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Finally, one parameter, which relates the phases of the B
and !B decay amplitudes, can be measured using only the
interference between decays with and without B0- !B0 mix-
ing, to final states which can be decomposed as CP eigen-
states, such as ’K0

S!
0. In Table II all 27 real parameters

measurable with B
ð"Þ

0 ! ’K
ð"Þ
! decays are summarized.

These parameters are expressed in terms of the AJ" and
!AJ" amplitudes for B0 ! ’Kþ!" or ’K0!0 and !B0 !
’K"!þ or ’ !K0!0 decays. We also refer to a transformed
set of amplitudes AJ0 and AJ%1 ¼ ðAJk % AJ?Þ=

ffiffiffi
2

p
. The

parameters in Table II are expressed as six CP-averaged
and six CP-violating parameters for the vector-vector and
vector-tensor decays. The ! in the definitions of #?J and
"#?J accounts for the sign flip A?J ¼ " !A?J if CP is
conserved. The parametrization in Table II is motivated by
the negligible CP violation expected in these decays.
Therefore, the polarization parameters specific to either
B (superscript ‘‘"’’) or !B (superscript ‘‘þ’’) are the
CP-averaged parameters with small CP-violating correc-
tions which are either multiplicative (for rates) or additive
(for phases):

B%
J ¼ BJ ' ð1%ACPJÞ=2; (1)

f%LJ ¼ fLJ ' ð1%A0
CPJÞ; (2)

f%?J ¼ f?J ' ð1%A?
CPJÞ; (3)

#%
kJ ¼ #kJ %"#kJ; (4)

#%
?J ¼ #?J % "#?J þ

!

2
% !

2
; (5)

$%
0J ¼ $0J % "$0J: (6)

In this section we discuss further the method for the
measurement of the relative phase, along with all of the
other parameters. First we review the angular distributions,
follow with a discussion of the K! invariant mass distri-
butions critical to separating different partial waves, then
introduce interference effects between amplitudes from
different decays, and finally discuss time-dependent
distributions.

A. Angular distributions

We discuss here the angular distribution of the decay
products in the chain B ! ’K( ! ðKþK"ÞðK!Þ inte-
grated over time. First we look at the decay of a B meson
only and leave the !B for later discussion, which involves
CP violation. Angular momentum conservation in the
decay of a spinless B meson leads to three possible spin
projections of the ’meson onto its direction of flight, each
corresponding to a complex amplitude AJ" with " ¼ 0 or
%1. The three " values are allowed with the K( spin states
J ) 1, but only " ¼ 0 contributes with a spin-zeroK(. The

angular distributions can be expressed as functions of
H i ¼ cos%i and #. Here %i is the angle between the
direction of the K meson from the K( ! K! (%1) or ’ !
K !K (%2) and the direction opposite to the B in the K( or ’
rest frame, and # is the angle between the decay planes of
the two systems, as shown in Fig. 3. The differential decay
width is

d3$

dH 1dH 2d#
/
""""""""
X

AJ"Y
"
J ðH 1;#ÞY""

1 ð"H 2; 0Þ
""""""""

2
;

(7)

where Y"
J are the spherical harmonic functions, with J ¼ 2

for K(
2ð1430Þ, J ¼ 1 for K(ð892Þ, and J ¼ 0 for ðK!Þ(0,

including K(
0ð1430Þ. We do not consider higher values of J

because no significant contribution from those states is
expected. Only resonances with spin-parity combination
P ¼ ð"1ÞJ are possible in the decay K( ! K! due to
parity conservation in these strong-interaction decays.
If we ignore interference between modes with different

spins J of the K! system in Eq. (7), then for each decay
mode we have three complex amplitudes AJ" which appear
in the angular distribution. We discuss interference be-
tween different modes later in this section. The differential
decay rate for each decay mode involves six real quantities
&"
iJ, including terms that account for interference between

amplitudes of common J:

d3$J

$JdH 1dH 2d#
¼

X

i

&"
iJfiJðH 1;H 2;#Þ; (8)

where the functions fiJðH 1;H 2;#Þ are given in
Table III. The &"

iJ parameters are defined as

&"
1J ¼

jAJ0j2
%jAJ"j2

¼ f"LJ; (9)

&"
2J ¼

jAJkj2 þ jAJ?j2
%jAJ"j2

¼ jAJþ1j2 þ jAJ"1j2
%jAJ"j2

¼ ð1" f"LJÞ;

(10)

FIG. 3. Definition of decay angles given in the rest frames of
the decaying parents.
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Such techniques have been used for nearly 50 years

Much of presented techniques and 
experience comes from B decays:
One of the lessons learned is that there can be 
surprises…in the SM or beyond.
Example B→ϕK*: 
BaBar Collaboration, Phys. Rev. D 78, 092008 (2008)



CMS in 2010 and beyond

• An exciting time to be a 
member of CMS!

• Many physics results from 
electroweak to supersymmetry
to exotica in 2010 with ~36 pb‐1

• Large dataset (~V‐1) on the 
horizon for 2011/2012!

• Important to refine analysis techniques and approach to 
maximize our sensitivity  

• Spin correlations fundamental way understand event shape 
and kinematics and connecting to underlying physics
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Spin correlations at the LHC

• We discuss the application of spin correlations at the LHC in 
two cases

• EWK ‐ measurement of weak mixing angle
• Test SM parameters and understand expected sensitivity

• Analysis of the Drell‐Yan angular distribution 

• EWK/Higgs/BSM ‐ spin/CP determination of resonances
• If we find a new resonance at the LHC, how can we distinguish 
between different physics scenarios?

• Introduce formalism, techniques and tools for 
understanding decay kinematics 

• Multivariate likelihood analysis to extract maximal 
information
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Conservation of angular momentum

• Helicity amplitude formalism
• Projection of spin in momentum direction

• massive spin J particle with helicity states 
λ = ‐J, ‐J+1, …, J‐1, J

• For a given 1 → 2 process with initial spin J and 
projection m, decaying to helicity states λ1, λ2:

• Rotational generators for SU(2) ‐ Wigner functions

• Aλ1,λ2 helicity amplitudes determined from specific couplings

• Angles θ, Φ are polar and azimuthal directions in CM frame
5
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the SM fields can be deduced from the helicity amplitudes, cf. Eqs. (16 −22). We therefore proceed to the general
expression for the angular distributions in the process pp → X → V1V2 → (f1f ′

1)(f2f ′
2) and illustrate the general

formula by considering a number of specific examples. We use the helicity formalism as described in Refs. [26, 27]; for
recent examples of applications of the helicity formalism, see Refs. [8, 9, 11, 28–31]. Our results are consistent with
those references but are, typically, more general.

Let us first consider the 1 → 2 decay process. The helicity amplitudes are defined through a matrix element of the
scattering matrix between states with definite projections of angular momenta on a chosen quantization axis. Hence,

〈Ω, λ1, λ2|S|Jm〉 =

√

(2J + 1)

4π
DJ∗

m,λ1−λ2
(Ω)Aλ1λ2

, (23)

where Ω describes the polar and the azimuthal angles of one of the final state particles and D denotes the corresponding
Wigner function. Viewing the collision process of two partons a and b, a b → X → V1V2 → (f1f ′

1)(f2f ′
2), as a sequence

of 1 ↔ 2 elementary processes, we describe it by the following formula

Aab(pa, pb; χ1, χ2, m, λ1, λ2, µ1, µ2, τ1, τ2; Ω
∗, Ω, Ω′, Ω′′) =

(2J + 1)

4π

√

(2s1 + 1)

4π

(2s2 + 1)

4π
(24)

×DJ∗
χ1−χ2,m(Ω∗)Bχ1χ2

× DJ∗
m,λ1−λ2

(Ω)Aλ1λ2
× Ds1∗

λ1,µ1−µ2
(Ω′)T (µ1, µ2) × Ds2∗

λ2,τ1−τ2
(Ω′′)W (τ1, τ2) .

