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Inferring the nature of the boson at 125-126 GeV
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The presence of a bosonic resonance near 125 GeV has been firmly established at the Large Hadron
Collider. Understanding the exact nature of this boson is a priority. The task now is to verify whether the
boson is indeed the scalar Higgs as proposed in the Standard Model of particle physics, or something more
esoteric as proposed in the plethora of extensions to the Standard Model. This requires a verification that
the boson is a JP¢ = 0+ state with couplings precisely as predicted by the Standard Model. Since a non-
Standard Model boson can in some cases mimic the Standard Model Higgs in its couplings to gauge
bosons, it is essential to rule out any anomalous behavior in its gauge couplings. We present a step by step
methodology to determine the properties of this resonance without making any assumptions about its
couplings. We present the analysis in terms of uniangular distributions which lead to angular asymmetries
that allow for the extraction of the couplings of the 125-126 GeV resonance to Z bosons. We show
analytically and numerically, that these asymmetries can unambiguously confirm whether the new boson is

indeed the Standard Model Higgs boson.
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I. INTRODUCTION

A new bosonic resonance with a mass of about 125 GeV
has recently been observed at the Large Hadron Collider by
both ATLAS Collaboration [1,2] and CMS Collaboration
[3-5]. The mass of the resonance is suggestive that this
resonance is the Higgs boson that should exist in the
Standard Model (SM) of particle physics as a spin zero
parity-even resonance. Significant effort is now directed
at determining the properties and couplings of this new
resonance to confirm that it is indeed the Higgs boson of the
Standard Model. In this work we specify this new boson by
the symbol A and we call it the Higgs, even though it has
not been proved to be the Higgs of the Standard Model.
This resonance is observed primarily in three decay
channels H — yy, H - ZZ and H — WW, where one
(or both) of the Z’s and W’s are off-shell. It is well known
that the spin and parity of the resonance and its couplings
can be determined by studying the momentum and angular
distributions of the decay products. Indeed there is little
doubt that a detailed numerical fit to the invariant masses of
decay products and their angular distributions will reveal
the true nature of this resonance. However, a detailed study
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of the angular distributions requires large statistics and may
not be feasible currently. Several studies existed in the
literature before the discovery of this new resonance [6—36]
and yet several papers have appeared recently on strategies
to determine the spin and parity of the resonance [37-50].
Yet, there is no clear conclusion on the step by step
methodology to determine these properties and convinc-
ingly establish that the new resonance is indeed the
Standard Model Higgs boson. The recent result [5] from
CMS Collaboration on the determination of spin and parity
of the new boson is not conclusive.

In this paper we are exclusively concerned with Higgs
decaying to four charged leptons, which proceeds via a pair
of Zbosons: H — ZZ — (£7¢7)(¢5¢5 ), where ¢, ¢, are
leptons e or u. Since the Higgs is not heavy enough to
produce two real Z bosons, we can have one real and
another off-shell Z, or both the Z’s can be off-shell. While
we deal with the former case in detail our analysis applies
equally well to the latter case. We find that only in a very
special case dealing with J© = 2 boson it is more likely
that both the Z bosons are off-shell. We emphasize that the
final state (e*e™)(u"p™) is not equivalent to (e*e™)(ete™)
or (utu™)(uu~) as sometimes mentioned in the literature,
since the latter final states have to be antisymmetrized with
respect to each of the two sets of identical fermions in the
final state. The antisymmetrization of the amplitudes is not
done in our analysis and hence our analysis applies only to
(eTe™)(u"p~). We examine the angular distributions and
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present a strategy to determine the spin and parity of H, as
well as its couplings to the Z bosons with the least possible
measurements. Since the decay mode H — yy has been
observed, H is necessarily a boson and the Landau-Yang
theorem [51,52] excludes that it has spin J = 1. Further,
assuming charge conjugation invariance, the observation of
H — yy also implies [10] that H is a charge conjugation
C = + state. In making this assignment of charge con-
jugation it is assumed that H is an eigenstate of charge
conjugation. With the charge conjugation of H thus estab-
lished we will only deal with the parity of H henceforth.
We consider only spin-0 and spin-2 possibilities for the H
boson. Higher spin possibilities need not be considered
for a comparative study as the number of independent
helicity amplitudes does not increase any more [15,53].
The process under consideration requires that Bose sym-
metry be obeyed with respect to exchange of the pair of Z
bosons. This constrains the number of independent helicity
amplitudes to be less than or equal to six. Even if the spin-J
of H is higher (i.e. J > 3), the number of independent
helicity amplitudes still remains six. However, the helicity
amplitudes corresponding to higher spin states involve
higher powers of momentum of Z, independent of the
momentum dependence of the form factors describing the
process. We will show that even for J* = 2 under a special
case only two independent helicity amplitudes may survive
just as in the case of J* = 0%. The two cases are in principle
indistinguishable unless one makes an assumption on the
momentum dependence of the form factors involved.

We start by considering the most general decay vertex for
both scalar and tensor resonances H decaying to two Z
bosons. We evaluate the partial decay rate of H in terms of
the invariant mass squared of the dilepton produced from
the nonresonant Z and the angular distributions of the four
lepton final state. We demonstrate that by studying three
uniangular distributions one can almost completely deter-
mine the spin and parity of H and also explore any
anomalous couplings in the most general fashion. We find
that J¥ = 0~ and 2~ can easily be excluded. The J* = 0%
and 2 possibilities can also be easily distinguished, but may
require some lepton invariant mass measurements if the
most general tensor vertex is considered. Only if H is found
to be of spin-2, a complete three angle fit to the distribution
is required to distinguish between J¥ = 2% and 2.

The determination of couplings and spin, parity of the
boson is important as there are other spin-0 and spin-2
particles predicted, such as the J = 0 radion [54—60] and
J = 2 Kaluza-Klein graviton [45,61-63], which can easily
mimic the initial signatures observed so far. Such cases
have already been considered in the literature even in the
context of this resonance. Our analysis is most general and
such extensions are limiting cases in our analysis as the
couplings are defined by the model.

In Sec. Il we lay out the details of our analysis, with
Secs. II A and II B devoted exclusively to spin-0 Higgs and
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spin-2 boson respectively. A step by step comparison with
detailed procedure to distinguish the spin and parity states
of the new boson is discussed in Sec. II C. In Sec. II D we
present a numerical study to demonstrate the discriminating
power of the uniangular distribution analysis compared
to the current approach [64,65]. We find that uniangular
distribution is more powerful in discriminating between the
scalar (0") and pseudoscalar (0~) hypothesis.

