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What is the Golden Channel?: Signal

I Signal consists of ϕ→ V1V2 → 4`

I X can in principal be spin 0, 1, or 2
I V1 and V2 can be any combination of Z and γ
I In principal γγ, Zγ, and ZZ all contribute
I Can lead to a myriad of interference effects
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What is the Golden Channel?: Background

I Background is primarily qq̄ → 4`
I This includes both the t-channel and s-channel process

I Can also have contribution from fakes
I These are subdominant to the qq̄ → 4` process
I We have included both the Z and γ (including interference)

contributions in our analytic calculation
I A rich interference structure between various intermediate states

as well as between s and t-channel
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What is the Golden Channel?: Kinematics

I Ignoring production there are 8 observables per event
(ŝ,M1,M2,Θ, θ1, θ2,Φ1,Φ)
(N. Cabibbo, A. Maksymowicz, Phys. Rev. 137 (1968))

Θ

Y. Chen, N. Tran, RVM: 1211.1959

I All angles defined in 4` CM frame (or X in case of signal)
I Correlations between lepton angles studied for some time

J.F. Gunion, Z. Kunszt: Phys. Rev. (1986); Matsurra, J.J. Van Der Bij: Z. Phys. (1991), + many others
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Why the Golden Channel?: ‘Practical’ Reasons

I It is very well measured with 1-2% mass resolution at ∼ 130 GeV
I Good signal to background ratio and well understood theoretically
I NLO corrections are small and mainly affect production
I Make it conducive to ‘analytic’ methods based on LO calculation
I Can be used to construct likelihoods functions and perform MEM
I Analyzed using an analytic framework in numerous recent studies

Y. Gao, A. V. Gritsan, Z. Guo, K. Melnikov, M. Schulze, et. al: 1001.3396
A. De Rujula, J. Lykken, M. Pierini, C. Rogan, M. Spiropulu: 1001.5300
J. Gainer, K. Kumar, I. Low, RVM: 1108.2274
R. Boughezal, T. J. LeCompte, F. Petriello: 1208.4311
S. Bolognesi, Y. Gao, A. V. Gritsan, K. Melnikov, M. Schulze, et. al: 1208.4018
D. Stolarski, RVM: 1208.4840

I Focused primarily on ZZ contribution to golden channel
I Golden Channel also analyzed using Madgraph based framework

Avery, Bourilkov, Chen, Cheng, Drozdetskiy, et. al: 1210.0896
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Why the Golden Channel?: Physics Reasons

I Can directly test the EWSB mechanism
I Can measure spin of resonance directly
I Rate suppression perhaps make WW or γγ currently more useful

for spin determination, but these channels can not probe CP
directly (perhaps VBF→ jjγγ or WW → jj`ν)

I Golden Channel direct probe of CP properties and can be used to
extract phases

I Zγ and γγ occur through higher dim operators⇒ sensitive to NP
I Eventually high precision studies can be performed
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Experimental Searches: ATLAS (A. Morley: HCP)

I ATLAS sees an excess with a local significance of 3.6σ (may
change very soon!)

Anthony Morley HCP2012 H→ZZ(*) 

Summary

• Great progress has been made to 
improve on:

• Lepton performance and pile-up robustness

• Sensitivity for the low mH region

• Robust background estimation methods

• multiple methods per background

• The ATLAS H→ZZ(*)→4l search, 
observed an excess of events over the 
background only hypothesis at mH~125 
GeV

• Consistent in both 2011 and 2012 datasets.

• Combining datasets, 3.6σ local significance 
(expected significance 2.7σ)

• Signal strength fit value at mH=125 GeV 
(lowest p0): μ =1.4 ± 0.6

• Will update to the full 2012 dataset and 
combine in the future as well as extend 
the analysis to measure the particles 
properties.
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Experimental Searches: ATLAS (A. Morley: HCP)

I At a mass of ∼ 125 GeV and signal strength ∼ 1.4

Anthony Morley HCP2012 H→ZZ(*) 

Signal Strength

• μ = (best fit signal rate at mH)/(expected SM 
rate at mH)

• Best fit value at mH=125 GeV (lowest p0): 
1.4 ± 0.6
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Experimental Searches: CMS (S. Xie: FNAL Seminar)

I CMS observes an excess with 4.5σ significance

11/28/2012 8Si Xie LPC Seminar

Newest Results From CMS

● Includes 5fb-1 (7TeV) + 
12 fb-1 (8TeV)

● Higgs resonance visually clear
● Observed signal significance of 

4.5 σ
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Experimental Searches: CMS (S. Xie: FNAL Seminar)

I At a mass of ∼ 126 GeV and signal strength ∼ .9

11/28/2012 9Si Xie LPC Seminar

Improvements to Mass Measurement

Measured mass 126.2 ± 0.6(stat) ± 0.2(sys)

● Multivariate regression technique for 
electron energy

●  Improves resolution by 15% (4e)
● Use of per-event mass uncertainty

● Improves mass measurement by 6%
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Exp. Searches: CMS (S. Bolognesi: FNAL Seminar)

I CMS has also performed a study excluding a pure CP odd scalar
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I Does not imply that resonance is pure CP even
I CP odd/even mixtures are more challenging
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Model Dependent Parity Studies

