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KINEMATICAL OBSERVABLES FOR Z'-BOSON SEARCHES
IN THE DRELL-YAN SCATTERING AT THE TEVATRON

In the present paper we investigate the kinematical structure of the Drell-Yan cross section
within the Standard model extended by an Abelian Z° boson. The Z° boson is described using an
effective low-energy Lagrangian in a model-independent parameterization. Also we take into account
the results of our previous investigations, namely, the obtained set of kinematical variables, which
allows to investigate the two components of the Drell-Yan process cross section — the partonic cross
section and the parton density factor separately. In our present study we analize the kinematical
structure of the partonic cross section and show that it is possible to reduce the number of unknown Z
parameters in this cross section using kinematical properties of the partonic cross section at energies
near the Z peak (66 GeV to 116 GeV). The obtained result can be applied to constructing a model-
independent observable suitable for Z signal searches at the Tevatron. We propose observables for the
Z" with general couplings to the SM fermions and for the popular case of a leptophobic Z* boson.
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Y pobori gociaiKkyeThes KiHeMaTHYHA CTPYKTYpa nepepizy Jpenna-fina B CranaapTHiii MmoaeJi,
po3ummpeniii  3a  paxyHok Z -6o30oHa. Z'-0G030H OMMCAHO 32  I0NOMOIOK  e(PeKTHBHOrO
HH3bKOCHEPreTHYHOr0 JIArPaHsKiaHA 3 BHKOPHCTAHHAM MOJEJIbHO-HE3AJIesKHOI IapaMeTpu3alii.
Takox BpaxoBYIOTbCSl NPOBENCHI paHille NOCTiIKeHHs, Y pe3y/JbTaTi sIKMX 0yJI0 3alPOIOHOBAHO
Ha0ip KiHeMaTHYHHX 3MIiHHHUX, IO Ja€ 3MOTy OKpeMO BMBYATH JBa KOMIIOHEHTH Mepepily mpomecy
Jpeana-flna — mnepepi3 NapTOHHOrO mNpoLecy Ta MHOKHMK TAPTOHHUX po3noAiiiB. Y pobori
NPoaHAi30BaHO KiHEMATHYHY CTPYKTYpY Iepepidy Ha NapTOHHOMY PiBHi 3 ypaxyBaHHsIM BHecKy Z -
6030Ha Ta MOKA3aHO, UI0 KUIbKICTH HEeBiIOMHX mapaMeTpiB Z -6030Ha, 0 BXOASATH JI0 Nepepi3y HbOro
npouecy, MOKHA CKOPOTHTH 3a JONOMOrol0 KiHeMATHYHHX 0COOIMBOCTeill NMAPTOHHOrO mepepisy
po3cisiHHs B o0uacTi eHepriii mo0au3y miky Z-6ozona (Bix 66 I'eB mo 116 I'eB), y skiii 3i0pano
Hal0OLIb M 00°eM ekcnepuMeHTANBHUX AaHuX. Llel pe3yabTaT BakJIUBUH 1/ MOOGYI0BH MOJEJBHO-
He32JIesKHOI CIOCTEepPeKYBAaHOI BeIHYHMHHM, AKY MOKHA 0yjgo 0 BHKOPHCTATH JIsl BiJOKpeMJICHHH
curHany Z'-G030Ha B JaHHX €KCIEPUMEHTIB, IO NPOXOAWIM Ha mnpuckopioBadi TeBaTpom.
3anponoHoBaHoO CHOCTepPe:KYBaHi BeJUYHMHH /ISl 3arajbHOr0 BHIAJKY KOHCTAHT 3B’SI3Ky Z'-0030Ha 3
(pepmionamu CTaHaapTHOI MOEJi TA Uil OMYJIAPHOL MojeJti tentododuoro Z -6o30ua.

KawuoBi cioBa: HOBi kamiOpyBameHi 0030HH, mnpouec Jlpemna-flra, TeBaTpoH, MOIENBHO-
He3aJIeXHUH MXi.