We conclude emphasizing the advantage of our approach
in Sec. IIL

II. DECAY OF THE NEW RESONANCE TO FOUR
CHARGED LEPTONS VIA TWO Z BOSONS

Let us consider the decay of H to four charged leptons
via a pair of Z bosons:

H—=Z+2Z, - (7 +¢67)+ (6 +¢5),

where 7, ¢, are leptons e or p. As mentioned in the
Introduction we assume ¢; and ¢, are not identical. The
kinematics for the decay is as shown in Fig. 1. The Higgs
at rest is considered to decay with the on-shell Z; moving
along the +Z axis and off-shell Z, along the —Z axis.
The decays of Z; and Z, are considered in their rest frame.
The angles and momenta involved are as described in
Fig. 1. The four-momenta of H, Z; and Z, are defined as P,
q; and g, respectively. We choose Z; to decay to lepton
pair #{ with momentum &, and k, respectively and Z, to
decay to ¢5 with momentum k3 and k, respectively.
Nelson [6-8] and Dell’ Aquilla [7] realized the signifi-
cance of studying angular correlations in this process with
Higgs boson decaying to a pair of Z bosons for inferring the
nature of the Higgs boson. References [12,14,15] were the
first to extend the analysis to include higher spin possibil-
ities so that any higher spin particle can effectively be
distinguished from SM Higgs. We study similar angular
correlations in this paper. We begin the study by consid-
ering the most general HZZ vertices for a J =0 and a
J =2 resonance H. We shall first discuss the two spin
possibilities separately. Later we will lay out the approach
to distinguish them assuming the most general HZZ vertex.

A. Spin-0 Higgs

The most general HZZ vertex factor V?fzz for spin-0
Higgs is given by

igM ) o ; Q,
V?fzz = o5 va (ag™” + bP*PP + ice™q,,q,,). (1)

where 6y, is the weak mixing angle, g is the electroweak
coupling, and a, b, ¢ are some arbitrary form factors
dependent on the four-momentum squares specifying the
vertex. The vertex V}fzz is derived from an effective
Lagrangian (see for example Ref. [66]) where higher

dimensional operators contribute to the momentum
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Center-of-

momentum
frame of £

FIG. 1 (color online). Definition of the polar angles (9, and 6,)
and the azimuthal angle (¢) in the decay of Higgs (H) to a pair
of Z’s, and then to four charged leptons: H —» Z| +Z, —
(7 +¢7) + (&5 +¢5),where £1,¢, € {e, u}. It should be clear
from the figure that %1 = —%2 and %3 = —124. Since Z, is off-shell,
we cannot go to its rest frame. However, given the momenta of £;
and 5 we can always go to their center-of-momentum frame.

dependence of the form factors. Since the effective
Lagrangian in the case of arbitrary new physics is not
known, no momentum dependence of @, b and ¢ can be
assumed if the generality of the approach has to be retained.
Approaches using constant values for the form factors
therefore cannot provide unambiguous determination of
spin-parity of the new boson. We emphasize that even
though the momentum dependence of a, b and ¢ is not
explicitly specified, they must be regarded as being
momentum dependent in general. In SM, however, a, b,
c are constants and take the valuea =1 and b = c =0 at
tree level.

In Eq. (1) the term proportional to ¢ is odd under parity
and the terms proportional to both a and b are even under
parity. Partial-wave analysis tells us that such a decay gets
contributions from the first three partial waves, namely
S-wave, P-wave and D-wave. Since S- and D-waves are
parity even while the P-wave is parity odd, the term
associated with ¢ effectively describes the P-wave con-
tribution. The terms proportional to a and b are admixtures

PHYSICAL REVIEW D 89, 095021 (2014)

of S- and D-wave contributions. The decay of a spin-0
particle to two spin-1 massive particles is hence always
described by three helicity amplitudes.

The decay under consideration is more conveniently
described in terms of helicity amplitudes A;, Ay and A
defined in the transversity basis as

AL =q - qa+ M3 X?b, 2)
Ay =/24i93a, 3)
A = Zq%q%XMHc, 4)

where /g7 and /g3 are the invariant masses of the ¢7
and ¢5 lepton pairs respectively, ie. g7 = (k; + k)2,
0 = (ks + ky)?,

A(ME. 42 2
X — (221‘11 CIQ)’ (5)
H

a, b and c are the coefficients that enter the most general
vertex we have written in Eq. (1) and

Ax,y,2) = x> +y> + 22 =2xy —2xz = 2yz.  (6)

It should be remembered that the helicities A;, A and A |
are in general functions of ¢7 and g3, even though the
functional dependence is not explicitly stated. The advan-
tage of using the helicity amplitudes is that the helicity
amplitudes are orthogonal. Our helicity amplitudes are
defined in the transversity basis and thus differ from those
given in Ref. [66]. Our amplitudes can be classified by their
parity: A; and A are parity even and A | is parity odd. This
is unlike the amplitudes used in Ref. [66]. Throughout the
paper we use linear combinations of the helicity amplitudes
such that they have well defined parity. This basis may be
referred to as the transversity basis. Even though we work
in terms of helicity amplitudes in the transversity basis, we
will show below, it is in fact possible to uniquely extract out
the coefficients a, b, ¢ which characterize the most general
HZZ vertex for J = 0 Higgs.

We will assume that Z; is on-shell while Z, is off-shell,
unless it is explicitly stated that both the Z bosons are off-
shell. The off-shell nature of the Z is denoted by a superscript
“*”_One can easily integrate over g3 using the narrow width
approximation of the Z. The helicity amplitudes are then
defined at g2 = M2 and g¢3. In principle g3 could also have
been explicitly integrated out in both the cases when either
Z is off-shell or fully on-shell, resulting in some weighted
averaged value of the helicities. The differential decay rate
for the process H = Z, + Z; — (67 + &) + (65 +¢5),
after integrating over ¢2 (assuming Z, is on-shell or even
otherwise) can now be written in terms of the angular
distribution using the vertex given in Eq. (1) as
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08 2¢(1 — Py(cos 0,))(1 — P,(cos 0,))

+ ZIm(F | F ) sin 2¢(1 — P(cos 0;))(1 — P,(cos 6,))
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87 arT R =IFLP
Tt dg3d cos 0,d cos ,dp 4
1
2
1
+5(
. 9
8/2

1
1 =3|FL*)(Py(cos ;) + P;(cos 6,)) +Z(1 + 3|FL|*)P;(cos 6,)P;(cos 6,)

(Re(FLF}j)cos ¢ + Im(FLF7) sin ) sin 20, sin 20,

3
+n ERe(F”F’i)(cos 0,(2 + Py(cos ;) —cos 0, (2 + P,(cos 6,)))

9
+——=Re(F_F" )(cos @ — cosO,) cos ¢sin 0 sin0,

2V2

9 9
— —=Im(F_Fj)(cos 6 — cos 6,) sin¢sin 0, sin 92> - 1772((1 — |FL|?) cos 6, cos 0,

2V2

+ \/E(Re(FLFTl) cos¢ + Im(F F7})sin¢)sinf; sin6,), (7)

where the helicity fractions Fy, F| and F | are defined as

A
F/1: A ) (8)
VIALE + 4P + 14,
where 4 € {L, ||, L} and
dr 2 2 2
Tp=——5=N(ALP + 4P+ ALP). ©)
dq;
with
11 @ BT X
N=ogmy ot . (10)

27 co Oy M3y My (a3 = M3)° + M3T3)

where I is the total decay width of the Z boson, Br,, is
the branching ratio for the decay of the Z boson to two
massless leptons: Z — £7¢~ and we have used the narrow
width approximation for the on-shell Z. We emphasize that
with ¢? integrated out the helicity amplitudes A, and helicity
fractions F, are functions only of ¢3. In Eq. (7) 5 is
defined as

20,.a
n=-—_-t (11)

-2 2
vy, +ay

with v, = 2153, — 4e,sin’0y, and a, = 215,, and P,(x) is
the second degree Legendre polynomial:
Py(x) =

(3x2—1) (with x € {cos@,,cos6,}). (12)

N[ =

We have chosen to express the differential decay rate in
terms of Legendre polynomials for cos#; and cos @, and
Fourier series for ¢. This ensures that each term in Eq. (7) is

orthogonal to any other term in the distribution. The
Legendre polynomials P, (cos®,) and P,,(cosf,) satisfy
the orthogonality condition since the range of cos#; and
cos B, is —1 to 1, whereas that of ¢ is 0 to 2. Our approach
of using Legendre polynomials and the choice of helicity
amplitudes in the transversity basis classified by parity
form the cornerstone of our analysis. The same technique
will be used in Sec. II B to analyze the spin-2 case.

