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ABSTRACT: The Higgs boson is predicted to have spin zero. The ATLAS and CMS exper-
iments have recently reported of an excess of events with mass ~ 125 GeV that has some
of the characteristics expected for a Higgs boson. We address the questions whether there
is already any evidence that this excess has spin zero, and how this possibility could be
confirmed in the near future. The excess observed in the v final state could not have
spin one, leaving zero and two as open possibilities. We review the angular distribution
of vy pairs from the decays of a graviton-like spin-two boson produced in gluon-gluon col-
lisions, which is well-defined and distinct from the spin-zero case. We also calculate the
distributions for lepton pairs that would be produced in the WW™* decays of a spin-two
boson, which are very different from those in Higgs decays, and note that the kinematics
of the event selection currently used in the analysis of the WW™ final state have reduced
efficiency for spin two.
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1 Introduction

The Higgs boson is predicted to have spin zero. Since all known elementary particles
have non-zero spin, this is a crucial property to be checked by experiment before one could
claim that the quest for this ‘Holy Grail’ of particle physics has been concluded successfully.
Reflecting the importance of this issue, there have been many studies of the potential of
the LHC experiments for measuring the spin of any candidate for the Higgs boson [1-14].

Most of these papers proposed to look at spin correlations in ZZ or ZZ* decays using
four-charged-lepton final states [2, 4, 5, 7, 9-14]. To our knowledge, the only published
study of a spin-two state X decaying into 7 has been [11], see appendix A. Ref. [6]
studied the production of X — WTW ™ — T/~ vv final states via vector-boson fusion,
distributions for the transverse angles of charged leptons in particles X — WTW~ —
(T~ v decays were considered in [7], and high-mass X — WTW ™~ — (/" v¥ decays were
considered in [14]. However, in all these papers only the cases where X has spin 0 or 1
were considered. Ref. [11] discussed spin-2 decays into W+ W™ but did not discus in detail



charged-lepton angular distributions. Refs. [1, 8] considered production in e*e™ collisions,
in association with Z and tt, respectively.

The ATLAS [15-17] and CMS [18-25] collaborations have recently reported evidence
for excesses in vy and ZZ* that are consistent with expectations for a Standard Model
Higgs boson, an interpretation supported by broader enhancements of less significance in
WW*, 77 and bb final states. The statistics in ZZ* decays are as yet insufficient for an
attempt to constrain the ‘Higgs’ spin, so in this paper we consider other ways to obtain an
indication what it may be.

A spin-one state cannot decay into two identical vector bosons, so a peak observed in
the ~v final state must have spin zero or two.! Fermion-antifermion final states could come

2 so observation of a ‘Higgs’ signal in either of the 77 or bb final

from spin zero or spin one,
states would favour the spin-zero hypothesis over the spin-two option. However, so far only
CMS reports any enhancements in these channels, and they are each < 1o for a mass of
125 GeV [18-25], so not conclusive at the present time. Accordingly, we consider here the
vy and WW* — T/~ v final states, which have been observed with greater significance
by both ATLAS and CMS.

Under the assumption that P-wave fermion-antifermion collisions can be neglected,?
a spin-two particle could be produced either by gluon-gluon collisions or by vector-boson
fusion. We consider here the production of a hypothetical spin-two particle Xo via gluon-
gluon fusion, which is the dominant production mechanism for producing a Higgs boson
weighing ~ 125 GeV. For definiteness, we assume that the Xy couplings are of the same
form as a massive Kaluza-Klein graviton [27-29] and in a string model [26], though without
committing ourselves to either framework.*

We first review the angular distribution for gg — X9 — v (see appendix A of [11]),
recalling that if graviton-like couplings are assumed the final-state angular distribution in
the X5 centre of mass system is completely determined. It is suppressed at large angles
relative to the beams, and hence is in principle distinct from the isotropic distribution
predicted for spin-zero Higgs decay.

