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Abstract

Many beyond Standard Model (SM) theories posit the existence of a new neutral
gauge boson, the Z’, in addition to the panoply of SM particles. While there has yet
to be unequivocal evidence for or against such a particle, many theories rely on this
newly introduced particle. As a result, searches for this new boson provide a window
into physics outside the SM realm. This paper presents the status and mechanics of
one such search, some of the beyond-SM theories to be studied, and some preliminary
results.

1 Introduction

Truly successful grand unification theories (GUT)s have been eluding physicists since the
first attempt to unite the strong, weak, gravitational and electromagnetic forces nearly a
century ago. While no particular GUT seems likely as an explanation of nature, several

have been shown to be consistent with experimental data. In particular, GUTs that involve



making the SU(3) x SU(2) x U(1) group (which accurately describes the standard model
(SM)) a subgroup of a larger symmetry group have been quite successful. Even GUT schemes
involving more exotic group theoretical techniques have shown promise. One consequence of
several of these theories is the existence of new neutral gauge bosons, typically referred to as
7" bosons. Generally speaking, these new gauge bosons are similar to the SM Z (which we
will denote as 7, for clarity). Detection efforts for these new bosons are currently under way.
One means of detecting a Z’ is to examine the App for Drell Yan dilepton pair production
from pp collisions, i.e. pp — Z' 4+ (X) — €0 + (X).

In this paper I will present the methods used to investigate the App, some theoretical
motivations, and a few preliminary results. Measurement of the App involves first creating
a large sample of dilepton events, properly chosen to include the Z, pole and as many high-
mass limit events as possible. Using the Collider Detector at Fermilab (CDF), dilepton data
is collected and analyzed, using algorithms developed to efficiently cull the dileptons from the
myriad other events. From there, the leptons’ momenta are transposed into the Collins-Soper
[17] frame to minimize ambiguity in the momentum introduced by the initial state parton
transverse momentum (F;). From the leptons’ presence in either the positive or negative
hemisphere of this frame, plus simple calculation, the Arp for the event is established. The
App for each event will then be studied with respect to invariant mass of the lepton pair.
Inconsistencies with the SM show up in the departure from Arg = 0.6 in the high mass

limit, in accordance with the beyond-SM models to be presented. [14, 16]



2 The Arp Asymmetry
Calculating the App

Dilepton production, i.e. pp — ¢/ is mediated by virtual photons, the SM Z,, and photon-
Z interference, depending on the mass of the dilepton pair. Below the Z; mass, the reaction
is mediated by a virtual photon exchange. In the neighborhood of the Zy mass (91 GeV),
the Zy boson mediates. And above the Z mass, Z-photon (called Z/~ interference) reigns.
In the process qG — Z/~v — £, the bosons have both vector and axial vector couplings to the
fermions. These couplings create an asymmetry in the momentum of the electron, visible in
the polar angle of the lepton pair’s center of mass frame. This polar angle measured in the
center of mass frame of the leptons is typically referred to as the Collins Soper frame [17].

The angular cross section measured in this frame is given by

do(qq — Z /vy — 00)
d cos(0*)

= A(1 — cos?(6*)) + B cos(0*) (1)

calculated to tree level only. Here, 6* is the emission angle of the electron relative to the quark
momentum in the leptons’ center of mass frame. The constants A and B are determined by
the weak isospin and charge of the incident quarks as well as the mass of the dilepton pair.
From this cross section, it is convenient to define Ny as the number of events whose 6* is
positive, and N, as the number of events whose 6* is negative. The asymmetry can then be

written

( do > _ < do )
dcos(6%)>0 dcos(6*) <o

do do
(dcos(@*)>0 ) + (dcos(@*)<0 )
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Of course, this is neglecting a number of important factors, but this is the general form of

the asymmetry.
Kinematics of cos(6*)

Collins and Soper [17] noted that an ambiguity exists in the determination of the emis-
sion angle §* when considering ¢qg — ¢¢. This Drell-Yan process is quite simple when the
incoming quarks have no transverse momentum. In such a case, the emission angle is de-
termined by the angle the electron makes with the proton beam, and thus the incoming
quark momentum vector. However, since circular acceleration implies a certain amount of
transverse momentum by construction, an ambiguity arises. Since the quarks’ individual
momenta can not be measured, the momenta boosted into the center of mass frame of the
leptons are even more difficult to separate. Consequently, the dependence of the transverse
momentum must be minimized. The Collins Soper formalism does so with the following

prescription,
210y —1il5)

My/M?+ P3

Here we have labeled lf;’_) the (1) electron and (2) positron. The {+~) nomenclature

cos(6%) = (3)

represents the following:

l(+77) —

hvll
I
=
o
1l
&=
%H
S
. Do
=
L=,



Where the P is the 4-momentum of the lepton, p? the longitudinal component of the lepton
momentum. The polar (6*) axis is the bisector of the proton beam momentum and the
negative (—) of the antiproton beam momentum when the two are boosted into the center of
mass frame of the leptons. In so doing, the dependence on the transverse momentum of the
incoming quark pair is minimized. Figure 1 shows the kinematics of the frame’s calculation.
In the upper half (1), the leptons’ center of mass frame is shown. The lower half of the figure
shows the bisector-determined z axis, and the leptons’ new relative emission angle.
v
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Figure 1: Kinematics of (1) center of mass frame of leptons, and (2) the Collins-Soper frame

Generally speaking, standard model predicts that the Arp should approach —50% for
My < Mg, = 0% at My ~ Mg,, and +50% for M, > My,. Monte Carlo studies give very
good estimates for the value of the App with sufficient statistics. By way of demonstration,
a sample cos(6*) histogram is presented in Figure 2 for a few certain Z candidates whose
mass is near the Z mass of 91.2%\/. Same sign background events are shown in red in this

sample. Note that in this particular mass bin, there appear to be more or less equal numbers
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Figure 2: cos(#*) for CP Z candidates whose mass € [75, 105]

of events whose cos(6*) is above 0 as below. Numerical analysis indeed shows that the App

for this bin is & +0.01 which is in line with the SM prediction.

