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OUTLINE

• Higgs look-alikes: nonstandard spin and CP
• Higgs look-alikes: nonstandard electroweak 

but custodially symmetric
• Higgs look-alikes: nonstandard everything

Higgs look-alikes: 
• Alvaro De Rujula, J.L., Maurizio Pierini, Chris Rogan, Maria Spiropulu, arXiv:1001.5300
• Y. Gao, A. Gritsan, Z. Guo, K. Melnikov, M. Schulz, N. V. Tran, arXiv:1001.3396
• Ian Low and J.L., arXiv:1005.0872

see also R. Lafaye, T. Plehn, M. Rauch, D. Zerwas, M. Duehrssen, arXiv:0904.3866
and Stephen Godfrey and Ken Moats, arXiv.1003.3033

      MSSM Higgs with general dimension 6 operators:
• Marcela Carena, K.C. Kong, Eduardo Ponton, Jose Zarita, arXiv:0909.5434, and TBA
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Higgs look-alikes

• Suppose your favorite LHC experiment sees a resonant signal

• How do we determine that this is the neutral CP-even spin 0 
component of a                  of                                 predicted by the 
Standard Model, or a look-alike?                       
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The post-discovery LHC Higgs challenge

• You have ~100 signal events that could be a Higgs

• How many Higgs look-alike candidates can you eliminate at 
or around the time of discovery? 

• A simpler question: How many Higgs look-alike candidates 
can you eliminate at or around the time of discovery by 
looking at distributions and correlations in the 4 lepton 
final state?
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Factorizing the problem

Distributions and correlations in the 4 lepton final state

• Production (gluon fusion, VBF, ...)

• Correlations with signals (or lack of signals) in other channels
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The golden Higgs channel at the LHC

• The leptonic decay                          has a small branching fraction but 
provides a (relatively) clean and fully-reconstructable final state

• The Z bosons donʼt have to be on shell

• Relevant for SM Higgs mass above about ~ 130 GeV

h→ ZZ→ 4!
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The 12 observables of the fully reconstructed event

• Treating the leptons as massless, there are 12 momentum 
components per event measured in the final state

• Each event is fully reconstructable in terms of these 12 observables
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ATLAS and CMS can measure the 4-lepton final 
state with exquisite precision

So you can choose any basis you want for your 12 
observables without losing experimental realism
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generated using the PYTHIA [46] leading-order MC gener-
ator. The momenta of the four muons in the rest frame
of the ZZ(∗) system as a function of m4µ are generated
according to the theoretical distributions.
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FIG. 3: Distribution of the dimuon invariant mass for a sam-
ple of signal H → ZZ events, generated using our very-fast
muon simulation. The parameters of the superimposed fit are
extracted from [47].

B. Detector emulation and event selection

Muon reconstruction efficiency and resolution are pa-
rameterized as a function of the muon pT and η ac-
cording to [43], where the muon reconstruction efficiency
is close to 100% for muons with pT ≥ 10 GeV/c and
|η| ≤ 2.3, corresponding to the event selection in our
analysis. The reconstruction efficiency is applied through
a hit-or-miss technique. For muon candidates accepted
by the efficiency filter, the reconstructed momentum is
determined by applying Gaussian smearing functions to
the true pT , η and φ with pT - and η-dependent resolu-
tions. We verified the goodness of our very-fast muon
simulation by comparing the parameters of the fit of the
Z invariant mass distribution obtained in our analysis,
see Fig. 3, with the corresponding ones from a published
full-simulation analysis [47].