We then turn to the Xo — WW* — £T/~ v final state, again assuming production
by gluon-gluon fusion and the same couplings as in massive graviton models [27-29]. We
note that the ATLAS and CMS searches for WW* — (¢~ vv final states [15-25] already
incorporate a hypothesis about the spin of the ‘Higgs’ candidate. They make use of the
observation in [31] that a spin-zero particle decaying into WW (or WW*) would yield final
states in which the W and W~ would have opposite polarizations. Since the W~ decays
exclusively into left-handed leptons, whereas the W™ decays exclusively into right-handed
leptons, the anticorrelation between the W¥ polarizations expected in spin-zero Higgs
decay would be transferred into a correlation between the momenta of the charged leptons

n principle, one could consider also higher spins, but these would entail production and decay mecha-
nisms involving orbital angular momentum factors that we ignore here.

2 Again neglecting orbital angular momentum.

3This is not necessarily the case in string models [26].

4Tt was shown in [30] that this form is unique if the X5 couplings to pairs of vector bosons are of
dimension five (the lowest possible) and one assumes gauge and CP invariance.



in their decays. This correlation would manifest itself in the distributions of relative ¢+
polar angles and a preference for a small azimuthal angle between the 7/~ pair, ¢p+ /-,
with a relatively small invariant mass, my+,-. Both ATLAS and CMS select events with
cuts based on these observations [15-25].

We study the types of £T¢~ correlations to be expected in the WW* — ¢T¢~v¥ decays
of a spin-two state. We find that their momenta tend to be anticorrelated, with distinctive
features in both polar and azimuthal angle distributions, and hence quite distinct from
those expected for the decays of a spin-zero state. Hence, the observation (or not) of
Higgs-like /¢~ correlations in WW* final states could help provide evidence that ATLAS
and CMS may be observing a spin-zero (-two) state. This possibility should be pursued with
experimental simulations of spin-two WW* — T/~ vv decays using the results presented
here, which would indicate how much data would be needed to confirm the result with a
significant degree of confidence.

2 Preliminaries

2.1 Production kinematics

Ideally, one would prefer to perform such a ‘Higgs’ spin analysis in the most model-
independent way possible. However, the density matrix of a massive spin-two particle
has many parameters, and the available statistics limit the complexity of the hypotheses
one can test currently, so we are led to make motivated simplifying assumptions about the
possible production mechanism of a massive spin-two state. Bosons are generally produced
in pp collisions by qq, gg or WW/ZZ collisions. However, neglecting orbital angular mo-
mentum, gq collisions can produce only spin-zero or -one states, so we are left with gg and
WW/ZZ collisions. Since gg collisions are much more copious and simpler to analyze, we
focus on them.

Neglecting initial-state transverse momentum and radiation, we may regard the glu-
ons as massless spin-one particles whose momenta are aligned with the collision axis. As
such, if one quantizes angular momentum along this axis, they are equally likely to be in
the helicity states |1,£1). We assume that there is no coherence between the final states
in which different gluon helicity states collide. Therefore the initial-state combinations
|1, +1)[1,+1),]1,+1)|1,—1),[1,—1)|1,4+1) and |1,—1)|1,—1) are equally likely. Accord-
ingly, the gg initial states are a combination of the |2,+2), |2, —2) and |2,0) polarization
states, described by a spin-two density matrix ps that has only diagonal entries with rela-
tive weights

P §(|22><22|+%|2o><20|+|2—2><2—2|), (2.1)

where the relative normalization of the J, = 0 component is determined by the Clebsch-
Gordan coefficients (2, 0|1, +1)|1,F1) = 1/1/6.

We explore in the following sections the consequences of this observation for the pos-
sible decays of a hypothetical spin-two particle X5 into vy and W+W ™ final states at the
LHC. The |20)(20| component in the density matrix does not contribute if graviton-like
couplings are assumed [26], as done here.



2.2 Polarization states

Before discussing further the kinematics and dynamics of Xo production and decay, we
briefly review and establish our notation for the polarization states of the spin-one and
-two particles appearing in our analysis.