3 7 — ("¢~ sample selection
Fvent Selection

Historically, the most difficult aspect of this particular analysis is the event selection. At
CDF', many events can mask themselves as leptons, and many leptons can disguise themselves
as other particles. For that reason, sophisticated algorithms are currently being devised to
aid in the selection of dilepton events. The Electron Task Force at Fermilab is in charge of
determining the correct cuts utilized in the selection of leptons. The current form of this
analysis uses the cuts defined by the electron task force. Each Z is characterized by two
electrons. Events with at least one “tight” electron and at least one “loose” electron are

called a Central-Central (CC) Z candidate. Events with one “tight” electron and at least



one plug electron are defined as Central-Plug (CP) Z candidates. Note that in Table 1
the last entry is the Track Q, or the relative track charges. The “tight” charge times the
“loose” charge must be negative, ensuring that whichever one is negative, the two tracks

have opposite charge. A summary of the values of these cuts for CC Z candidates is shown

in Table 1 and for CP Z candidates in Table 2.

Electron Variables

Variables used in the selection of the electrons for this analysis are shown in Tables 1
and 2. These variables are chosen specifically for their selection power and insensitivity
to backgrounds. In Figure 3 each of the following variables’ shapes are plotted for their

associated electron candidates. The resulting invariant masses are plotted in Figure 4.

e [p: Transverse Electromagnetic Energy

Within the detector, electromagnetic clusters are identified by a seed EM tower and
shoulder EM towers. The size of the cluster is restricted to An < 0.3 and A¢ < 15°.
From the cluster, the transverse component of the EM energy, Er, is calculated (Ep =
Eusier sin @ with 6 measured by the COT track associated with the electron.

e Had/EM: Ratio of Hadronic to Electromagnetic Energy

Defined as the ratio of total hadron calorimeter energy to the total EM calorimeter
energy for the EM cluster of the associated electron.

o [t/ Egectron: Tsolation By fraction in a cone of R = 0.4

The isolation Er for an EM cluster is the total E7 within a cone in n — ¢ space with a
radius of R=0.4 excluding the tower itself. The radius is defined as AR = \/An? + A¢?
for AR between the cluster centroid and the candidate tower center. The fraction is
defined as Ei°/(Ei% — pgectron),

® X2,ip X fit to test beam

CES pulse height and shapes are compared to test beam data with a x? fit to determine
the event’s energy signature likeness to test beam. The variable is the fit of the energy
deposited in each of the 11 strips in z in the CES shower to test beam data.

e L. Transverse energy sharing
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Figure 3: Clockwise from top left, L., Had/EM, track x?, AZ, E/P, AX

Transverse profiles of electrons are measured, giving a comparison of the lateral energy
sharing in calorimeter towers of an EM cluster to test beam EM clusters. L, is

defined by B .
Eia i E;ampec e

7 (0.14VE) + (BT

expected

Loy = 0.14 % (5)

for E/Y is the measured tower energy, E the test beam data, 0.14v/E the energy
measurement error, and AEPeted

the error in the test beam data.

E/P and Pr: Ratio of EM energy to momentum

Tracks are defined as the highest Pr COT track pointing to the electron EM cluster.
E/P is the ratio of the calorimeter determined EM energy to the COT measured mo-
mentum. Note the long tail on E/P. This is due to electrons passing through the inner
wall of the COT and producing bremsstrahlung radiation. The COT’s measurement of
P is smaller than the calorimeter, as it doesn’t pick up the collinear photons created
in the bremsstrahlung process. The calorimeter, however, picks up the extra photons
as they generally land in the same calorimeter cell as the electron.

vertez:INteraction point in z, measured by COT track extrapolation

AX and AZ: AX =r — ¢ separation, AZ = z separation




e Fiduciality: Is the electron in the fiducial detector volume? The fiduciality is determined
by the detector’s electronics interfacing the Hardware Database, which stores test beam
data information and position calibrations.
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Figure 4: CP, CC candidate events invariant mass Z-peaks around M= 91.2GeV, some high
mass events

| Cut Variable | Central “Tight” electron | Central “Loose” electron

Egorrected >25 GeV >25 Gev
n < 1.0 < 1.0
Had/EM < 0.05 < 0.05
Eiso JEglectron T (.1 < 0.1
Pr 0.5 < Eeorrected |p < 2 Pr > 10 GeV
Zuerte:v |Zglectron| S 60Cm -
Lgpy < 0.2 —
Xatrip <10 —
[AX] < 1.5 cm —
|AZ| <3cm —
Track Q Qtight X Qloose <0

