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Abstract

This note presents a study of the anomalous couplings, h}’, hY, hY and h} (V=Z,y), of the Zyy
and ZZ~ vertices. An independent NLL Monte Carlo event generator has been combined with the
CMSIJET detector simulation to provide a realistic simulation of the process at CMS. The methods
to determine the presence of anomalous couplings have been evaluated. We show that the photon
transverse momentum spectrum and the transverse mass of the (¢/-y) are the most sensitive to Standard
Model deviations and can be used to provide improved sensitivities of the anomalous couplings at the
LHC energies.



1 Introduction

The previous studies of the W+ vertex [1] [2] anomalous couplings at the LHC show that CMS will be able to ob-
tain greatly improved sensitivities of the anomalous couplings in this vertex. This note presents a similar study for
the ZZry and Zry~y vertices. The signal from the Z signal has been studied for both SM and anomalous couplings
and methods to obtain limits on the couplings are discussed.

2 Anomalous Couplings Of Gauge Bosons

A direct measurement of vector boson couplings is possible via pair production processes like qG — WHW—, W+,
Z~y, WZ and by trilinear boson production such as WWW, WW~, ZZ~ and Z~~y. A precise and direct measurement
of the trilinear and quartic couplings of the electroweak vector bosons and the demonstration that they agree with
the SM would beautifully corroborate spontaneously broken, non-Abelian gauge theories as the basic structure
describing the fundamental interactions of nature [3].

The trilinear and quartic couplings probe different aspects of the weak interactions. The trilinear couplings test
non-Abelian gauge structure where deviations from the SM can result from integrating out heavy particles in loops
[4]. In contrast the quartic couplings can be regarded as a window for electroweak symmetry breaking. The quartic
couplings represent a connection to the scalar sector of the theory.

However, a measure of the vertices may also be used to probe for new physics. It is possible in principle that
signals for new physics beyond the SM will appear in this sector through anomalous trilinear (or quartic) gauge
boson vertices. It is possible that the quartic couplings deviate from their SM values while the trilinear couplings
do not. Gauge boson pair production in hadronic collisions provides an opportunity to probe the structure of triple
gauge boson vertices in a direct and essentially model independent way. The triple gauge boson coupling is fixed
by the SU(2) symmetry of the SM.

In the SM, the three boson vertices come from the non-commutative part of the SU(2)@U(1) gauge symmetry. The
gauge boson portion of the Lagrangian in the SM is given by Eqn. 1 [5]:
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where By, = 0,B, — 8,B,,,GJ,, = 0,Wi —9,W} + g fjle[fWi, B is the electromagnetic field tensor, W is
the weak field tensor g is the coupling constant and f;; are the structure constants of the weak isospin group.

Hadron colliders are able to produce gauge boson pairs in both charged and neutral final states, but only the
WHW~, Wt~, Z~ and W*Z channels give a triple gauge boson vertex contribution. Studying the W W~ chan-
nel is very difficult. If the W’s decay hadronically the large QCD background is two orders of magnitude higher
in cross-section[6] [7], if the W’s decay leptonically the tty background increases the difficulty of observing the
signal [8]. It is also sensitive to both the WW~ and WWZ couplings via the s-channel [9]. In contrast, the Wiv
and W*Z channels are particularly interesting since their backgrounds can be suppressed and they are easy to
isolate compared with the W+ W~ pair production [3] [9]. The sensitivities of CMS to the WW+ vertex at LHC
energies has been studied [1] [10] [11]. This study investigates the possibility of observing anomalous couplings
of the ZZry vertex and the Z~~ vertex at the LHC using the CMS detector.

If anomalous couplings exist, they must be parameterised so that experimentalists can study them. In the absence
of a specific model of new physics, effective Lagrangian techniques are extremely useful. An effective Lagrangian
[12] parameterises, in a model independent way, the low energy effects of the new physics to be found at high en-
ergies. It is necessary only to specify the particle content and the symmetries of the low-energy theory. Although
effective Lagrangians contain an infinite number of terms, they are organised in powers of 1/A where A is the scale
of new physics [13] [14]. Thus at energies which are low compared to A only the first few terms of the effective
Lagrangian are important.



