magnitude.



1 Introduction

The Standard Model (SM) of electroweak interactions makes precise predictions for the
couplings between gauge bosons due to the non-abelian gauge symmetry ofSU(2);, @
U(l)y. These self-interactions are described by the triple gauge boson WW~, WW Z,
Zyy, ZZ~ and ZZZ couplings and the quartic couplings. The study of vector pair
production at the LHC provides sensitive ground for direct tests of the trilinear couplings.
Deviations of the couplings from the SM values would indicate the presence of new physics
beyond the SM [1]. The electroweak gauge boson couplings has been explored in great
detail at LEP2 [2] and at the TeVatron [3]. No significant deviation from the SM prediction
was seen for any of electroweak gauge boson coupling investigated.

While the charged boson couplings (TGC) already receive tree level SM contribution,
the neutral trilinear gauge couplings (NTGC) do not; higher order corrections through
virtual loops contribute at the level of 107*. New phenomena with characteristic mass
scale above the present experimental threshold might lead to NTGCs in the effective
Lagrangian [1, 5, 6] parameterizing the residual low energy effects from new physics.
For example, as suggested in [5] virtual effects from new heavy fermions having non-
standard coupling to gauge boson might generate sizeable anomalous couplings. One loop
corrections in the SM and in supersymetric models [5], induce effective ZZV couplings

which are of the O (107%).

Prospects for probing the charged sector have been studied in details at the LHC [4]. In
this note a study of ZZ production at the LHC with the ATLAS detector is presented
with the aim of searching for ZZZ and ZZ~ anomalous couplings.

The note begins with a brief summary of the neutral trilinear couplings (NTGC) and
their parametrization. A detailed analysis of the ZZ production and the signatures of
the NTGCs at the LHC is then presented. Finally, a summary of the expected limits on
anomalous couplings at the LHC with the ATLAS detector is given and compared with
what will be obtained elsewhere.

2 Theoretical Framework

2.1 ZZZ and ZZ~v Anomalous couplings

In the SM, at the parton level, the reaction pp — ZZ proceeds by the Feynman diagrams
of figure 1 (t-channel graph exchange). The total SM ZZ production cross-section (with
no cuts) is ~ 12pb. Anomalous couplings require the addition of the graphs shown in
figure 2, which contribute to the ZZ production via a photon or Z in the s-channel.

In a model independent description there exist four couplings: two of them (f7, fZ)
describing the ZZZ vertex and two (fy, fi) parametrizing the ZZv vertex. Assuming
only Lorentz and U(1l)., gauge invariance as well as Bose statistics, the most general
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Figure 1: The Feynman diagrams for the lowest order parton level contribution to the
process pp — ZZ in the SM.
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Figure 2: Diagram for the anomalous process q¢ — ZZ with ZZZ and ZZ~ couplings

ZZV vertex function [1, 5, 6] for on-shell Z’s and off-shell V(V = Z,~) is given by:
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In the SM, at tree level, f/ = f¥ = 0. The vertex functions vanish at § = M2 because
of gauge invariance for V = v, and Bose symmetry for V = Z. The couplings f! is CP
violating while fi is CP conserving but violates parity.

Anomalous couplings contribute only to amplitudes with (A1, A2) = (4,0) where A; and
Ay are the helicities of the final Z’s. The contribution of NTGCs to the amplitude is
proportional to * (with v = §/My), arising from the presence of dimension 6 operators
(7?) and the necessity of one longitudinal final state boson (A = 0) giving an additional
factor v [1]. One may remember [1] that in the charged TGC case, the TGC contribution
to the amplitude is proportional to v for Ax and 42 for A and Ag;.

The strong energy dependence via the 4® term provides a significant advantage at the
LHC, where the high energy reach will enhance the sensitivity to non standard contribu-
tions.

2.2 Unitarity Limits and Form Factors

Neutral gauge couplings in ZZ production arise in the J=1 partial wave amplitude only
(s-channel exchange of gauge-boson coupled to massless fermions ). As seen above, the
deviation from the SM prediction grows rapidly when § increases and may even reach
an unreasonable (unitarity-violating) size. In order to cure this behavior, form factors
decreasing with 3, relative to an arbitrary scale App, are introduced. The form factor



typically used is [7]:
v

f(3) = ﬁ (1=4,5), (2)
Arr

where App is related to the scale of the new physics producing the anomalous ZZV
couplings. The exponent, n must be greater than 3/2 in order to ensure unitarity of the
partial wave amplitudes [8, 9]. In the following, n = 3 will be assumed. Selecting an
exponent sufficiently above the minimum value of 3/2 ensures that the ZZ differential
cross section stays well below the unitarity limit at energies V& > App > My, where
novel phenomena such as resonance production are expected to dominate (and where this
parameterization is clearly not correct). In the rest of the note, f” denotes the bare
coupling f¥ as defined in equation 2.

2.3 Event Generation

Next-to-leading order (NLO) calculations have shown [10] that the lowest order (O(as))
QCD corrections increase logarithmically with the center-of-mass energy. This is due
to the opening of the qg — ZZq subprocess at O(a,) in conjunction with the increasing
gluon density as function of the center-of-mass energy. This is similar to the enhancement
of QCD corrections observed at large vector boson momenta in Wv, WZ and WHtW~-
production. In W~ and W Z production, the SM Born cross section is suppressed due to
the appearancee of an exact or approximate radiation zero [16], while there is no radiation
zero in the ZZ case.