Table 1: Electron Task Force electron cuts for Central-Central Z’s

The invariant mass is calculated by determining the emission angle between the two

leptons in the detector’s coordinate system to determine the momenta of the leptons. The



| Cut Variable ‘ Central “Tight” electron |

Plug electron |

Egorrected T >95 GeV >25 Gev
n <1.0 1<[n[<3
Had/EM < 0.05 < 0.05
Eke [pglectron 1< (.1 <0.1
Pr 0.5 < Ecorrected/P <2 _
Zyertex |28lectron‘ < 60cm —
Lgpr < 0.2 —
thrip <10 -
|AX] < 1.5cm —
|AZ| < 3 cm —

Table 2: Electron Task Force electron cuts for Central-Plug Z’s

invariant mass is the combined mass of the two particles in the center of mass frame. A
simple 2-body decay system is a perfect example. The emission angle between the two decay
particles is defined as a. Using the simple assumption that at high energy, £ ~ p and

my 2 < s, the mass is given as such:

M? = m% + mg + 2E1Ey — 2p1ps cos a

M = \/2(E1E2—p1p2(:osa)

= V2(E\Ey(1 = cosa)) (6)

Since the energies of the two particles is measured for the experimenter, all that remains to
calculate the mass from Equation 6 is the opening angle between the two particles. Rather
complicated angular subtraction algebra is needed. Since the particles’ azimuthal angle ¢ is
given, there is cause for relief. However, each leptons’ polar angle 6 is given in the Lorentz
invariant pseudo rapidity nomenclature 7, where n = %ln zi;il: [18]. The 7 is related to the

lab frame polar angle 6§ by n = —In (tan(g)). Thus, to recover the polar angle, the following

10



relation is used,

0 = 2arctan(e™") (7)
This leads to the inevitable opening angle calculation [19] for leptons {; and ls;

cos(¢1 — ¢2) + 4 cot <arctan(e‘771)> cot (arctan(e‘”2)>

Q=
\/1 + cot? (arctan(e‘"l)) X \/1 + cot? (arctan(e—"2)>

The invariant mass distribution for all of the dilepton pairs is easily calculable, given the
proper programming environment. The Z candidates are shown in Figure 4. Here the CC
and CP candidates are shown in histograms according to the mass of the dilepton pair. Note

the Gaussian fits to each, which are centered around the Z, pole.

Electron Cut Efficiencies

In order to determine the relative electron cut and identification efficiencies, Monte Carlo
studies must be carried out. Typically, many pseudo experiments are carried out to create a
sample of electron events that are designed to fit within the simulation of the CDF detector.
From there, a set of (N — 1) plots are created, which show the number of events passing all
but one variable for each variable in the selection code. This allows for a variable-by-variable
study of the predictive power of each variable, and the efficiency for each cut in the event
filter. The (N — 1) set has yet to be created for this analysis.

Charge of the lepton pairs is crucial in the background studies. In the estimation of
opposite-sign background events, prior analyses have used the background estimates used
in the TOP analysis [14]. The ey rates are taken to be twice that of the ee rates for
Central-Central electrons assuming equal acceptances and efficiencies for ey and ee events.

11



The ey rates are taken to be half that of ee rates for CP and CF electrons as well. From the
background estimates used in the TOP analyses, estimates for the opposite-sign backgrounds

in the ee analysis.
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Figure 5: CC Same sign events, passing all bit the opposite sign cut

Same-sign background events can arise from charge-symmetric QCD processes. These
same-sign processes must be accounted for by measuring the isolation energy distribution
of the dileptons. A recent analysis [14] used the isolation distributions measured in three
mass regions; My ~ (40 — 70,70 — 105,105 — ...)GeV. The signal and background shapes for
these regions were fit to the data, and an appropriate background subtraction scheme was

utilized,

dO'Z' (+:-) (Ne(:e;l_t?s - Nb(:c’/;qlound)i
(r) = ) 4 ®)
dM,; AM,; <£6(+, )A(+, ))

where the £ is the integrated luminosity, ¢; is the combined detector efficiency, and the A;
is the calculated acceptance, and the index 7 represents the associated mass bin. James, et

al. recently [21] published a study of the Z — uu cross section for the CDF Run II data.

12



Their studies of acceptances and trigger efficiencies should prove a helpful guide.

In James’ paper [21], the detector acceptance for W — ev is measured to be A, =
0.15 £ 0.05. This analysis finds a total of 56 same sign events that pass all but the charge
cut. Since the actual values will require much more study, the present analysis will ignore

the actual efficiency numbers until such time that they are more well understood.

4 Systematic and Statistical Uncertainties

The error propagation for this particular measurement proves to be relatively simple. Start-

ing with Equation 9 and using the typical partial derivative uncertainty machinery,

o) =3 (5

7

f)QO,%i (10)

we can calculate the uncertainty on the partial cross section. This assumes that each of
the variables are independent and the errors are “small”, and cross terms in the variance

propagation may be eliminated. Then we are left with the following equation

NBUN + NO'NB 2+ _(N+NB)UAM 2
AMLeA AMLeA AM?2LeA
+

< (N—l—NB)aL) +(M)2+(_<N+NB>UA)Q]% "

AML2eA AMLe2A AMLeA?