Here the Aλ1λ2
and Bχ1χ2

amplitudes correspond to the X decay and production processes, respectively; T (µ1, µ2)
and W (τ1, τ2) describe the decays of the first and the second X daughter to pairs of fermions; λ1,2 are the helicities
of the two X daughters; χ1,2 are the helicities of two gluons or quarks in the initial state; µ1,2 and τ1,2 are the
helicities of fermions in the Z decays; and m denotes the helicity of X . We keep the notation general enough with
J denoting the spin of the X boson and s1,2 referring to the spins of its decay products, e.g. the Z bosons. We
choose the convention where Ω = (0, 0, 0), which by conservation of angular momentum effectively sets m = λ1 − λ2,
Ω∗ = (Φ1, θ∗,−Φ1), Ω′ = (0, θ1, 0) and Ω′′ = (Φ, θ2,−Φ). Summing over the helicities of all particles, we obtain the
differential cross-section for the process a b → X → V1V2 → (f1f ′

1)(f2f ′
2) as

dσab(pa, pb, θ∗, Φ1, θ1, θ2, Φ)

dYXd cos θ∗dΦ1d cos θ1d cos θ2dΦ
= Nabδ(sab − m2

X
)δ(Yab − YX)

∑

{χ,µ,τ}

∣

∣

∣

∑

{λ,m}

Aab(pa, pb; {χ, λ; m, µ, τ}; {Ω})
∣

∣

∣

2
, (25)

where sab is the partonic center-of-mass energy squared, Yab and YX are the rapidities of the colliding partons ab and
the resonance X , and Nab is the normalization factor

Nab =
πβZ

8m3
X
ΓXcab(32π2)3(2mZΓZ)2

, (26)

with βZ =
√

1 − 4m2
Z
/m2

X
, cqq̄ = 3, cgg = 8, and ΓX,Z being the decay widths of the resonance X and the Z

boson, respectively. The relevant differential cross-section for hadron collisions is obtained by convoluting parton
cross-sections with parton distribution functions

dσpp(θ∗, Φ1, θ1, θ2, Φ)

d cos θ∗dΦ1d cos θ1d cos θ2dΦ
=

∑

ab

∫

dYX dx1dx2 f̃a(x1) f̃b(x2)
dσab(x1p1, x2p2, θ∗, Φ1, θ1, θ2, Φ)

dYXd cos θ∗dΦ1d cos θ1d cos θ2dΦ

∣

∣

∣

Yab=
1

2
ln

x1

x2

, (27)

where p1,2 are the momenta of the two protons. Note that the angles cosθ∗, Φ1, cos θ1, cos θ2, Φ are defined in the
X rest frame and are not affected by the integrations over x1, x2, and YX . Convolution with the parton distribution
functions results in the rapidity distribution of the X boson and may affect angular distributions of decay products
on an event-by-event basis due to the detector acceptance, discussed later. However, it does not affect angular
distributions measured with the ideal detector since in this case, integrations over x1, x2, and YX in Eq. (27) factorize
from all angular dependences. As the result, we may rewrite Eq. (27) in the form of the angular distribution of the
decay products of the polarized particle X

1

σpp,tot

dσpp

d cos θ∗dΦ1d cos θ1d cos θ2dΦ
=

1

ΓX

dΓX

d cos θ∗dΦ1d cos θ1d cos θ2dΦ
. (28)

Since we are interested in the normalized distributions, many normalization factors, as in Eq. (26), drop out. However,
ratios of amplitudes squared |Aab|2 and ratios of partonic luminosities for different production channels appear in the
normalized angular distributions and contribute to the degree of the polarization of the particle X. Note that if the
X particle can only be produced in a single partonic channel, all dependence on the partonic luminosities cancels out.

DJ∗
m,λ1−λ2

= e−imφdJ
m,λ1−λ2

(θ)ei(λ1−λ2)φ



A+− =
√

2(ρV + ρA)

A−+ =
√

2(ρV − ρA)

Simple SM example: Z/γ→f f

6

_

polarization vectors ‐ Z: +1, (0), ‐1 and f: ‐½, ½

Amplitude of Z/γ to fermions^

Based on fermion polarizations we can determine the 
helicity amplitudes to build angular distributions

We have the usual vector and 
axial vector couplings (ρV, ρA) 
which can be expressed in 
terms of the weak mixing  

angle (sin2θW)

^ Assuming massless fermions

A−− =
mq

v
mX

(

ρ(0)
2

+ βρ(0)
1

)

. (4)

The helicity amplitudes for the spin-one case read89

A++ = −2mq

(

ρ(1)
1

+
βm2

X

2Λ2

(

ρ(1)
4

− βρ(1)
3

)

)

,

A−− = −2mq

(

−ρ(1)
1 +

βm2
X

2Λ2

(

ρ(1)
4

+ βρ(1)
3

)

)

,

A+− =
√

2mX

(

ρ(1)
1

+ βρ(1)
2

)

,

A−+ = −
√

2mX

(

ρ(1)
1

− βρ(1)
2

)

. (5)

The helicity amplitudes for the spin-two case read90

A++ =
2
√

2mqmXβ√
3Λ

(

ρ(2)
1

+
βm2

X

2Λ2

(

ρ(2)
4

− βρ(2)
3

)

)

,

A−− =
2
√

2mqmXβ√
3Λ

(

−ρ(2)
1

+
βm2

X

2Λ2

(

ρ(2)
4

+ βρ(2)
3

)

)

,

A+− = −
m2

X
β

Λ

(

ρ(2)
1

+ βρ(2)
2

)

,

A−+ =
m2

X
β

Λ

(

ρ(2)
1

− βρ(2)
2

)

, (6)

where β = (1 − m2
q/m2

X)1/2 and is approximately 1 for light fermions.91

The consequence of chiral symmetry is the absence of a spin-zero polarization on the production axis in the92

reaction of light (mq → 0) quarks qq̄ → X . Therefore, only the ρ(J)
1 and ρ(J)

2 coupling constants could be probed93

in production of the spin-one and spin-two resonances (J = 1, 2). The relative size of these two coupling constants94

can be deduced from the X polarization asymmetry on the z axis. It is clear from Eqs. (5) and (6) that a non-zero95

asymmetry is present only when both ρ(J)
1 and ρ(J)

2 contribute (then |A+−|2 $= |A−+|2).96

In the SM, this polarization asymmetry is possible in production and decay with the presence of both vector and97

axial vector couplings, such as in the case of theZ boson coupling to fermions shown in Table 1. A sizable forward-98

backward asymmetry in angular analysis of reaction arises in the SM from interference of qq̄ → Z/γ∗ → l+l−, as99

well as from the qq̄ → Z → l+l− process alone. Therefore, the measurement of qq̄ → Z/γ∗ → l+l− polarization100

as a function of mass is a test of SM. This test could be considered as a measurement of sin2 θW , as the only free101

polarization parameter within the SM, besides the overall coupling scale proportional to e. Thus, in this note we102

concentrate on the measurement of sin2 θW as a test of the SM and as a technique for polarization measurements103

on the LHC. This technique complements those developed recently for more complex final states [12, 13].104

Table 1: Relative values of standard model neutral current couplings to fermions [16].

process ρ(1)
1 = cV ρ(1)

2 = cA

γ → l+l− −e 0

γ → uū +2e/3 0

γ → dd̄ −e/3 0

Z → l+l− −3+12 sin2 θW

6 sin(2θW ) e % −0.045e +1
2 sin(2θW )e % +0.593e

Z → uū +3−8 sin2 θW

6 sin(2θW ) e % +0.227e −1
2 sin(2θW )e % −0.593e

Z → dd̄ −3+4 sin2 θW

6 sin(2θW ) e % −0.410e +1
2 sin(2θW )e % +0.593e

1.2 Angular distributions105

The production angle θ∗ is defined as the angle between the parton collision axis z and the X decay axis z′ in the106

X rest frame, see Fig. 1. The axis directions are defined by the direction of a fermion (as opposed to antifermion).107

4

A(XJ=1 → qq̄) = εµūfγµ(ρV + ρAγ5)vf
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Figure 1: The production angle θ∗ defined in theX rest frame.