Figure 3 shows the transverse momentum of the Z boson. NLO corrections are important
at high pr(Z) and alter the shape of the distribution which tends to be enhanced at high
pr(Z). Qualitatively, this is precisely what one expects from the non-standard ZZ~ and
Z 77 couplings and therefore the sensitivity to NTGCs will be decreased. Since the bulk
of the large corrections at high pr(Z) come from events which contain a hard jet in the
final state, a jet veto drastically reduces the size of the QCD corrections, and restores the
sensitivity to the anomalous couplings [11].

The NLO generator by Dixon, Kunszt, and Signer [12] (DKS) for ZZ production includes
contributions from the square of the Born graph, interferences between Born graphs and
virtual one-loop diagrams, and the square of the real emissions graphs. The calculations
take into account the full spin correlation in the vector boson production and decay
(including the virtual one-loop graphs) in the narrow-width approximation. However,
anomalous couplings are not taken into account. In the Monte Carlo program by Baur
and Rainwater [9], the calculation is carried out at tree level including decay correlation
and finite Z width effects but neglecting non-resonant Feynman diagrams. However, this
generator includes the option of non-standard NTGC.

Neither generator takes into account the contribution from gg — ZZ. The contribution
from gluon fusion enhances the cross section by about 15% at the LHC [13], and is not
taken into account in this note.

A comparison between the Baur/Rainwater and DKS leading order (LO)calculations was
performed at particle level generators was performed using CTEQ4M (NLO) structure
functions for the factorization scale Q> = My. The chosen SM input parameters were:



sin?fy = 0.23, My = 91.187GeV, apy(Myz) = 1/128, the strong coupling constant
as(Mz) = 0.116 and the leptonic branching ratio of the Z boson BR(Z — (™) = 3.36%.
This comparison covers the channel ZZ — ({(7(5(5((15 = e,u) with the following
kinematic cuts: the transverse momentum of all the leptons must exceed 15 GeV, and
the rapidity of all leptons must be less than 2.5. In the NLO case, a jet veto is applied:
events where the transverse momentum of the additional parton exceeds 30 GeV and the
pseudo-rapidity of the parton satisfies |n| < 3 are rejected.

The transverse momentum distribution of the Z boson at LO (for the two generators),
inclusive NLO and NLO with jet veto are shown in figure 3. The corresponding cross
sections are shown in table 1.

At LO the two calculations are in excellent agreement for the total cross section and good
agreement is seen for the shape of the distribution. The jet veto is effective in recovering
the qualitative shape of the Born distribution.

The Baur/Rainwater LO events generator is interfaced to PYTHIA 6.1 [14] for the
hadronization and the fragmentation of the partons and ATLFAST [16] for the fast detec-
tor simulation of the ATLAS experiment. Another comparison between the NLO result
with a jet veto and the LO plus the parton shower result using the same jet veto is shown
in figure 4. A reasonable agreement is found for the shape of the pr(Z) distribution.

Cross section | Dizon/Kunszt/Signer | Baur/Rainwater
TBorn 22.11b 22.01tb
TN LOinclusive 31.41b -
ONLOO—jet 27.61b -

Table 1: Cross section prediction for ZZ — ({71505 ({12 = e, 1) from the two generators
at LO, inclusive NLO and NLO with jet veto. A jet is defined for pr(jet) > 30GeV,
In(jet)| < 3. The statistical errors are 0.1 fb.

3 Analysis

3.1 Event Selection

The event generation and simulation are based on the Baur/Rainwater LO Monte carlo
interfaced to PYTHIA 6.1 and ATLFAST for the fast detector simulation of the ATLAS
experiment. For all the numerical results, CTEQ4L parton distributions are employed,
and the set of SM input parameters is chosen to be as in [9].

The 77 — ﬁ"’ﬁ_ﬁl"'ﬁl_(ﬁ, '=e, ) channel provides a clean signature. However, there are
large reductible backgr ounds from the non-resonant #t and the Zbb events which contain
a genuine Z in the final state. In addition, there is a background from ZZ production,
where one of the Z decays into 7—pair, with subsequent decays of the 7—leptons, and
the other Z decays into an electron or muon pair. The backgrounds events Zbb have
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been generated using the AcerMC [17] (matrix element implementation of gg — Zbb and
qq — Zbb process to PYTHIAG6.1).

The signal reconstruction proceeds by selecting four identified isolated leptons with
pr > 20 GeV. This cuts rejects most of the ¢t background and ZZ(77) events. Both pair
of leptons are required to have an invariant mass to be in the vicinity of the Z mass. This
cut reduces the contributions from #t and Zbb cascade decays to 0.8 % of the signal. The
47 — E"’ﬁ_ﬁl"'ﬁl_(ﬁ,ﬁl = e, ) is essentially background free. The expected number of
events after cuts (see table 2) for an integrated luminosity of 100 fb~! is 780. The lepton
efficiency was assumed to be 90% per lepton.

The advantage of the ZZ — (t{~vi({ = e, ) channel is its larger branching ratio. The
second Z boson gives a large missing energy to the event. The number of events after
cuts expected for an integrated luminosity of 100 fb=! is 5120, which is about a factor 6
larger than the number of charged lepton events. However, this channel suffers from large
background coming mainly from tf and Z + jets events.