13



For the App uncertainty is equally simple. Starting with Equation 2, and taking the proper

derivatives,

GAFB - 4 QUN(i) _ (12)
Do (=) (on, +on_)
_ [[94r5]” o [0Ars]? )
0Arp = \/[301\#] (bon+)? + Don (don-) (13)

The remaining piece of the puzzle is the uncertainty on cos(6*). Equation 3 gives the rela-
tion for calculating the angle, however, the variables listed are not the explicit measurable
quantities in the detector. The detector quantities are far more involved, and a somewhat
simplified view will be presented. Since many of the detector-derived quantities have uncer-
tainties already measured, such as Mp, (), AX, etc., their uncertainties will be taken for

granted. Thus,

22

M+/M? + P?
5 cos(8") ( AFESE )2 N ( 2E25M )2 N ( 2FE2P,6 P, )2
cos ~ —— — Ee——
My/M? + P? /M? + P? M<3/M? + P?

2F

t

cos(0*)

which gives a reasonable estimate for the uncertainty on the cos(6*) measurement. Of course,
this is assuming that the three variables M, P, and E, are independent. Clearly, they are not.

In fact, in the limit E ~ p, all three are dependent on each other; P, = P cos(f) ~ E cos(f),

and M = \/FE2(1 + cos(c)). This will add to the uncertainty in the Ny and bring the naive

estimate beyond that of mere counting statistics.
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5 Electroweak Theory, Consequences and Extensions
The SM Lagrangian and Neutral Current interactions

Quantum field theory has shown us that from first principles, one can construct a La-
grangian utilizing various gauge groups that will behave like nature. Modern interpretations

of field theory use a covariant derivative Lagrangian,

»Cfermion = Z .]FZ’YMD;L.]C (15)
f

with the covariant derivative D, being

. Y . i . ¢
D, =8, —ig (EB“) gy (%W;) g (?Gz) (16)
Y L Q

This Lagrangian gives us a description of nature that we have come to believe from a phe-
nomenological standpoint in the field of particle physics. The second term in £ is the U(1)
symmetry piece from hypercharge. The third term is the SU(2) group piece, giving us
charged and neutral current interactions, W'~ Z; bosons. The last term is the SU(3)
group term, giving us the quark gluon interactions (the color charge piece). The g; 23 fac-
tors in front of the terms in the covariant derivative are the coupling strengths of the various
interactions. [6, 5]

In this study the lepton U(1) term and the diagonal portion of the SU(2) are of particular

importance, as they control the neutral current interactions. Starting with the lepton specific

15



interaction Lagrangian,

9

L= <éL7M€L + DLVMVL> [ 5

Y, B, + %W:] +enyen [—%YRBM] (17)

The neutrino should not have any electromagnetic interaction, so two orthogonal fields are
defined; A, and Z,. The coefficient v;y*v;, must be the Z, field, so that A, and Z, are

orthogonal. Then the interaction Lagrangian becomes

L = -4, (éLW“eLQf + éRV“@%Qf) - Z, (éL'Y'ueLQf + éRV”GRQf>;
Y;
for Qp = TJ + 7F (18)

The field Z,,, by construction contains vector and axial vector couplings, called V — A

typically. This is easily seen from Dirac spinor identities [6];

~ 1.
bror = $07"(1=7")9
_ 1_ 5
Z, = vy = 51/7“(1 — )

left handed current, or V' — A coupling

From this calculation, it is clear that a study of Drell-Yan cross section for the Z, would
provide a window to the specific V' — A couplings of the SM [5, 20].

This particular study will also provide for a To build a model, one only has to use
the asymptotic freedom of the L, terms and the negative slope of the electromagnetic

interaction at high mass scales to make the gauge forces meet. The mass scale at which you

16



get the couplings to meet is your unification energy.

GUTs

The SM, which has been more or less gospel for decades, agrees with experimental data
excellently. The SU(3) x SU(2) x U(1) symmetry group provides all the gauge symmetries
needed to describe everything from electromagnetic interactions with photons to the apparent
impossibility of free quarks. However, the SM has been labeled inadequate. In spite of
its success, the SM does not unify all the forces. The SM also has a number of a priori
parameters and ad hoc features (e.g. heirarchy, left handed charged currents, etc.) [7].

The simplest idea for leptons and quarks, is to put the particles into a larger symmetry
group; make SU(3) x SU(2) x U(1) a subgroup of a larger group. One of the most suc-
cessful schemes involves an SU(5) representation, which without inputs to the theory, gives
fractional quantization of quark charge and even the neutrality of atoms. Typical GUTs
unifying electroweak and strong forces attempt to calculate an energy scale at which the
coupling strengths of the forces are (hopefully) linearly related.

However, even the SU(5) representation unification scheme seems inadequate. None of
the SU(5) theories can easily accomodate gravitational interactions. There is a good reason;
gravity’s mass scale is huge, as the length scale associated with gravity is the Planck length,
Rp; = 10733cm. That means that the current tools for calculating unification theories cannot
bring gravity and the electroweak forces together; the coupling strengths would not converge
to the same place in coupling-mass scale space [5].