A massive spin-one particle with momentum p* = (p%, p',p? p3) = (E,0,0,p) has
three independent polarization states given by

et = (0,—\%—\%,0) , (2.2)
eH = (0,+\2,—\%,0) : (2.3)
o1 — (:L,o,o, i) . (2.4)

If we work in the Lorentz frame where the vector particle is at rest, so that pt =
(p°, p',p%,p®) = (m,0,0,0), the three polarization vectors are given by (2.2), (2.3), and
for (2.4)

" = (0,0,0,1) . (2.5)

The polarization vectors e™#, e # and €’ correspond to the quantum states |1, +1), |1, —1)
and |1, 0), respectively, with the z-axis as the quantization axis.

We now consider the spin states of a spin-two particle Xo with mass m, in its rest
frame. The polarizations of X9 can be represented by the following polarization tensors:

e = (1242), 12,41, [2,0), [2.-1), [2,-2))

— <€+2MV7 6—‘,—1;11/’ EOMV’ 6_1W/, 6—2;,LV)

1
— <6+“6+V7 (E-I-MEOV + €0u6+y)’

1 1
- (Apn v —p _Fv Op Ov = —pn Ov Op —v —p —v
eTHe fe e 4 2, e e +ete ), € e ), 2.6
Nl I ) (2.6
where e, e # are given in (2.2) and (2.3), and €’ is given in (2.5), since we work in the
X9 rest frame.
The polarization tensors given in (2.6) satisfy the following relations:

/

(ES)MM =0, pﬂesuu =0, es;weiiy* — 555 , (2'7)

and
+2
Esp,uei:ﬁ = B,uu af s (28)
s=—2

where

Pup bvp pup bvp
B o= (P22 s 22+ (2 (- )

2 (o — 22 (o — P22 (29)

3 m?2 m?




We further note for reference that the propagator of the spin-two massive Xy particle is
given by [27-29]

1B

. . pr af
ZA/U/ Oéﬁ - p2 o m2 + 7:8 9 (210)
though the denominator of this formula is not used in this paper, since we consider only

on-shell resonant production of Xs.

3 The process gg — X5 — v

3.1 Preliminaries

The three-point vertex for Xsvyy or gg is illustrated in figure 1(a), the process gg —
Xy — v is illustrated in figure 1(b), and our notation for the kinematics is illustrated in
figure 1(c). For definiteness,we use the following Feynman riule for the X7y vertex, which
was derived in [27, 28] for the coupling of a massive Kaluza-Klein graviton:
e e ™)
- M (Wuu af + Wl/,u a,B) ’ (31)
where M is a normalization factor and
1
Wéz)ag = gmu<—k1 - kanap + k1gkaq)
+ k1 kanuanus
- nuaklﬁkQV - n,uﬁkluk/?a
+ naﬁklquV .

The Xogg vertex is identical, apart from a trivial color factor §%.
We work in the X5 rest frame, take the beam direction as the z-axis, and write the
momenta of the initial-state gluons as

k/f = (k?ak%ak%ak%) = (kvoaoak)’ kg = (k(2)>k%>k%>k§) = (k70> 0, _k) . (3'6)

We recall that the polarization vectors of the massless initial-state gluons are given by (2.2)
and (2.3).

We denote the unit spatial vectors in the coordinate system where (3.6), (2.2) and (2.3)
apply for the initial-state gluons by Z, ¥ and 2. We denote the momenta of the final-state
photons by k] and kb, and take the three-momentum vector of kj to lie along the 2’

direction, where 2/, 9/ and %’ are given by
2 =cosfz —sinfz, 2 =sinfi+4cosbz2, 3§ =7, (3.7)

i.e., 2/ is given by rotating Z toward Z by the angle 6, as shown in figure 1(c). The momenta
k| and k), as well as the polarization vectors of the final-state photons in the coordinate
system &, ¢ and Z’, are given by expressions identical to those given in (2.2), (2.3) and (3.6)
for the initial-state gluons in the coordinate system z, y and 2. Then, in the coordinate

system Z, ¢y and Z, we have

k'lu = k(1,sin 0,0, cos0), k:;“ =k(1,—sin#,0, — cosf), (3.8)
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Figure 1. (a) The vertex coupling X» to two gauge fields, (b) Feynman diagram and (c) the
kinematics for the process gg — Xo — 7.
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The three rotated polarizations of X9 are represented by the two given in (3.9) and by
€0 = (0,sin 6,0, cos ) . (3.10)