Transverse Energy Lepton pr > 20 GeV
Pseudo-rapidity Lepton lm| < 2.5
Z mass constraint |mig—91.2] < 10 GeV
Missing Energy (for the (/vy case only) prss > 50 GeV
Jet Veto pr(jet) > 30GeV and |n(jet)| < 3

Table 2: Summary of the selection requirements

3.2 Background to 77 — /T vp

The signal in this channel is characterized by two high pr leptons from Z — (T(~ decay
and a large missing energy from Z — v decay. The production cross-section times
branching ratio is 0.26 pb.

The largest background arises from reducible Z + jets production, where large pr can
be created by neutrinos or by badly reconstructed jets due to cracks, dead material and
the limited calorimeter pseudo-rapidity coverage. In addition, the reducible backgrounds
from tt, Wt, bb, WTW~ /W Z and Z — 7+7~ have also to be considered.

The background events were generated using PYTHIA with the exception of single top
production Wt, which was generated with ONETOP package [19].

Table 3 summarizes the relative importance of the various backgrounds using the ratio:

0B o O pp—s Process—t+ £ pj

0s O pp—ZZ—b+ bph

There will be a large rate of soft hadronic interactions (minimum-bias events) from the
bulk of the proton-proton interactions. At high luminosity the pile-up of many soft
interactions adds a non negligible level of noise on top of the interesting events. This can
lead to fake jets and subsequent reduction of the signal due to the jet veto. However, it



Process | tt bb WHW- |\ WZ | Wt | Z =757 | Z + jets
Z—f 54 | 4 x 107 5.6 1.8 | 4.8 300 7000

Table 3: Ratio of background to signal cross section before any cuts.

has been shown in [23] that the effect of pile-up on jet veto when the threshold of the
pr(jet) > 30GeV and |n(jet)| < 3 is smaller than 5%.

o it, Wt(t — bW): the subsequent decay of a top quark into a W boson and a b

quark, followed by the W decay into {1, provide the same event signature as the
ZZ — {t{~ pr. Therefore, due to the very large top production cross section,
these two processes represent a significant background. Since the top quark decays
predominantly into the Wb final state, tf and W+t events are characterized by a large
hadronic activity resulting in one or several high-pr jets. This observation suggests
that the t# and Wt backgrounds may be suppressed by vetoing the high-pr jets.
Such a ”zero jet” requirement has been demonstrated to be very useful in reducing
the size of the NLO QCD corrections in pp — ZZ 4+ X production. The jet veto
reduces also significantly the tt and W+t backgrounds as seen in table 4.

Process Z7Z | 7+ jets tt Wz | Wt | WtW- | Z > rtr-
P >20GeV  |p| < 2.5 11550 | 36610° | 5.46610° | 760 | 58180 | 55640 1.910°
|mg —91.2 GeV| < 10 GeV | 11210 | 322.4105 | 75560 | 588 | 7580 | 7820 2810
Ppiss > 50 GeV 5530 | 1.68510°5 | 51680 | 260 | 4490 | 2300 120
Jet Veto
(pf,, > 30GeV and|nje| < 3) | 5120 | 41640 2200 | 180 | 790 1560 60
pr({T07) > 150 GeV 580 12 10 10 3 0.5 0

Table 4: Ezpected number of events for signal (ZZ — (T~ vv) and background after cuts
for an integrated luminosity of 100 fb~!.

bb: The number of bb events is very large at the LHC, but the requirement of well
isolated (from jets) leptons with high (greater than 20 GeV) transverse energy and
large missing momentum suppresses this background.

W*W=: The two Wj into leptons and neutrinos can have the same signature as the
signal, however the Z mass constraint reduces this background.

W Z: this background includes the case W (rv;)Z where the 7 lepton decays into an
electron or muon, and the case W(er)Z(ee), where the electron from the W decay
is lost and gives rise to significant missing energy. This background is small.

Z(rt77): this background arises from the cascade decay 7 — 777 —
(Tl yy v, in the WZ and Z(r777) final state. This background is small be-
cause the decay of the 7 lepton results in electrons or muons with significantly
reduced pr.

Z + jets: this background is significant even when a jet veto is introduced and
exceeds the signal for pr({T/7) < 80 GeV as shown in figure 7. However since the



pr((T¢7) distribution of the Z + jets, drops much faster than the distribution of
the ZZ signal, a requirement of pyp(Z) > 150 GeV reduces this background to an
acceptable level. This will not harm the sensitivity to anomalous coupling greatly
as the anomalies only manifest themselves at high pr(Z2).

Another source of background is the process ZZ — vt v — (T~ vvv. Al-
though such cascade decay events are not really background events, they are not included
in the Baur/Rainwater Monte carlo. It is expected to be further reduced by the pr cuts
on the final state leptons.

In table 4 the cuts applied to select ZZ — (T {~vv are listed along with their effect on the
signal and background. The rejection is enhanced by the jet veto. After all cuts about
580 events are expected for an integrated luminosity of 100 f6~*, for pr({T07) > 150 GeV
(the region where the sensitivity to NTGCs is important) with 6% of background. The
cuts lead to a tolerable background (figure 8) which is located away from the region of
interest of the NTGCs searches. 2
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Figure 5: Distribution of the transverse momentum of the lepton pair for the SM ZZ —

(T~ vo(l = e, ) signal, the backgrounds tt (left) and Wt (right) and the signal in presence
of NTGC f7 =0.007. The cut on pr({T{7) is not applied.