Experimental determination of the z axis requires care since it may differ somewhat from the beam collision axis110

and its direction may be uncertain, as we discuss below. However, let us first discuss angular distributions with111

respect to the “ideal” parton collision axis z. The production angle distributions have been extensively studied in112

the literature [5, 7, 8, 9, 10, 11], though for a spin-two resonance, several modifications are needed [12, 13].113

The general formula for the two-particle production and decay gg or qq̄ → X → P1P2 was given in Ref. [12]. In114

application to SM process with J = 1 intermediate states we have115

dΓ(ab → XJ → P1P2)

d cos θ∗
∝

1

s

(

J +
1

2

)

∑

χ1,χ2,λ1,λ2

(

dJ
χ1−χ2,λ1−λ2

(θ∗)
)2

×

∣

∣

∣

∣

∣

A(γ→ll)
λ1,λ2

B(qq̄→γ)
χ1,χ2

+ A(Z→ll)
λ1,λ2

(θW )B(qq̄→Z)
χ1,χ2

(θW ) ×
s

(s − m2
Z) + imZΓZ

∣

∣

∣

∣

∣

2

, (7)

where χ1, χ2 = ±1/2 run over helicities of initial partons (quarks) a and b, and λ1, λ2 = ±1/2 run over helicities116

of leptons P1 and P2, and s = m2
ab is the center-of-mass energy squared. The amplitudesA(γ→ff) and A(Z→ff)

117

describe fermion couplings to the photon and Z boson, and the Breit-Wigner (BW) propagator is shown explicitly118

for the Z resonance. These amplitudes are given in Eq. (2) with numerical values for the couplings given in Table 1.119

Therefore, the amplitudesA(Z→ff) depend on sin2 θW and allow measurement of this parameter in data analysis,120

as we discuss below.121

The above angular distribution in Eq. (7) for the SM process qq̄ → Z/γ∗ → l+l− at any given value of s can be122

expressed as (which is a feature of the spin-1 intermediate state)123

dΓ(qq̄ → XJ=1 → P1P2)

Γd cos θ∗
=

3

8
(1 + cos2 θ∗) + Aqq̄

FB(s, θW ) cos θ∗ (8)

which includes the forward-backward asymmetry parameterAFB . One can formally defineAFB as an asymmetry124

in the event count with positive and negative values of cos θ∗. This forward-backward asymmetry depends on the125

SM parameter sin2 θW , on mass, and on quark type in production, as shown in Fig. 2.126

1.3 Effects of parton distribution functions127

In order to express angular and mass dependence of the cross-section, the elementary two-parton cross-section128

σ̂ab(Q2, cos θ∗) shown in Eq. (7) should incorporate the parton distribution functions f̃a(xi) and f̃b(xi). This129

results in the rapidity distribution of the l+l− system and in shaping of the invariant mass distribution. This may130

also affect angular distributions of the decay products on an event-by-event basis due to the detector acceptance,131

discussed later. However, it does not affect angular distributions measured with the ideal detector since in this case,132

integrations over xi factorize from all angular dependencies.133

Let us start with a differential cross-section for the given parton momenta px1 and px2. We differentiate between134

the quark and antiquark direction to keep track of the forward-backward asymmetry in the qq̄ process, while for135

gg production this trivially reduces to a symmetric case. First, we assume that the direction of the quark is known136

and later we generalize this to the realistic example where we have to deduce the quark direction from kinematics137
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Figure 1: The production angle θ∗ defined in theX rest frame.
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application to SM process with J = 1 intermediate states we have115

dΓ(ab → XJ → P1P2)

d cos θ∗
∝

1

s

(

J +
1

2

)

∑

χ1,χ2,λ1,λ2

(

dJ
χ1−χ2,λ1−λ2

(θ∗)
)2

×

∣

∣

∣

∣

∣

A(γ→ll)
λ1,λ2

B(qq̄→γ)
χ1,χ2

+ A(Z→ll)
λ1,λ2

(θW )B(qq̄→Z)
χ1,χ2

(θW ) ×
s

(s − m2
Z) + imZΓZ

∣

∣

∣

∣

∣

2

, (7)
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Γd cos θ∗
=

3

8
(1 + cos2 θ∗) + Aqq̄

FB(s, θW ) cos θ∗ (8)

which includes the forward-backward asymmetry parameterAFB . One can formally defineAFB as an asymmetry124

in the event count with positive and negative values of cos θ∗. This forward-backward asymmetry depends on the125

SM parameter sin2 θW , on mass, and on quark type in production, as shown in Fig. 2.126

1.3 Effects of parton distribution functions127

In order to express angular and mass dependence of the cross-section, the elementary two-parton cross-section128

σ̂ab(Q2, cos θ∗) shown in Eq. (7) should incorporate the parton distribution functions f̃a(xi) and f̃b(xi). This129

results in the rapidity distribution of the l+l− system and in shaping of the invariant mass distribution. This may130

also affect angular distributions of the decay products on an event-by-event basis due to the detector acceptance,131

discussed later. However, it does not affect angular distributions measured with the ideal detector since in this case,132

integrations over xi factorize from all angular dependencies.133

Let us start with a differential cross-section for the given parton momenta px1 and px2. We differentiate between134

the quark and antiquark direction to keep track of the forward-backward asymmetry in the qq̄ process, while for135

gg production this trivially reduces to a symmetric case. First, we assume that the direction of the quark is known136

and later we generalize this to the realistic example where we have to deduce the quark direction from kinematics137

5

CM frame

In applying the above formalism, we can extract 
the “textbook” differential cross‐section.  
This simplifies to the classic ~ A (1+cos2θ) + B cosθ 
Mass dependence of the coefficients A/B gives sensitivity of 
to sin2θW; linear terms dominated by interference of γ*/Z

Traditionally, measurements of sin2θW are done 
with forward‐backward asymmetry:

4

we calculate θ∗ in the Collins-Soper reference frame [2]
as

cos θ∗ =
2

|Q|
√

Q2 +Q2
T

(P+
l P−

l̄
− P−

l P+
l̄
), (2)

where Q (QT ) is the four momentum (transverse momen-
tum) of the lepton pair, and Pl and Pl̄ are the four mo-
menta of the lepton and anti-lepton, respectively. They
are measured in the lab frame, and the momenta P±

l are
defined as

P±

l =
1√
2
(P 0

l ± P 3
l ), (3)

where P 0
l and P 3

l are the energy and the longitudinal
component of the lepton momentum, respectively. In
the Collins-Soper frame, the polar axis is defined as the
bisector of the proton beam momentum P1 and the nega-
tive of the anti-proton beam momentum, −P2, when the
proton and anti-proton are boosted into the rest frame
of the lepton pair, as shown in Fig. 1 [3].

P
1

P
2

!"
#"

z

y
x

e–

FIG. 1: The Collins-Soper reference frame. The bisector of
the proton beam momentum P1 and the negative of the anti-
proton beam momentum −P2 are used to measure the angle
θ∗. The momenta P1 and P2 are measured in the e+e− rest
frame.

Events with electron cos θ∗ > 0 are classified as forward
(F ), and those with electron cos θ∗ < 0 are classified as
backward (B). The forward-backward charge asymme-
try, AFB , is defined by

AFB =
σF − σB

σF + σB
, (4)

where σF and σB are the cross sections for forward and
backward processes, respectively.
The SM leading order (LO) prediction [4] for AFB as a

function of the dielectron invariant mass (Mee) is shown
in Fig. 2 for uū → Z/γ∗ → e+e−, dd̄ → Z/γ∗ → e+e−,
and pp̄ → Z/γ∗ → e+e− with the CTEQ6L1 parton
distribution functions (PDFs) [5]. Around the Z pole,
the asymmetry is proportional to both the vector and
axial-vector couplings of the Z boson to the fermions
and is numerically close to 0. At large invariant mass,
the asymmetry is dominated by Z/γ∗ interference and is
almost constant (≈ 0.6). In the high mass region, the

AFB measurement can be used to investigate possible
new phenomena that may alter AFB , such as new neutral
gauge bosons or large extra dimensions [6–14].

 (GeV)eeM
210

F
B

A

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

-e+ e$uu
-e+ e$dd
-e+ e$pp

FIG. 2: The SM LO AFB prediction as a function of the
dielectron invariant mass for uū → e+e−, dd̄ → e+e−, and
pp̄ → e+e− [4].