I Assuming EW gauge invariance

ModelFdependent+parity+analysis+
 -Neglec*ng-58dim-operators-(ie-loop-contribu*ons)-

0++F+0F+mixing++

arXiv:-1211.1980,-
Freitas,-Schwaller--

S.Bolognesi-(JHU-and-LPC)- FNAL-Seminar,-27-November-2012-21+

 -If-loops-enhanced-by-new-heavy-par*cles-

can+be+constrained+simply+by+

c W
+

a 

cB+=0+

• +Pure+0F+excluded+at+3v+,+except+for+very+large+
New+Physics+couplings+

• +Large+a+values+sJll+allowed+due+to+large+numbers+of+
dof+(degeneracy):+unknown+Yukawa+couplings+for+0F+

LHC+Tevatron+data+
I Using ratios of rates show pure CP odd case disfavored

Coleppa, Kumar, Logan: 1208.2692; I. Low, J. Lykken, G. Shaughnessy: 1207.1093

I Ratios can also be used to constrain CP odd/even mixed case
Freitas, Schwaller: 1211.1980

ModelFdependent+parity+analysis+
 -Neglec*ng-58dim-operators-(ie-loop-contribu*ons)-

0++F+0F+mixing++

arXiv:-1211.1980,-
Freitas,-Schwaller--

S.Bolognesi-(JHU-and-LPC)- FNAL-Seminar,-27-November-2012-21+

 -If-loops-enhanced-by-new-heavy-par*cles-

can+be+constrained+simply+by+

c W
+

a 

cB+=0+

• +Pure+0F+excluded+at+3v+,+except+for+very+large+
New+Physics+couplings+

• +Large+a+values+sJll+allowed+due+to+large+numbers+of+
dof+(degeneracy):+unknown+Yukawa+couplings+for+0F+

LHC+Tevatron+data+
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Scrutinizing the Golden Channel:
Y. Chen, N. Tran, RVM: 1211.1959

I Would like a model independent approach free of theory bias
I Would also like to perform parameter extraction
I This will require a more detailed understanding of signal and BG
I Need to understand how all the different effects may manifest

themselves in the various kinematic distributions
I Must ensure we don’t mistake one effect for another
I We have extended previous analytic calculations of signal (scalar)

and background to include Zγ and γγ contributions to the 2e2µ
final state including all interference between intermediate states

I These expressions can be used in a variety of ways in MEM
analyses of the golden channel
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Scrutinizing the Golden Channel: Validation

I We compare our analytic result to POWHEG and Madgraph
I Phase space: 110 GeV

√
s < 140 GeV with

40 GeV< M1 <120 GeV and 10 GeV< M2 <120 GeV
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Scrutinizing the Golden Channel: (M1,M2) Diff Cxn

I BG t+u contribution only good approximation for ŝ & 110 GeV
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This expression is frame invariant and can accommodate a
Higgs-like particle with SM couplings to ZZ, but with perhaps

new physics contributions through its couplings to Z�. The
el are the photon couplings to charged leptons while gL,R

are the leptonic Z couplings. M1 and M2 are the final state
lepton pair invariant masses while mZ is the mass of the Z
boson and

p
s is the four lepton system invariant mass. The

doubly di↵erential mass spectrum for the full t+u component
of the background (sum of components B-E) can be obtained
analytically via Eq. (30) to give,
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This expression includes the ZZ, Z� and �� contributions
including all interference and can be combined with pdfs or
be used for a leptonic initial state. The eq are the photon
couplings to the initial state fermions while the gqR/L are the
initial state fermion couplings to Z bosons. Note that these
expressions have not been normalized and should be thought
of as at fixed s.

B. Singly Di↵erential Angular Distributions

In Fig. 10-14 we show the angular distributions for the
5 angles (cos⇥, cos ✓1, cos ✓2,�1,�) found in the four lep-
ton system and defined in Sec. II. We plot the angular
distributions for signal hypotheses 1-5 defined in Sec. III B
and also show the various background components defined in
Sec. IV B. For all distributions the phase space is defined as
4 GeV < M1 < 120 GeV and 4 GeV < M2 < 120 GeV withp

ŝ = 125 GeV for signal and 110 GeV <
p

ŝ < 140 GeV for
background.

Since we are considering a spin-0 scalar as our signal, the
cos⇥ and �1 are of course flat, but are still useful for dis-
criminating between signal and background. A particularly
interesting variable is the azimuthal angle between the lepton
decay planes, �. This is especially sensitive to the various
interference e↵ects as well as the CP properties of the decay-
ing scalar, as was pointed out in [22]. One can see that the
di↵erent signal hypothesis a↵ect the modulation of � while
an extreme case like the CP violating hypothesis 5 can lead
to a striking signal in the form of an asymmetric modulation
and phase shift relative to the SM prediction.

For the background we can see how the various components
contribute to the di↵erent kinematic variables. It is clear that

the Z� t+u component (D) is the dominant contribution for
our defined phase space. Note however, that the s-channel
component (A) also contributes and in particular is the dom-
inant contribution to the modulation of �. We can also see
that the resonant process a↵ects cos ✓1 and cos ✓2, especially
in the forward regions. It is also interesting to comment that
the �� contribution (B) is featureless in all of the distribu-
tions except for a small upward slope in the extreme forward
directions of cos⇥. Note that for the �1 azimuthal angle, the
modulation is due entirely to the Z� t + u component (D).
Whether these di↵erent e↵ects can still be seen once detector
e↵ects are included requires careful study which we leave for
future work.

