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Objective

I Use the matrix element method to extract the expected
significance for the Higgs Boson signal as a function of Higgs
mass (170− 350 GeV) for a 7 TeV LHC

I Compare results obtained using the full angular information of the
event with those using only the invariant mass (model
independent)

I Compare matrix element analysis with a cut based analysis
I Set up our own chain of analysis in order to examine other signals

and extract them from backgrounds
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Golden Channel

I Has been examined using the Matrix Element Method in earlier
studies in the context of signal discrimination for 10 and 14 TeV

De Rujula, Lykken et al: arXiv:1001.5300, Gao, Gritsan, Melnikov et al: arXiv:1001.3396

I Golden Channel: H → ZZ → 4l
I Very "clean" channel due to high precision with which e and µ are

measured and is fully reconstructable
I Typically thought to be an "easy" mode of Higgs

discovery...however...
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Golden Channel
I Suffers from small cross sections due to branching fractions of

H → ZZ ∼ .3 and Zs to leptons ∼ .0335
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Golden Channel: Background

I qq̄ → ZZ → l+l−l+l− is the dominant irreducible background for
170 < mh < 350

I We include the 3 separate channels eeµµ, 4µ and 4e at LO
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Golden Channel: Signal

I The dominant production mechanism is
gg → H → ZZ → l+l−l+l− through a top quark loop

I We consider the LO contribution only which is given by
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Golden Channel: Observables

I In the eeµµ channel there is no ambiguity in defining the lepton
angles since the final states are distinguishable

I For the 4µ and 4e channels we use the reconstructed Z masses
to distinguish the pairs

I In the massless lepton approximation there are 12 observables
per event (pT , η,Φ for each lepton)

I Using momentum conservation and the azimuthal symmetry of
the detector we can reduce these to the set
xi ≡ (x1, x2,M1,M2, ŝ,Θ, θ1, φ1, θ2, φ2)
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Golden Channel: Observables

I The angle Θ is defined in the ZZ rest frame

4

any experimental analysis. In previous studies these two
angles have typically been integrated over.

Although we have tried to conform to the literature in
our parametrization of the decay angles, we note that the
literature itself is divided over the choice of which decay
plane orientation corresponds to φ=0 rather than φ=π.
We conform to the convention of Buszello et al. [29],
which is opposite to that of Djouadi [4] and Bredenstein
et al. [36].
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FIG. 1: The Cabibbo-Maksymowicz angles [37] in the H →
ZZ decays.

The decay amplitudes defined in the next section de-
pend on two combinations of the boost parameters γ1

and γ2, defined by

γa = γ1γ2(1 + β1β2) , (5)

γb = γ1γ2(β1 + β2) , (6)

which are in fact just the cosh and sinh of the rapidity
difference of Z2 and Z1, such that

γ2
a − γ2

b = 1 . (7)

More explicitly, we have

γa =
1

2m1m2

�
m2

H − (m2
1 + m2

2)
�

. (8)

III. COUPLINGS AND ANGULAR
DISTRIBUTIONS

A. General couplings to ZZ∗

The vertex Feynman rules for the most general cou-
pling of a spinless particle to the polarization vectors �µ1
and �α2 of two Zs of four-momenta p1 and p2 are given
by the expression:

Lµα = X gµα− (Y + i Z)
kαkµ

M2
Z

+(P + i Q) �µα
p1p2

M2
Z

, (9)

where we have suppressed repeated indices in the con-
traction of the four-index � tensor, k=p1 + p2 and only
Lorentz-invariance has been assumed. The dimensionless

form factors X to Q are functions of k2 and p1 ·p2 which,
with no loss of generality, can be taken to be real (but
for their absorptive parts, expected to be perturbatively
small). The rescalings by 1/M2

Z are just for definiteness,
since the true mass scale of the underlying operators is
as yet unspecified. In practice we also remove an overall
factor of igMZ/cos θW , so that X=1 corresponds to the
tree level coupling of a SM Higgs boson.