In the vicinity of the Z pole, AFB is sensitive to the
effective weak mixing angle (sin2 θfeff) for each fermion
species, f , involved in a particular measurement. To all
orders in perturbation theory [1, 15], sin2 θfeff is related to
the vector and axial-vector couplings by the expression

gfV /g
f
A = 1− 4|qf | sin2 θfeff. (5)

This charged lepton effective mixing angle sin2 θ!

eff
varies as a function of the momentum transfer at which
it is measured. Conventionally, it is quoted at the Z pole
[

sin2 θ!

eff(MZ)
]

, and it is identical for e, µ, and τ leptons,
due to lepton universality.
In the SM, asymmetries measured at the Z pole [15]

depend only on the value of sin2 θfeff for the fermions be-
ing considered. Because of the small ratio of vector and
axial-vector couplings for leptons, the sensitivity of lep-
tonic asymmetries to the changes in effective mixing an-
gle arises predominantly through the variation of the lep-
tonic couplings and not those of the quarks. Therefore,
it is customary to express AFB measurements in terms
of sin2 θ!

eff. In order to extract sin2 θ!

eff from AFB under
a consistent SM definition and compare results with pre-
vious measurements, we take into account the difference
between the electroweak radiative corrections for elec-
trons and u/d quarks using the relations [15–17]

sin2 θueff = sin2 θ!

eff − 0.0001,
sin2 θdeff = sin2 θ!

eff − 0.0002.
(6)

Precise determinations of sin2 θ!

eff have been made in
many processes at different Q2 scales. They include
atomic parity violation (|Q2| ≈ 10−18 GeV2) [18], Møller

D0 2011, arxiv:1104.4590

_

AFB =
NF −NB

NF + NB
=

3
8

B

A



The real world

• Parton distribution functions (PDFs)
• Partonic luminosities affect the mass and rapidity distributions

• Dilution: LHC is a pp collider, which direction does the quark come 
from?  Statistical solution: use the boost direction (rapidity) of the 
dilepton system

• Detector resolution/acceptance
• Detector sculpts phase space and smears track parameters

• Final State Radiation (FSR) shifts dilepton mass

• (N)NLO effects
• Higher order effects distort angular distributions

• Collins‐Soper frame reduces affect of pT(l+l‐)

8

 [GeV]                                
ll

m
70 75 80 85 90 95 100 105 110 115

  
  
  
  
  
  
  
  
  
  
  
  
  

F
B

A

!0.8

!0.6

!0.4

!0.2

0

0.2

0.4

0.6

0.8

SM combined

SM u,c quarks

SM d,s,b quarks

Figure 2: The forward-backward asymmetry parameterAFB as a function of mass for the process qq̄ → Z/γ∗ →
l+l− on LHC at 7 TeV pp energy. Circles show up-type quarks and squares show down-type quarks in production,
with the solid line representing the average according to parton distribution function (close to 50% each).

of the final state.138

dσpp(px1, px2, cos θ∗)

dx1 dx2 d cos θ∗
=

∑

ab

σ̂ab(Q
2, cos θ∗) f̃a(x1, Q

2) f̃b(x2, Q
2) , (9)

There is an ambiguity in the direction of the z axis. Therefore one cannot distinguish θ∗ from (π − θ∗) when139

two identical particles are involved in the production (such as gg → X) or when one has a large dilution effect in140

assigning the quark direction. For example, due to the identical parton distributions of quarks and antiquarks in141

protons (antiprotons) in the ss̄, cc̄, and bb̄ production, one cannot differentiate between θ∗ and (π − θ∗) in these142

cases. Only in the uū and dd̄ production one can deduce quark direction from kinematics. For example, on a pp̄143

collider such as the Tevatron, u and d direction could be associated with the proton p, while on a pp collider such144

as the LHC their direction could be taken as direction of the parton system boost along the beam. This choice145

works only on average and an additional dilution is introduced. In the case of the choice of the boost direction, we146

need to modify Eq. (9) to include boost direction in the definition of the cos θ∗ sign as follows147

dσpp(px1, px2, cos θ∗)

dx1 dx2 d cos θ∗
=

∑

q=u,d,s,c,b

(

σ̂qq̄(Q
2, sgn(x1 − x2) cos θ∗) f̃q(x1, Q

2) f̃q̄(x2, Q
2)

+ σ̂qq̄(Q
2, sgn(x2 − x1) cos θ∗) f̃q(x2, Q

2) f̃q̄(x1, Q
2)

)

. (10)

The equivalent expression in the case of a pp̄ collider results in relatively small dilution due to the dominance148

of the first term in the sum of two contributions for up and down quarks. Therefore, the LHC is at a particular149

disadvantage with respect to Tevatron when it comes to dilution in the angular measurements of the forward-150

backward asymmetry.151

It is convenient to redefine the two variables (x1, x2) through (Y, s), rapidity and the parton center-of-mass energy152

squared (or momentum transferQ2) as153

Y =
1

2
ln

E + pz

E − pz
=

1

2
ln

x1

x2
(11)

s = Q2 = x1x2spp (12)

where
√

spp = 2p is the LHC center-of-mass energy (2p = 7 TeV in the first LHC run, as we discuss in this154

note). The first Y expression in Eq. (11) uses the system energy E and longitudinal momentum pz , while the155

6
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Figure 10. Dependence on pT of the differences between the track parameters measured at the point of
closest approach to the nominal beamline, in the two halves of a cosmic ray track and scaled by 1/

√
2. The

RMS of the distribution truncated at 95% is quoted at each momentum interval, shown for the distance
of closest approach in the transverse direction dxy (left) and for 1/pT (right). Results are shown for the
geometries derived from ideal MC (blue squares), and from the alignment result with cosmic ray data (red
circles) and combined method MC (green triangles).

5.5 Systematic misalignment studies

A global translation and rotation of the whole tracker is an example of a trivial transformation
which leaves the χ2 value of eq. (4.1) unchanged. This transformation has no effect on the internal
alignment and is easily resolved by a suitable convention when defining the global reference frame.
The convention that the center-of-gravity of all modules coincides with the design position was used
in this work. A similar convention was used for the rotation of the tracker.

There are, however, non-trivial transformations, so-called “weak” modes, that also preserve
the χ2 value of eq. (4.1) and are of larger concern. The presence of weak modes in the geometry
resulting from track-based alignment was investigated following the approach described in ref. [15].
Nine systematic distortions, in ∆r, ∆φ , and ∆z as a function of r, φ , and z were applied to the aligned
geometry. Studies were performed with both global and local alignment methods and the results
presented here were obtained with the global method. The systematically misaligned geometries
were used as a starting point and the alignment procedure described in section 4 was repeated. The
nine geometries obtained after the alignments were then compared to the original aligned geometry
to see if the distortions can be recovered by the alignment procedure.

The results were analyzed separately for the pixel (BPIX and FPIX), barrel strip (TIB and
TOB), and forward strip (TID and TEC) sub-detectors. The remaining displacements of the mod-
ules in the TIB and TOB, which are expected to have the best illumination from cosmic ray tracks,
are shown in figure 11 for four systematic deformations: the layer rotation (∆φ = c1 + c2r), the
twist deformation (∆φ = c1z), the skew (∆z = c1 cosφ ), and the z-expansion (∆z = c1z). The layer
rotation can be well recovered in alignment with cosmic ray tracks, while the scatter in the module
position difference is an evidence for weak modes in other projections. The twist and the skew
deformations are reflected to a lesser degree in track χ2, and therefore are only partially recovered.
Finally, as the distribution of the track χ2 changes only marginally with respect to the z-expansion,
this deformation cannot be recovered using cosmic ray tracks only.
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Figure 9. Differences between upper and lower track segment parameters measured at the point of closest
approach to the beamline and scaled by 1/

√
2. Distributions are shown for the distance of closest approach in

the transverse direction dxy (top left), the same in the longitudinal direction dz (top right), the track azimuthal
angle φ (middle left), the track polar angle θ (middle right), and 1/pT (bottom left). The plot on the
bottom right shows the 1/pT difference normalized to its error, that is (1/pT,1−1/pT,2)/

√
σ2

1/pT ,1 +σ2
1/pT ,2.