C. Doubly Di↵erential spectra

In Fig. 15-21 we show various combinations of the doubly
di↵erential spectra for the five signal hypotheses as well as the
full background. These are primarily for illustration purposes,
but from these one can get an idea of the correlations between
the di↵erent kinematic variables9. For these plots only the
five signal hypotheses and the full result for the background
are shown. For all distributions the phase space is defined as
4 GeV < M1 < 120 GeV and 4 GeV < M2 < 120 GeV withp

ŝ = 125 GeV for signal and 110 GeV <
p

ŝ < 140 GeV for
background.

9 We do not show all possible combinations, but any not shown
here can be obtained by emailing the corresponding author

I Can perform simplified, yet powerful studies with only (M1,M2)
Diff Cxn
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Scrutinizing the Golden Channel: Validation

I The lepton decay angles
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I Can now go on to study BG in detail
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Scrutinizing the Golden Channel: BG Components

I Studies of CP/spin and parameter extraction require detailed
understanding of all effects

I The analytic expressions allow us to easily isolate the various
components of BG and Signal

I First separate the background into its various components:
I A: s-channel 2e2µ process
I B: t + u-channel γγ
I C: t + u-channel ZZ (only contribution calculated previously)
I D: t + u-channel Zγ
I E: t + u-channel ZZ/Zγ/γγ interference only
I F: ZZ + Zγ + γγ s/t-channel interference only

I The relative fraction of these components depends on ŝ
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Scrutinizing the Golden Channel: Relative Fractions

I Left: 4 GeV< M1,2 < 120 GeV
I Right: 40 GeV< M1 < 120 GeV and 10 GeV< M2 < 120 GeV
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I Note that the relative γγ fraction is still small for ‘relaxed’ cuts
I Of course fakes may begin to cause trouble
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Scrutinizing the Golden Channel: BG Distributions

I The ‘production angle’ Θ of the vector bosons
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I The polar angles θ1 and θ2 of the final state leptons
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Scrutinizing the Golden Channel: BG Distributions

I Angle Φ1 between production plane and lepton decay plane
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I Angle Φ between decay planes of the final state leptons
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Scrutinizing the Golden Channel: Scalar Resonance

I We can parametrize the most general scalar couplings to vector
boson pairs as,

3

Θ

FIG. 1. Definition of angles in the four lepton CM frame X.

as we are aware, none consider the contributions from the
Z� and �� intermediate states. There are also interfer-
ence e↵ects between the intermediate state which are not
present when � is not allowed to decay. As we will see,
these e↵ects can manifest themselves in the kinematic
distributions. Of course for a SM Higgs, the Z� and ��
contributions to the golden channel are expected to be
small, but this need not be true for a general scalar or
if the discovered resonance turns out to have enhanced
couplings to Z� or to ��. How large these e↵ects are
once one takes into account detector and acceptance ef-
fects deserves careful study, but we leave this for ongoing
work.

The most general couplings of a spinless particle to
two gauge bosons with four momenta k1 and k2 can be
expressed as,
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where ij = ZZ, Z�, or ��. The A1,2,3 are dimensionless
arbitrary complex form factors and v is the Higgs vacuum
expectation value (vev), which we have chosen as our
overall normalization. For the case of a scalar coupling
to Z� or �� electromagnetic gauge invariance requires
A1 = 0, while for ZZ it can be generated at tree level
as in the SM or by higher dimensional operators. We
have chosen to write the vertex in this form to make
the connection with operators in the Lagrangian which
may generate them more transparent. For example the
following list of operators may generate a coupling as in
Eq.(1),
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ZZµZµ + gZZµ⌫Zµ⌫ + g̃ZZµ⌫ eZµ⌫

+ gZ�Fµ⌫Zµ⌫ + g̃Z�Fµ⌫ eZµ⌫

+ g�Fµ⌫Fµ⌫ + g̃�Fµ⌫ eFµ⌫ + ...
⌘

(2)

where Zµ is the Z field while Vµ⌫ = @µV⌫�@⌫Vµ the usual

bosonic field strengths. The dual field strengths are de-

fined as eVµ⌫ = 1
2✏µ⌫⇢�V ⇢� and the ... is for operators of

dimension higher than five. For a given model many of
these are of course zero. If ' is the Standard Model Higgs,
then gh = i, while gZ , gZ� and g�� are 6= 0, but loop in-
duced and small. Detailed studies of the ZZ contribution
to the golden channel mediated through the operators
with coe�cients gh, gZ were conducted in [4, 6, 22]. The
operators corresponding to gZ� were studied in [8] for the
golden channel final state and in [23] for the `+`�� final
state and both were shown to be useful discriminators.

Other recent studies of these operators, though not
only through the golden channel final state, have also
been done. The pseudo scalar couplings g̃Z , g̃Z� , g̃� were
studied recently in the context of the newly discovered
resonance in [24] where it was shown that a purely CP
odd scalar is disfavored as the new resonance. The anal-
ysis of [25] shows that with a fit of the ��, ZZ⇤, and
WW ⇤ rates, as well as the absence of a large anomaly in
continuum Z�, that the scenario of the four lepton de-
cays being due to gZ or gZ� is strongly disfavored. While
these statements contain few assumptions, they are still
model dependent and should be confirmed by direct mea-
surements.