Furthermore, The SU(5) representation has been shown to be inconsistent with sin®(y)

and the proton lifetime, 7,. [1, 2]
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SUSY, Strings, Large Symmetry Groups

Ezxtra gauge bosons from FEg

Prior to the discovery of the top quark, the Ejg representation was noted to be the next
highest anomaly-free gauge group beyond SO(10). This led to a large amount of study, and
as with many theories, its novelty eventually wore off as the models for the most part allowed
the b quark and 7 lepton fill in the representation for a “top-less” model (salacious name, if
you ask me). As soon as it was generally accepted that the b and 7 were members of a third
generation, these models were all but abandoned. However, it was shown in the early 80s
[7, 8] that the Fg models might be usable after all. Green and Schwarz showed in 1984 that
string theory in 10 dimensions is anomaly-free as long as the gauge group used is Eg x E}
or SO(32). SO(32) does not give chiral fermions, so it doesn’t fit with the SM. Eg x E,
on the other hand, can contain the SM in its unaltered form, since its fermions create a
chiral representation. To create a field theory, one simply takes the limit of large string
tension, and the string excitations are integrated out. The resultant representation is a 10D
supergravity coupled to an Eg x EY gauge sector. To get to our world, we need to compactify
the remaining six dimensions into another manifold. Several different schemes have arisen,
since the technical details of orbifold geometry allow for many different compactification
topologies [7].

Calabi-Yau compactification with an SU(3) holonomy takes our Eg — SU(3) x Eg. The
SU(3) links spin to the compactified space. The remaining EY only couples to the matter
states of the Fjg in gravitational interactions, and may prove to be the SUSY breaking sector

not yet seen, and may provide a solution for dark matter. After compactification from 10

18



to 4, an unbroken N = 1 SUSY is left. Depending on the topology of the compactification

scheme, several different rank 5 or 6 subgroups S are left from the Fj,

Rank 5 S = SU(S)C X SU(Q)L X U(l)y X U(l)n

Rank 6 S = SU(3)c x SU((2), x U(1)?

SU(4) x SU(2) x U(1)?

SU(2) x U(1) x G(n,¥ n > 2)

Since SU(3)g, xSU(2), x U(1)y has rank 4, we clearly have at least one other neutral
gauge boson in the rank 5 or 6 cases. It is also clear that further symmetry breaking is
needed. One common solution is an effective Higgs field. This does the job nicely, allowing
the rank 5 representation to break down into U(1)y as necessary |[7].

Model 1

Perhaps the simplest case is the following breakdown: Eg — SU(5) x U(1) — SU(3)¢ x
SU(2),xU(1)y xU(1),. Here, the compactification scheme has left a single U(1),, symmetry.
This symmetry leads to a single neutral gauge boson, a Z’. This single Z’ is one of the most

studied cases, because of ease of calculation [7].
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Model 2

Rank 5: Z' mizxing

In the rank 5 case, Eg — SO(10) x U(1). The U(1) may be labelled as U(1),, and the
SO(10) may further break down; SO(10) x U(1), — SU(5) x U(1), x U(1)y, the new U(1)
being labeled U(1),. Now there are two extra U(1) symmetries that can each lead to gauge
bosons. These two U(1)s can form an orthogonal pair of abelian generators, independent of

the electric charge. The generators for this symmetry group are:

7, — %(100000) (19)
7. = ——(011111) (20)

V10

If at least one of the mass eigenstates of these generators is light enough to be detected,
it can be expected that a superposition state of the two may be visible also. An intermediate
Z'(0) is defined as an overlap of the two states; Z'1(0) = Z’, cos(0) + Z' sin(f), with 6 the
(x — %) mixing angle. Another state is easily defined; Z’5(0) = Z’, cos(0) — Z’;, sin§. These
overlap states could be seen easily if the mass of one or both is light enough to allow it in
Drell-Yan processes at colliders [8, 7].

Model 3

Three lepton families?: Grsyr x U(1)p,

Traditionally, the SM has three lepton families; e, u, 7. These families can each be de-
scribed by the quantum number L., ,, the lepton family number. Under minimal standard

model, MSM, the interaction lagrangian, L, is invariant under the symmetries U (1), -, as
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there are no lepton family violating processes observed. A new basis can be defined; L;— 3.

The rules are as follows:

Ly = L.—1L, (21)
Ly = L.—L, (22)
Ly = L,—L, (23)
Li L), = Lije[1,23 (24)
U = aele+ Bely +veL, (25)

Where U is the representation of any lepton, £ € [1,2,3]. With this new representation
comes a new U(1), ,, symmetry. The new representation is written Gargar x U(1)z. This
means that there is a second neutral gauge boson in addition to the SM Z; for each of the
new lepton re-defined bases, i = 1,2, 3. So, the new Z'’s are labelled Z'1, 7’5, Z'5 accordingly.
If the gauge couplings g; , are small enough, the Z’; » could be massless. g3 can be set [10]
by standard methods for this massless limit to be < 10724, so there is room for an observable.
The massless Z’3 would couple to the (g—2), and thereby imply that the g5 < 107, making
an observable far more difficult since (g — 2) is so well known [9].

Model 4

Low Energy effective EW group: U(1), # U(1)y

Again, compactifying from Fg x Ef to Eg x Ej, what remains will become the SM fields

and an Fg “shadow world” with only gravitational interactions, respectively. The FEjg has
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room for much variation in gauging schema. As usual, the Fg fermions are put into a 27-plet

with the usual set of particles; u, u, d, d, e*, Veu,rs "+ But, not breaking down into the usual

L
3

groups first gives rise to even more particles; right handed v’s, isosinglet —z charge ¢, q, 2
lepton isodoublets (vg, E7), (E™, vg), and a neutral isosinglet lepton N.

A particular maximal subgroup of Fg is SU(3)¢ x SU(3)r x SU(3), where the 27=
(3,3,1) + (3,1,3); + (1,3,3),. The lepton SU(3) can break down into an SU(2) and a
U(1). However, it is interesting to note that this U(1) is not the hypercharge of the SM;
Ul), #U(1)y, with Qgey = I3 + % since otherwise the quark charge would be zero! Since
SU(3) must contribute to the electromagnetic charge, the low energy effective electroweak
group must be at least SU(2);, x U(1), x U(1), meaning that there must be at least one
extra Z' in the low energy theory |[8].