Results are shown for four geometries: data before alignment (black dotted lines), data with combined
method alignment (red solid), combined method MC (green dashed), and ideal MC (blue dash-dotted).

at least three pixel hits. This mimics the topology of collision tracks. The track segments were
reconstructed independently. Figure 9 shows the difference between upper and lower portions of
tracks for all five track parameters. There is significant improvement due to tracker alignment,
with good agreement between data and MC simulations. The results of the combined method are
approaching those of a MC simulation with ideal detector geometry. The pT measurements are
most sensitive to the strip part of the tracker, while the other four parameters are dominated by the
alignment of the pixel detector. The normalized distributions in figure 9 also show that the error
estimates on the track parameters are in good agreement with predictions from MC simulations.
Figure 10 shows the dependence of the resolution on pT for the track parameters dxy and 1/pT .
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CMS commissioning

• Many great results from CMS in 2o10!

• One of the main reasons is due to commissioning period 
with cosmic rays to understand the detector

• Highlight, one of many great results from commissioning: 
Tracker alignment (a biased choice ;)

10

Alignment: use cosmic tracks to 
determine position of >15000 
silicon sensors in situ to 
precision at micron level

Validate by splitting cosmic 
tracks in two and comparing 
their track parameters

aligned
not aligned

polar angle

pT resolution
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Analysis concept
• Idea: per event likelihood function to extract maximal information 

from the event
• Sensitivity increase (×1.4) over traditional methods [see appendix]

• Requires probability distribution function in mass, angle, rapidity: 
Psig(m,Y,cosθ; sin2θW, PDFs)

• Single parameter likelihood fit of sin2θW 

• Building the probability distribution function:
• Start with Drell‐Yan mass‐angle distribution including partonic 

luminosities: Pideal(m,Y,cosθ)

Terms dependent on PDFs, requires analytical parameterization of PDFs (more later); 
Dqq(s,Y) describes dilution term, Fqq(s,Y) describes partonic luminosity
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Likelihood analysis of sin2θW
• Building the probability density function (continued)

• Include acceptance and efficiency: 
 Pideal(m,Y,cosθ) × Gacc(m,Y,cosθ)

• Includes detector acceptance and pT cuts modeled analytically in the 
Collins‐Soper frame and reconstruction/trigger efficiency

• Include detector resolution and FSR effects:
   [Pideal(m,Y,cosθ) ⊗ R (m) ] × G (m,Y,cosθ)

• Analytically convolution of R (m) approximated by quadruple 
Gaussian

• Model is built at LO; (N)NLO effects treated as corrections to model

• Information about sin2θW contained in the shapes of the 
multidimensional space

Psig(m,Y,cosθ; sin2θW, PDFs) = [Pideal(m,Y,cosθ) ⊗ R (m) ] x Gacc(m,Y,cosθ)



The real world, redux

13

• Analysis in dimuon channel, though no conceptual issues 
dielectron channel

• Muon selection
• Global and tracker muons, oppositely charged
• At least one pixel hit, 10 strip hits, 1 used muon station

• Global muon fit, χ2 < 10; |dxy| < 2mm

• HLT muon matching
• Tracker isolation (No ECAL, HCAL) 
• Angle between muons: (α ‐ π) < ‐2.5 mrad; cosmics rejection
•  pT > 18,7 GeV, |η| < 2.4  
• pT (CS) > 18GeV, |η| (CS) < 2.3 [for analytical acceptance]
• pT (Z) < 25 GeV [to suppress NLO effects]

• 2010 CMS data sample for analysis: 40 pb‐1
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Parton Distribution Functions

We fit the data (CTEQ6QL) for u,d,c,s,b quarks and gluons with: 

Analytical fit u quark parton distribution function, x*fu(x,Q2), for a 
given value of Q; then fit parameters for Q‐dependence

Partonic luminosity vs. mass Dilution vs. Y

u,d

m (GeV)
210 310

, 0
)

2
(m qq

 F×
2m

 

1
10

210

310

410

510

610

710

810

910

u
dscb

g(x0.1)



Parton Distribution Functions
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6 2 Analysis Strategy
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Figure 4: Distribution of Y (top), m (middle), cos θ∗ (bottom), from Pythia simulation (points
with errors) of the qq̄ → γ∗/Z → µ+µ− process and analytical distributions from Eq. (6)
are shown. Five quark flavors are shown combined and separately, in order of decreasing
contribution: uū (0.450), dd̄ (0.375), ss̄ (0.103), cc̄ (0.048), and bb̄ (0.025), where numbers in
parentheses indicate fractions.
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Figure 4: Distribution of Y (top), m (middle), cos θ∗ (bottom), from Pythia simulation (points
with errors) of the qq̄ → γ∗/Z → µ+µ− process and analytical distributions from Eq. (6)
are shown. Five quark flavors are shown combined and separately, in order of decreasing
contribution: uū (0.450), dd̄ (0.375), ss̄ (0.103), cc̄ (0.048), and bb̄ (0.025), where numbers in
parentheses indicate fractions.

6 2 Analysis Strategy
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Figure 4: Distribution of Y (top), m (middle), cos θ∗ (bottom), from Pythia simulation (points
with errors) of the qq̄ → γ∗/Z → µ+µ− process and analytical distributions from Eq. (6)
are shown. Five quark flavors are shown combined and separately, in order of decreasing
contribution: uū (0.450), dd̄ (0.375), ss̄ (0.103), cc̄ (0.048), and bb̄ (0.025), where numbers in
parentheses indicate fractions.

Test our model at LO: 
Pythia ‐ points, Model ‐ lines

See good agreement in our observables 
(m,Y,cosθ) when separated into various 
quark contributions.

[all, u, d, s, c, b]
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Acceptance and resolution

Gacc(m,Y,cosθ) : Acceptance + efficiency 
sculpts further the Y and cosθ  distributions

Lepton cuts: |η| < Ymax; pT > pT,min

Acceptance conditions: 
|cosθ| < tanh(Ymax ‐ |Y|); |cosθ| < [1‐(2pT,min/m)2]1/2

Before acceptance/after acceptance

R4g(m)

Convolution of resolution function

Generator level Resolution + FSR

Resolution function parameters fit from MC , implemented via analytical convolution
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Background: dimuon channel

Main backgrounds from τ+τ‐ and QCD with smaller contributions 
from WW,WZ, W+jets, ZZ, tt; total background < 1%

sin2θW measurement models background in likelihood function
Expect ~36 bkg events in 2010 data sample
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Putting it all together: MC
Final likelihood model on Powheg+Pythia CMS simulation

Result of 400 toy experiments 
including sig + bkg yields: 
sin2θW = 0.2306 ± 0.0004 
(generated value: 0.2311)

Mean expected statistical 
error per toy: 0.0078

Error from data: 0.0077
Pull distribution: ‐0.02 ± 0.96

Goodness‐of‐fit: ‐ log L

Data value

9

Y
-2 -1 0 1 2

e
v
e
n
ts

 /
 0

.0
5

0

5

10

15

3
10!

Y
-2 -1 0 1 2

e
v
e
n
ts

 /
 0

.0
5

0

5

10

15

3
10! CMS preliminary

(a)

CS"cos
-1 -0.5 0 0.5 1

e
v
e
n
ts

 /
 0

.0
2

0

5

10

3
10!

CS"cos
-1 -0.5 0 0.5 1

e
v
e
n
ts

 /
 0

.0
2

0

5

10

3
10!

 Simulation (Powheg and CMS)

 fit projection

 = 7 TeVs

(b)

) [GeV]µµM(
60 80 100 120

e
v
e
n
ts

 /
 0

.6
 G

e
V

0

20

40

60

80

100
3

10!

) [GeV]µµM(
60 80 100 120

e
v
e
n
ts

 /
 0

.6
 G

e
V

0

20

40

60

80

100
3

10!

(c)

) [GeV]µµM(
60 80 100 120

e
v
e
n
ts

 /
 0

.6
 G

e
V

310

410

510

) [GeV]µµM(
60 80 100 120

e
v
e
n
ts

 /
 0

.6
 G

e
V

310

410

510

(d)

Figure 3: Distribution of Y (a), cos θ∗CS (b), m (c and d) in the analysis of Z → µ+µ− events from
POWHEG-based CMS detector simulation. Smooth lines show projections of the probability
density functions.

sample projections and the probability density functions are shown in Fig. 3.