3.3 Systematic uncertainties

The uncertainties on the predictions on event rates mainly come from the size of the
generated samples, the parameterization of the cross section, the choice of the structure
function the detector response and the luminosity. This will be describe below.

To determine the cross section dependency as a function of any pair of couplings, large
samples of 500 000 events have been generated for different pairs of non zero NTGC values.
The error on this parameterization was estimated by calculating the cross section for a



WW Background WZ Background

=1t =1t
(8] £ (8] £
£10 ¢ 210 ¢
“10 ., f'=0.007 “10t . fs'=0.007
T Bl 5 ) el
ST o
©10 —L\H Tr‘_’\ 28 ©10 m-“‘" aE
L | L |
10 —L\—LL Z.signal 10 1.ZZ signal
10_ G(‘kJI’Ol—r:;LL—L‘ 10_ :;LL—L‘

0 200 400 600 800 100012001400160018002000 0 200 400 600 800 100012001400160018002000
P.(I"17) P.(I"17)

Figure 6: Distribution of the transverse momentum of the lepton pair for the SM ZZ —

(T 0-vo(l = e, u) signal, the backgrounds WW (left) and WZ (right) and the signal in

presence of NTGC f] = 0.007. The cut on pr({T(7) is not applied.

Z(1'T") Background Z + jet Background
NI =1
[ n [
o o
~N j’:‘:‘q N -
£10 £10 i
“101 . f7=0.007 “10° 5%% i, f57= 0.007
T au < 1 s
S L —\!Lj_r‘ S L ﬂ’L‘LT
'010 LLL L HL '010 ‘—LL L HL
L | L |
10 —L\—LL Z.signal 10 —L\—LL Z.signal
10 Gcker—:}L—H 10 GckJron—r‘:LL—i‘
\\\\\\\\\\\\\\\\\m\F\\\\\\\\\ \\\\\\\\\\\\\m\F\\\\\\\\\
0 200 400 600 800 100012001400160018002000 0 200 400 600 800 100012001400160018002000
P.(I"1) P(I"1)
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given pair of NTGCs and then comparing with the prediction from the parameterization.
The error on this parameterization is 1%.

Two choices of the structure functions and of the scale can also affect the cross section and
the pr(Z) distribution. The variation of the cross section for different structure functions
is shown in figure 9. An error of 6% is used for the structure functions uncertainty. The
uncertainty from the choice of scale is determined by varying the value of Q* (momentum
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transfer) from §/2 to 2§ the cross section was observed to change by 1%.

The electromagnetic energy scale for the detector and the energy resolution uncertainty
and the resolution uncertainties are evaluated by changing the transverse momentum
of the leptons by 5%o. A very small impact (less than 1%) on the sensitivity limit was
found. The uncertainty on the luminosity was taken to be 5% [21]. The different sources
of uncertainties are summarized in table 5. The uncertainty due to the errors on the
background is negligible (see 4.3).
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Figure 9: Variation of the ZZ cross section production for different choices of parton
density functions.
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Source of Error ‘ Relative uncertainty

Luminosity 5%
Structure function choice 6%
Structure function scale 1%
Parameterization of the cross section and statistics of MC 1%
‘ Total ‘ 8% ‘

Table 5: Summary of typical systematic uncertainties on the expected number of events

3.4 Experimental Signatures of Anomalous ZZV couplings

Experimental sensitivity to NTGCs comes from three different types of information: the
cross section, the energy dependence and the polarization.

3.4.1 Cross Section

It follows from the expression of the ZZV interaction vertex that the contributions from
anomalous couplings to the cross sections are quadratic in fY. The CP-conserving cou-
plings always lead to real amplitudes interfering with the SM contribution. On the con-
trary, the CP-violating couplings always lead to purely imaginary amplitudes that do
not interfere with the SM. Cross sections are therefore independent of the sign of f.
Couplings with different CP-parity do not interfere with each other, so there are no cross-
terms in the bilinear form which are proportional to the product of CP-conserving and
CP-violating couplings. The total cross section as a function of two couplings can be
expressed in the following bilinear form:

o(f7 1) = osm +aof! +ar(f) +bof) +0u(f) )+t f (3)

where ogps is the Standard Model cross section and a;,b; and ¢ are some coefficients.
Figure 10 shows the cross section of the process ZZ — ete "yt~ as a function of the
fZ couplings. The counting measurement can be used to set limits on the anomalous
couplings because of the pronounced rise of the total cross section for large non-zero
couplings.

3.4.2 Energy Dependence

The effects of NTGCs are enhanced at large energies. This is a direct consequence of
the high energy behavior of the NTGC contributions to the ZZ helicity amplitude which
grows like (v/3/My)?. A typical signal of NTGCs will thus be a broad increase in the ZZ
invariant mass distribution and the Z transverse momentum distribution. Figure 11 shows
the enhancement of the ZZ production cross section for large values of the Z transverse
momentum and the ZZ invariant mass in presence of NTGCs. Here and in all subsequent
figures, only one NTGC is allowed to be non-zero at a time. CP-violating couplings and
CP-conserving couplings have the same qualitative behavior at high transverse momenta

12
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Figure 11: Distribution of pp(Z) (left) and invariant mass of the two Zs (right) for an in-
tegrated luminosity 100 fb=. The distributions are shown for the Standard Model (shaded
histograms) and for fZ = 0.02 (dashed histogram) and fZ = 0.02 (solid histogram). A
form factor of App = 2T eV was used.

and high invariant masses. Thus it will be difficult to discriminate between the various
NTGCs in these distributions because the magnitude of the interference effects is small.
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3.4.3 Polarization

NTGCs lead to one transversely polarized and one longitudinally polarized Z boson. The
polar angle #* of the leptonic decay products with respect to the Z direction contains
information on the helicities of the vector bosons. Since the Z boson couplings to charged
lepton is almost purely axial, transversely polarized Z bosons produce an ~ (1 + cos® 6*)
distribution, while longitudinally polarized Z bosons yield a sin® #* distribution.