Model 5

W, Z mixing due to large G subgroup

In the typical scheme, Eg — SU(2) x U(1) x G(n), we can have W and Z mixing from
the new G(n). For simplicity, the Z mixing will be discussed and the extension to the W
follows logically. If the G(n) has an extra neutral Z’, the derivation from the extra U(1)
from Model 1 stands. The extension to the W follows naturally, if the extra G(n) also has
a charged current vector boson.

The compactification from Fg down to our world can have even more neutral gauge
bosons. The SO(10) symmetry group has rank 6, but the SU(5) group has rank 5. So,
compactifying from SO(10) — SU(5) picks up an extra neutral gauge boson; SU(5) x U(1) .
Likewise, Fg has one higher rank than SO(10), so going from Fg — SO(10) picks up another

neutral gauge boson; SO(10) x U(1)g. The boson that arises from compactifying from Fg
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has an index H because it is an Z’y, a Yang-Mills coupling Z’. This Z’ should show up in
Drell-Yan collisions also for /s ~ 1.6 — 2.4TeV [11].

Model 6

Another scheme, SO(6) x SO(4)

Another superstring-inspired compactification scheme involves the as-of-yet not men-
tioned SO(10) — SO(6) x SO(4) breakdown. The thought is that SO(6) ~ SU(4). SU(4)
readily breaks down into the required SU(3)¢ x U(1)y group. The remaining SO(4) ~
SU2), x SU22)g — SU(2)L x U(1)g, x U(1)g,. Thus, there are now two right handed
neutral current bosons, Z'g, , in addition to the usual SM Z,. The subsequent mixing of the
Z's and Zys is expected to be detectable. Since there is no restriction on such interactions,
it is also expected that the W= will mix with the heavier of the two Zg, ,s [12, 7].

Model 7

SUSY partners

It is assumed that the SUSY partners of the SM fermions, f, could make a large contri-
bution to the Z’ width. If the right and left handed sfermions are degenerate mass states,
the resultant production width, I'(Z’ —>?L, » for) would decrease as much as 50%. This

would be exceedingly easy to see in the Drell-Yan process at a pp collider [7].

do

Charge Asymmetry, Mass limits, 777, and App

In the previous section, motivation for the search for extra neutral gauge bosons was
presented. Several models suppose the existence of the Z’ boson(s), but how do these
models’ Z’s become evident in the context of a collider experiment? Each model can give

a prediction of either the front-back asymmetry (Arp), modified production/decay widths
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(T"), or the mass dependent differential cross section C‘li—]a from Drell Yan events in pp colliders.
The calculations are highly model-specific, calculations will follow the model number stated
previously. The Drell-Yan App and j—& have been measured numerous times in the context
of SM verification. However, the high-mass limit of the Arp and the j—& has been shown
recently to have some deviation from the SM prediction [13, 14]. This deviation points to
a possible Z’ signal. The several different models’ predictions can apply, and determining
which model fits the experimental anomaly will be the task for future experimenters.

Rank 5 models and their Z's

The most obvious production signal for the Z’ at a hadron collider is the typical pp —
7'+ (X) — Il + (X). In the rank 5 scenarios, the only two that are easily studied are the
single U(1) and the U(1)y x U(1),, as in model 1 and 2 respectively.

In model 1, the two states, Z’; 5 can be further broken into a total of four states, for

the angle 6 = 0,—90°, —sin™*( g) ~ —52.240,—8111_1(\/%) ~ 37.76°, typically labelled
in literature [7] as models 1,1, x, I respectively. Each model’s couplings are different, so

the actual figures for the masses of the Z’s will differ correspondingly. However, generally

speaking we can write the lagrangian coupling for these Z’s and the SM Zj,

. b} . 2 ! 71
£ = ...+ i (Tg — SIH2 ew) QZO + (g SIHZ(ew)) Q A ("ZWLX:I)] (26)

cw
for () being the quantum numbers coupling the Z, to its charges. Q' = @y cos(f) +
Q) sin(#), in the resulting effective rank 5 model resulting from the two Zs mixing to form
a single state. Assuming no W — Z mixing, My = £, where v* = v + v3. One then writes

the Zy — Z' mass matrix:
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M, oM?

M = (27)
SM? M2,

SM2 5 2]

I, = 2 (g sm2(9w)> ;( ’lvf— évg) (28)

M3, 20 ., 1 o )

M%o = ?sm (9W>§ ; (Q;w) (29)

The mass matrix can be diagonalized with an orthogonal transformation about ¢ via

Z cos(p)  sin(p) Zy
= (30)
Zy —sin(p) cos(p) Z';
here, the angle 2¢p = arctan %, which gives two mass eigenstates, M. If the
Zg Z’i

constraint is added that Mz, — M; > 0, the M, is calculated to be < 350GeV. Such a signal
should be able to be detected from detailed j—f/[ measurements away from the Z, pole [7, 14].
Rank 6 and other models
In model 3, the idea of redefining the lepton families was introduced. If the remaining
U(1)g, is broken spontaneously, Z'; get masses via the Higgs mechanism. This implies that

we can add a Higgs scalar field S; in the SM, but not under local U(1)z,. The non-zero