2.1 The ZV~ Vertex

In q@ — Z, both the time-like virtual photon and/or Z boson couple to essentially massless fermions, which en-
sures that effectively 0,,V#=0, V=Z,v. This condition, together with Lorentz invariance of the on-shell photon and
electromagnetic gauge invariance restricts the tensor structure of the ZV+y vertex to allow only four free parameters.
Eqn. 2 shows the most general nonstandard ZZ~y vertex function [15]:

Figure 1: Feynman rule for the general ZV, V=Z,y vertex. The vertex function I' is given in Eqn. 2. e is the
charge of the proton
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where m z is the Z-boson mass and the notation is given in Fig. 1.

The form factors h)” are dimensionless functions of q7, g3 and P2. All couplings are C odd; h} and hY violate CP
while hY" and h} conserve CP. Combinations of h¥ (h]") and h} (hY') correspond to the electric (magnetic) dipole
and magnetic (electric) quadrupole transition moment. Within the standard model, at tree level, all couplings h}’
vanish.

To avoid violating unitarity form factors are introduced to limit the scattering amplitude at high energies. The form
factors are chosen such that [16]:
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Both the unitarity limits and the strength of the couplings depend strongly on the scale parameter A. Together
with the denominator power n, A is a parameter of the model. As long as the choice of n is fixed, the scale A is
the only free parameter. The exponent n=3 (n=4) is chosen for h} (h}’) in order to suppress ZV~ production at
energies /5 >> A >> My [17], where novel phenomena such as resonance or multiple weak boson production
are expected to be important. The actual scale of A is not predicted by the theory. The physical meaning of
this parameter is a “compositness scale”, or a scale for new physical phenomena. If A is too small (~ My),
one would expect the real W and Z bosons to have properties different from what the SM predicts, but there has
been no evidence of this experimentally. Very large values of A (~10 TeV) would suppress any effects of the
anomalous couplings due to the unitarity limits up to high energies, which is unnatural. The value of A must be
carefully chosen prior to setting the limits on anomalous couplings. This study investigates one value of A chosen
to coincide with the scales currently used at the Tevatron and LEP: A = 750 GeV. Unitarity itself imposes limits on
the anomalous ZV~ couplings of [16]:
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When these bounds are observed, tree level unitarity is satisfied throughout the entire § range, provided one anoma-

lous coupling is non-vanishing at a time. If more than one coupling contributes, the unitarity bounds differ slightly
[16] [17].

The contribution of the ZV+ diagram to the helicity amplitudes can be written as [16] [17]:
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where o, and Az, A, denote the helicities of the particles involved and gggf Tis the V ff SM coupling constant.
The dependence on the centre of mass scattering angle © is given by the conventional d functions [18].

2.2 Previous Studies of ZV~ Interactions

So far there have been several experimental studies of the ZV~y vertex. The vertex has been tested both indirectly,
in low energy experiments, and directly at CERN(LEP) and at FERMILAB(CDF and D0). Some of the more
recent results are presented here.

2.2.1 Low energy, indirect tests

Low energy experiments are sensitive to the anomalous couplings via loop corrections that arise in penguin type
diagrams. However, unlike direct tests, these results are sensitive to the regularization schemes and loop cut off
parameters used in the calculations. This sensitivity makes the results model dependent and some what controver-
sial. A further difficulty is that the limits on anomalous couplings obtained from indirect tests have the shape of
bands that stretch to infinity when both couplings are allowed to vary!). However, if one parameter is fixed, the
limits on the second parameter can be very tight.

222 et e~ -WTW~ at LEP

During its second phase of operation, from 1996 until November 2000, the LEP e e~ collider at CERN increased
its centre-of-mass energy from 161 GeV up to 209 GeV in the final year. A total integrated luminosity of ap-
proximately 700 pb~—! per experiment was recorded. The channels used in the analysis are ete™ — qgy(7) and
eTe™ — viry(7y). The LEP [19] average 95% confidence level limits are shown in Table. 1.