An interesting observation in the scalar case is that the
coefficients of P,(cosf;) and P,(cos6,) are identically
equal to 3 (1 —3|F.[*) in both magnitude and sign. It is
worth noting that the coefficients of cos2¢P,(cos @) and
cos 2¢P;(cos ;) are also identically equal to § (|Fy|* —
|F,|?) in both magnitude and sign.

Integrating Eq. (7) with respect to cos 8, or cos 6, or ¢,
the following uniangular distributions are obtained:

1 d’r 1
ﬁm = 5 + TéO)PQ(COS 91) - Tgo) COS 91, (13)
2

- =—+T,’P 0,)+T 0,, 14
Tydgsdcos®, 2 2 2(cos o) + Ty cos . (1)

2r d2F 0 0) . 0
F_qug—dqﬁ =1+ Ué ) cos 2¢) + Vé ) sin 2¢) + U(1 )cosq’)
+ V% sing, (15)
where
1
1y = (1=3F.P), (16)
1
0
vy = LRy = FLP). a7
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1
v = S Im(FyFY). (18)
3
T\ = SIRe(F FY). (19)
I 2Re(F,F?) (20)
! 322" En
2
O) oz s
= - Im(F, F*), 21
1 32\/571 (FLF7Y) (21

are explicitly functions of g3. The superscript (0) indicates
the spin of H. Since Py(cosd;,)=1, P1(cos6, ,)=cosb) 5,
P5(cos8,), cos ¢, sin ¢, cos2¢ and sin2¢ are orthogonal
functions, the coefficients of each of the terms can be
extracted individually. We can also extract all the above
coefficients in terms of asymmetries defined as below:

0 +1 1 T
= ([ ()
1 Jo I't dgs5d cos 0,
0 +1 1 42T
= <—/ +/ )dcos&z <—2—>, (22)
_1 0 I't dg5d cos 0,
+ +1 d*r
dcosd
</ / /—‘r ) ST (Ff dC]deOS‘gl 2)

(23)

L L) ) e

~ |

AL )

(25)
1 0 +r 27 dT
W(‘/ﬁl )d (rqu d(/») 20
0 1 +5 +r 2n d°T
_Z</ / A _/g >d¢<r_qu§d¢>'

27

As had already been realized from Eq. (7), the coefficients
of P,(cos@;) and P,(cosf,) as well as the coefficients of
cos @, and cos 8, in Egs. (13) and (14) are identical. This
results in a maximum of 6 possible independent measure-
ments TSO) U 50), V(lo), Tg()), Ug()) and Vé()) using uniangular
analysis. For the decay under consideration, v, = —1 +
4sin’Ay, and a, = —1. Substituting the experimental value
for the weak mixing angle: sin’@y, = 0.231, we get n =
0.151 and 5> = 0.0228. Owing to such small values of 7
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and »? it is unlikely that TEO), U go) and V<10> can be measured
using the small data sample currently available at LHC,
reducing the number of independent measurable to three.

Using Egs. (16) and (17) and the identity |F,|>+
|[F >+ |FL|* =1, the following solutions for |F, |,
|Fy|* and |F|* are obtained:

FuP =5 (- 410, (28)
1
By =51+ 21) + 200, (29)
1
[FLP =51 14217y =20, (30)

We have shown that one can easily measure all the three
helicity fractions using uniangular distributions. We can
also measure Im(F F" ), which is proportional to sine of
the phase difference between the two helicity amplitudes
Ajand A, . In other words, we can also measure the relative
phase between the parity-odd and parity-even amplitudes.
Such a phase can arise if CP symmetry is violated in HZZ
interactions or could indicate pseudo-time reversal viola-
tion arising from loop level contributions or rescattering
effects akin to the strong phase in strong interactions. Since
such a term requires contributions from both parity-even

and parity-odd partial waves, Vgo) = 0in SM. In the case of

SM we have a = 1 and b = ¢ = 0. Assuming narrow width
approximation for the on-shell Z; we get

FL =0, 31)
2 a2 2
Fo_r Mu— M- (32)
F) 2V2My /43

Clearly, for the case of SM the term T has a characteristic
dependence on y/¢3. Demanding F, = 0, we get

1
Y = c+ 21, (33)
and
1 — 470
IT| = 750) (34)
2+ 4T

Thus for SM we can predict the experimental values for the
coefficients Tgo) and U go) as

© 1 (1=2[T| 0) 1
Ty =- , Uy =——. 35
: 4<1+|T| e TR
and U (20) are functions of /g3 alone
and are uniquely predicted in the SM. T(ZO) and U go) are pure

It is evident that Tgo)
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numbers for a given value of /g3. Their variation with

respect to \/(7% is shown in Fig. 2(a). It is clear from the plot
that Tgo) is always negative while U go) is always positive in
the SM. The variation of the helicity fractions with respect
to \/q? is shown in Fig. 2(b). Figure 2(c) also shows the
variation of the normalized differential decay width of the
SM Higgs decaying to four charged leptons via two Z
bosons with respect to \/q? . Figure 2 contains all the vital
experimental signatures of the SM Higgs and must be
verified in order for the new boson to be consistent with the

0.2

0.1 ///
0 4

—01 + PR J— e
—02 } )
S 03| T |
—oab 7 :

_05 ko . . . L L
0 5 10 15 20 25 30

Va3 (in Gev)

(a) Plot of TQ(O) and UQ(O) vs 1/q3.

and UZ(O)

(0)

Helicity Fraction

0 5 10 15 20 25 30

\/E (in GeV)

(b) Plot of F, and F| vs. 1/q3.

0.0012 T T T T T T
0.001

0.0008
Ldb 0.0006
Tdgy

0.0004

0.0002

0 L L L L L L
0 5 10 15 20 25 30

\/;% (in GeV)

1dr 5
(c) Plot of Fd—q% \CRVA R

FIG. 2 (color online). Plots of various observables in SM only.

We have used My = 125 GeV, \/q% =91.18 GeV for the above

plots. The integrated values for the observables Tg)) and Uéo) are

uniquely predicted in SM at tree level to be —0.148 and 0.117
respectively.
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SM Higgs boson. We emphasize that a nonzero measure-
ment of F; will be a litmus test indicating a non-SM
behavior for the Higgs. Furthermore, a nonzero Vg()) would
imply that the observed resonance is not of definite parity.