-
vev for S; breaks U(1) giving the Z’; masses; My, = gi(S;). The natural decay mode we
would look for is the pp — Z'p, + (X) — Il + (X). Since the Z’3 couples to the u (g-2)
strongly, we can toss it out on experimental evidence. So we only have to contend with the

i =1,2 Z',s. The Z' interaction lagrangian can be written out for the fermions based on

the neutral gauge boson interaction lagrangian;
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L, = eA,(ey.e+ @y + Ty.T) (31)

1L Lr
Pea, T,

EZ == ZH (ZL’

with 2 = sin®(fy) and g, the SM SU(2) coupling constant. From the prior definitions of

our new lepton bases, the new lagrangians are:

LZ’1 = giZ’m (é’)/,ue - /]'Vu:u) (33>

Ly, = $Z"u (€6 —TWT) (34)

The front back asymmetry is defined as

Ary — /— do(6) — d0(7r —0) (35)
(Gt ) @
2
G = %+1—x5—1]\42 (x—%) s — M2, 9]1\24%/1 (37)
2 1 /2
Crr = % 1g—2x5—M%0 v 3—9]1\4%,1 (38)
Gir = e_2+1g—2xs—1]\42 <x_%)_sg7]i\24%/l (39)

for s the incident 4-momentum squared. Similarly, the cross sections can be defined;
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B ole* —1%) -
= oQrp(e* — 1¥) =] 40)

2
s
! [G%L + Gig + QG%R} (41)

So, for different values of g , relative to the SM gy, limits can be set on the maximum
My, and the shape of the resultant Arp expected in Drell Yan pp dilepton interactions [8].
In model 4, only one extra Z’ is expected. In this scenario, the SU(3)? breaks down into
SU(3)c x SU(3), x SU(2) x U(1). This leads to a 3-fold ambiguity over which remains, so
we must choose which two leptons of 4, d, h will form the SU(2); doublet we want to see.

We set the following,

-1 -1 -1
= l— ——10 43
Qem (0 5 3 3 ) (43)

1

— Li+3Yi+G (44)

1 -1
Iy = e 4
. (ooooo2 2) (45)

-1 -1 -1 -11

v, = (== ="200 16
t <\/§ 3 3 3 3 ) (46)

Now, we can write the cross section and the width for pp — Z’ + (X) — Il + (X). The

cross section per unit rapidity is defined in the following manner:
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do  Ar?xixs =
dy 3, D () ] (w2)T (47)

ij

where f is the structure function for the labelled hadron, z; » are the monentum fractions,
and T'j; is the partial width of the Z' — II. Note that the definition of “lepton” here is both

[ and ¢. The partial width is defined as

M%O MZ’ 219 Sin2(9W>
V2 Ar 3

Lo = Gr (e + [@=(0)]°) (48)

where the new coupling is given by 20 = (g% + ¢%)2 (g)% sin(fw ), and the Qr r are the
quantum numbers corresponding to the charges that the Z’ couples to. From the partial
width and cross sections, the App can be calculated directly. Though, in the interest of
space, this particular calculation will be omitted. Suffice it to say, the Arp would give us
a window to look at the high-mass behavior of the couplings. The I';; has free couplings,
so one can fit to the measured Appg- effectively “tuning” the coupling. For 29 = 90°, the
My > 300GeV/c? for /s = 2TeV. Similarly, given a coupling of 29 = 0°, Mz > 200GeV
8, 15]. Thus, given the recent experimental data from CDF [14], further study of the Drell
Yan App is certainly warranted.

In model 5, W and Z mixing is allowed to occur in an SU(2) x U (1) x G(n) representation.
Since we don’t see W, Z mixing in the SM, we need to have the mixing in the extra G(n).

Writing the mass matrix again, we see

M? = ’ (49)
b M,

2
G(n)



where the Mz, is the mass of the new mixing Z ’. The b is simply an arbitrary “mixing”
mass. T'wo orthoginal states can be generated through a transformation exactly like equation

30. The resulting mass eigenvectors are

Z'y = Zycos(p) + Z'sin(yp) (50)

Z's = —Zysin(p) + Z' cos(p) (51)

To set constraints on the masses, the couplings can be manipulated, just as in other
models. If one makes the supposition M2, L < Mg, < M%G(n) <M 5,2, the following constraint
can be formed;

M3 — M3,

tan2(6) = m (52>

Given the SM Z, = 93.8GeV, for Mz, = 91.9GeV, (1 o below Z, at the time of this

analysis [11], tan?(#) = 500GeV < My < 1TeV. This again would show up in the differential

cross section and the App;

do
d cos(0*)

oc (L2L} + R2R}) (1 + cos(6*))® + (L2R? + R2L}) (1 — cos(6*))  (53)
for 0* the angle between the quark and the lepton [11].
Model 6 incorporated two additional Z’s. In that formalism, the SO(10) reduces to

SUB3)g x SU(2), x U(1), x U(1)y x U(1)p. The new lagrangian is then written and

parametrized in a new mass matrix;
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L = 0"4i(gT - W+ g, T,B" + gT,BY) ; [SU(5) x U(1)?] (54)

This, of course, complicates the diagonalization,

cos?(6) sin(#) cos(6) j—f—o cos(f)
W= -3 sin(6) cos(0) sin?(6) —% sin(6) (57)
38 cos(6) — 3L sin(g) §? (ﬁ - §£>
/10 /10 9" \10 T 22
with g = g;’i _
gaTg