In the SM, the transverse polarization dominates the cross section as can be seen from
the shape of the 8 distribution shown in figure 12. This is to be expected since the ¢q
annihilation process produces Z-boson pairs that are primarily transversally polarized [6],
especially at large parton center-of-mass energy.

However, this effect is very small (see figure 13 for an integrated luminosity of 100 fb~')
and the information from the energy dependence gives almost the full contribution on the
limits.

Unlike the case of W~ /W Z, there is no radiation amplitude zero present in the ZZ
production [11]. Therefore the boson production © has a smaller sensitivity to NTGCs
than #* as seen in figure 12.
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Figure 12: Normalized distributions (with pr(Z) > 250 GeV, where the sensitivity to
anomalous couplings is enhanced) for ZZ — (Y1=0H'=(1,0' = e, ), of the decay angle
6% (left) and of the production angle © (right). Distributions are shown for the Standard
Model (shaded histograms) and for fZ = 0.02 (white histograms). There are 2 entries per
event

The correlation between the maximum and minimum decay angles of the Z bosons is
shown in figure 14 for the SM and in presence of NTGCs for pr(Z) > 250 GeV, where
the sensitivity to NTGCs is important (04 = Max(67,605) and - = Min(67,603)). In
the presence of anomalous couplings the central region becomes populated because of the
production of one longitudinally polarized Z and one transversely polarized Z. Although
the expected number of events at the LHC will allow binning in two dimensions, a general
multidimensional fit using all sensitive information will be difficult. For this reason, a
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Figure 13: Normalized distributions of the decay angle 8% (left) and the production angle
O ( for pr(Z) > 250) for an integrated luminosity 100 fb='. Distributions are shown for
the Standard Model (shaded histograms) and for NTGC f5 = 0.02 (white histograms).

variable R is constructed and defined as the ratio of the event probability in presence of

NTGCs to that of the SM, as function 8, and §_.

B PNTGC((9_|_, 9_)

B Pe,.0.)
R is constructed using Monte Carlo. According to the values of R, we define a variable
1cat as:
4 fR>12
et — 3 Hl0<R<12
2 f08<R<1.0
1 fR<08

The goal of this method is to project the information contained in the two dimensional
distributions in a one dimensional variable, icat, plotted in figure 15 for the SM and in
presence of NTGCs.

The angular correlation between the decay planes formed by the leptons defined by:
(¢7 — #3), where ¢, are the azimuthal angle decays in the rest-frame of the decaying
bosons, i1s shown in figure 15. The sensitivity to NTGCs from the azimuthal decay angles
1s weak.
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Figure 14: Two-dimensional distribution of cosfy as a function of cos0_ for Pp(Z) >
250 GeV in the SM (left plot) and in presence of NTGC fZ = 0.02
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Figure 15: Normalized distribution for icat (defined in the text) and ¢ — ¢5. Distributions
are shown for the Standard Model (full histograms) and for NTGC fZ = 0.02 (dashed

histograms).

4 Measurement of anomalous couplings

4.1 Impact of the Form Factor on the Sensitivity Limits

The magnitude of the effects of NTGCs depends on the scale and the power in the form
factor as introduced in section 2.2. Since f;% receive contributions only from operators
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with dimension > 6, the helicity amplitudes are proportional to (v4/My)?. Deviations
arising from non zero ff5 are most visible at high invariant masses and therefore the
effect of anomalous couplings is expected to grow with the form factor, App. The higher
the scale App 1s, the more enhanced the cross section in presence of NTGCs will be.
Similarly, a higher power than n = 3 (n = 4) leads to less additional events at invariant
masses above App as shown in figure 16.

The derived limits on anomalous couplings depends on the form factor App, as illustrated

fblf =
= 2TeV
= 4Te

(@]
(]

LHC 100 fb™" f,°=0.02
A= 2TeV in=3

Standard Model Standard Model

N |
, N
10 10}

10 10

do/dMy, (fb/GeV)
do/dMy, (fb/GeV)

10 L

500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Invariant Mass ZZ (GeV) Invariant Mass ZZ (GeV)
Figure 16: Reconstructed invariant mass for ZZ — E"’ﬁ_ﬁl"'ﬁl_(ﬁ,ﬁl = e, ) is plotted for

the Standard Model and various choices of the generalized dipole form factor parameteri-
zation App (left) and the power n (right) with the coupling fZ = 0.02

in figure 17, where the confidence limits for fZ couplings are presented as a function of
App, for a dipole form factor with n = 3. The limits are obtained using a maximum
likelihood fit to the pr(Z) distribution (see section 4.2.2). The unitarity limit given by

[9]:

|fis] <

0.089TeV? (3n)" ()
Ay (o1 D

0.11TeV3 (2n)"

v 3

|fisl < N, o= (5)

(%n—l

1s also shown in figure 17. Anomalous couplings larger than these limits violates unitary.
An example of the limits obtainable from a simultaneous determination of a pair of NTGCs
(fZ, f7) from a fit to the Pr(Z) distribution, is shown in figure 17. In this case the unitary
limit is presented by a circle. As shown in figure 17, limits depend strongly on the form
factor scale.