If we find the new boson to be of J*€¢ = 01+, but still not
exactly like the SM Higgs, then we need to know the values
of a and b in the vertex factor of Eq. (1). It is easy to find
that for a general 0" boson, the values of both @ and b are
given by

0= F”\/Ff/N

=—F, (36)
V2M /43
/ 2 a2 2
bZ%/(FL—MF“) (37)
MyX 2V2M 4/ G

For SM a =1 and b = 0 at tree level only. At loop level
even within SM these values would differ. It may be
hoped that a and b determined in this way may enable
testing SM even at one loop level once sufficient data is
acquired. This is significant as triple-Higgs vertex contrib-
utes at one loop level and measurement of b may provide
the first verification of the Higgs-self coupling. Even if the
scalar boson is not a parity eigenstate but an admixture of
even and odd parity states, Eqgs. (36) and (37) can be used to
determine a and b. We can determine ¢ by measuring F | :

c= FuvTN . (38)
V2Mz\/GEMyX

Therefore, it is possible to get exact solutions for a, b, ¢ in
terms of the experimentally observable quantities like F,
F”, FL and Ff.

We want to stress that it is impossible to extract out
both a and b by measuring only one uniangular distribu-
tion (corresponding to either cosé; or cos6,), since
the helicity amplitude A; contains both a and b. Hence,
it is not possible to conclude that the 0™ boson is
a Standard Model Higgs by studying cos@; or cos0,
distributions alone.

The current data set is limited and may allow binning
only in one variable. We therefore examine what conclu-
sions can be made if ¢3 is also integrated out and only the
three uniangular distributions are studied individually. As
can be seen from Egs. (36), (37) and (38) we can obtain
some weighted averages of a and c. These equations will
only allow us to verify whether ¢ =1 and ¢ =0. In
addition the presence of any phase between the parity-
even and parity-odd amplitudes can still be inferred from

Eq. (18). The integrated values for the observables Téo) and

Ugo) are uniquely predicted in SM at tree level to be —0.148
and 0.117 respectively.
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yHiab

B. Spin-2 boson The most general HZZ vertex factor Vi, for spin-2

As stated in the Introduction we shall use the same  boson, with polarization 6/(4;) has the following tensor

symbol H to denote the boson even if it is of spin-2.
|

structure:

VA — A(g g+ g ) + B(QH(Q% + QP g™) + Q¥ (Q°¢™ + QP g™)) + C(Q Q" g*)
— D(Q“QPQ*QY) + 2UE(gvemre — gehine 4 gbucaro — gmehre)g, g,
+ iF(QF(QYe™r + Qre™ro) — Q(QVer? 4+ QREPPT)) gy g, (39)

where €, and € are the polarizations of the two Z bosons;
A, B, C, D, E and F are arbitrary coefficients and Q is the
difference of the four-momenta of the two Z’s, i.e.
O = q; — q,. Only the term that is associated with the
coefficient A is dimensionless. The form of the vertex factor
ensures that Pﬂe’(‘;) = Pl,e’(‘;) =0 and gﬂyeﬁ) = 0, which
stem from the fact that the field of a spin-2 particle is
described by a symmetric, traceless tensor with null four-
divergence. Here like the spin-0 case P is the sum of the
four-momenta of the two Z’s, i.e. P = q; + ¢,. Since we
are considering the decay of Higgs to two Z bosons, the
vertex factor must be symmetric under the exchange of
the two identical bosons. This is taken care of by making
the vertex factor symmetric under simultaneous exchange
of a,f and corresponding momenta of Z; and Z,. The
Lagrangian that gives rise to the vertex factor V’,;”Z%ﬂ
contains higher dimensional operators, which are respon-
sible for the momentum dependence of the form factors.

In V’;}’Z%ﬁ the terms that are proportional to E and F are

parity odd and the rest of the terms in VA% are parity even.
From helicity analysis it is known that the decay of a
massive spin-2 particle to two identical, massive, spin-1
particles is described by six helicity amplitudes. Bose
symmetry between the pair of Z bosons [67,68] imposes
constraints on the vertex V’;}’Zazﬁ such that it gets contribu-
tions from two parity-odd terms that are the admixture of
one P-wave and one F-wave, and four parity-even terms
that are some combinations of one S-wave, two D-waves
and one G-wave contributions. Even for the case of spin-2
boson we choose to work with helicity amplitudes as they
are orthogonal but choose a basis such that amplitudes have
definite parity associated with them. We find the following
six helicity amplitudes in the transversity basis:

4X
Ay =5 - (E(U3 = Mju}) + FAUMEX?)). - (40)
1
81/qiq3vX
_SVHRvE p 41
” i (41)
2V2
= A(M3, —u?) — B(8M% X
1 3\/§M%1(( H 2) (8My, )

+ C(4M7,X?)(u} — M3;) — D(8M}, X)),  (42)

[
8vVa a3
A, = T2 (A 4 4X2(0), 43
Ay = (A(u3 — MZUT) + B(AUTMEX?)),  (44)
3Myu,
8 /.2 .2
Ay = MA’ (45)

where Uy, U,, V and W are defined as

ui =gt + q3, (46)
U = qi — 43 (47)
v2 = 4M%u? + 3uj, (48)
w2 = 2M%u? + uj. (49)

The quantity X is as defined in Eq. (5).

We wish to clarify that our vertex factor V’;}“Zazﬂ is the
most general one. An astute reader can easily write down
terms that are not included in our vertex and wonder
how such a conclusion of generality can be made. For
example, one can add a new possible term such as
iG(e*"P,Q" + ¢ P,Q¥). It is easy to verify that this
new form factor G enters our helicity amplitudes A; and
Ay in the combination (E — 2G):

4X
Ay =35 (E=26)(uj - Mjut) + FAUIM}X?)), (50)
1
22
X
Ay = SVIDVX (b o6 (51)
3V3u,

Note that only this combination of E and G is accessible
to experiments and all other helicity amplitudes remain
unchanged. Since, there exist only six independent helicity
amplitudes corresponding to six partial waves for the spin-2
case, the number of helicity amplitudes in the transversity
basis must also be six. Adding any new terms to the vertex
factor will simply modify the expressions for the helicity

amplitudes. The generality of our vertex V’,‘;Z“Z/j is therefore
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very robust. Having established the generality of V’,‘,”Z"Zﬂ we
will henceforth not consider any term absent in the vertex of
Eq. (39). Our helicity amplitudes are different from those
given in Ref. [66]. In Ref. [66], they provide eight
independent helicity amplitudes. If we consider the Bose
symmetry of the two identical vector bosons to which H is
decaying, then these should reduce to six independent
helicity amplitudes. Again as stated in the scalar case, our
helicity amplitudes are classified by their parity and thus
differ from those in Ref. [66]. Our amplitudes A; and Ay,
have parity-odd behavior, and the rest of the helicity
amplitudes have parity-even behavior. In contrast not all
the amplitudes enunciated in Ref. [66] have clear parity
characteristics.