5 0 —929B-L

2
M=+ 0 9%  —9rgp-LR (58)

1/2
—929B-1 9RYB-L YB-L (ﬁj)

Now, following the standard techniques, we can calculate the contribution to the j—]('/[ and

the App. The calculation for the Drell Yan production of a Z" at a FNAL is given by

d
d—(; (D= Z" — "+ 17) oy gy = 7% 107 em? = 0.7pb (59)

y=0
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and thus, the cross section is large enough that in the famed upcoming Run2b, we should

be able to detect any such Z' [12].
Synopsis

Clearly, there is room for beyond SM physics in the high mass limit of both the Drell

Yan App and the j—&. Since the cross sections are relatively large, and the signatures will
be quite glaringly non-SM, this particular set of tools and models should prove to be an
interesting analysis. The plethora of theoretical models supporting non-SM neutral gauge
bosons is astonishing. Many models are self-consistent, and do not conflict per se with the
current data available. Further study will probably unequivocally rule out or support some
do

9 for Drell Yan events should be a

of the models examined in this paper, as the App and 7%

good measure of the models’ validity.

6 Analysis

The framework of the analysis is relatively simple. First mass M and cos(6*) are calculated
for each event. From there, two arrays are defined, N [AM], N_[AM]; one pair for each
descreet mass bin AM. The sign of cos(0*) for each event determines wether N, of N_ is
incremented. Thus, a mass indexed list of the number of events whose cos(6*) is > or <
0 as required for Equation 2. At the end, a table is generated displaying the N.s for each
associated mass bin. From this table, the App is calculated for each mass bin.

Currently, the statistical uncertainty does not allow more than a few mass bins. However

in this nacent study, 4 mass bins have been chosen; M € [50,75),[75,90), [90, 105), [105, 200).
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| Data Type | Mass Bin Total | Ny | N_ |

Central-Central | 50 < M, < 75 61 23 38
75 < My < 90 281 146 | 135
90 < My < 105 | 407 218 | 189
105 < My < 200 | 13 9 4
Central-Plug 50 < My <75 21 8 13
75 < My < 90 141 74 | 67
90 < My < 105 | 203 109 | 94
105 < My < 200 | 31 26 |5

Table 3: Data for the Arp measurement after the analysis code has selected electrons and
calculated cos(6*)

Table 3 lists the current data sample broken down by mass with the cos(f#*) hemisphere
numbers. The current electron selection code finds out of nearly 11pb~! [22] of data, 762
CC Z candidates, and 396 CP Z candidates. In the early stages of this analysis a naive
estimate for the errors is being used. Namely, the errors associated with the calculation
of cos(f*) are ignored, in favor of using the simple counting error of 6Ny = V/N. This of
course ignores any uncertainty on the luminosity, acceptance or efficiency. However for the
purposes of this presentation of the study, it will suffice. Thus, Equation 13 becomes rather

simple,
2 /(N3 +N?)

§App =
B (N, + N_)?

(60)

which allows uncertainty estimates to be assigned to the data. The data are shown with
errors in Table 4 and in Figure 6. There is an interesting caveat implicit in these data.
Since the detector acceptances, luminosity and efficiencies are not accounted for, the error
bars on the plot shown are artificially small. The estimated detector efficieny, acceptance
and luminosity outlined in James’ recent CDF note [21] and internal FNAL resources [22],

more accurate error estimates are forthcoming. Equation 11 gives a guide to calculating the
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corrected App uncertainty estimate, involving many efficiency studies yet to be completed.

Future iterations of this analysis will include corrected uncertanties for the measurements.

Front Back Asymmetry VS Mass \

08 w N
06 [ ]
04 ‘ ]

02 1

A_fb

-0.2 - T

60 80 100 120 140 160 180 200 220
Invariant mass of ee pairs in GeV

Figure 6: App shown in the four mass bins as a function of the invariant mass of the ee pairs

| Mass Bin \ Arp Value ‘ Uncertainty 0Arp |

50 < My <75 | -0.24 £0.12
75 < My <90 | +0.043 £0.049
90 < M;; < 105 | 40.72 £0.041
105 < My <200 | +0.59 +0.22

Table 4: App data with uncorrected uncertainties

7 Discussion

Prior studies utilizing pp collider data ?? have included no more than 110pb~! of data. The
current CDF Run II projections suggest that the data sample will grow to more than 1fb~* by
summer 2003 [22]. Figure 7 shows the time integrated luminosity for the current CDF Run II.
The study outlined here includes only 20pb™" of the entire sample. From Equation ??, it is

clear that a 10-fold increase in data sample size would decrease the statistical uncertanties by
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a factor of 3.16. The data from Affolder, et al., shown in Figure 8 clearly show that a factor

of 3.16 decrease in error bars would strengthen the power of the study immensely. Selected

Figure 7: Time integrtated luminosity at CDF [22]

beyond-SM models will be studied in the future for this analysis. The Arpp measurement
will prove a useful probe of the beyond-SM physics. The high-mass deviation from the SM
hinted at above in Figure 8 will be measured with a precision which has never before been
utilized. The unique ability of the high energy pp collider to produce high-mass Drell-Yan
pairs yields an important tool for examining beyond-SM physics in the Arpg. Hopefully,
the continued maturation of this analysis will shed light on some of the beyond-SM models

presented herein.
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