Even if the newly discovered resonance appears to be
‘SM like’, it is still possible that it can have contributions
to the 2e2µ channel coming from operators other than gh

which are slightly enhanced relative to the SM prediction.
Here we are motivated by asking what information can
be extracted from this channel with out any a-priori ref-
erence to other measurements or theoretical input. In
addition, there still exists the possibility that another
scalar resonance will be discovered which can also decay
to EW gauge boson pairs. In this case it may have com-
parable contributions from the various operators. Thus
we allow for all operators in Eq. (2) to contribute simul-
taneously including all interference e↵ects between the
ZZ, Z�, and �� intermediate states. Because the vertex
in terms of arbitrary complex form factors is more gen-
eral than the Lagrangian, for purposes of the calculation
we use Eq.(1) explicitly. Below we summarize the details
of the calculation.

A. Calculation

To compute the process ' ! ZZ + Z� + �� ! 4` we
include the diagrams shown in Fig. 2 and parametrize the
scalar coupling to gauge bosons as in Eq. 1. The total
amplitude can be written as,

M = MZZ + MZ� + M�Z + M�� (3)

which upon squaring gives,

|M|2 = |MZZ |2 + |MZ� |2 + |M�Z |2 + |M�� |2
+2Re

⇣
MZZM⇤

Z� + MZZM⇤
�Z + MZZM⇤

��

M��M⇤
Z� + M��M⇤

�Z + MZ�M⇤
�Z

⌘
.

(4)

I These can be derived from the Lagrangian generating the scalar
interactions with Z and γ given by,
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Θ

FIG. 1. Definition of angles in the four lepton CM frame X.

as we are aware, none consider the contributions from the
Z� and �� intermediate states. There are also interfer-
ence e↵ects between the intermediate state which are not
present when � is not allowed to decay. As we will see,
these e↵ects can manifest themselves in the kinematic
distributions. Of course for a SM Higgs, the Z� and ��
contributions to the golden channel are expected to be
small, but this need not be true for a general scalar or
if the discovered resonance turns out to have enhanced
couplings to Z� or to ��. How large these e↵ects are
once one takes into account detector and acceptance ef-
fects deserves careful study, but we leave this for ongoing
work.

The most general couplings of a spinless particle to
two gauge bosons with four momenta k1 and k2 can be
expressed as,

i�µ⌫
ij = v�1

⇣
A1ijm

2
Zgµ⌫ + A2ij(k1 · k2g

µ⌫ � k⌫
1kµ

2 )

+A3ij✏µ⌫↵�k↵
1 k�

2

⌘
(1)

where ij = ZZ, Z�, or ��. The A1,2,3 are dimensionless
arbitrary complex form factors and v is the Higgs vacuum
expectation value (vev), which we have chosen as our
overall normalization. For the case of a scalar coupling
to Z� or �� electromagnetic gauge invariance requires
A1 = 0, while for ZZ it can be generated at tree level
as in the SM or by higher dimensional operators. We
have chosen to write the vertex in this form to make
the connection with operators in the Lagrangian which
may generate them more transparent. For example the
following list of operators may generate a coupling as in
Eq.(1),

L ⇠ 1

v
'
⇣
ghm2

ZZµZµ + gZZµ⌫Zµ⌫ + g̃ZZµ⌫ eZµ⌫

+ gZ�Fµ⌫Zµ⌫ + g̃Z�Fµ⌫ eZµ⌫

+ g�Fµ⌫Fµ⌫ + g̃�Fµ⌫ eFµ⌫ + ...
⌘

(2)

where Zµ is the Z field while Vµ⌫ = @µV⌫�@⌫Vµ the usual

bosonic field strengths. The dual field strengths are de-

fined as eVµ⌫ = 1
2✏µ⌫⇢�V ⇢� and the ... is for operators of

dimension higher than five. For a given model many of
these are of course zero. If ' is the Standard Model Higgs,
then gh = i, while gZ , gZ� and g�� are 6= 0, but loop in-
duced and small. Detailed studies of the ZZ contribution
to the golden channel mediated through the operators
with coe�cients gh, gZ were conducted in [4, 6, 22]. The
operators corresponding to gZ� were studied in [8] for the
golden channel final state and in [23] for the `+`�� final
state and both were shown to be useful discriminators.

Other recent studies of these operators, though not
only through the golden channel final state, have also
been done. The pseudo scalar couplings g̃Z , g̃Z� , g̃� were
studied recently in the context of the newly discovered
resonance in [24] where it was shown that a purely CP
odd scalar is disfavored as the new resonance. The anal-
ysis of [25] shows that with a fit of the ��, ZZ⇤, and
WW ⇤ rates, as well as the absence of a large anomaly in
continuum Z�, that the scenario of the four lepton de-
cays being due to gZ or gZ� is strongly disfavored. While
these statements contain few assumptions, they are still
model dependent and should be confirmed by direct mea-
surements.