We note that the polarization vectors €# are labeled by +, according to the component
of the photon spin along the k] direction, just as the e are labeled by the component of
the gluon spin along the k; direction. The amplitude of the process gg — Xo — 7y is of

the form
+2

s 1a % 1b* * B
A(eiey; e1€2) ox €' ey Wap por < E e¥Poes v )Wuv aB €7 € , (3.11)
s=—2

where the vertex W, o3 is given in (3.1).

3.2 Calculation of differential cross section

We calculate the amplitude for gg — X9 — vy when the initial gluon polarization state is
one of efe; , €1 €5, efeQ_ and el_e; , and the final photon polarization state is one of e’1+e'2+,
€, ey, € ey and €7 €, | via the Feynman diagram drawn in figure 1(b).

Using the the first equation in (2.7), we see that (3.2) does not contribute to the
amplitudes. Moreover, we see from (2.2), (2.3) and (3.6), that k; - €2 = ko - €3 = 0 and
hence (3.4) also does not contribute to the amplitudes. Therefore, only the terms (3.3)
and (3.5) in W;EZ) 5 May contribute to the amplitudes.

We find that the amplitude for gg — X9 — 7 is non-zero only when both of the

following two conditions are satisfied: (1) the initial gluon polarization state is one of €] €5

and €] €, , and (2) the final photon polarization state is one of €,Te," and €,7¢,”. On
the other hand, the amplitude is zero either when the initial gluon polarization state is
one of efez_ and el_e;, or when the final photon polarization state is one of e'1+e'2_ and
¢, €e,T. Thus the only possible initial and final helicity states are [22) and |2 — 2), with no

contribution from |20).

We consider the vertex gg — Xs in the process gg — X9 — 7, which corresponds
to the vertex A in figure 1(b). When the expression (3.5), i.e., nagk1,k2,, is attached at
this vertex, this vertex is non-zero only when the initial gluon polarization state is efeg or

€] €5 , since nagefae;'g = naﬂefo‘eé‘rﬁ =1 and naﬁefaegﬁ = nafgefo‘e;ﬁ = 0. Then, using
O Rk = o (k) (7 - ka) = J5 (k) (+h) = = 5k and PO Ry, = 0,
the amplitude (3.11) for this vertex becomes
+2
€lla*ﬁg)>|< Wap po ( Z ESPUESHV*) (naﬁklquV) ETQEQ_,B
s=—2
+2
= Ella*EIQb* Wap po ( Z Espaesuu*) (naﬁklquV) Efa%ﬁ
s=—2
2
= I Wy o 0P7 (— = k2) : (3.12)



and

+2
€/la*€/2b* Wb oo ( Z 68po€suy*> (naﬁkluk2u) e Jrﬁ
s=—2
+2
la % Ib* W S po S pv * ke k —a _—pf
=€ € ab po €€ TNapRiuR2v | €1 €9
s=—2

=0. (3.13)

When the expression (3.3), i.e., k1 - kanuatyg, is attached at this vertex, using e * - ef
€ e =t el =€ *e; =—1and ky - kg = 2k%, we find