|

87 aT _,
It dg3d cos 0,d cos ,dp
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Once again just as in the scalar case we will start by
assuming that Z; is on-shell while Z, is off-shell. The
integration over ¢} is done using the narrow width
approximation of the Z. In tensor case, however, off-shell
Z, will also have to be considered in a special case. We
hence consider that ¢? is explicitly integrated out whether
Z, is off-shell or fully on-shell. In case Z; is off-shell the
resulting helicities are some weighted averaged values
and should not be confused with well defined values at
g} = M%. The differential decay rate for the process
H—->Z +2Z— (¢ +¢)+ (65 +¢5), after integrat-
ing over g7 (assuming Z; is on-shell or even otherwise)
can now be written in terms of the angular distribution
using the vertex given in Eq. (39) as

(317 = (303 3) ) cos2001 = Pa(cos )1 = Pafcos2)

(MH )Im(FzFM) sin2¢(1 — P5(cos0;))(1 — Py(cos6,))

P5(cos 6)

u2 4
+ | Fy)? (4M%, >+ 3

u3
+ (6\/611612

1
P5(cos @
2( 5 2)

4
U u,
Il (40 3

uj u
3-2¢? Fy?( 2M3 =L + 2
( q3 QI>> +| 4| ( +U%W2<

(3= 2)) + PP (205 Ui

2 2
91— 24
SO (2l + 1) + (e + ) (D22)

uj
2 4

9 - 261?))

W)Re(F3F4) (6\/§ lGhy >Re FLFM)

(2P + PP + (175 + 2P ( )

(q? - 261%))

(6\/@u )Re(F3F4) (6\/§ q1q2 >Re(FLFM)>

P,(cos8,)P,(cos b 1 Mjui
1 Palcost)Pa(costy) <2|F1|2+5|F2|2—|F3|2—|FL|2—(T”)IF ’

2

2M3u? - 3ud
().

9sin 20, sin 26, cos ¢ <(|F3|2 _IF,P) (x/q%q%>

16 uj

+3|Fyl? \/‘11‘12 U — [Fyf? \/Q%‘I% U - U4 Re(F3F3)
usv? uiw? uww

i <\/§U1
_ (\@u“;z‘

1

V)Im(F3Fj‘V,)—<L:;%N>Im(F4F*) (2\/— q1q2

1

16

ul . i 9 sin 20, sin 20, sin ¢ Va3
;\/)Re(FLFM)—\/ERe(Fle)>+ i > <<2 ul 2 ) Im(F3F;)

1

uj >Im(F4F* )

<2\f My >Im(F FM)> + M, (52)

where M includes all the terms that are proportional to 7 and 7%, and is written explicitly in the Appendix, Eq. (A1). The

helicity fractions are defined as
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A.
Fi=—iot (53)

NI

and I’y is given by

ar 19

191 BT, S AP
A~ 5207

Mjy M7 (3 = M2)* + M3T2)”
(54)

[y

where i,j € {L,M,1,2,3,4} and we have averaged over
the 5 initial polarization states of the spin-2 boson.

The uniangular distributions are given by
1 d2F 1 (2) (2)
- =—-+T,'P 0,)-T 0,, 55
Iydqideosg, 2 12 Palcosfr) =TTeostr. (53)

)
4 TYp T
Iy dg2d cos 0, 2+ , ' Py(cosB,) +T,;” cos,, (56)

2n d°T 2 2) . 2
F_qugdqﬁ =1+ Ug )cos2¢+ V(2 ) sin2¢ + U(1 )cosgb
+ VP sing, (57)

where the superscript (2) is used to denote the fact that the
concerned coefficients are for spin-2 resonance, and

2 1 qi — 243
18 = (2P PP 4 O+ ) (2
1

IR, 2M2u_%_|_ U3 (&2 =247
4 HW2 U%Wz q3 q1

. |FM|2<4M%,”—§+3%<q%—2q%>)
VT
u3
uvw

L6\/ed <vRe<F3Fz>+ﬁwRe<FLFz4>>),

(58)

2 2
) 1 4 =24
) = (-2 P PP+ (RP + P (2570)
1
2 QU U, 2
+ |F4| ZMHW+U%W2 (41 _242)

2 4
1 Fl? (403 T 432 (g~ 243)
vZ T udv?

/ u3
-6 2.2
919> U%VW

(VRe(F5F;) + \/§wRe(FLF;;4))) ,

(59)
D) 1 M2 u?
vy = JIFaf ==y (60)
u
v = MHVIIm(Fsz‘V,), 61)
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2 3?] * *

T = TV <2MHuwae(F2FM) + q3vWRe(F3F})

/B33 (V3 GWRe(FFy) + [ qivRe(FyF)
+ V3 BABRe(FFy) ) ), (62)
/(2 3’7 * *

T = TV (2MHu§wRe(F2FM) + g3VWRe(F3F})
+1/q7U3 (—\/5\ [ G3WRe(F5Fj,) — 1/ q3VRe(F4F; )
+V3y/ q%U%Re(thF}‘w))), (63)

2.2
@ 977 20202 *
u? = ity (\@ulv W?Re(F, F3)

— UV*WRe(F3F}) + |F3*/ qig3v°w?
— |F4l*\/q}q3uiv? + V3ujvw?Re(F, F},)
— IFL P\ GR3vAW? + 31 Fy Py qig3uiw? ). (64)

971.2112
64uivw

(2\szHu?w1m(F1F;4)

+ 24/ G GvWIm(F5F% ) — V/3ulwim(F5F%)
- uvVIm(F,F}) = 2V3udy/gigdim(FFy) ). (65)

These coefficients can again be extracted from asymmetries
similar to those defined in Egs. (22), (23), (24), (25), (26) and
(27) for the spin-0 case. We find that the angular distributions
corresponding to P,(cos 6;) and P,(cos 6,) are different in
the spin-2 case in contrast to the spin-0 case. This feature can
enable us to distinguish between the two spins, unless the
difference happensto be zero for certain choice of parameters,
even in the spin-2 case. Considering only the # independent
terms in Egs. (55) and (56), the difference A between the
coefficients of P,(cos0;) and P,(cos0,) in

1 da’r 1 d’r
moa g and o
I't dg5d cos 0, I't dg5d cos 0,
respectively, is
T
4uviw?
— U3 (V2[Fyf? + 3W2|Fy[?))

(VWA(|F5]7 + [FL?)

3/ a2
+ # (VRe(F3F%) + V3WRe(F F3,)).  (66)
1
If we find that A = 0 for all \/ g3, then the tensor case would
have similar characteristics in the uniangular distributions as
discussed in the scalar case. However, this can only happen if
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helicity amplitudes (or equivalently the corresponding coef-
ficients A, B, C, D, E and F) have the explicit momentum

dependence so as to absorb /g3 completely in A. The reader
can examine the expression for A to conclude that this is
impossible and the only way A can be equated to zero for all

\/?, is when

F3:F4:FL:FM:0. (67)
In such a special case all the form factors in vertex V‘;I”Z“Zﬁ
vanish, except C and D. This special case explicitly implies
that the parity of the spin-2 boson is even. We will refer to this
case as the special J¥ = 2% case, since the uniangular
distribution mimics the J* = 0" case. Working under this
special case

1 da’r 1 2)
——————==-+T, P 0,), 68
Ff dg3dcos 0, ) + 2(cos ) (68)

1 &r T
L 7PP,(cost 69
Trd@dcos0, 2 2 2(c0s 62), ©9)

27 d*T (

L 14 u? coquﬁ—i—U(z) cosgp,  (70)
Ty dg3dg ? ‘

where the ng), ng) and U 32) are now given by

1
15 = (IR - 2|F ). ()
1
vy = IFP, (72)
UP = 2 pRe(F ). (73)
32v2
Now using the identity |F,|> + |F,|> = 1, we get
1
v = e+ 21). (74)

Note the similarity between Eqgs. (33) and (74). The con-
clusions that J© = 2% when A # 0 can also be drawn if A
integrated over g7 and g3 is found to be nonzero. However, itis
clearfrom Eq. (66) thatthe domain of integration for ¢ and ¢3
cannot be symmetric.