Even if the newly discovered resonance appears to be
‘SM like’, it is still possible that it can have contributions
to the 2e2µ channel coming from operators other than gh

which are slightly enhanced relative to the SM prediction.
Here we are motivated by asking what information can
be extracted from this channel with out any a-priori ref-
erence to other measurements or theoretical input. In
addition, there still exists the possibility that another
scalar resonance will be discovered which can also decay
to EW gauge boson pairs. In this case it may have com-
parable contributions from the various operators. Thus
we allow for all operators in Eq. (2) to contribute simul-
taneously including all interference e↵ects between the
ZZ, Z�, and �� intermediate states. Because the vertex
in terms of arbitrary complex form factors is more gen-
eral than the Lagrangian, for purposes of the calculation
we use Eq.(1) explicitly. Below we summarize the details
of the calculation.

A. Calculation

To compute the process ' ! ZZ + Z� + �� ! 4` we
include the diagrams shown in Fig. 2 and parametrize the
scalar coupling to gauge bosons as in Eq. 1. The total
amplitude can be written as,

M = MZZ + MZ� + M�Z + M�� (3)

which upon squaring gives,

|M|2 = |MZZ |2 + |MZ� |2 + |M�Z |2 + |M�� |2
+2Re

⇣
MZZM⇤

Z� + MZZM⇤
�Z + MZZM⇤

��

M��M⇤
Z� + M��M⇤

�Z + MZ�M⇤
�Z

⌘
.

(4)

I We include all of these operators in our analytic calculation
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Scrutinizing the Golden Channel: Signal Hypotheses

I WIth this parametrization we can examine various hypotheses:
I 1: SM including Zγ and γγ
I 2: SM coupling to ZZ plus enhanced Zγ and γγ
I 3: SM coupling to ZZ plus CP odd couplings to γγ and Zγ
I 4: CP odd/even mixed coupling to ZZ only
I 5: General CPV Scalar

I By examining the distributions we can get a feel for how much one
can discriminate between these cases
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Scrutinizing the Golden Channel: Sig Distributions

I We can examine the M1 distribution for the various hypothesis

10 20 30 40 50 60 70 80

0.01

0.02

0.03

0.04

M1

1

Σ

dΣ

dM1
5

4

3

2

1

I We have taken 4 GeV < M1,2 < 120 GeV
I We note the rise below ∼ 10 GeV for those with large γγ
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Scrutinizing the Golden Channel: Sig Distributions

I We can also examine M2 after requiring an M1 window around MZ

10 20 30 40 50 60
0.00

0.01

0.02

0.03

0.04

M2

1

Σ

dΣ

dM2
5
4
3
2
1

I Slope of M2 as upper cutoff is approached contains information
about CP properties R. Boughezal, T. LeCompte, Petriello: 1208.4311

I Should aim to push M2 reach down to 4 GeV, as done by CMS for
Z → 4` process CMS Collaboration: 1210.3844
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Scrutinizing the Golden Channel: (M1,M2) Distribution

I Can integrate over angles to obtain (M1,M2) Diff Cxn

11
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FIG. 9. Comparing the LO and NLO results for the azimuthal
angles � and �1 for the ranges 40 GeV < M1 < 120 GeV and
10 GeV < M2 < 120 GeV. We take the range of the four
lepton system invariant mass to be 110 <

p
s < 140 GeV.

VI. APPENDIX

The general scalar and background di↵erential spectra are
too cumbersome to write in one page8 for most of the di↵er-
ent components. We give a couple of the simplest ones here,
but that are not found in literature. We also examine how
the di↵erent signal hypotheses and background components
contribute to the various kinematic distributions. We show
a multitude of singly and doubly di↵erential distributions for
both signal and background. Of course none of these plots can
show the discriminating power of the fully di↵erential cross
section, but one can visually get a sense for the discriminat-
ing power of these kinematic variables. Detector e↵ects will
also shape these distributions and deserve careful study, but
it is clear that the golden channel is a powerful probe of the
underlying physics.

A. Analytic Expressions

We give here a pair of analytic expressions for the di↵er-
ential mass spectra for one of the signal and one of the back-
ground components which are simple enough to fit on one

page. Although not as powerful as using the fully di↵erential
cross section, with just these two relatively simple expressions
one can perform robust analyses of the newly discovered scalar
and its coupling to neutral gauge bosons as suggested in [7].
For the signal we give the ' ! ZZ + Z� ! 2e2µ di↵erential
mass spectrum including interference. For the ZZ coupling
we take only the ‘SM-like’ coupling A1ZZ to be non-zero. For
the Z� coupling we allow for both A2Z� and A3Z� to be non-
zero, thus allowing for CP violation. Using Eq.(13) we obtain,

d�SM+Z�

dM2
1 dM2

2

=

v�2
h (

1

230400⇡4
)(

M1M2

s
)
q

(M4
1 + (M2

2 � s)2 � 2M2
1 (M2

2 + s))/s2
⇣
(25A2

1ZZ(g2
L + g2

R)2M1M2m
4
z(1 + (5 + 4�1�2 � 3�2

2

+�2
1(�3 + 5�2

2))�2
1�

2
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z)
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2
z)((M

2
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2
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⇣
2A2