Similarly, the most general vertex describing the cou-
pling of a spin J=1 particle to two Z-polarizations (in-
dices µ and α, momenta p1 and p2, respectively) and to
its own polarization (index ρ) is:

Lρµα = X (gρµ pα1 +gρα pµ
2 ) + (P+i Q) �ρµα(p1−p2), (10)

again with X, P and Q real.
The most general parity-conserving vertex describing

the coupling of a J=2+ particle of polarization tensor �ρσ

to our two vector bosons is:

Lρσµα = X0 m2
H gµρ gασ

+(X1 + i Y1) (pα1 pρ2 gσµ + pρ1 pµ
2 gσα)

+(X2 + i Y2) pρ1 pσ2 gµα, (11)

where we have dropped contributions that have more
than two derivatives or are odd under parity, and again
with all coefficients real. The special case of tree level
graviton-like couplings corresponds to

X0 = −1

2
κ , X1 = κ , X2 = −κ , (12)

with all other coefficients vanishing and κ an overall cou-
pling strength.

These general couplings, with naive mass dimensions
d = 3, 4, and 5, can arise from SU(2)L × U(1)Y invari-
ant operators of dimension 5, 6, or higher. Since, for
HLLs with non-vanishing weak charges, this parentage
introduces model dependence, we relegate it to a brief
discussion in Appendix A.

B. ‘Pure’ cases of specified JPC

We specify in this section the results for four cases
(scalar, pseudoscalar, vector and axial vector) that would
be ‘pure’ in the sense of having a single dominant term in
their HZZ couplings, which we use to define their spin
and parity. This allows one to illustrate the mass and
angular dependences of the predictions, setting the stage
for the later discussion of the impure cases for which P
and/or CP are not symmetries of the theory, and to es-
tablish comparisons with the existing literature (but for
the ZZ∗ case for J=1, which we have not found else-
where).

The general expressions for the angular correlations in
the ZZ∗ case (which includes ZZ when the two Z masses
are fixed at MZ) are given in Appendices C and D, where

η ≡ 2 cv va

(c2
v + c2

a)
� 0.15, (13)

Lykken et al: arXiv:1001.5300

I The angles θ1, φ1 and θ2, φ2 are defined in the rest frame of the Z
which decays to electrons and muons respectively
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Analysis: Test Statistic

I The Matrix Element Method: "What Jamie said..."
I We define our significance as

S =
√

2lnQ
where Q is the likelyhood ratio given by

Q =
Ls+b

Lb

and

Ls+b = e−NtNN
t

N∏

i=0

[fsPs(mh, xi) + (1− fs)Pb(xi)]

where Ps and Pb are the signal and background PDFs
respectively

10 / 19



Analysis: Expected Significance

I To obtain the expected significance we construct the PDF for S by
conducting a large number of psuedo experiments and obtaining
S for each one

I To remove the dependance of S on the undetermined parameters
we maximize the EML function prior to the construction of the
likelihood ratio

I So we have for the likelihood ratio

Q =
Ls+b(N̂t , f̂s, m̂h; xi)

Lb(N̂t ; xi)

where N̂t , f̂s, m̂h are the values which maximize the EML function
for a given psuedo experiment

I Thus N̂t , f̂s, m̂h are the most likely values for a given experiment
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Detector Effects: pT dependence

I Cuts and detector smearing can shape distributions and introduce
a pT dependence even when only considering the LO process

I To find the ZZ CM frame, must ensure pT is be properly boosted
away on an event by event basis
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Detector Effects: Cuts/Efficiencies

I We require: pT > 10 GeV, η < 2.5, and 150 < ŝ < 450
I For the background we obtain an efficiency of ∼ 45%

I For the signal the efficiency depends on the Higgs mass
(∼ 55%− 78%)
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Total Cross Section (Normalization)

I For the background we obtain, after efficiency cuts, a total
background of ∼ .003 pb

I For the signal we obtain the total cross section as function of
Higgs mass before and after cuts
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Signal to Background Ratio

I The signal to background ratio will of course also depend on the
Higgs mass
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I Maximum value of .23 at ∼ 200 GeV
I Not necessarily where expected significance is peaked
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Results (preliminary)
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Results (preliminary)
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Conclusions
I For less than 7.5fb−1 we may have to get slightly lucky to obtain a

5σ discovery of a heavy Higgs in the Golden Channel at 7 TeV
I With a bit more luminosity, energy, or the addition of other

channels a discovery should be possible
I At 10 fb−1 we find a mean expected significance of 5.28σ for a

300 GeV Higgs
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Ongoing and Future Work

I Finish analysis for 10fb−1

I Compare significance obtained using only invariant mass as
discriminating variable (model independent)

I Conduct a cut based analysis to compare with matrix element
method

I Conduct analysis at 14 TeV
I Implement analysis for other resonances including CP odd/even

spin 1 and 2
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