We performed a blind analysis of the data, in which the fit result is not examined until a review
of the entire analysis is complete, including all associated systematic uncertainties. The result
of the analysis is

sin2 θeff = 0.2287 ± 0.0077(stat.)± 0.0036(syst.) , (9)

and projections of the data and the probability density functions are shown in Fig. 4. The
observed statistical error and the value of likelihood L are in good agreement with expectation
from generated experiments discussed above. We summarize the systematic uncertainties in
Table 1. Many of these systematic uncertainties are statistical in nature and may be further
reduced with more data and more detailed simulation studies.

6 Conclusions
We have presented the measurement of the forward-backward asymmetry for opposite sign
lepton pairs produced via an intermediate Z/γ∗ in pp collisions at

√
s = 7 TeV. We have also

presented the measurement of the effective electroweak mixing angle based on a multivariate
likelihood fit which results in a value of sin2 θeff = 0.2287 ± 0.0077 ± 0.0036. We find both
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Systematic uncertainties

source uncertainty

LO model (ISR) 0.0011

PDFs 0.0015

FSR 0.0018

resolution/alignment 0.0022

fit model 0.0010

background 0.0007

total 0.0036

Dominant backgrounds from FSR and resolution/alignment
Conservative estimates, some cases statistics limited

QCD uncertainty

Misalignment, 
resolution model, 
momentum scale

NLO effects

minimal bias from 
high stats MC

PDF uncertainties 
from CTEQ vs. MSTW

PHOTOS vs. 
Pythia

Total systematic error less than expected statistical error



20

Results with data
Data fit central value kept blind until March 1st to avoid analysis bias

Fit result: sin2θW = X.XXXX ± 0.0077 (stat.) ± 0.0034 (sys.) 
PDG value: 0.2312

Final cross‐check: goodness‐of‐fit test yields good agreement with MC 

CMS PAS EWK-10-011

10 6 Conclusions
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Figure 4: Distribution of Y (a), cos θ∗CS (b), m (c and d) in the analysis of Z → µ+µ− events from
LHC data. Smooth lines show projections of the probability density functions.
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Results with data
Data fit central value kept blind until March 1st to avoid analysis bias

Fit result: sin2θW = 0.2287 ± 0.0077 (stat.) ± 0.0034 (sys.) 
PDG value: 0.2312

Final cross‐check: goodness‐of‐fit test yields good agreement with MC 

CMS PAS EWK-10-011

10 6 Conclusions
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Figure 4: Distribution of Y (a), cos θ∗CS (b), m (c and d) in the analysis of Z → µ+µ− events from
LHC data. Smooth lines show projections of the probability density functions.



Outlook

• Presentation of a novel technique for measurement of sin2θW

• With the coming 2011 data, hope to approach Tevatron precision
• Tevatron/NuTeV sensitive to sin2θW via light quark couplings at ~1%

• Focus efforts on beating down systematics (FSR, alignment) ‐ 
conservative estimates made so far

• May be difficult to reach LEP precision even with infinite statistics 
‐ model flexible, can test other inputs to model

• Principles above can be applied to new physics scenarios 
• High mass dilepton resonances (e.g. Z’) ‐ can simultaneously 

look for broad and narrow resonances

• Other two body final states (e.g. H→γγ)

22



A more complex case...

• Consider 2→4 processes, no longer 
assume SM‐like couplings as in sin2θW 
analysis

• Again, let’s work out the angular 
distribution in the helicity amplitude 
formalism
• Recall, the couplings determine the 

helicity amplitudes

• What kind of new resonances, X, could 
we expect?  What are its quantum 
numbers?

• Approach in model‐independent way

23 Phys. Rev. D 81, 075022(2010)
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Some motivated examples
• Spin‐zero

• SM Higgs, JP = 0+, 
  or other non‐SM scalar
• Pseudoscalar JP = 0‐, multi‐Higgs case

• Spin‐one
• Heavy photon
• Kaluza‐Klein gluon

• Spin‐two
• RS Graviton, JP = 2+: classic model

• SM fields localized to TeV brane

• Non‐classic RS Graviton model 
• SM fields in the bulk 

• Plus many other possibilities!
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Single‐produced resonances at the LHC

• gluon fusion: J = 0,2
• JZ = 0 or JZ = ±2

• expect to dominate at low mass

• q‐qbar: J = 1,2 
• JZ = ±1, assume chiral symmetry exact

• Decay to fermions
• X→l+l‐,qq

• As mf → 0,  J = 0 excluded

• Decay to gauge bosons
• X→ZZ,W+W‐,gg,γγ

Consider a colorless, chargeless X with J = 0,1,2 and JZ = 0,±1,±2
Pr
od

uc
tio

n D
ecay

_



Program

1. Consider general couplings of a spin 0/1/2 particle to SM fields
• Lorentz invariance, Bose symmetry, and SM gauge invariance obeyed

2. Compute the helicity amplitudes for general couplings
3. Write down the generic angular distribution in terms of the helicity 

amplitudes
4. Use a multivariate likelihood analysis to fit angular distributions of 

given hypothetical new resonances^

• Choose some specific cases for demonstrating power of multivariate 
likelihood

• Focus on the X→ZZ→4l decay channel
• Final state fully reconstructed accurately
• More information in four‐body final state
• ZZ decay can be large or even dominant
• Identical gauge bosons give additional constraints

26^ generator developed to simulate resonances, more details later
16

-  view! "-  view! "

No explicit cut on tracks pNo explicit cut on tracks pTT
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Spin‐zero resonances

Interactions of spin‐zero X to two gauge bosons:

Dimensionless complex coupling constants
Gauge boson polarization vectors: 

• In the case of a SM Higgs

• a1 = tree level

• a2 = radiative corrections (few %)

• a3 = 3‐loop contribution O(10‐11)
odd‐parity coupling

Plug polarization vectors into above expression to read off helicity amplitudes
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Helicity amplitudes

 Longitudinal amplitude (A00) dominates 
at large mass for SM Higgs

 No longitudinal contribution for 0‐ case

Interactions with spin‐zero particle X 

Helicity amplitudes: contribution to total amplitude from daughter helicities
Massive gauge bosons (W,Z) have Jz = 0,±1 possible helicity states; 

9 total amplitudes, Akl

A00

A++

A--

Examples:
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Spin‐one resonances

Interactions of spin‐one X to two gauge bosons:

Dimensionless complex coupling constants

g2 corresponds to even‐parity coupling (JP = 1+)
g1 corresponds to odd‐parity coupling (JP = 1‐)

Interactions with spin‐one particle X :

Spin‐one X polarization vectors
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Spin‐two resonances

Interactions of spin‐two X to two gauge bosons:

Dimensionless complex coupling constants
Gauge boson polarization vectors

By applying gauge boson polarization vectors to the general 
amplitudes, we can read off the helicity amplitudes

For identical massive gauge bosons, can have 9 Akl where k,l = 0,±1
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A bit of bookkeeping...