B paGoTe muccienyercsi KuHeMaTH4yecKasi CTPYKTypa cedenus [pea-flna B CraHaapTHoit
MOJIe/IH, PACIIUPEHHOl aGesieBbIM Z -0030HOM. Z -0030H OMUCHIBAETCS ¢ MOMOLILIO 3(PPeKTHBHOrO
HH3KO0IHEPreTH4YeCKOro JIArPAHKHAHA ¢ HCIO0Jb30BAHHEM MOJEIbHO-HE3aBHCHMON IapaMeTpH3alHH.
Tak:ke y4MTBIBAIOTCSl NPOBEJCHHBbIC PaHee HCCIEJ0BAHHSA, B pe3y/JbTaTe KOTOPBLIX ObLI NpeNIOKEeH
Ha00p KMHeMaTHYeCKHX IepeMeHHBIX, IO3BOJISIIOIMI M0 OTAEJbHOCTH HM3y4YaTh [BAa KOMIIOHEHTA
ceyeHus1 mpouecca Jlpenna-flHa — cedyeHMe NAapPTOHHOIO Npolecca W MHOMKHUTEJIb HNAPTOHHBIX
pacnpeesneHuii. B padote npoaHain3upoBaHa KMHeMAaTHYecKasli CTPYKTYpa ceyeHHsl HA MapTOHHOM
YPOBHe ¢ y4eTOM BKJIaaa Z -G030Ha M MOKAa3aHO, YTO YMCJIO HEH3BECTHBIX MapaMeTpoB Z -G030Ha,
BXOASIIIUX B ceYeHHe ITOro mpoiecca, MOXKHO COKPATHTh, UCHOIb3Yysl KHHEMATHYEeCKHe 0COOEHHOCTH
NMAPTOHHOIO ceYyeHHUsI B 00JIaCTH BHICOKHX dHepruii BOim3u nuka Z-6o3oua (ot 66 I'>B 10 116 I'3B), B
KOTOpOoii Ha0paH 00JIbIIOH 00beM JKCHEPHMEHTAIBHBIX JAHHBIX. JTOT Pe3yJbTAT BasKeH ¢ TOYKH
3peHHsl NOCTPOeHUs MOJeJbHO-He3aBHCUMOM Ha0/1101aeMoii BeJUYHHBI, MIOAXOAAINEH 1/ BblIe1eHUS
curHaja Z'-6o30Ha B OIKCIEPUMEHTAIBHBIX [IaHHBIX, COOpPaHHBIX Ha Yyckoputeie TeBaTpoH.
Ipensoxkensbl Ha0MOAaeMble BeJIHYUHBI /151 OOIIEr0 CJay4ash KOHCTAHT CBs3M Z'-0030Ha ¢
¢depmuonamu CTanaapTHOI MoJeIM U IS ONYJISIPHOI Moaen JenTododHoro Z -6o3oHa.

KoueBble cjioBa: HOBBIE KaTHOpOBOUHBIE 0030HBI, Tpouecc [pemna-Sna, TeBaTpoH, MOAETHHO-
HE3aBUCHUMBII MOJIXON.
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1. Introduction

A new heavy neutral vector boson (Z” boson) [1] is a popular scenario of searching
for physics beyond the Standard model (SM) of elementary particles in modern collider
experiments. Both the Tevatron and LHC collaborations try to catch the particle as a
resonance in the Drell-Yan process. Observing no peak they conclude that the Z" mass is
no less than approximately 2.2 TeV [2] if one considers some predefined set of Z’
models. Significant amount of the Tevatron data is collected at the Z-boson peak at 66-
116 GeV. At these energies the Z” boson also can manifest itself as an off-shell state,
since the Z coupling constants are influenced by the Z-Z" mixing, and these effects may
allow to find Z~ signals by fitting the experimental data.

In order to select Z* off-shell hints, proper observables have to be introduced to
amplify possible signal. The signal generally means a deviation of some Z” parameter (i.e.
a coupling constant) from zero at a specified confidence level. The key problem for off-
shell Z" detection is to maximally reduce the number of the Z  couplings in the
observable, which is used to fit the data. For example, the strategy of constructing
observables driven by one or two parameters was successfully applied to analyze the final
data of the LEP experiment leading to model-independent hints and constraints on Z’
couplings [3-5]. In our previous work [6] we investigated a possibility of reducing the

number of interfering Z* parameters in the pp — "]~ process at the Tevatron. For this

purpose we integrated the differential cross-section by one of the kinematical variables
with a specially constructed weighting function and reduced the total number of
independent observables that enter the cross-section from six to only four.

In this paper we continue our investigation of few-parametric observables for the
Drell-Yan process at \/§ =1.96 TeV in a model-independent parameterization of the Z*
couplings. We consider the general case of a Z’ boson with non-universal couplings to
fermion generations. It can be concluded that two-parametric observables exist at
energies corresponding to Z peak, and we obtain all of them. These observables can be
used as a key to find possible signals of the off-shell Z” boson.

2. Abelian Z" couplings to leptons and quarks

Being decoupled at energies of order of my, the Abelian Z” boson interacts with the
SM particles as an additional U (1) gauge boson. Its couplings to the SM fermions are
usually parameterized by the effective Lagrangian:

1_ = .
Ly, = EZﬂfy” [(vfgl +y°a} )cosO, + (v, +ySaf)sm90]f,
(1
1_,= )
Ly = EZ;fY# [(vf +7°a,)cosh, — (v} +ysa.§gl)sm60}f.