2.2.3 qQq—Z~ at the Tevatron

Both CDF and DO have observed Z~ events in the electron, muon and neutrino decay modes of Z bosons produced
at \/s = 1.8 TeV. The best results are from the DO experiment where 89 fb~! of data were collected. The combined
results for all channels with a form factor scale of A = 750 GeV are[20]:

Ih7 |<0.36 (| | =0); [hf < 0.05 (| | =0)

|hj |<0.37 (|hj |=0); |h} |<0.05 (|h3 |=0)

U Direct tests from Z7ry and Z~y production produce closed contour limits because the total production cross section for any

pair of couplings is bilinear



Table 1: Combined limits from the LEP experiments

95 % CL Limits
CP-violating CP-conserving
-0.15<h{<0.14 | -0.22 <h§'< 0.07
-0.10<hZ<0.10 | -0.05<hZ<0.15
-0.09 <h]< 0.05 | -0.07 <h]< -0.002
-0.05 <hg< 0.05 | 0.002 <h;< 0.05

2.2.4 Predicted Results From Forthcoming Experiments

Before the LHC turns on the Tevatron will have had several years more data taking following its upgrade. Initial
studies suggest the Tevatron will be able to decrease the limits by nearly two orders of magnitude [21]. Table 2
shows the predicted limits on the anomalous couplings for ZZ~ production from 1 and 10 fb~! of data at the
Tevatron’s next run.

Table 2: Predicted limits from run 2 at the Tevatron

Luminosity h? h?
b1t -0.18 <h5'< 0.18 | -0.0115 <h7<0.0115
10 fb—! -0.09 <h§< 0.09 | -0.005 <hf< 0.005

The qualitative differences between the results at the Tevatron and the LHC will be due to the differences between
pp and pp scattering and the ranges of x probed. At the Tevatron, Z~ production in pp collisions is dominated
by valence quark interactions. The valence quark distributions increase with Q2 for the x values probed at the
Tevatron. At the LHC, sea quark interactions dominate in the pp process and smaller x values are probed. The sea
quark distributions increase with Q? for the x values probed at the LHC. Thus the Born cross section decreases
slightly with Q? at the Tevatron but increases with Q2 at the LHC.

3 Simulation of the process pp — Z + jet

In order to set limits in the ZV+~ anomalous couplings at CMS we must be able to simulate the process and the
response of the detector. The event generator should take into account the interference effects between production,
trilinear and decay diagrams and be capable of calculating total and differential cross sections of the reaction for
both SM and anomalous cases. The overall Monte Carlo must also simulate the response of the various parts of the
CMS detector, taking into account particle identification efficiencies, trigger efficiencies, etc. In addition, it must
be capable of coping quickly with a large number of events. This is essential as the effects of anomalous couplings
are only pronounced at high pr(), where the SM cross section is very small. A large number of generated events
in the high photon transverse momentum region are required in order to make a precise fit to the pr(y) spectrum.
These must be generated for the SM and a range of values of the anomalous couplings.

3.1 Z~ Event Generator

Currently there are two event generators which incorporate the Z~v matrix elements. The first, PYTHIA, [22] is
only capable of generating SM Z~ events. It does not include higher order QCD corrections which are important
at the LHC. Therefore it is not useful in this case and has not been investigated. The second generator, of U.
Baur [17] (referred to here as BAUR), includes the full set of next-to-leading logarithmic (NLL) matrix elements
necessary to calculate the process and also calculates the contributions of all the couplings. The BAUR generator
also includes the NLL QCD corrections which will be very large at the LHC [23].

In this study only the next-to-leading logarithmic (NLL) generator has been studied. Previous studies have com-
pared the leading order to the next-to-leading order [24] and as the NLL QCD corrections will be so important at



the LHC the LO has not been investigated here.

The input parameters for the generator were M; = 175 GeV, Mz = 91.1 GeV, sin?0y = 0.23 and /5 = 14 TeV.
The values of the theoretical soft and collinear cutoff parameters d, and J. used were ds = 0.08 and 6. = 0.05.
Appendix I explains the choice of values for these parameters. The parton distribution functions used were the
updated leading order Duke-Owens set 1 (DO1.1) [25] with the Q2 scale given by the centre-of-mass squared, 3.
While this is an appropriate parton distribution function to use it would be interesting in future studies to examine
the use of different functions.

The generator gave only the energy and x and z components of the particles’ four-momenta. Therefore the whole
event was rotated about the z axis by a randomly generated angle between 0 and 27 radians, to provide a y mo-
mentum component. The output from the event generator consists of the 4-momenta of the lepton and neutrino
from the Z decay, the photon and the quark (for the 4-body process).