J = 0 J = 1 J = 2

Production: gg or qqProduction: qq*Production: gg^

Allowed spin projection:
0

Allowed spin projection:
±1^

Allowed spin projection:
0, ±1, ±2

Helicity Amplitudes:
A00

A++, A‐‐

Helicity Amplitudes:
A+0 = ‐A0+

A0‐ = ‐A‐0

Helicity Amplitudes:
A00, 

A++, A‐‐

A+0 = A0+

A0‐ = A‐0

A+‐ = A‐+

* gg fusion forbidden due to Landau‐Yang theorem
^ assume chirality a good quantum number for massless quarks

For identical vector bosons: Akl = (‐1)J Alk

For definite CP states: Akl = ηP(‐1)J A‐k‐l

_ _



32

b
X

a

Angular Distributions
We can connect theory to experiment via angular distributions 

parameterized by helicity amplitudes

Recall, the process 1→2 process: 
We can express the polarization of X (J,m) via the 
helicity amplitudes of a and b (λ1 and λ2) 

Now considering the sequential decay ab→X→ZZ→4l

Bχ1,χ2 are helicity states of incoming partons
Aλ1,λ2 are helicity states of outgoing Z bosons

Ω are angles defined on next slide
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Definition of the system
X→ZZ→4l:
5 angles (θ1,θ2,θ*,Φ,Φ1) are the 
maximal, uniquely defined 
angles in the system

θ*,Φ1: production angles
θ1,θ2,Φ: helicity angles, independent of production 

Production via
gg or qq

_
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JZ = 0

JZ = ±1

JZ = ±2

Angular distributions

+ interference terms

Spin‐zero X: only JZ = 0 part contributes
Spin‐one X: only JZ = ±1 part contributes

Spin‐two X: all contributions exist JZ = 0,±1,±2

General spin‐J angular distribution
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MC Simulation

• A MC program developed to simulate production and decay 
of X with spin‐zero, ‐one, or ‐two 
• Includes all spin correlations and all general couplings 

• Inputs are general dimensionless couplings, 
  calculates matrix elements
• Both gg and qqbar production 

• Contains both final states for ZZ→4l and ZZ→2l2j

• Output can be interfaced for hadronization/showering [LHE format]

• All code publicly available: www.pha.jhu.edu/spin

Using simulation and  likelihood analysis outlined in dilepton studies, 
we perform feasibility studies with specific examples

http://www.pha.jhu.edu/spin
http://www.pha.jhu.edu/spin
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Case studies
Due to large amount of parameters, we choose seven signal 

scenarios to test a range of parameters

How well can we identify these scenarios?  
How well can we distinguish them from one another?

JP = 0+ SM Higgs‐like (tree‐level)

JP = 0‐ pseudo‐scalar

JP = 1+ exotic pseudo‐vector

JP = 1‐ exotic vector

JP = 2+ (min.) Graviton‐like tensor 
(minimal couplings)

JP = 2+ (long.) Graviton‐like tensor 
(longitudinally polarized)

JP = 2‐ pseudo‐tensor
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*generator level, 250 GeV Spin Zero
0+, 0‐

*1D projections of 5D angular distribution

Data and angular distributions

• Spin‐zero particle holds no angular information, production 
angles (θ*,Φ1) expected to be flat

Points are generated using MC program. Lines are derived from 
general spin‐J angular distributions (also for following slides).

cosθ* Φ1 Φ cosθ1,2



38

Data and angular distributions
Spin One

1+, 1‐
*generator level, 250 GeV

*1D projections of 5D angular distribution

• Production angle, Φ1, provides a powerful variable to 
distinguish between even‐ and odd‐parity states

• Helicity angles good example of separation in 
multidimensional space ‐ 1D projections do not seem useful

cosθ* Φ1 Φ cosθ1,2
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Data and angular distributions
*generator level, 250 GeV Spin Two

2+ (min.), 2+ (long.), 2‐

*1D projections of 5D angular distribution

• Consider two JP = 2+  states, minimal and longitudinal 
(dominated by A00 helicity state)

• 2+ (long.) case has the same helicity angular distribution as 
the 0+ case
• An unpolarized 2+ (long.) is indistinguishable from the SM Higgs!
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Implementation in CMS
• Detector simulation via CMSSW fast simulation
• Similar to dilepton case, detector acceptance 

sculpts angular distributions
• Production angles affected, cosθ* and Φ1

• Background: dominant process is SM EWK ZZ
*!cos
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Experimental Setup
• Consider mH = 250 GeV mass point ‐ see analysis note^ for 500 GeV/1 TeV

• Analysis strategy and software package from HZZ group*

• “Hypothesis separation” study (30 signal events, Poisson distributed)
• 24 background events for lower mass point

• Scenario considers statistics just enough for discovery (5σ)

• “Parameter fitting” study (“Hypothesis separation” study x5 statistics)
• More general analysis; allows us to determine all parameters at once (spin, 

parity, couplings to SM particles)

• Multiple free parameters in fit requires larger statistics

• Run 1000 toy experiments for each scenario
• Lower statistics: how much separation between different signal hypotheses 

achieved?

• Higher statistics: how well can we determine the parameters of a certain 
hypothesis?

^ CMS AN-2010/351, * CMS AN-2008/050
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Hypothesis Separation
Neyman‐Pearson hypothesis testing:
Run 1000 toy experiments…
Determine likelihood ratio test statistic [S = 2*ln(LA/LB)] for data samples “A” 
and “B”.  Quote effective separation of Gaussian peaks.
Probability Density Function constructed of mZZ + angular distributions

Example case of 0+ vs 0‐ at 250 GeV Separation of:
• Signal scenarios

• Signal vs. Background
LA (S+B) and LB (B only)

The next study shows how well one can separate different signal models assuming that a resonance is found with

20 events ofX → ZZ → 4l. This is shown in Tables 14–17. Some of the likelihood-ratio distributions are shown
in Figs. 18 and 25. Our finding are generally similar to those of Ref. [10], but they are now supported by the full

CMS detector simulation. Moreover, we have investigated in more detail the mass point below the ZZ threshold

and show the proper treatment of the Z∗ mass.

A similar study with the X → ZZ → 2l2j final state is shown in Table 18 and Fig. 26, where only spin-0
hypothesis are shown for illustration. The number of signal events in this study is scaled according to efficiency

and the branching fraction of the X → ZZ → 2l2j final state with respect to 20 events of X → ZZ → 4l,
and is typically between 10 and 20 times large. Therefore, despite higher background, the semileptonic final state

provides more statistical power for angular analysis at the higher resonance masses.

Studies of angular analyses of bothX → ZZ → 2l2j and 4l final state show that despite various detector effects,
including worse angular resolution in the channel with jets, angular information is still retained to large extent and

the full angular analysis provides very strong statistical power.

Table 14: Results of the hypothesis separation of the 0+ and 0− scenarios formX = 140 GeV.

0−

0+ 3.3

Table 15: Results of the hypothesis separation (S) of the seven scenarios for mX = 250 GeV. with the X →
ZZ → 4l.

0− 1+ 1− 2+
m 2+

L 2−

0+ 3.3 1.8 2.0 2.2 1.5 2.7

0− 2.6 2.4 1.7 3.9 2.2

1+ 1.7 1.7 2.4 2.1

1− 1.1 2.5 2.4

2+
m 2.8 2.1

2+
L 3.3

Table 16: Results of the hypothesis separation (S) of the seven scenarios for mX = 500 GeV. with the X →
ZZ → 4l.

0− 1+ 1− 2+
m 2+

L 2−

0+ 4.3 2.6 2.9 3.6 1.3 2.7

0− 2.7 2.6 1.9 4.6 2.8

1+ 1.9 1.9 3.1 1.9

1− 1.8 3.2 2.1

2+
m 4.0 2.7

2+
L 3.0

28

At time of discovery, can already make a 
statement about quantum numbers



Parameter fitting
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With more statistics (x5), can say something about specific couplings to SM fields
Fit for the couplings in given hypothesis

Example fit, longitudinal contribution in case of a spin‐0 resonance   

Situation analogous to the sin2θW measurement

22

TABLE IV: Results of the fit for the free parameters of the spin-zero hypothesis with generated samples of SM Higgs-like X
corresponding to 0+ in Table II. Experiments have been generated with two X masses according to two models in each case,
with and without detector effects.

mX = 250 GeV mX = 1 TeV
generated fitted generated fitted

without detector with detector without detector with detector

nsig 150 150 ± 13 153 ± 15 150 150 ± 12 152 ± 12

(f++ + f−−) 0.208 0.21 ± 0.07 0.23 ± 0.08 0.000 0.00 ± 0.03 0.00 ± 0.03

(f++ − f−−) 0.000 0.01 ± 0.13 0.01 ± 0.14 0.000 0.00 ± 0.02 0.00 ± 0.02

(φ++ + φ−−) 2π 6.30 ± 1.46 6.39 ± 1.54 2π free free

(φ++ − φ−−) 0 0.00 ± 1.06 0.01 ± 1.09 0 free free

TABLE V: Results of the fit for the free parameters of the spin-zero hypothesis with generated samples of a pseudo-scalar X
corresponding to 0− as discussed in Table IV.