(Further details on the parameterization can be found in [7].) Here f'is an arbitrary SM

fermion state; a; and v, are the Z” couplings to the axial-vector and vector fermion

currents, respectively; v;gl , a;évl are the SM couplings of the Z boson; 0y is the Z-Z’

mixing angle. The a,and v, couplings are proportional to the Z” gauge coupling g . This

parameterization is suggested by a number of natural conditions: 1) the Z" interactions of
renormalizable types are to be dominant at low energies ~m; 2) the Z” boson is the only
neutral vector boson with the mass ~ m, .
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Kinematical observables for Z'-boson searches in the Drell-Yan scattering at the Tevatron

At low energies the Z’ couplings enter the cross section together with the inverse Z~
mass, so it is convenient to introduce the dimensionless couplings

a, =am,(Nanm,), v, =v.m, /| (N4nm,), ?)

which are constrained by experiments. Below the Z" decoupling threshold the effective
U (1) symmetry is a trace of the renormalizability of an unknown complete model with
the Z’ boson, and it leads to additional relations between the Z” couplings [3-4]

a, =a,=-a, =-a, =a, v, =V, +2d, V=V, +24, 3)

a
9q u 94 u

where q., ¢4, [, and v, are an up-type and a down-type quark, a lepton, and a neutrino
inside any fermion generation, correspondingly, and @ is a universal coupling constant
which defines also the Z-Z" mixing angle in (1)

0, = —2asin0,, cosO,,m, / (m, /e, ). 4)

The discussed relations are also true for the THDM case. More details on this matter
can be found in [5]. The full Lagrangian is written out in [7].
As a result, Z" couplings can be parameterized by seven independent constants a ,

vV, V., Vv, Vv, v, v.In case when the GUT model is unknown, these parameters

u>o co> Vi Veo TR

remain potentially arbitrary numbers.

3. Abelian Z’ in the Drell-Yan process
At the Tevatron the most prominent signal of the Abelian Z” boson is expected in the
pp —> I"I” scattering process. The general idea of our approach is equally applicable
both for dielectrons and dimuons in the final state. To be definite, we shall consider the
dimuon case. All the details on constructing the hadron-scattering cross section and the
used kinematical variables are provided in [6]. Here we provide the obtained results

briefly. The triple-differential cross section of this process can be written in the form of
the partonic cross sections combined with the parton distribution functions (PDFs)

s .
:ZF@(M’“F,R’Y)ﬂ’ Y =c_ . _(M,y). Q)

_ + - _
~ gty gt
4.q oy

830AB
OM 0Y Oy

Here A, B mark the interacting hadrons (p or p), and F_(x, ,x;,lL;g) is the PDF for

the pair of partons gg in the hadron 4 with the momentum fraction x, (0 <x, < 1) at the

factorization scale pr and renormalization scale pir. To access the parton distribution data,
we use the MSTW 2008 package [8]. The quantity S it is the parton-level cross
section, which depends on the variables y and M — a relative scattering «angle»
(converted to rapidity) of the invariant mass of a leptonic pair. The variable Y is a rapidity
of the intermediate state.

Leading Z’ contribution to the Drell-Yan process arises from interference between

diagrams with y'/Z and Z" intermediate states, resulting in corrections of order of O(g>).
The cross section reads as

v5, TV tVNVO55 - (6)

- — =2 — — TRV
Opy =Osm + 0z, Oz =d°C, +aV,0p +aV,05 +V,,0;

u av.
u
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Here a, v, are the couplings defined in (2), (3), and 5> GWf , wa are numerical

factors that depend on M, Y, y. In this approximation there are six independent unknown
quantities entering the Drell-Yan process cross section. In (6) the factors that include v,

and v, arise only due to contributions of first and second generation fermions,

respectively. The contribution from the third generation is neglected due to the nature of
(anti)protons. We consider two kinds of uncertainties: the PDF uncertainties (90% CL
intervals provided by the MSTW PDF package) and the scale variation uncertainties
(MR = pp = p, M/2 < p <2M).

The cross section then can be written as opy = Acppr £ Aoy,

In addition to the Z” couplings, there are another two unknown Z~ parameters that
affect opy. These are the Z" mass m,, and decay width I",.. The latest data from the CMS
and ATLAS indicates that Z" is heavier than 2.27 TeV. This means, that for energies
close to the Z peak the opy dependencies on m,, and I',, can be neglected, assuming that

the Z’ peak is far away from this range of values.