If no deviations from the Standard Model are seen, and in the absence of any direct

observation of new physics limits have to be set on the NTGCs. The question is then:
since the form factor is unknown, what is the appropriate choice of scale 7[22].
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Figure 17: Limits on fZ couplings at the 95% confidence level as a function of Arr for
n = 3 (left). The plot to the right shows 68% and 95% contour limits in the plane of
(fZ, fZ) for App = 6 TeV. The plots have been made from a binned mazimum likelihood
fit to the pr(Z) distribution of ZZ — (Y00~ ((,l' = e, ) at an integrated luminosity
of 100 fb=1

Ideally, the limits should be given as a function of the scale App. If the choice of App 1s
below the "INTRINSIC” scale of the data, the sensitivity relies on a too small assumption
and the effects of NTGCs at a high scale will be undererestimated. Moreover, the analysis
will depend on the choice of the scale since the sensitivity then lies in different regions of
phase-space. The choice of scale should reflect the potential of the machine, the detector
and the analysis.

At high App, there is asymptotic limit because of machine, energy and luminosity limita-
tions convoluted with analysis sensitivity. For the LHC, this occurs at about App = 6 TeV
with some variation for the type of coupling.

4.2 Limits on the anomalous couplings

In this section two methods to set limits on anomalous couplings will be presented :a
counting method and a likelihood fit to NTGC sensitive kinematical variables. In
deriving the sensitivity limits, only channels with electrons and muons in the final state
are considered.
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4.2.1 Limits from the total cross section measurement

As previously pointed out, the number of events (cross section) increases for couplings
different from the SM values, especially at high pr(Z) as shown in figure 11. Therefore,
the analysis can be more sensitive to NTGCs if an appropriate threshold on pr(Z) is set
in order to strongly suppress SM and background events. The merit of such a cut is to
enhance a region of phase-space with high sensitivity to NTGCs.

Limits on the anomalous couplings f}” from event counting above a certain pr(Z) thresh-
old can be derived by solving the equation:

Npredicted( ,'Vyf}//) = N(a) (6)

defining an ellipse in the (f, f]V/) plane, with N(«) the upper limit at a given confidence
level o on the number of observed events derived from Poisson probability.
e HuN

P=—

where 1 is the expected number of SM events given by the following relation:

p=btealf! f)L (7)

where b is the expected background, £ is the total integrated luminosity, € is the efficiency
deduced from Monte Carlo, and o is the cross section.

The systematic uncertainties due to background, efficiency and luminosity are taken into
account by convoluting the Poisson probability of events observed with Gaussian distribu-
tions for luminosity, efficiencies and background. The rms of these Gaussian probabilities
is taken from table 5.

The 95% confidence limits are summarized in table 6 for ZZ — ﬁ"’ﬁ_ﬁl"'ﬁl_(ﬁ, U =e, ) for
six different pr(Z) thresholds. In setting the confidence limits, the negative log likelihood
is used (In L = - log P). The 95% confidence limit is taken as AfnL = 1.92.

The limits from cross section measurement method are relatively easy to obtain. The
extra kinematical information from, for instance, the pr(Z) spectrum is ignored.

4.2.2 Limits from kinematical information

A more sophisticated method is to fit the shape of kinematical distributions which are
sensitive to NTGCs. This method usually provides tighter limits since it uses additional
information contained in these distributions, and is less sensitive to the overall normal-
ization factor.

The expected data set was simulated by Poisson-fluctuating the predicted number of
events in each bin of the Standard Model of the Z boson distribution after the fast detec-
tor simulation, in order to account for statistical fluctuations . The reference distributions
are obtained for different values of the couplings using that the cross section is a quadratic
function of the anomalous couplings (see equation 3). One may write the cross section
o(fZ, f7) as a function of the cross section calculated for six distinct combinations of fZ
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Pr(Z) | Ewzpected f3 fi 17 I

cut SM events

100 160 [-0.0043, 0.0045] | [-0.0030, 0.0030] | [-0.0033, 0.0036] | [-0.0026, 0.0026]
200 27 [-0.0028, 0.0025] | [-0.0024, 0.0024] | [-0.0022, 0.0024] | [-0.0019, 0.0019]
300 7 [-0.0025, 0.0022] | [-0.0021, 0.0021] | [-0.0021, 0.0021] | [-0.0017, 0.0017]
400 3 [-0.0021, 0.0019] | [-0.0018, 0.0018] | [-0.0019, 0.0018] | [-0.0016, 0.0016]
500 1 [-0.0018, 0.0019] | [-0.0017, 0.0017] | [-0.0018, 0.0016] | [-0.0015, 0.0015]
600 0 [-0.0017, 0.0019] | [-0.0016, 0.0016] | [-0.0017, 0.0016] | [-0.0014, 0.0014]

Table 6: Limits on NTGCs at 95% confidence level as a function of Pr(Z) cut using the

counting method.