/ b -
€1a*€2 * W b ( Z €SP ¢ suy*) (k'l . anuanVﬁ) eiraez B

s=—2
+2
_ 6/1(z>«<€/2b>|< W o ( Z espaﬁsuy*) <k‘ anuanllﬁ) —a +5
—_
1
= EIIQ*E/Qb* Wab po EOPU <+ % 2k52) 5 (314)
and
+2
/a* /b*Wab pa( Z ESPGES,LLV*)(kl k277u0/'7uﬂ) o +,5 lla* ,b*Wab pa€+2ﬁcr (2]{22)
s=—2
+2
lla* /b*Wab po'( Z GSpU€SMV*><k1 . k'277,ua771/,8) 61_ aﬁg_ﬁ == 6,1(1* /b*Wab P06_2p ( kz) (315)
s=—2
Combining (3.12) to (3.15), we have
+2
6/1a*€/2b* Wab po ( Z espoes;w*> (k‘l “konuanug + naﬁkluk2u> 61"0162_5
s=—2
= ella*":/Qb* ab po ( Z €% SHV*) (kl “kanuanug + naﬁklﬂk%) EIQE;B
s=—2
o, (3.16)
and
+2
ella*E/Qb* Wab po ( Z ESPUES#V*) <kl ~konuanug + naﬁkluk2u> Eiaegﬁ
s=-—2
= G Wap o 7207 (2%2)),
+2
6/1(1*6/21;* Wab o ( Z 65”"55‘“’*) <k1 “konuanug + na[gkmk@y) 61—0452_6
s=—2
= el Wy, po €27 (2k2> ) (3.17)



Equivalent results are obtained when the roles of the initial gluon polarization states and
the final photon polarization states are exchanged in (3.16) and (3.17).

This analysis justifies the statement made at the beginning of this subsection, namely
that the amplitude for gg — X9 — 7 is non-zero only when both of the following two
conditions are satisfied: (1) the initial gluon polarization state is one of €] e5 and €] ¢, , and
(2) the final photon polarization state is one of €, ¢;™ and ¢, ¢, ~. That is, the amplitude
is zero either when the initial gluon polarization state is one of efe; and el_e;r, or when
the final photon polarization state is one of e'1+e'2_ and e’fe’f.

We also see in (3.17) that in the non-zero amplitude found when both (3.3) and (3.5)
are attached at both vertices in the Feynman diagram is the same as that obtained when
only (3.3) is attached at both vertices in the Feynman diagram.

When the sum of (3.3) and (3.5), i.e., (k1 - kafuavp + Napkiukoy), is attached at
both vertices in the Feynman diagram for gg — X2 — 77 shown in figure 1(b), us-
ing (2.2), (2.3), (2.6) and (3.9) in (3.17), we find that the amplitudes (3.11) are given by
(4k%/M)? times the following angular expressions:

A+ 5++) = A= -5--) = %(1+0089)2 (3.18)
A i) = A A=) = (1~ cosd)? (3.19)
A = +4) = A5+ 4) = AF -5-—) = A(-'+5--) =0 (320)
A+ i+ ) = A 4 ) = A+ —4) = A=) =0 (321
A =) = A+ 5+ -) = A 5—4) = A(F'+5-4) = 0. (322)

The contributions of the two possible final polarization states €, "e,™ and €, 7€,™ to the

total 4y cross section do/dS) are identical, and we have (as derived earlier in [11]):

% x % + gCOSQH + %00849, (3.23)
which is plotted in figure 2.

We see in figure 2 that the total vy angular distribution in the Xs centre-of-mass
frame differs substantially from the isotropic angular distribution expected for the decay of
a spin-zero particle such as the Higgs boson. In particular, the v final state is suppressed
at large angles 0 relative to the beams. This suggests that a careful study of the ~vy
angular distribution might offer some discrimination between the spin-two and spin-zero
hypotheses. Any conclusion on this possibility would require a realistic simulation of the
~vv signal in an LHC detector. However, we estimate that the centre-of-mass system of
a photon pair can be reconstructed quite accurately, the dominant uncertainties probably
being due to errors in the photon energy measurements, which are at the 1% level in
both ATLAS and CMS. The preliminary results of simulation studies using Pythia and
Delphes [34] support the expectation that the v+ angular distribution is little affected by
detector effects.
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Figure 2. The vy angular distribution of do/d) given in (3.23).