The Y and y values that we can investigate are limited by detector. The selection
citerium for muons at the DO Collaboration is that the (anti)muon pseudorapidity must be
in the range |n.| < 2.35 [9]. Therefore, |Y] <2.35. The limits for y are the same as for Y.

4. Integrating by M and y

The intermediate-state rapidity Y enters the PDF factors only. In our paper [6] we
proposed a way of integrating the cross section by Y with an M-dependent weighting
function. Such integration allowed to reduce the number of unknown free parameters that
enter the cross section from 6 to 4. In what follows we will use the numerical results of
our work [6] and investigate the Y-integrated cross section:

_ —2 — — S=
O, T Oy ta 0 ,+aV0p +A%,05 +V,Y0; . (7)

Our next step is to use the remaining two kinematic variables, M and y, to get rid of
another two unknown combinations of the Z” couplings.

The difference of the pseudorapidities, y, enters the parton-level cross section of the
Drell-Yan process, oqum_ , only and is irrelevant for the PDF analysis. In general, the

parton-level cross section depends also on M through four «resonant» functions:

1 (M?*/m2-1)
M) = , M) = 7 ,
AGD (M? /m, =1y +T /m, S(M) (M? /m, =1y’ +T% /m.
(M? | m2 -1)
(M ’
120 (M? | m2, =1 +T2% | m, (8)
rony = ML Gmymy) + (M7 m) o ~ 1M/}, ~1)

[(M?/m2 =1 +T2 /m][(M* | m2, —1) +T2 /m.]

Here m,, and I',, denote the masses and widths of the Z and Z" bosons. We

investigate the energy region close to the Z boson peak. As it was noted earlier, in this
case we do not care about the specific values of the Z” mass and decay widths. But at this
point for numerical calculations we are going to set specific values for m, and I',..
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Kinematical observables for Z'-boson searches in the Drell-Yan scattering at the Tevatron

Following the recent LHC results [2], we set m, to 2.5 TeV and assume the decay width
to be 10% of the mass. In fact this means an asymptotic approximation of f; and f, at
M < my, . As it can be seen from Eq. (8), the f, function is dominant. In the discussed
Z-peak region the functions f,, f, are odd-like with respect to M = my, and the function
f, is small. As a consequence, after integrating by M over the region the functions f,,
f;,and f; are negligible compared to f,. We are going to use the discussed feature in

what follows.

When investigating the M-dependence of the hadronic cross section o, we deal not
with the resonant functions themselves, but with their products with the PDF factors. The
general form of o, can be written as

G, — Gy = sech4ycosh2y[a(M)tanh2y+b(M)], 9)

where a(M) and b(M) are some functions that include the unknown couplings @ , v, , and v, .
The M-dependence arises from the “resonant” functions multiplied by F, (M) from Eq. (5).
The results obtained in [6] indicate that the factors F, (M) are smooth, monotonic, and
slowly-varying in the considered region. Therefore, we stress that all the discussed
properties of f,, f,, f,, and f, are generally maintained when these functions are
multiplied by F,_(M).

Naturally, f, and f; do not enter the SM part 6,5y. There are four factors entering

the Z’ contribution: G 25 O » Ops s and o, (see Eq. (7)). The factor 6. . does
a 0 u up u'p

not depend on f,, and, therefore, according to our discussion of properties of the

“resonant” functions we may eliminate it by the straightforward integration by M over the
Z-peak region (66 GeV < M < 116 GeV). The resulting value is denoted o,:

G, —GC,gy = J'dM(csl —0,y) =sech’y cosh2y(atanh2y+b),

— __ __ (10)
Gy =Opgy +a O, +@V,Cy +AV,Cpg5 , A= IdMa(M), b= Ide(M).
a n u

The factors 6, , S5 Oz > Oy > and o,, . are plotted in Fig. 1. It can be seen
a n u upn
that o, _ is negligibly small compared to the other three factors.
u'p

We are not concerned about o,sy at the moment and shall turn to investigating the y-
dependence of the Z'-related contribution presented in Eq. (10). The behavior of the
6, factor is governed by its odd part, while the o, and o, factors are obviously

u a u

dominated by their even parts. From the plots in Fig. 1 (a), one can conclude that it is
possible to suppress one of the three factors by integrating the cross section by y over a
symmetric region. Remember, that the integration limits for y are the same as for Y. In
our case -2.35 <y <2.35. The resulting observable can be obtained by integrating o, with
a weight function w(y)

G =J.dyoa(y)02, o(y)=tanh2y + k. (11)
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Fig. 1. Plots for (a) the Z" factors and (b) 6,5y from Eq. (10) (including the uncertainty bands).