and f; value as follows:

7 Y sl Yo
A7) = (1 <%>2—<f%>2+]@—fz>a<o,o>—<2fg —§<f P)o(—F2.0
f? f7 fo7 ff fZ
71 7 7'
+<J;Z+ <fg> %@gm 5>+j§%f;o< 5)

(8)

In the program fZ = 3. and f;; = 3 were set.
The likelihood function is calculated as in the case of the counting method. For each pr
bin a Poisson likelihood is given as:

—(bite0;: L) b, Leo ™
p== (bi + Leai)™ (9)

where n; is the number of observed events in the i** bin and o; is given by the equation
8. Therefore, the probability of observing the given distribution assuming uncorrelated
bins is given by the following relation:

Ny
P = H-Pl7
=1

where N, is the number of bins in the histogram. The negative log likelihood is given by:
Ny
L=—InP= —Z(niln (b,—I—@O‘,,C) — (b,—I—@O‘,,C)) (10)

=1

where coupling independent terms have been omitted.
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In order to determine the sensitivity to NTGCs, the pr(Z) spectrum is used for the
77 — (*{~vv channel. For the ZZ — (t(~(*{'~ channel, the pr(Z) distribution,
and three other sets of variables, (MYY,0), (pr(Z),8*) and (pr(Z),icat), where O is
the production angle, 6 is the decay angle and icat is an integer variable describing
polarization, are used. These sets of observables consist of one variable sensitive to the
energy behavior and one sensitive to angular information.

4.3 Results

The expected limits at 95% confidence level on the NTGCs obtained from fits to binned
distributions of various observables are listed in table 7 and 8, for an integrated luminosity
of 100 fb=! and with the form factor, App = 6 TeV. Only one NTGC is allowed to vary
each time while the other couplings are set to their standard model values. The limits
are obtained averaging over a large number (~ 10000) of LHC "experiments” (simulated
data samples). Figure 18 shows an example for one LHC “experiment”.

[couplings | pr(Z) | (MJz,0) | (pr(2).67) | (pr(2),icat) |
| Z | [0.0014, 0.0012] | [-0.0010, 0.0015] | [-0.0011, 0.0015] | [-0.0012, 0.0015] |
| 7 | [0.0012, 0.0012] | [10.0011, 0.0012] | [-0.0011, 0.0012] | [-0.0012, 0.0011] |
|
|

fa | [F0.0016, 0.0014] | [-0.0014, 0.0015] | [-0.0013, 0.0015] | [-0.0012, 0.0017] |
fi | [F0.0014, 0.0014] | [-0.0012, 0.0016] | [-0.0015, 0.0015] | [-0.0013, 0.0014] |

Table 7: 95% confidence level intevals (A(In L) = 1.92) in the ZZ — (Y =¢+1~ (1,1 =
e, ) case from one dimensional fits (one coupling varied) assuming an integrated lumi-
nosity of 100 fo=! and averaging over 10000 LHC experiments.

‘ couplings ‘ L =10 fbo7! ‘ £ = 100 fb ! ‘
| Z ] [0.0013, 0.0012] | [-0.00066, 0.00063] |
| 7 [ [F0.0014, 0.0014]] [-0.00064, 0.00064] |
|
|

72 | [-0.0015, 0.0017]] [-0.00075, 0.00077] |
fi | [-0.0015, 0.0015]] [-0.00075, 0.00075] |

Table 8: 95% confidence level intervals (A(InL) = 1.92) in the ZZ — (T vv ({ = e, )
case, from one dimensional fits (one couplings varied) to the pr(Z) spectrum, assuming an
integrated luminosity of 10 fb=1 and 100 fo=! and averaging over 10000 LHC experiments.

The most stringent bounds are obtained from the ZZ — (T{~vi(l = e,u) channel,
where the statistical sensitivity is of the order O (0.0007) for f5Y4(v = Z,7). The
27 — (Tt~ (Il = e,u) channel yields a sensitivity which is a factor 2 weaker. For
comparison the sensitivities achievable for the ZZ — llvv({ = e, 1) channel for an inte-
grated luminosity of 10 fb~!, corresponding to 1 year at low luminosity are listed in table

8 and are of the order O (0.001).
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Combining the limits from the two different channels will result in a small improvement
of the bounds as listed in table 9.

The sensitivity to NTGCs lies mainly in high-end energy spectrum with a very small
contribution from the angular information.

The difference in sensitivity between ng and fi, couplings is due to differences in the
differential cross section at high energies between ZZZ and ZZ~ contributions which
depend on theZ ff and v ff couplings and the parton distribution functions.
Multi-parameter fits show a large correlation (50%) between fZ and fi and between f7
and f;. The fY and f; couplings do not interfere, as expected from the CP-odd na-
ture of f and CP-even nature of ). This is illustrated in figure 19 which shows a 68%
(A(InL) = 1.15) and 95% (A(In £) = 3.0) confidence level regions (using a fit of the pr(Z)
spectrum) for the ZZ — ('~ (t(~({,{' = e, ;1) channel for an integrated luminosity of
100 fo'.

‘ couplings ‘ pr(Z) £ =100 fo! ‘
/7 | [0.00063, 0.00062] |
77 | [0.00062. 0.000062] |
|
|

2] [0.00073, 0.0007] ]
fi ] [0.00073, 0.00073] |

Table 9: 95% confidence level limits (A(ln L) = 1.92) combined intervals from the two
channels ZZ — (Y1~vo ({ = e p) and ZZ — (0000~ (0,0 = e, p), assuming an
integrated luminosity of 100 fb=! and averaging over 10000 LHC experiments.