4 The process gg — Xo - W-WT — £~ 4TDv

4.1 Lepton angular distributions in W decays
411 W™ = /(v

As preparation for this section, we first consider the decay W~ — £~ 7. We consider a W~
at rest and denote the momenta of the final-state particles by

py— = (p, psinb cos g1, psin Oy sin ¢y, pcosbh), (4.1)
2 = (p, —psin b cos ¢1, —psin Oy sin ¢1, —pcos by ),

where p = |p] and the ¢~ mass is ignored. The polarization vectors e of W~ with the
z-axis as the quantization axis are given by (2.2), (2.3) and ¢’ = (0,0,0,1). We calculate
My = 1(ps- )" e1,(1 — v5)v(py) and find the following results for My /(2v/2p):

for €], (1 —cosb) et (4.3)
for €], (1+ cosfy) e i
for €, —V/2 sinf; .

The differential cross section do/dS) is proportional to |Mj|? and the functions f(#) =
|M1/(2v/2p)|? for the three polarization states are plotted in figure 3.

4.1.2 Wt =ty

In the case of W™ at rest, we denote the momenta of the final-state particles by

pzﬂL = (p, psin Oy cos o, psin Oy sin ¢, p cos 03) , (4.6)
Pl = (p, —psinbs cos pa, —psin by sin po, —p cos b)) .

,10,
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We calculate Ma = (p, )y €2, (1—"5)v(pe+ ) and find the following results for Ma/(2v/2 p):

for €5 — (1 4 cosfy) e (4.8)
for €, , — (1 —cos ) e2 .
for €3, — /2 sinfy . (4.10)

4.2 Angular distributions in gg — Xo(Xo) - W W+ — (~(Tov

For simplicity, we assume that the W~ and W™ are at rest, corresponding to the case
that mx = 2my . In practice, we are interested in the decay of the possible particle with
mass ~ 125 GeV reported by ATLAS and CMS, which would decay into one on-shell W
and one off-shell W* — fv. The structure of the W/fy decay matrix element would be
dominated by the W* pole, favouring ¢r invariant masses close to mx — mys and hence
small momenta for the W and W* in the centre-of-mass frame of the decaying X particle.
The crude approximation of neglecting these momenta may serve to indicate whether in
principle there could be significant differences between the decay angular distributions in
X5 and X decay that could be investigated in more detailed simulations.

With this assumption, we denote the polarization vector and momentum of the W~
(W+) by €1 and k; (e2 and k2), respectively. The polarization vectors e; and ey with the
z-axis as the quantization axis are given by (2.2), (2.3) and " = (0,0,0, 1) as before, and
the momenta ki and ko are given by

K=Ky = (K], ki, kT R = (m,0,0,0) = (%,0,0,0) : (4.11)

For the Feynman rule of the three-point vertex XoW W™, we use the following vertex
which is given in [28]:

¢ W) W)
- (WW by + W aﬁ), (4.12)
where
1
W;Eylﬁ = §nNV(_(m12/V + k1 - k2)1ag + k1gk2a) (4.13)
+ (m%/[/ + k1 - k2)77,u,a771/,3 (414)
- nuaklﬁkZV - npﬂklul’@a (415)
+ Napkiukoy - (4.16)
Since m3y, + ki - ke = (3)* 4+ (3)* = mTQ, we may write W,S%g above as
w) _1 m?
W,uu aB — 577#1/ _77704,8 + klﬁ]@a (4.17)
2
m
+ 77’;104771/6 (4.18)
- nuaklﬁkQV - nyﬂkluk&a (419)
=+ naﬁklquV . (4.20)

— 12 —



When we work with the simplified kinematical case (4.11), only the second line (4.18) of

W)
the above expression for WW o

We calculate the angular distributions of the £~ and ¢* for each of the possible initial

5 contributes in the present calculation.

gluon polarization states. We work in the Xy rest frame, take the beam direction as the
z-axis and write the gluon momenta as

The polarization vectors of the initial gluons are given by (2.2) and (2.3), and we denote
the polarization of the gluon which has the momentum k; (ko) in (4.21) by € (€9).