2Z� + 2A2
3Z� � 6A2

2Z�(�1 + �2
1)�2

1 + 7

(A2Z� � A3Z�)(A2Z� + A3Z�)(�1 + �2
1)2�4

1 + (�6A2
2Z�(�1 + �2

2) + (�3A2
3Z�(7 + 8�1�2 � 3�2

2 + �2
1

(�3 + 7�2
2)) + A2

2Z�(43 + 60�1�2 � 13�2
2 + �2

1(�13 + 43�2
2)))�2

1 � 3(�1 + �2
1)(A2

3Z�(2 + 18�1�2 + 7�2
2 + �2

1

(7 + 2�2
2)) + A2

2Z�(7 + 10�1�2 � 2�2
2 + �2

1(�2 + 7�2
2)))�4

1)�2
2 + (�1 + �2

2)(7(A2Z� � A3Z�)(A2Z� + A3Z�)

(�1 + �2
2) � 3(A2

3Z�(2 + 18�1�2 + 7�2
2 + �2

1(7 + 2�2
2)) + A2

2Z�(7 + 10�1�2 � 2�2
2 + �2

1(�2 + 7�2
2)))�2

1 + (�1 + �2
1)

(A2
3Z�(21 + 116�1�2 + 37�2

2 + �2
1(37 + 21�2

2)) + A2
2Z�(37 + 80�1�2 + 3�2

2 + �2
1(3 + 37�2

2)))�4
1)�4

2

⌘

⇣
2(gL + gR)2((M1 � mz)(M2 � mz)(M1 + mz)(M2 + mz) + m2

z�
2
z)/(((M2

1 � m2
z)

2 + m2
z�

2
z)((M

2
2 � m2

z)
2 + m2

z�
2
z))

+(2(g2
L + g2

R)M2
1 )/(M2

2 ((M2
1 � m2

z)
2 + m2

z�
2
z)) + (2(g2

L + g2
R)M2

2 )/(M2
1 ((M2

2 � m2
z)

2 + m2
z�

2
z))

⌘⌘
(31)

8 The distributions will be made public in the near future, but can
be obtained from the corresponding author in the meantime.

I Along with BG (M1,M2) can be used for simplified, but powerful
studies
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Scrutinizing the Golden Channel: Sig Distributions

I Angle Φ between decay planes of the final state leptons
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I The polar angles θ1 and θ2 of the final state leptons
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Scrutinizing the Golden Channel: 2D Distributions

I (M1,2,Φ) doubly differential spectrum
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FIG. 16. The (M2, cos ✓1) doubly di↵erential spectrum. The first five distributions are for signal hypotheses 1-5 (hypothesis
1 ⌘ SM in top left) defined in Sec.III B while the bottom right plot is for the full background.
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FIG. 17. The (M2,�) doubly di↵erential spectrum. The first five distributions are for signal hypotheses 1-5 (hypothesis 1 ⌘
SM in top left) defined in Sec.III B while the bottom right plot is for the full background.
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Scrutinizing the Golden Channel: 2D Distributions

I (θ1,2,Φ) doubly differential spectrum
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FIG. 20. The (�, cos ✓1) doubly di↵erential spectrum. The first five distributions are for signal hypotheses 1-5 (hypothesis 1 ⌘
SM in top left) defined in Sec.III B while the bottom right plot is for the full background.
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FIG. 21. The (�,�1) doubly di↵erential spectrum. The first five distributions are for signal hypotheses 1-5 (hypothesis 1 ⌘
SM in top left) defined in Sec.III B while the bottom right plot is for the full background.

I Working on animations for webpage (soon to be public)
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Other New Physics Possibilities

I Of course other resonances may be discovered (hopefully!)
I Can also potentially ‘contaminate’ background

I May show up as subtle effects in distributions
I Currently implementing these into analytic expressions
I Note still possible new particle is spin-1, but its ugly

J. Ralston: 1211.2288

30 / 40



Other New Physics Possibilities

I Still important to measure Golden Channel at high mass

When+we+will+be+able+to+say:++
“this+is+the+SM+Higgs!”+?++

• +“the+Higgs”+is+the+guy+that+unitarize+the+amplitude+of+VVF>VV:+

KSB<1TeV+
SB+sector+
weakly+
coupled+

SB+sector+strongly+coupled+

eg,+strongly+interacJng+light+Higgs+

SM+NoFHiggs+KSB>1TeV+
Unitarity+violaJon+

other+scenarios+possible:+

dv/dM(VV)+

M(VV)+

• +a+precise+measurement-on-VV-spectrum-at-high-mass-is+the+way+to+
establish+definiJvely+the+idenJty+of+the+observed+resonance.+

 +The+idenJty+of+the+Higgs+comes+from+his-role-in-ElectroWeak-Symmetry-
Breaking-Mechanism:-

S.Bolognesi-(JHU-and-LPC)- FNAL-Seminar,-27-November-2012-25+

S. Bolognesi: FNAL Seminar

I Only then can we be sure of a weakly coupled EWSB mechanism
i.e. ‘Higgs mechanism’ as generator of W , Z masses and unitarity
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Matrix Element Method: Analytic Approach

I Uses differential cross sections to construct likelihoods

4

FIG. 2. Normalized distribution for cos ✓ in the ah scenario.
The blue (solid) curve is the same as the theory curve from
Fig. 1, the red (dashed) histogram is the distribution for cos ✓1

for 1000 Monte Carlo events, while the green (dot-dashed)
histogram is cos ✓2 for the same events.