3.2 Generator and Detector Simulation

The output of the BAUR generator (4-momenta of the final state particles) was used as an input for an adapted
version of CMSJET (see Appendix) to provide an event generator and detector simulation for the Z~ process at
the CMS detector. The 4-momenta of the photon and leptons can be put straight into CMSJET. However, as the
jet is so far only a quark, this must first be put into Pythia, assigned a flavour and fragmented. The quark type is
randomly assigned as u, i, d or d. No colour matching was used in this simulation. Following fragmentation of the
quark the 4-vectors of all the jet constituents are put into CMSJET. The lepton and neutrino type can be determined
by the user within CMSJET.

The BAUR generator outputs the four vectors of the Zy events into an Ntuple. This Ntuple is then the input for the
adapted version of CMSJET 4.3 which then passes each event through the detector and any events passing the user
defined cuts are put into a second Ntuple which is then analysed.

4 The Z~ Signal

The Z boson is a massive particle and thus decays quickly to lighter particles. The Z boson can decay into a pair
of leptons or into hadrons. The hadronic decay mode of the Z boson will be overwhelmed by the large QCD
background at the LHC [26]. The only mode where a significant signal will be seen is the leptonic mode. One of
the leptonic decay modes, Z— 77, is experimentally very challenging; thus only the electron and muon channels
are considered. The branching fractions for these two decay modes as measured by the LEP experiments at CERN
are [27]:

B =Br(Z — €&) = 3.367 & 0.005 %

B = Br(Z — pji) = 3.367 & 0.008 %

The leading order Feynman diagrams involving Z production that produce a final state of ¢/~ are shown in Fig. 2a-
d. The first two diagrams (a and b) represent the initial state radiation where one of the incoming partons emits a
hard photon by bremsstrahlung. Diagram (c) is the trilinear coupling (ZV~y vertex) and is the only diagram that
is affected by the anomalous couplings. Diagram (d) is the final state bremsstrahlung production.

There is also the Z decay into a pair of neutrinos, where the experimental signal is

pp — PT(miss)Y

where the missing transverse momentum pr(,,;s5) results from the non-observation of the neutrino pair.
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Figure 2: Leading order Feynman diagrams for the qq — Z+ in the SM (a,b), anomalous couplings (c) and final-
state radiation (d)
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Figure 3: Cross section as a function of rapidity for SM values of h}" (=0)



g 50 I g 40 F
= ZZy o [
2 g 85 F zn
o [ o L
£ 40 A=750 GeV = [
g I 8 g0l A=750 GeV
» » [
1] 1% b
Q Q t
C 30 S 257
20 |
20 I 15 |
[ 10 |
10 [
5F
0 1 0f 1 1
-0.4 -0.2 0 0.2 0.4 -0.4 -0.2 0 0.2 0.4
Anomalous coupling Anomalous coupling

Figure 4: Cross section x branching ratio as a function of the CP-violating anomalous couplings h}" and hY’ for
(left) ZZ~ and (right) Z~~ production.
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Figure 5: Cross section x branching ratio as a function of the CP-conserving anomalous couplings h} and h} for
(left) ZZ~ and (right) Z~~ production.



The Monte Carlo generator for the SM and anomalous coupling processes that are shown in Fig. 2 were provided
by the theoretical calculations of U. Baur [17]. The generator takes into account the finite Z-width effects and
interference effects and next to leading order (NLO) effects. All the calculations are done for the LHC energy (/s
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Figure 6: do/dpr(v) spectrum for the SM (h}'=0) and anomalous CP-violating coupling limits (h}'=0.5 and
hY'=0.05) at A = 750 GeV for (left) the ZZry vertex and (right) the Zy~ vertex
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Figure 7: do/dp7(y) spectrum for the SM (h)'=0) and anomalous CP-conserving coupling limits (h}'=0.5 and
h}=0.05) at A = 750 GeV for (left) the ZZry vertex and (right) the Z~y~ vertex

The cross section varies as a function of rapidity. Fig. 3 shows the cross section x branching ratio as a function of
rapidity for the SM values of the couplings h} (=0). This study makes cuts of the pz of the individual particles:
pr(y) > 70 GeV, pr(¢*) > 15 GeV and pr(jet) > 10 GeV. Cuts are also made on AR, > 0.7 and on the invariant
mass of the charged lepton pair, My > 10 GeV. Without finite Myy, p7(7), pT(éi) cuts, the cross section for pp —

210~ would diverge.