C. Comparison between spin-0 and spin-2

Having discussed both the scalar and tensor cases, we
summarize the procedure to distinguish the spin and parity
states of the new boson in a flowchartin Fig. 3. The procedure
entailed ensures that we convincingly determine the spin
and parity of the boson. The first step should be to compare
the uniangular distributions in cos@; and cos®,. If the

PHYSICAL REVIEW D 89, 095021 (2014)

Coefficient of
P»(cosBs) in

Coefficient of
P;(cosf1) in

T dcosb, T dcos b
L»’ Are they the same? %—J
YES X NO

’JPC € {0"*,0™ ", Special 2++}‘ ’JPC € {2++,2_+}‘

What is the ratio of the
number of events via
Z*Z* compared to ZZ*?

Is it about 1.5 or larger ?
YES

NO {—)\ Special 27

(77 € {0+ 0 |——[Is Fi = 07 (See Eq. (30).)]

Needs full angular
analysis for
determination of parity

YES %’ NO
JPC _ ot JPC =07" or not a
— parity eigenstate

Do the observables
TQ(O) and UQ(O) have
SM values? [See
Eq. (35).] Are
their values —0.148

and 0.117 : e
respectively, when ‘ Find out a, b, ¢ using Eqgs. (36), ‘
integrated over ¢2? (37) and (38) respectively.

YES

[

JPC :0—+ NO

[[Not a parity eigenstate]]

1NO

[[Non-SM ot Scalar]]
i

Find out a and b using
Egs. (36) and (37) respectively.

FIG. 3. Flow chart for determination of spin and parity of the
new boson. See text for details.

distribution is found to be different the boson cannot be the
SM Higgs and indeed must have spin-2. However, if the
distributions are found to be identical the resonance can have
spin-0 or be a very special case of spin-2 arising only from C
and D terms in the vertex in Eq. (39). The similarity between
Egs. (33) and (74) makes it impossible to distinguish these
two cases by looking at angular distributions alone.

The special J¥ =2T case can nevertheless still be
identified by examining the surviving helicity amplitudes
A; and A,. The helicity amplitudes given in Eqs. (42) and
(43) reduce in this special case to

_16v2
33

32
Ay = —— 2g2X%C. 76
2 33 \/ 41493 (76)

These may be compared with Egs. (2) and (3) to notice that
they have identical form, except for an additional X2
dependence in A; and A, expressions above. The additional
X? dependence increases the contribution from both off-
shell Z’s (called Z*Z*) significantly in comparison to the

Ay = ——=X*(q,.,C + M} X*D), (75)
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dominant one on-shell and one off-shell Z (called ZZ*)
contribution expected in SM. In the SM one would expect
the ratio of the number of events in Z*Z* to ZZ* channel to
be about 0.2. However, in the special J¥ = 2% case we
would expect this ratio to be about 1.5. The reader is
cautioned not to confuse this explicit X> dependence with
any assumption on the momentum dependence of the form
factors. Throughout the analysis we have assumed the most
general form factors a, b, ¢, A, B, C, D, E and F;
nevertheless A; and A, turn out to have additional X2
dependence in comparison to A; and A respectively. This
explicit X> dependence arises due to contributions only from
higher dimensional operators in the special J¥ = 27 case.

Having excluded the spin-2 possibility, the resonance
would be a parity-odd state (0~%) if F; = F; =0 and a
parity-even state (07 ") if F, = 0. If the resonance is found
to be in 0" state, we need to check whether Tgo) and U 50)
terms are as predicted in SM. The values of Tg)) and U go) as

a function of /g3 are plotted in Fig. 2. The ¢3 integrated

values for the observables Tgo) and Ug)) are uniquely

predicted in SM at tree level to be —0.148 and 0.117
respectively. These tests would ascertain whether the 0
state is the SM Higgs or some non-SM boson. If it turns out
to be a non-SM boson, we can also measure the coefficients
a,b, c by using Egs. (36), (37) and (38).

Finally we emphasize that our approach is unique in using
helicity amplitudes in the transversity basis so that the
amplitudes are classified by parity. We also use the ortho-
gonality of Legendre polynomials in cos 8, and cos 0, as well
as a Fourier series in ¢ to unambiguously determine the spin
and parity of the new resonance. Another significant achieve-
ment is the use of the most general HZZ vertex factors for
both spin-0 and spin-2 cases allowing us to determine the
nature of H beitin any extension of the SM. We wish to stress
that we consider neither any specific mode of production of
the new resonance (like gluon-gluon fusion or vector boson
fusion), nor any specific model for its couplings. The
production channel for the new resonance has no role in
our analysis. We consider its decay only to four leptons
via two Z bosons. Most discussions in current literature
deal either with specific production channels or with
specific models of new physics which restrict the coup-
lings to specific cases both for spin-0 and spin-2.
References [34,37,38,45,46] deal with gravitonlike spin-2
particles, while Ref. [47] deals with spin-2 states that are
singlet or triplet under SU(2). Reference [34] considers polar
angle distribution of yy and angular correlations between the
charged leptons coming from WW* decays to differentiate
between the spin-0 and spin-2 possibilities. While Ref. [37]
looks at Higgs-strahlung process to distinguish the various
spin and parity possibilities, Ref. [38] compares branching
ratios of the new boson decaying to yy, WW* and ZZ*
channels as a method to measure the spin and parity of the
new boson. In Ref. [45] the authors propose a new observable

PHYSICAL REVIEW D 89, 095021 (2014)

that can distinguish SM Higgs from a spin-2 possibility. They
consider the three-body decay of the new resonance to a SM
vector boson and a fermion-antifermion pair. Reference [46]
shows that the current data disfavors a particular type of
gravitonlike spin-2 particle that appears in scenarios with a
warped extra dimension of the anti—de-Sitter type.
References [47,48] deal with spin-0 or spin-2 particles
produced via vector boson fusion process alone. Our dis-
cussion subsumes all of the above special cases. Moreover,
unlike other discussions in the literature we provide clearly
laid out steps to measure the couplings, spin and parity of the
new resonance H without any ambiguity. We want to reiterate
that it is important to measure not only the spin and parity of
the new resonance but also its couplings before any con-
clusive statements can be made that it is the SM Higgs.