FIG. 3. Normalized M2 distributions. The blue (solid) curve
is the theory prediction in the ah scenario, while the light
blue (dot-dashed) histogram is 1000 Monte Carlo events also
in the ah scenario. The red (dashed) histogram is 1000 events
in the as scenario.

needed to go to the lab frame from the Z2 rest frame,
and thus preforming that boost will reduce its energy
and make it less likely to pass the pT cut. This e↵ect is
small for cos ✓1 because the lepton energies in the Z1 rest
frame are much larger.

In Fig. 3, comparing the blue (solid) curve to the light-
blue (dot-dashed) histogram, we see that the experimen-
tal cuts reduce the event rate for small M2. Even after
these cuts, however, the histograms for ah and as still
di↵er, so the experimental cuts do not wash out the dis-
criminating power.

III. DISTINGUISHING OPERATORS

In order to estimate the ability of the LHC to discrim-
inate a Higgs-like scenario dominated by ah from other
scenarios, we employ a likelihood analysis of the gen-
erated events. We consider only signal events because

requiring the invariant mass of the four lepton system to
be near the mass of the new boson can make the signal to
background ratio significantly larger than one. Further-
more, reweighting techniques such as the one laid out
in [55] can be used to further purify the event selection.

We use a standard unbinned likelihood analysis which
is described in detail in [35]. We can use the computed
normalized di↵erential cross section as a probability dis-
tribution P (�, ✓i, Mi|ai) for each operator ah, as, and
aZ� . The normalization is computed with the Mi cuts
described above because they are independent of Lorentz
frame. Taking the pT and ⌘ acceptance into account in
P would improve the statistical power of the test, but
because those cuts are frame-dependent, we leave that to
further work.

Given a sample of N events, we can then construct a

likelihood L(ai) =
QN

j=1 Pj(ai). With this likelihood we
can then compare two di↵erent scenarios, a1 and a2 by
constructing a hypothesis test with test statistic defined
by [56]

L(ai) =

NY

j=1

Pj(ai) (3)

⇤ = 2 log[L(a1)/L(a2)] (4)

Since we are taking the resonance mass as input and us-
ing the normalized di↵erential cross sections to construct
our likelihood functions, there are no free parameters
(nuisance parameters) in this ratio, making this a simple
hypothesis test.

To estimate the expected significance of discriminating
between two di↵erent hypotheses corresponding to two
di↵erent operators, we follow a similar analysis to that
found in [35]. To begin, we take one hypothesis as true,
say a1 and generate a fixed number N of a1 events. We
then construct ⇤ as above for a large number of pseudo-
experiments each containing N events in order to obtain
a distribution for ⇤. We then repeat this exercise tak-
ing a2 to be true and again obtain a distribution for ⇤.
These two distributions are shown in Fig. 4 comparing
ah and as. This figure shows 5000 pseudo-experiments of
50 events each, which shows a clear separation between
the two scenarios.

With the two distributions for ⇤ in hand we can com-
pute an approximate significance by the following proce-
dure. If we denote the distribution with negative mean
as f and the distribution with positive mean as g, we find
a value ⇤̂ such that

Z 1

⇤̂

fdx =

Z ⇤̂

�1
gdx. (5)

Schematically, this value of ⇤̂ corresponds to a value such
that if the experiment observed that value for the test
statistic, it would have no discriminatory power between
the two scenarios. We then interpret the probability

I One can then build a test statistic out of the ratio of likelihoods
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FIG. 2. Normalized distribution for cos ✓ in the ah scenario.
The blue (solid) curve is the same as the theory curve from
Fig. 1, the red (dashed) histogram is the distribution for cos ✓1

for 1000 Monte Carlo events, while the green (dot-dashed)
histogram is cos ✓2 for the same events.

FIG. 3. Normalized M2 distributions. The blue (solid) curve
is the theory prediction in the ah scenario, while the light
blue (dot-dashed) histogram is 1000 Monte Carlo events also
in the ah scenario. The red (dashed) histogram is 1000 events
in the as scenario.

needed to go to the lab frame from the Z2 rest frame,
and thus preforming that boost will reduce its energy
and make it less likely to pass the pT cut. This e↵ect is
small for cos ✓1 because the lepton energies in the Z1 rest
frame are much larger.

In Fig. 3, comparing the blue (solid) curve to the light-
blue (dot-dashed) histogram, we see that the experimen-
tal cuts reduce the event rate for small M2. Even after
these cuts, however, the histograms for ah and as still
di↵er, so the experimental cuts do not wash out the dis-
criminating power.

III. DISTINGUISHING OPERATORS

In order to estimate the ability of the LHC to discrim-
inate a Higgs-like scenario dominated by ah from other
scenarios, we employ a likelihood analysis of the gen-
erated events. We consider only signal events because

requiring the invariant mass of the four lepton system to
be near the mass of the new boson can make the signal to
background ratio significantly larger than one. Further-
more, reweighting techniques such as the one laid out
in [55] can be used to further purify the event selection.

We use a standard unbinned likelihood analysis which
is described in detail in [35]. We can use the computed
normalized di↵erential cross section as a probability dis-
tribution P (�, ✓i, Mi|ai) for each operator ah, as, and
aZ� . The normalization is computed with the Mi cuts
described above because they are independent of Lorentz
frame. Taking the pT and ⌘ acceptance into account in
P would improve the statistical power of the test, but
because those cuts are frame-dependent, we leave that to
further work.