Any anomalies in the ZZ~ and Z~~y couplings will manifest themselves as an excess of events over the SM pre-
diction, due to the contribution of the s-channel diagram. Fig. 4 shows the cross section x branching ratio for
pp—Z({T,07)y as a function of the two CP-violating coupling parameters, h}" and hY. Fig. 5 shows the cross
section x branching ratio for pp—Z(¢*,¢~ )y as a function of the two CP-conserving coupling parameters, h} and
hY. Away from the SM values of h}" = 0 an excess of events is observed. The cross section has a minimum at the
SM values and can be expressed as a bilinear form of the anomalous couplings. By comparing the measured total
cross-section to the theoretical predictions, limits can be set on the anomalous couplings.

There is a variation in cross section between ZZ~ and Z~-y production with anomalous coupling. The ZZ~ produc-
tion provides approximately a factor 2 more cross section for all the couplings than the Z~~ production. It is also
clear from Figs. 4 and 5 that the anomalous couplings h" and h}" produce a much greater increase in cross section
than the couplings h} and hY .

The ZZ~ vertex yields enhancements in the Zv cross section, especially at large values of the photon transverse
momentum (pr(7)). If non-standard couplings exist, the cross section for high p7 photons increases drastically.
The pr(7y) distribution is the most sensitive indicator of anomalous couplings since it is a directly observable quan-
tity. The change in shape of the pr distribution is due to a combination of the destructive interference in the Z~
Born subprocess and a logarithmic enhancement factor in the qg and qg real emission subprocesses.

Fig. 6 shows the do/dpr(v) spectrum for different CP-violating anomalous coupling constants: the SM (h} =0),
the tightest current limit on h} (=0.5 with hY'=0), and the tightest current limit on hY (=0.05 with h}=0). Fig. 7
shows the do/dpr(v) spectrum for different CP-conserving anomalous coupling constants: the SM (h} =0), the
tightest current limit on hY (=0.5 with h}f =0), and the tightest current limit on h} (=0.05 with h}'=0). A form factor
scale of A=750 GeV was used. The variation in the distribution due to the anomalous couplings is clearly visible.
The cuts used in Figs. 6 and 7 were n<£2.5 and p7()>100 GeV. Cuts are also made on ARy, > 0.7 and on the
invariant mass of the charged lepton pair, My, > 10 GeV.

It is clear from Figs. 6 and 7 that the anomalous couplings h}" can produce an increase in cross section for the
pr(7y) approximately an order of magnitude larger than the SM, if taken at their current limits. The response is the
same for both ZZ~ and Z~~ production. The couplings h} and h}" fall off slightly faster than h}" and h}. The
tightest limits will be set by a careful study of this distribution.

In the q§ — Z~ subprocess the effects of anomalous ZZ~ and Z~~y couplings are enhanced at large energies. If the
Z boson decays into a pair of charged leptons, a typical signal for anomalous couplings will be a broad increase
in the Z-photon invariant mass spectrum at large values of M Zw=\/§’ possibly cutting off above M z,=A, the form
factor scale [28]. Because of the finite detector resolution effects, the Z-boson resonance is broadened, and the
peak cross-section is significantly reduced.

Fig. 8 shows the do/dMr(£¢) spectrum for different CP-violating anomalous coupling constants: the SM (h} =0),
the tightest current limit on h} (=0.5 with hY'=0), and the tightest current limit on hY (=0.05 with h}=0). Fig. 9
shows the do/dM(¢4~) spectrum for different CP-conserving anomalous coupling constants: the SM (h} =0), the
tightest current limit on hY (=0.5 with h} =0), and the tightest current limit on h} (=0.05 with h} =0). A form factor
scale of A=750 GeV was used. The variation in the distribution due to the anomalous couplings is clearly visible.
The cuts used in Figs. 8 and 9 were n<£2.5 and pr(7)>100 GeV, pr(£)>10 GeV, ARy > 0.7 and M, > 10 GeV.

It is clear from Figs. 8 and 9 that the anomalous couplings h!” produce an increase in cross section for the M (£4+)
approximately an order of magnitude larger than the SM. The response is the same for both ZZ~ and Z~~y produc-
tion. The couplings h!" and hY fall off slightly faster than hy and h} .