Just like the Z” contribution to o,, this is a sum of odd and even functions of y. Here
k is a numerical constant. We will adjust the value of this constant, so that the contri-
bution of one of the remaining three factors becomes negligible when integrated by y.
After the integration we obtain

*

G —GCgy = I:': dy(tanh2y +k)o,

2

_ fanhy {12a+bk(4— ! H—4aarctan(tanh D (12)
3 cosh™y T

* * _2 * R * R *
6 = Oy tao,+avoc_. +avo_ .
a K

av, u - av
" u

Note, that due to the symmetric integration region only the even part of the function

. * * * * . .
o(y)o, survives. The factors 6, 6 ,, 6 ,and o_ are linear functions of k.
a u

Let us construct an observable that is suitable for fitting of the axial-vector coupling
a and the coupling to the up-quark vector current, v, . That is, the factor 0; has to be
n

suppressed. We choose the suppression criteria

|03, [<0.01]c%, | |o}, [<0.01]a}, (13)

to calculate £ in Eq. (12). Solving (13) one obtains -9.18 < £ < -8.55. If we set k = -9,
the resulting observable will contain only two unknown Z" parameters

G =0gy +aG,+av,o. . (14)

The numerical values are presented in Table 1. This specific observable allows us to
perform fitting of the @ and v, couplings. There are two other possible observables in
this approach: the one with suppressed 0:7 and the one with suppressed Giz . However,
the latter case cannot be realized in our scheme with suppression factor 0.01, because the

intervals obtained for the lower and upper bounds from (14) do not overlap.
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Kinematical observables for Z'-boson searches in the Drell-Yan scattering at the Tevatron

Table 1

Couplings entering each of the two considered observables, together with the corresponding values

of k, the SM contribution G;M , and the factors (Siz , GZT ,and (5% .
a u 0

Couplings k Gy » Db 0;2 ,nb G:*vu , b 5%“ ,nb
a’, av, -9 -569+48 111£10 -34.5+1.5 suppressed
a, av, -0.12 -4.234+0.26 1.82+0.14 suppressed 7.02+0.52

The model-independent analysis of the LEP II data [3-5] resulted in obtaining upper
bounds for a° and \7}? at 95% CL, both of order of (a few x10™*). From Fig. 1 (a), (b)

and Table 1 it can be seen that in case of the second observable (where o is

suppressed) these upper bounds are too large, since when substituted into Eq. (6) they
lead to a large deviation from the SM, which is not confirmed by any of the experimental
data. Therefore, we may expect at least some significant improvement of the LEP-
motivated bounds.

Neither LEP data nor Tevatron or LHC data shows any explicit indications of the
Abelian Z’. This provides motivation to investigate models with the so called leptophobic
Z'. In these models Z" boson couplings to the SM leptons are strongly suppressed
compared to the quark couplings. From the Lagrangian in Eq. (1) and the relations in eq.
(3) it follows that in the leptophobic case v;, a;, and a, are small compared to v,, and the
leading Z’ contributions to the cross section are

Opy =Ogy +0,, O, =av,05 +V,V,0

u

—— —y —
77 tavV.0g +VVO55 +0(a”,av,). (15)

After applying all the integrations discussed in this paper and in [6], we end up with
the observable where only the term a@v o_ survives. This observable is one-parametric:

*

G = Ogu +a_vucwu' (16)

The numerical values are the same as in the second line of Table 1.

5. Conclusions

The data analysis performed by the LHC and Tevatron collaborations resulted in
setting model-dependent lower bounds on the Z" mass. In that analysis only the high-
energy region of the Drell-Yan cross section was considered. In our paper we present a
different approach that allows to search for a Z" signal in the pp — "]~ process at the
energies near mz. In this region the most important contributions at the Z peak come from
the Z-Z’ mixing angle and Z’-induced contact couplings. Our approach utilizes the model-
independent relations between the effective Z” couplings. Therefore, in case no signal is
observed one would still be able to derive constraints for different Z” models and compare
them to the ones presented in [2].

The obtained two alternative observables can be used in fitting the experimental data
on the pp — ['l" scattering collected by the Tevatron collaborations. This allows to
constrain the Z’ vector axial-vector couplings to SM fermions. In the case of the
leptophobic Z” boson, there is a one-parametric observable containing the combination of
couplings av,. There is a large amount of data on leptonic scattering processes collected

11
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in the LEP and LEP II experiments. The second observable in Table 1 contains the
coupling combinations @° and av, that also enter lepton scattering processes. It seems to
be attractive for combined fits of the LEP and Tevatron data.
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