D. Numerical study of the uniangular distributions

In this subsection we study the possibility of using the
uniangular distributions, given in previous subsection to
differentiate the different possible spin CP states. For
simplicity throughout this subsection we will neglect the
g* dependence of a, b and c. The signal and background
events were generated using the MadEvent5 [69] event
generator interfaced with pYTHIA 6.4 [70] and pGs 4 [71].
The vertex of Eq. (1) was implemented into the UFO format
of Madgraph5 using Feynrules 1.6.18 [72]. Unlike the
earlier subsections we also include the 2e¢™2e¢™ and 2ut2u~
final states because the identification of Z; being the
mother particle of the pair of same flavor opposite sign
leptons with an invariant mass closest to the M, breaks the
exchange symmetry of these final states in most regions of
phase space. As the analysis of this paper has to do purely
with the shape of the partial widths in the Z()Z(*) channel,
the production mechanism is not crucial to understanding
the spin and CP properties of the resonance at 125 GeV.
However to be concrete, these samples were generated for
pp collisions at /s = 8 TeV using the CTEQ6L1 parton
distribution functions [73]. We choose to follow the
ATLAS cut based analysis of Ref. [74] instead of the
CMS analysis [65] because the CMS analysis has used a
more sophisticated multivariate analysis technique. We set
the Higgs boson mass my = 125 GeV, which is close to
what has been measured in Ref. [74]. The branching ratios
and decay widths are set appropriately using the values
from the Higgs working group webpage [75].

Following the analysis of Ref. [74] we impose the
following lepton selection cuts and triggers. In particular,
the single lepton trigger thresholds are p’. > 24(25) GeV
for a muon(electron). The dimuon trigger thresholds used
are pr > 13 GeV for the symmetric case and pl >
18 GeV and p% > 8 GeV for the asymmetric case. For
dielectrons the thresholds are p; > 12 GeV. The lepton
identification cuts require that each electron(muon) must
have E; >7 GeV (pr > 6 GeV) with [n] < 2.4(2.7).
Sorting leptons in decreasing order of pr, we also impose
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the selection criteria pT > 20 GeV, p4? > 15 GeV and
pT3 > 10 GeV. For same flavor leptons we also require that
AR > 0.1 while for opposite flavor AR > 0.2. Furthermore
we also impose the invariant mass cuts on the m , my, and
my, described in Table I to reduce the Standard Model
background. my, is the invariant mass of the pair of opposite
sign same flavor leptons closest to m, while m_ is the other
combination. The number of signal events in our simulation
is in good agreement with the SM predicted value quoted in
Ref. [74], while the background rate is slightly lower than
total background rate because we have not included the
subdominant processes like Z + jets and 7.

In order to quantify the effect of using the uniangular
distributions to extract the nature of the 125 GeV resonance
we construct the test statistic ¢ based on the ratio of the
likelihoods

Lo+
Lo

g=1In 77)

where the £ is the unbinned likelihood function

L= Z(ﬁ” 1) + Py )) . (78)

Hs =+ Hp ave

As our acceptances are in good agreement with the
ATLAS predictions for the rest of our analysis we will
assume a background rate u;, = 16 events for luminosity
=20.7 fb~! due to the continuum ZZ background.
However as the total observed number of events
are slightly above the expected rate we need to
marginalize over the expected signal rate. In particular
|

I'=T(a,B,C) =224 x 1078x}}(a® + 0.19aB + 2.22 x 1072B?

2.14 x 1072aCx3,
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TABLE I. Effect of the sequential cuts on the simulated Signal
and the dominant continuum ZZ background, where the k factors
are 1.3 for signal and 2.2 for background using MCFM 6.6 [76]
for 20.7 fb~1.

Cuts my = 125 GeV SM 77~
Selection 22 1542
50 GeV < my, < 106 GeV 20 1432
12 GeV < my, < 115 GeV 19 1294
115 GeV < my, < 130 GeV 19 14

we assume a Bayesian prior flat distribution for

€ [0.5,2.0] x uSM(= 18 at a luminosity of 20.7 fb~1).
For a particular value of u; we generate ensembles of N,
events to find the average of the product within the brackets
in Eq. (78). The probability density function for signal is
the product of the distributions

(I S S
- — 794, B 0
I'dcos6, 2 1 (a. B, C)cos ),
+ T<O) (a, B, C)P,(cos b)), (79)
1 dI’
— T B
Tdcos 92 2 + (a, » C) cos by
+ T (a,B,C)P,(cos6,),  (80)
ldr" 0) 0)
— B B 2
qub 7 +Z/l, (a,B,C)cos¢p +U," (a, B, C)cos2¢,

(81

where B = b x (100 GeV)?, C = ¢ x (100 GeV)? and

X2+ 2.14 x 1072C2x9)), (82)

T(O) B.C) = , 83
B ) = 0 19aB 1 222 x 102623, + 2,14 x 1027, (65
(0) _ —0.15a% — 9.65 x 1072aBx3;, + 5.35 x 1073C%x},
5 (a,B,C) = W) ) 22 6"’ (84)
x3;(a* 4+ 0.19aB + 2.22 x 1072B*x3; + 2.14 x 1072C*xy)
344 x 107%a? — 5.50 x 10~*aBx2
U (a,B.C) = 2 a ) zx “ 22,6 (85)
a”+0.19aB +2.22 x 107°B*xy; + 2.14 x 107°C*x};
1.88 x 1072axy — 8.51 x 1074C%x¢
U (a.B.C) = x D @ X ol (86)

while for the background P, = 1/(8z). In the above
approximations for the observables we have neglected
the ¢* dependences of a,b and ¢ and integrated Eq. (9),
Eq. (13), Eq. (14) and Eq. (15) over q%. Furthermore
we have performed a power law fit in terms of

a’>+0.19aB +2.22 x 1072B%x3;, + 2.14 x 1072C?x§,

|
xyg = myg/(120 GeV) for each of the coefficients. As b
and ¢ have dimensions of mass squared, in the above
approximations for the different coefficients we have
used the dimensionless coefficients B and C instead.
By definition, the O hypothesis corresponds to
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FIG. 4 (color online). Comparison of the g-test statistic using
the uniangular distribution approach in the 4£ channel for the 0"
events in red (gray) vs. 0~ events in green (light gray).

(a,B,C) = (1,0,0) and the 0~ hypothesis corresponds to
(a,B,C) =(0,0,1). When a = 0 the magnitude of C is
not crucial as we normalize the 0" and 0~ cross sections so
as to produce the same number of signal events.

To quantify power of the uniangular distributions in
hypothesis testing, we present the g-test statistic for the
0" and O~ hypotheses in Fig. 4. In particular, we
have applied the ¢ statistic in Eq. (77) to samples of
Monte Carlo events that have passed the above cuts in
Table I, where we assumed the above Bayesian prior for the
mean signal rate. The red (dark grey) curve corresponds to 0~
events while the green (light grey) curve corresponds to 0"
events. The solid curves correspond to a Gaussian fit to these
distributions and using them we define the separation power as

2A
S ==, 87

o

where A is the area under the curve calculated from the
point on the ¢ axis which satisfies the condition that the area
under the right tail of the left distribution is equal to
the left tail of the right distribution and ¢ is the maximum
of the two standard deviations.