For the purpose of this study only the p(y) and M (£4) spectra have been investigated. Both distributions clearly
show the presence of anomalous couplings when compared to the expected SM distributions. They will therefore
be useful tools in the study of anomalous couplings at the LHC.
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10



The Z~ events in a pp collider are produced by a collision of a valence quark and a sea anti-quark, with the produc-
tion of an off-shell Z. This radiates a photon to become on-shell. Fig. 10 (a) shows a schematic of the production
in the lab. frame and (b) shows a schematic of the production in the centre of mass frame of the Z.
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Figure 10: Schematic of the signal production in the lab. frame and (b) in the centre of mass frame

On average the quarks in a proton have a harder momentum distribution than the anti-quarks, which originate from
the sea. As a result the Z* is likely to be produced in the direction of the quark rather than the anti-quark and the
energy of the Z* will be much greater then its momentum.

If the fundamental process is as shown in fig. 10 (a), then the events may divide into two classes, Z*— and «Z*. In
both cases pr () = pr(Z). The helicity of the leptons tends to follow that of the initial Z°. Therefore a correlation
between ¢, and ¢, would be expected. Fig. 11 shows the ¢ correlation between the lepton and isolated photon
from the Z~ event. The ¢ distributions show clearly the expected correlation with an excess of events at 7.
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Figure 11: ¢ correlation of the lepton and photon

Fig. 12 shows the 6 correlation between the lepton and isolated photon. The # distributions are clearly anti-
correlated. Fig. 13 shows the 1 correlation between the lepton and isolated photon. The 7 distributions are clearly
correlated, peaking at n=0. For the case of massless particles 7) is exactly equal to the rapidity of the system, y.
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Figure 12: © correlation of the lepton and photon

Figure 13: i correlation of the lepton and photon
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By combining the BAUR generator with the CMSJET 4.3 detector simulation and making use of Pythia, Zy events
with anomalous couplings can be generated and the response of the detector evaluated. This enables the study of
the SM Z~ signal and of the sensitivity of CMS to the anomalous couplings.

The anomalous couplings are easily identifiable when examining the p7(7y) distribution by an increase in cross
section at high pp. It will also be possible to use the M(y£¢) distributions to study the anomalous couplings. There
is an increase in the cross section at high M(~£¢) for the anomalous couplings. This is true for both the ZZ~ and
Z~ vertices and for both the CP-conserving and CP-violating couplings.

5 Conclusion

This study shows that CMS will be able to observe anomalies in the ZZ~ and Z~-y vertices using both the p7(7v)
spectrum and the My (¢4) distribution. There is a notable increase in the cross sections of both spectra when the
anomalous couplings vary from the SM value of zero. Performing a likelihood fit to either spectra would enable
the sensitivities of h}’, hY, hY" and h} (V=Z,7) to be evaluated.

The BAUR generator has been successfully integrated with CMSJET to provide a combined generator and detector
simulation which includes the NLO QCD corrections which are very important at the LHC. Using this simulation
the Z~ signal has been studied for both SM and aonomalous couplings. Further work is being completed on the
backgrounds to these signals and hence values for the sensitivity of CMS to these anomalous couplings will be
made.
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Appendix I: The Baur Generator

The BAUR generator builds up the Z~ events from 3 processes: 2—4 body decay, 2—3 body decay and photon
bremsstrahlung. The NLO cross section for hadronic Z~y production [23] consists of two-and three- body final state
contributions:

NLO(

o™ (pp — Zy + X) = 05490, (00 — Z7) + 03-boay(pp — Zy + X) ©)

where the two body contribution is 2:

Uéngdy(Pp — Zy) = Jgfe% + o7 + combined terms

where the quantities o}~ and &

remnants respectively.

In order to calculate the NLO corrections the soft and collinear singularities associated with the real emission subprocesses
must be isolated [23] [29]. This is done by partitioning phase space into soft, collinear and finite regions, and introducing
theoretical soft and collinear cutoff parameters 0s and O.. The individual contributions to the cross section are dependent on
the collinear and soft cutoff parameters. The 3- and 4-body contributions, which separately have no physical meaning, vary
strongly with 9, and 0. [29]. However, the total cross section, which is the sum of the 3- and 4-body and bremsstrahlung
contributions, is independent of 95 and 0. over a wide range of these parameters.