The systematics uncertainties are evaluated by changing the model assumption in the
"simulated data sample” while leaving the reference (Monte Carlo model used in the fit)
unchanged. The shifts in the central NTGC value determined in 10000 LHC experiments
is taken as the systematic error in each case and the effect on the limit is obtainaed by
convoluting the Poisson probabilities used in the likelihood with Gaussian with a rms
obtained by this shift. The effect is negligible. However, one can note that the net effect
of this change (without convolution) is typically 10%.

For the ZZ — (lvv channel the background for pr(Z) > 150 GeV is less than 10% of
the signal with an error of about 30% giving a small (less than 3%) uncertainty, with a
negligible effect on the limits.

In summary, the best limits on the NTGCs are obtained when kinematical information,
such as the pr(Z) distribution, is included. Adding angular information gives only a
marginal improvement as the dominant sensitivity arises from the energy dependence. In
addition, limits from the counting method depends on the optimization of the selected
phase-space regions, as illustrated for pr(Z) in figures 16, 20 and 21, where most of the
sensitivity to the anomalous couplings is contained in a few high pr(Z) events.
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4.4 Measuring Form Factors

In the event that significant non-zero NTGCs are observed, the structure and the scale of
the form factor must be determined in order to have meaningful results. In reference [5],
it was pointed out that one can in principle determine the form factor by measuring the
V/§ distribution of the NTGC measured. A detailed study of the method was performed
for W(— ev, uv)y study at the LHC in [4].

It is indeed possible to measure the energy dependence of anomalous couplings by grouping
the data into bins of invariant mass and extracting constant anomalous couplings in each
bin. Subsequent the form factor parametrization can be determined from a fit to the
NTGC dependency with energy. The method is illustrated in figure 22 for the case of the
Z 7 — 4leptons, after detector simulation and applying selection cuts.

For the example shown in figure 22, the dataset was produced with an anomalous couplings
fZ = 0.06 described by an n = 3 dipole form factor and Arpr = 2TeV. A sample of
events, corresponding to three years of high luminosity ( 300 f6=') is binned according
to the reconstructed invariant mass. A measurement of NTGCs is performed within each
domain using a binned maximum likelihood fit to the pp(Z) distribution. The results
of the likelihood fits are plotted as a function of the invariant mass and a fit using the
form factor of equation (2) is performed. The bare coupling and the form factor scale are
reconstructed to be fZ = 0.061 £ 0.003 and A = 2.07 & 0.05, i.e. they can be measured
with a relative precision of about a percent. The central values of the reconstructed
parameters are compatible with the input parameters.

As the ZZ — (00 can be fully reconstructed, the possible precision in the form factor
determination is expected to be better than that from ZZ — vy, WZ and W+~ final
states, which relies on a precise pyp(miss) determination.

If non-zero anomalous couplings are observed, the method provides indirect information
about the dynamics of the underlying new physics.
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5 Conclusion

For an integrated luminosity of 100 f6~!, neutral triple gauge boson bare couplings can
be measured at the LHC with an accuracy of down to 7.107* assuming a form factor scale
of App = 6TeV. This sensitivity limit can be compared with the bounds from recent

measurements at LEP2 [2]:
—0.31 < fZ <0.29 —0.17 < £ < 0.19

—0.19 < fZ < 0.20 —0.36 < f2 < 0.40
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Figure 19: Two-dimensional sensitivity limits for pairs of NTGCs in ZZ — (Y~ (T~ (1 =
e, i) for an integrated luminosity of 100 fb='. The 68% and 95% confidence level contours
are shown for all combinations of couplings. A form factor scale of App = 6T€V has
been assumed. In each graph, only those couplings which are plotted against each other
are assumed to be different from their zero SM values.
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Figure 20: Distribution of the differential cross section of the ZZ — (T~ {TI=(l = e, u)
as a function of pr(Z) in the case of the SM (lower line) and for fj = 0.02. App =6TeV

(The LEP2 limits do not contain any form factor effect). In Run II at the TeVatron,
CDF and DO will improve these bounds by at least a factor 4 [23].

The LHC will be able to improve these bounds by a factor 1000 approximately and
become almost sensitive to radiative corrections in the SM and to contributions from
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Figure 22: The fZ form factor is extracted in restricted invariant mass domains for
300 fb=! of LHC data, assuming nature provides an anomalous fZ = 0.06 described by
n = 3 dipole form factor with App = 2TeV. A fit to a n = 3 dipole form factor is
performed to reconstruct the bare coupling and form factor scale.

supersymetric models.
One may also note that at the LC [5], the 68% confidence level limits for f, fZ, f3, fZ
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are about 2 x 1072, 4 x 107*, 3 x 1073, 7 x 10™%, respectively similar or worse than the
LHC sensitivity limits.

The study presented in this note was done in leading order, since a jet veto removes
NLO effects. The limits obtained for all four of the NTGCs are similar, because all
four operators have the same dimensionality, unlike the WV case. Although the LHC
luminosity will allow binning in several dimensions, the use of multi-dimensional log-
likelihood determination does not significantly improve the results obtained using a one-
dimensional pr(Z) distribution.
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