The separation power using the g-test statistic works
well for low luminosity, but this approach loses sensi-
tivity at larger luminosity. To illustrate this point we
present in Fig. 5 the separation power S as a function of
luminosity. The red (dark grey) points correspond to
calculated separation power for a particular luminosity
while the green (light grey) curve is a fit to the data. The
lowest data point corresponds to a luminosity of
20.7 fb~! with an observation of 43 events while for
higher luminosities we have assumed that the number of
observed events agrees with the expected rates.
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FIG. 5 (color online). ~ Separation power for g-test statistic using
the uniangular distributions as a function of luminosity. The red
(dark grey) points are the simulated separation power and the
green (light grey) curve is the fit to the data.

Furthermore this extrapolation assumes the same cuts and
efficiencies for higher luminosities. For luminosities
greater that 40 fb~!, a y? fit of the uniangular distribu-
tions would probably provide a stronger hypothesis test.

It would seem that the values of all the form factors a, b
and c¢ can be extracted using the three uniangular distribu-
tions given in Egs. (79)—(81) along with Egs. (82)—(86).
However, the difference between the uniangular distributions
in Eq. (79) and Eq. (80) is small because it is proportional to
n. Given the small sample of 43 events this would essentially
imply that only two parameters can be obtained. Our
numerical work confirms this fact. Since Py(cos € ,) = 1,
Pi(cos8,,), Py(cos@,), cos ¢ and cos2¢ are orthogonal
functions the coefficients of each of the terms can be
extracted individually. As discussed in Sec. IT A this would
result in four observables. We emphasize that as the data
sample increases the additional information can be used to
measure relative phases between a, b and c. For 43
events, as expected from the discussions in Sec. ITA
based on the small value of # in SM, we find we could
only extract stable values of b/a and c¢/a by maximizing
the likelihood function Ly+. One can also estimate the
errors in b/a and c¢/a from the inverse of the covariance

matrix V;; = cov|0;,6;] defined as

. P*InL
vl=— (—) (88)

where 0;,0; = b/a, c/a. Here 6 denotes those values of
the parameters that maximizes the likelihood function. In
Fig. 6 we present the extracted values of b/a and c/a for
a sample of 43 events. Using these values of b/a and
¢/a, the value of a can also be found by fitting the decay
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FIG. 6 (color online). c¢/a vs. b/a 1o (green) and 20 (yellow)
contours assuming the Standard Model value of the partial
decay width to 47. The central values (b/a,c/a)=(4.77+
21.23,-3.79416.4) x 10~*GeV~2 are shown by the block dot.
The cross hair corresponds to b = ¢ = 0.

width in Eq. (82) to the Standard Model partial width.
Using this approach, the values of a, b and ¢ with their
respective errors are

a=2.11+355, (89)
b = (10.09 £+ 47.99) x 10~* GeV~2, (90)
c = —(8.01 £37.20) x 10~* GeV—=. 91)

III. CONCLUSION

We conclude that by looking at the three uniangular
distributions and examining the numbers of Z*Z* to ZZ*
events one can unambiguously confirm whether the new
boson is indeed the Higgs with J’¢ = 0"+ and with
couplings to Z bosons exactly as predicted in the
Standard Model. We show that the terms in the angular
distribution corresponding to P,(cosd;) and P,(cos6,)
play a critical role in distinguishing the / =2 and J =0
states. The distributions are identical for spin-0 case, but
must be different for spin-2 state except in a special J¥ =
2" case where F; = Fy, = F; = F); = 0. The ratio of the
number of Z*Z* events to the number of ZZ* events
provides a unique identification for this special J* = 2+
case. In this special case the number of Z*Z* events
dominates significantly over the number of ZZ* events.
The spin-2 resonance can thus be unambiguously

PHYSICAL REVIEW D 89, 095021 (2014)

confirmed or ruled out. With spin-2 possibility ruled out,
spin-0 can be studied in detail.

The resonance would then be a parity-odd state (0~") if
F; = F; =0 and a parity-even state (0") if F, = 0. If
the resonance is found to be in 01+ state, we need to check

whether Tg)) and U <20> terms are as predicted in SM. The ¢3
0)

integrated values for the observables Tgo) and Ué are
uniquely predicted in SM at tree level to be —0.148 and
0.117 respectively. These tests would ascertain whether
the 0 state is the SM Higgs or some non-SM boson. If
it turns out to be a non-SM boson, we can also measure
the coefficients a, b, ¢ by using Eqgs. (36), (37) and (38).
If the boson is a mixed parity state, the relative phase
between the parity-even and parity-odd amplitudes can
also be measured by studying the sin2¢ term in the
uniangular distribution. We present a step by step
methodology in Fig. 3 for a quick and sure-footed
determination of spin and parity of the newly discovered
boson. Our approach of using Legendre polynomials and
the choice of helicity amplitudes classified by parity
enable us to construct angular asymmetries that unam-
biguously determine if the new resonance is indeed the
Standard Model Higgs.

Numerically we have simulated the dominant continuum
ZZ background and Standard Model signal for Higgs. It is
shown that our acceptances are in good agreement with the
ATLAS predictions. Using the uniangular distributions
derived in this paper we compute the ¢ statistic
g =1In(Ly+/Ly-). We observe the separation power of
this approach is most powerful at low luminosity assuming
that the cuts and the acceptances remain the same at each
luminosity. For easy experimental adaption we have
included power law parametrization of the various angular
coefficients in terms of the fundamental Higgs vertex
parameters. We also obtain fits for b/a and c/a for a
43-event sample, demonstrating that both b and ¢ can be
constrained by a rather small sample of data.
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APPENDIX: OTHER TERMS IN THE
ANGULAR DISTRIBUTIONS

In the main text, we have not included the » and 7>
dependent term in the angular distributions for the case of
spin-2 boson. However, for the sake of completeness, the #
and 5> dependent term M in the angular distributions are
given below.
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M=n <—3MHRe(F2Fj{,I) % (cos @1 (P,(cos0,) +2) —cos Oy (P,(cos b)) +2))

uj

3
Re(F3F;) (g3 cos 0,(1 — Py(cosB,)) — 5 cos 0,(1 — Py(cos0;)))

u2
-3V3 q%q%Re(F3Fj{,,)u—22V(cos 01(1 — P5(cos0,)) 4+ cosB,(1 — Py(cos6y)))

1
2

u
—3\/ @ G3Re(F4F;) —2 (cos 0, (1 — P,(cos 8,)) + cos 65 (1 — P,(cos 6,)))

2
uiw

12V3UiRe(F 4 F3)) ———
+ \/- 2 e( 4 M)4U%V3W3
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9

+ (sin @, sin 0, sin —
( 1 2 ¢)<2\/§

2
)

4

+ (sin 6 sin 6, cos @) (Re(Fle*w)(cos 0, —cos6,) (—

Im(FF3)(cos 6, —cos b))

1 1
- (cos 6y + cos 6,) (Im(FgFX)W - ﬂlm("lﬁw);))

9MHu1)
V2v

2 1 1
- % (cos B + cosb,) <\/§R€(F3FX,[) v Re(F,F;) W))

9
+n? <m (sin @, sin 0, cos ) (V2u2v2W2Re(F | F3) — Udv2WRe(F3F7) + V3ulvw?Re(F, F3))
I

BBV = [FL2) = W FaV2 = 3[Fyy )

9
+ —— (sin 0, sin 6, sin @) (2V2M yUWIm(F | F3,) + 21/ g3 q3vwIm(F5F; )

4uivw
9 2M3u3
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