If 95 and O, are too small, then the 3-body contributions to the total cross section can have a negative weighting, although the
overall value remains unchanged. In order to assure positive weightings for the 3-body contribution the optimum values for 0
and O, must be evaluated for the LHC conditions. Generating 10,000 events with standard model values for h}/ the cross
section was calculated with one parameter varying at a time.

HC are the contributions from the NLO bremsstrahlung cross section and the hard collinear
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Figure 14: The individual contributions to (a) the soft cutoff parameter and (b) the collinear cutoff parameter

Fig. 14 (a) and (b) show the variation of the cross section with each parameter for the 4-body, 3-body, bremsstrahlung and total
contributions. The optimum values chosen were ¢, = 0.08 and 6. = 0.05.

2) See the appendices of [29] for a full derivation of the contributions.
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Appendix II: The CMS Detector Simulation

CMSIJET [30] is a stand-alone fast non-GEANT detector simulation of the CMS detector which is essentially generator
independent. CMSJET passes the first event through a selection of kinematic cuts and then proceeds to the next event.
Assuming the event passes these cuts, user defined cuts are then applied to the particles in the event table allowing, for
example, a minimum pr for leptons and photons. This allows particles which would not be selected by the CMS trigger to be
rejected. A calculation of the missing energy is also made.

The remaining particles are then passed through the various sub-detectors. Particles such as photons and electrons will interact
in the electromagnetic calorimeter. The energy deposited in the calorimeter is calculated using a parameterisation of the
sub-detector. Similar methods are used for particles in the hadron and very forward calorimeters. The muon chambers are
dealt with in a simpler way. The momenta is smeared and only those muons able to produce a hit in the muon system are taken
into account.

The final analysis phase includes jet-finding, calculating the measured the missing energy and applying quark tagging
efficiencies. Following this the relevant data are written out for subsequent analysis.

The CMSJET calorimeter system is represented by a set of sectioned cylindrical volumes. Charged particles are traced
through the uniform 4 tesla magnetic field up to the surface of the calorimeter system. The energy/momentum of the particles
are smeared according to the resolutions shown in Table 3. The showers’ spatial development is then simulated in both lateral
and longitudinal directions. The parameterisations for the showers is taken from the H1 experiment. It should be noted that
hadronic showers are also allowed to start in the electromagnetic calorimeter.

Table 3: Calorimetry in CMSJET 4.3

Sub-detector Resolution
ECAL o/E = 5%/\VE + 0.5%
HCAL o/E = 82%/\VE + 6.5%

HCAL crack o/E = 86%/\V'E + 9.3%
VECAL (hadrons) | o/E = 182%/VE + 9.0%
VFCAL (e,y) | o/E=138%/E +5.0%

Jets are searched for in the ECAL and HCAL out to a rapidity | n |=3.0 with the UA2 jet finding algorithm [31]. Using the full
granularity of both ECAL and HCAL an initial selection is performed that rejects any calorimeter deposit (cell) with E; <
1GeV. A pre-clustering stage then takes each cell in turn and adds to it any nearby cells which pass the criterion

AR=/(A¢? + An?) where AR <0.3

with no restriction on the number of pre-clusters a given cell may belong to. Overlapping pre-clusters that share 75% or more
of their cells are joined together otherwise they are split apart with the cells going to the closest initiator cell. The remaining
pre-clusters that have total E; > 20 GeV are designated jets. Finally, any cell that fails the initial selection stage or the 20 GeV
cut are added to the nearest jet providing that AR < 0.3. Once identified, each jet is labelled or tagged to the type of quark or
gluon that initiated the jet.

Since high pr 7°s can often be misidentified as a photon, they may form an irreducible background to the Z~ signal, and must
therefore be well studied. Using CMSJET 4.3 it is possible to prevent the 7°decay straight away and to study their
characteristics before forcing their decay and then seeing how many of the photons from the 7° decays are misidentified as
isolated photons.

CMSIJET 4.3 was used for all the work in this study, although there now exist later versions which include the final detector
designs. The most obvious inaccuracy for the case of this study was in the CMS ECAL endcap and plug designs. The
resolutions for the ECAL were poorer than the latest test beam results, providing a slightly pessimistic scenario.

16