Given a sample of N events, we can then construct a

likelihood L(ai) =
QN

j=1 Pj(ai). With this likelihood we
can then compare two di↵erent scenarios, a1 and a2 by
constructing a hypothesis test with test statistic defined
by [56]

L(ai) =

NY

j=1

Pj(ai) (3)

⇤ = 2 log[L(a1)/L(a2)] (4)

Since we are taking the resonance mass as input and us-
ing the normalized di↵erential cross sections to construct
our likelihood functions, there are no free parameters
(nuisance parameters) in this ratio, making this a simple
hypothesis test.

To estimate the expected significance of discriminating
between two di↵erent hypotheses corresponding to two
di↵erent operators, we follow a similar analysis to that
found in [35]. To begin, we take one hypothesis as true,
say a1 and generate a fixed number N of a1 events. We
then construct ⇤ as above for a large number of pseudo-
experiments each containing N events in order to obtain
a distribution for ⇤. We then repeat this exercise tak-
ing a2 to be true and again obtain a distribution for ⇤.
These two distributions are shown in Fig. 4 comparing
ah and as. This figure shows 5000 pseudo-experiments of
50 events each, which shows a clear separation between
the two scenarios.

With the two distributions for ⇤ in hand we can com-
pute an approximate significance by the following proce-
dure. If we denote the distribution with negative mean
as f and the distribution with positive mean as g, we find
a value ⇤̂ such that

Z 1

⇤̂

fdx =

Z ⇤̂

�1
gdx. (5)

Schematically, this value of ⇤̂ corresponds to a value such
that if the experiment observed that value for the test
statistic, it would have no discriminatory power between
the two scenarios. We then interpret the probability

I Advantages of the analytic approach:
I No training and connection to physics is transparent
I Computing benefits
I Ability to perform multi-parameter fits
I Can focus on interesting subsets of variables
I Flexibility in implementation and inclusion of NP

I Can perform a variety analyses with this framework
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Matrix Element Method: Simple Hypothesis Test

I Performed a simple study to assess ability to distinguish operators
corresponding to gh, gZ , and gZγ assuming pure signal sample

I Even if 0+ establish, important to distinguish between gh and gZ

D. Stolarski, RVM: 1208.4840
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I Golden channel can distinguish gh and gZ with O(40) events
I Can distinguish gh and gZγ with O(20) events
I A more complete study will include background and more realistic

detector effects
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Ongoing Work: Probing Zγ and γγ Couplings

I Is golden channel sensitive to Zγ or γγ couplings?
I Can it extract the CP nature of the Zγ and/or γγ couplings?
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In collaboration with Y. Chen, K. Kumar, I. Low, N. Trahn, S. Xie: PRELIMINARY

I Again we see M1,2 cuts affect sensitivity to particular hypothesis
I Working to include background and detector effects
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Ongoing Work: LHC Reach to Observe and
Extract CP Odd Component of ϕ→ ZZ

In collaboration with Y. Chen, E. DiMarco, J. Lykken, M. Spiropulu, S. Xie: PRELIMINARY

I We consider a CP odd/even scalar mixture for ZZ couplings
I Small deficit in ZZ signal strength would be a hint
I Discovery of other mostly CP odd scalar would be BIG hint
I Would like to extract |A3ZZ

A1ZZ
| as well as phase of A3ZZ

I Ratio is expected to be small!
I Requires careful consideration of all systematics

35 / 40



Ongoing Work: LHC Reach to Observe and
Extract CP Odd Component of ϕ→ ZZ

I Use full 8D likelihoods of (ŝ,M1,M2,Θ, θ1, θ2,Φ1,Φ)

I Include detector acceptance as well as resolution effects directly
in likelihoods

I Treat systematics as nuisance parameters, including:
I BG fraction and BG modeling uncertainties
I Production uncertainies
I Lepton energy scale
I etc.

I Can then perform a MEM to extract ratio and phase
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Ongoing Work: LHC Reach to Observe and
Extract CP Odd Component of ϕ→ ZZ

In collaboration with Y. Chen, E. DiMarco, J. Lykken, M. Spiropulu, S. Xie: PRELIMINARY
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I Example of fit results for 1K pseudo exp. for 30 SM Higgs events
I Black dashed indicates A3ZZ = 5.1A1ZZ (equal yields)
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Ongoing Work: MEM and 4e and 4µ and Production

I Currently working to add 4e and 4µ channels to sig and bg
I Can be sizable interference effects between identical final states
I Crucial to understand this effect especially when performing

parameter extraction
I Will also allow for greater statistics for the same amount of

luminosity
I Eventually would like to include production in our analysis as well
I Also working to develop MEM analysis framework (to eventually

be made publicly available)
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Conclusion

I Important to not only maximize significance, but also our
understanding

I Golden Channel indispensable window to underlying physics
I Only channel which can directly measure CP properties w/out

theory assumptions
I NP could show up in small deviations of the kinematic distributions
I Crucial to push M2 reach below 10 GeV (and lower M1 if possible)
I Sensitivity to specific hypothesis depends on M1,2 cuts
I An amazing channel and we should squeeze every drop out of it
I Should be carefully studied from all angles (no pun intended)
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M1,2 Background Distributions (Extra)
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