mX = 250 GeV mX = 1 TeV
generated fitted generated fitted

without detector with detector without detector with detector

nsig 150 150 ± 13 151 ± 15 150 151 ± 12 150 ± 13

(f++ + f−−) 1.000 1.00 ± 0.05 1.00 ± 0.06 1.000 1.00 ± 0.05 1.00 ± 0.06

(f++ − f−−) 0.000 0.00 ± 0.35 0.00 ± 0.40 0.000 0.00 ± 0.31 −0.01 ± 0.32

(φ++ + φ−−) N/A free free N/A free free

(φ++ − φ−−) π 3.15 ± 0.31 3.14 ± 0.41 π 3.15 ± 0.31 3.14 ± 0.33

TABLE VI: Results of the fit for the free parameters of the spin-one hypothesis with generated samples of an exotic pseudo-
vector X corresponding to 1+ as discussed in Table IV.

mX = 250 GeV mX = 1 TeV
generated fitted generated fitted

without detector with detector without detector with detector

nsig 150 150 ± 13 152 ± 15 150 151 ± 12 152 ± 13

f+0 0.250 0.26 ± 0.15 0.26 ± 0.17 0.250 0.25 ± 0.16 0.25 ± 0.15

(φ+0 − φ0−) 0 0.02 ± 0.73 0.01 ± 0.86 0 −0.03 ± 0.67 −0.03 ± 0.77

TABLE VII: Results of the fit for the free parameters of the spin-one hypothesis with generated samples of an exotic vector X
corresponding to 1− as discussed in Table IV.

mX = 250 GeV mX = 1 TeV
generated fitted generated fitted

without detector with detector without detector with detector

nsig 150 150 ± 13 152 ± 16 150 151 ± 12 152 ± 13

f+0 0.250 0.24 ± 0.15 0.24 ± 0.16 0.250 0.24 ± 0.17 0.25 ± 0.15

(φ+0 − φ0−) π 3.14 ± 0.72 3.18 ± 0.76 π 3.14 ± 0.71 3.14 ± 0.69

with the spin-two hypotheses for 2+
m, 2+

L , and 2−, respectively, where we also restrict the hypothesis to the definite
parity to reduce the number of free parameters. We used 1000 generated samples of 150 signal events each, Poisson
distributed, and the corresponding number of background events, per sample. In all cases the set of observables
includes mZZ, cos θ∗, cos θ1, cos θ2, and Φ. There are several cases where contribution of a certain helicity amplitude
is either exactly zero (e.g. A00 in the 0− case) or negligible (e.g. A++ in the 2+

m case). Since measuring the phase of
that amplitude becomes impossible, we leave it as “free” in the tables.

Coming back to the question of separating SM-like and non-SM-like 0+ hypotheses, it is clear from Fig. 5 and
Table IV that the hypothesis a1 = 0 and a2 != 0 in Eq. (2), corresponding to f++ + f−− = 0, can be separated
with high confidence at 250 GeV, but no separation is possible at 1 TeV due to the absence of a sizable transverse
amplitude in both scenarios. As another example, the separation of the 1+ and 1− scenarios in Tables II and III is
related to the measurement of (φ+0−φ0−) in Tables VI and VII, although there is an additional free parameter in the
latter case. The signature of the minimal coupling model of a spin-two resonance decay is the dominance of the A+−

** Generator level fit



Extensions

• Separation of background and signal
• Angular information can enhance discovery 

potential or exclusion limits, O(10%) improvement

• Below ZZ threshold, more information in mZ* 
distribution (right)
• Included into multivariate analysis and simulation 

for spin 0 resonances

• Angular analysis of the 2l2j final state (below)
• cosθjj: q and q indistinguishable, strong acceptance 

effect from jet pT cuts
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Summary

• Presentation of two analysis at CMS showcasing the power of 
spin correlations

• EWK analysis of the Drell‐Yan process 
• Differential measurement (m,Y,cosθ) of the dimuon final state 

allows the measure weak mixing angle

• With 40 pb‐1: 
sin2θW = 0.2287 ± 0.0077 (stat.) ± 0.0034 (sys.) 

• Model‐independent angular analysis of ZZ resonances

• Be ready for anything! 

• At time of discovery, can make statements about spin/CP

• Full multidimensional analysis to extract maximal information 
from data

45
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Appendix A: comparison of likelihood 
method with traditional template method
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Comparison of methods

• What is the (statistical) improvement of the likelihood method over 
traditional methods for determining sin2θW?

• “template” method: D0 extracts sin2θW from AFB by generating 
templates of AFB for many values of Weinberg angle, finds the most 
probable value of sin2θW [PRL 101, 191801 (2008)]

• Problem: we don’t have tons of MC at different values of sin2θW to 
generate templates
• Solution: we make a generator level study adding in FSR and realistic 

“fast smearing”   

• Not trivial to extract sin2θW from unfolded AFB, requires proper statistical 
treatment and full correlation matrices; extract most probable sin2θW 
value from raw AFB for convenient error estimation

• More details of this on hypernews
https://hypernews.cern.ch/HyperNews/CMS/get/EWK‐10‐011/11.html

https://docdb.fnal.gov/CMS-private/DocDB/ShowDocument?docid=1917
https://docdb.fnal.gov/CMS-private/DocDB/ShowDocument?docid=1917
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Comparison of methods
• The setup: generate 1M events Powheg+Pythia+fast smear for different values of 

sin2θW (0.2112 to 0.2512 in increments of 0.002)

• Extract the raw AFB for each sample to use as “templates”

• Run toys (~15k events per) with the sin2θW = 0.2312 sample and find the most 
probable value and error on sin2θW

• Compare this with the likelihood fit method using the same toy experiments

Re
su

lt 
of
 o
ne

 to
y 
ex

p. All templates
Results of toy

Fit to most probable value

Mean error on sin2θW →  0.0014 (templates), 0.0080 (likelihood)
Template method has errors factor of 1.4 larger than likelihood method

Likelihood method equivalent to doubling the statistics!



Appendix B: first 4μ CMS event
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4µ event
Run: 146511, Lumi: 724, Event: 504867308

Z1 mass = 92.15; Z2 mass = 92.24, ZZ mass = 201.75
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4µ event: angles

• Look at angular information
• cos θ1 = 0.566

• cos θ2 = 0.325

• Φ = ‐1.240 

• cos θ* = 0.731

• Φ1 = ‐0.460

• A quick and dirty angular analysis
• Likelihood fit over 5 angles

• Try 3 hypotheses: JP = 0+, JP = 0‐, SM ZZ

• Acceptance taken using 250 GeV simulation

• SM ZZ is 85% qqbar→ZZ and 15% gg→ZZ
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4µ event

cos θ1 cos θ2 cos θ*Φ Φ1

Black lines are data points, blue lines are PDF projections

0+

0‐

ZZ

‐ln L0+ = 6.998; ‐ln L0‐ = 6.773; ‐ln LZZ = 6.818

More likely scenario: L0‐… but within SM ZZ

χ2 = ‐2ln(L0+/L0‐) = 0.45; χ2 = ‐2ln(L0+/LZZ) = 0.36 



Backup
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Forward‐backward asymmetry

• Forward‐backward asymmetry, AFB: simple analysis of Drell‐Yan 
angular distribution with 36 pb‐1

• Sensitive to broad high‐mass resonance; slope sensitive to couplings

• Idea: measure cosθ asymmetry in bins of mass:

• AFB in good agreement with the Powheg and CMS simulation

€ 

AFB = (NF − NB) /(NF + NB)

μ+μ‐ e+e‐
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Acceptance and efficiency
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Further acceptance function to include efficiency effects and NLO corrections
Probability Density Function ~ P (m,cosθ,Y) x Ga(m,cosθ,Y) x Gb(cosθ,Y)

Add into the fit model a 2D description 
of the efficiency in Y and cosθ.  

Polynomial fit of efficiency in cosθ in bins of Y to 
construct 2D interpolation function.

Reflection of efficiency in η(µ+) and η(µ‐) 

Gb(cosq,Y)

Efficiency vs. Y and cosθ

cosθY