4.3 Angular correlations in gg — Xo - W W' — (~(TDv

We consider the decays X9 — W*VV+ — 00Ty following Xy production by gg collisions

with polarizations €] = ¢*, €] = ¢*. Collisions with €] = e*,€J = ¢ produce the X5 in a
|JJ#) = |2+ 2) state, whereas collisions with €] = €™, €] = ¢~ produce the X3 in a |JJ?) =

+ g _ o+

|2 —2) state. As we saw in section 3.2, collisions with €] = €™, €] =€~ and €] =€, €] = ¢

have vanishing amplitudes for producing the polarization state |J.J?) = |20) of the Xs.

4.3.1 |JJF) =[2+2)

When the polarizations of the initial gluons are given by €] = €§ = € and the initial
two-gluon polarization state is |2 + 2), the polarizations of W~ and W are also given by
€1 = e and €; = €. The amplitude

M= MiM; = (ﬂ(pz—)'y“em(l - %)v(w)) (ﬂ(pu)’v”ezu(l - V5)v(pe+)> ; (4.22)

is then, from (4.3) and (4.8), given by:

(2\/[\/12)2 = — (1 —cosf) (1+cosfhy) e@1+2) (4.23)
p

whose absolute square is independent of the azimuthal angles ¢ 2 and proportional to:
(1 —cosby)? (1 + cosby)? . (4.24)

In figure 4(a) we plot the quantity (4.24) multiplied by sin 6y sin s, to which d?c/df;df
is proportional.
4.3.2 |JJ*) =2 -2)

Similarly, when the polarizations of the initial gluons are given by €] = € = ¢~ and the
initial two-gluon polarization state is |2 — 2), the polarizations of W~ and W™ are also
given by €; = ¢~ and €; = ¢, and from (4.4) and (4.9) the final-state lepton-antilepton
angular distribution is again independent of the azimuthal angles ¢ 2 and proportional to

(1+cosf1)? (1 —cosbo)? . (4.25)

In figure 4(b) we plot the quantity (4.25) times sin 6 sin 6, to which d?c/dfdfs is pro-
portional in this case. The sum of figures 4(a) and (b) is plotted in figure 4(c).
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Figure 4. The angular distributions given by (a) (4.24) X sin 6 sin s for decays of the |JJ*) =
|2 +2) state of Xo — W-WT — ¢~ (tov, (b) (4.25) x sin6; sin by for decays of the |JJZ) = |2 —2)
state of Xo — W~W* — ¢~ ¢Tvr, and (c) the sum of (a) and (b).
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Figure 6. The azimuthal angular distribution g(¢) given in (4.33) for Xg — W-W* — (~{Tov
decay.

4.4 Angular correlations in gg - Xog - W WT — (~(Tov

For comparison, we now review the case of a spin-zero boson Xy. From the Clebsch-Gordan

100) \fy1+1 -1 \[uo 110) + \/>\1—11+1 (4.26)

at the vertex Xo — W~W™ for the |J.J?) = |00) state of X, we see that the polarizations
of the W~ and W are in the following coherent state:

1
\/>61 €5 \/>6162 \/gel_e;' . (4.27)

The amplitude for the W =W pair produced at the Xq — W~ W vertex of the spin-zero
Higgs particle given by (4.27) is proportional to 7,3.

Then, from (4.3), (4.4), (4.5), (4.8), (4.9), (4.10) and (4.27), we see that the amplitude
M of (4.22) is given by the following coherent amplitude (omitting a factor 1/(2v/2p)?):

coefficients in

aet™ + be7 4 ¢, (4.28)
where ¢ = ¢1 — ¢9 and
1
a=—|3 (1 —cosbq) (1 —cosby) (4.29)
1
b=— 3 (I14+cosbr) (14 cosba) (4.30)
1 : .
c=-1/3 2 sin#, sinf; . (4.31)
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The absolute square of (4.28) is given by
< ae "+ be' + c) ( ae'® +be " 4 c) = a4+ b?+c*+2(a+b)ccos p+2abcos 26 . (4.32)

In figure 5 we plot (4.32) x sin@; sinfy (which is proportional to d?c/df;dfs) for ¢ = 0,
/2 or 37/2, and 7. The azimuthal angle distribution resulting from the integration

g(p) = /7r sin 0 db; /7r sin Oy db [ eq. (4.32) } , (4.33)
0 0

is presented in figure 6.

Comparing the results presented in figure 6 for the Xy case with the fact that g(¢) is
constant for the Xo case as shown in the previous subsection, we see their clear difference
in the angular correlations between the ¢*. This suggests that a careful study of the ¢*
angular distributions might offer some discrimination between the spin-two and spin-zero
hypotheses. We note that the ATLAS [15-17] and CMS [18-25] W1~ event selections are
based on the ¢* angular distributions predicted in the spin-zero case [31], see the angular
distributions for the data, backgrounds and a possible H — W~W™ — (~{TDv signal
in [32, 33|, and are likely to have reduced efficiencies for the spin-two case. However, any
conclusions on the possible hypotheses would require realistic simulations of the W~W+ —
¢~ ¢Tvv final states in an LHC detector.

4.5 Dilepton invariant mass distributions

We conclude this section by displaying in figure 7 the distributions in the ¢~ ¢ invariant
mass, my, for Xo - W™WT — 0~ 4tov (a) and Xo — W~ W — £~ ¢Tvr (b). As could
be expected from the differences in the angular distributions discussed above, and on the
basis of helicity arguments, the /~¢ invariant mass distribution peaks at a larger value
in the X5 case than in the X, case. This offers, in principle, another way to discriminate
between the two possible spin assignments. We note that [32, 33] also compare data for
my with simulations of Xo — W~W™ — /~¢*Dv and experimental backgrounds.

5 Summary

We have presented in this paper analyses of the angular distributions that could be expected
in the vy and W~W™ decays of a hypothetical spin-two state X5 produced at the LHC
via gluon-gluon collisions, assuming that its couplings coincide with those expected for a
massive Kaluza-Klein graviton. Under this hypothesis, such a spin-two particle would be
produced in a definite combination of polarization states, and the polar angle distribution
of the v final state would be predictable and non-isotropic in the X5 rest frame, and
hence distinguishable in principle from the isotropic vy decays of a hypothetical spin-zero
boson Xg. Likewise, the angular correlations between the ¢* produced in Xy — W-W+
decays are predictable and distinct from those in Xg — W~ W™ decays. In this paper we
have analyzed the case where the W~W ™ pair is at rest, which may be a suitable first
approximation to the case of a state with mass ~ 125 GeV decaying into WW*.
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Figure 7. Distributions in the £~ ¢ invariant mass, my, for (a) the spin-zero case X, and (b) for

the spin-two case Xs. The plotted quantities are fo 2(z) = %Z—‘; where x = 2my; /myw, so that x = 2

corresponds to my = my = 3, where m is the mass of Xy or Xs.

This analytical study would require detailed simulations for either ATLAS and/or CMS
before one could conclude whether, in practice, these angular distributions could be used
to provide supplementary information about the spin of the hypothetical particle that may
be responsible for the excesses of events seen at ~ 125GeV by both ATLAS and CMS.
We think that the effort of making such simulations should be worthwhile, in view of the
excesses of vy and W~ W™ events already seen.
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As a preliminary step in this direction, we have initiated a project to simulate off-shell
effects and the CMS and ATLAS experimental event selections, detection efficiencies and
acceptances using PYTHIA and Delphes. Preliminary results of these simulations indicate
that angular distributions discussed here do not vary substantially for candidate Higgs
masses between 165 and 125 GeV, and continue to offer good discrimination between the
spin-zero and spin-two hypotheses. Fuller details will be published elsewhere [34].

Many other approaches to analyzing the possible spin of a Higgs candidate rely on
lepton angular correlations in ZZ — 4¢* final states [2, 4, 7, 9-14]. These would provide
considerably more information, but are limited by statistics likely to be available in the
foreseeable future.
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