A number of detector related effects can modify the
#X observables’ pdfs. The resolution of the observables
used in the analysis is shown in Fig. 4 and is found to be
small independent of the HLL resonance mass and quan-
tum numbers. The systematic bias in the reconstruction
of the same variables is shown in Fig. 5 and is found to
be negligible. This shows that the sculpting of the ob-
servables’ pdfs is not a result of reconstruction resolution
or bias. Rather, it depends on the simulated kinemat-
ics of the HLL resonance, including its mass, and on the
particular model considered (0+, 0−, etc). Specifically,
the overall phase space acceptance, implemented in the
signal selection by means of the pT and η requirements,
produces the largest effects on the observables. This is
shown in Fig. 6 for a resonance of mass 145 GeV/c2 gen-
erated with no explicit angular correlations. Adding the
angular correlations can enhance or reduce the overall
selection efficiency depending on the details of the mul-
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FIG. 4: Reconstruction resolution for the angular variables of
!X shown here for a resonance with mass 145 GeV/c2. The
cos θ2 and cos θ1 distributions are very similar in this case.
Only events surviving the signal selection are included. All
distributions are normalized to unit integral.

tidimensional pdf. Our selection is 60% (74%) efficient
for a 0+ resonance of mass 200 GeV/c2 (350 GeV/c2)
as shown in Fig. 7. The same figure demonstrates that
the efficiency has a non-trivial dependence on the na-
ture of the spin correlations. Specifically, for a 0− reso-
nance of 200 GeV/c2 (350 GeV/c2) the efficiency is 60%
(69%). With an absence of explicit spin correlations the
efficiency for a 350 GeV/c2 resonance is 71%.

We find that changes in the #X distributions are
strongly correlated with the kinematics of the off-shell Z,
e.g. for cos θ2 the largest inefficiencies correspond to the
kinematic configurations where at least one of the muons
is soft. When the correlations between the variables #ω
and #Ω appear explicitly in the differential cross-sections,
as is the case for J=1±, the phase space acceptance ef-
fects are amplified. The consequences on model discrim-
ination are discussed in Sec. VIIB.

The shapes of the reconstructed #ω and #Ω distributions
depend on the phase space acceptance both for electron
and muon final states (H → ZZ → 2e2µ or 4e). Fig-
ure 8 shows the relevant kinematic distributions. All the
results concerning model discrimination, as a function
of the number of observed signal events, will be nearly
identical when the additional final states are included
(2e2µ, 4e), especially when the off-shell Z mass is not
used as an observable. This is not necessarily the case for
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The 12 observables of the fully reconstructed event
• To get from the lab frame to the Higgs rest frame, I need to specify a 

boost and the direction of the boost, which is given by two angles:

• I need to specify the reconstructed Higgs mass 

• In the Higgs rest frame, by convention, take the positive z-axis to be 
along the direction of motion of       , then use two angles to specify 
the direction of one of the incoming partons (note 2-fold ambiguity)

• Z decay involves another pair of angles measured in the Z rest 
frame, with the polar angle measured wrt the z-axis defined above. 
We also need the two boosts from the Higgs rest frame to the Z rest 
frames,            , which is equivalent to specifying the (possibly off-
shell) Z masses:

Mh

γ1, γ2

γh, θh, φh

Z2

Θ, Φ

m1, θ1, φ1, m2, θ2, φ2
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8 angles!

• In the spirit of factorization, we will (for now) ignore the two 
production angles

• If the resonance is a spin 0 particle, the signal distribution will be 
isotropic (i.e. flat) in the                 angles

• Twenty-year-old common wisdom says that therefore we should 
ignore these angles as well

• Is this reasonable?

θh, φh

h→ ZZ Θ, Φ

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 εµ1
and εα2 of two Zs of four-momenta p1 and p2 are given
by the expression:

Lµα = X gµα− (Y + i Z)
kαkµ
M2

Z

+(P + iQ) εµα
p1p2
M2

Z

, (9)

where we have suppressed repeated indices in the con-
traction of the four-index ε 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 pµ2 ) + (P+iQ) ερµα(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 ερσ

to our two vector bosons is:

Lρσµα = X0 m
2
H gµρ gασ

+(X1 + i Y1) (p
α
1 pρ2 g

σµ + pρ1 p
µ
2 g

σα)

+(X2 + i Y2) p
ρ
1 p

σ
2 g

µα, (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
(c2v + c2a)

$ 0.15, (13)
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• If we want to test that the Higgs is a Higgs, and not a higher spin 
look-alike, then we should use the                angles            as 
discriminators

• Furthermore, even for the spin 0 case, it is NOT TRUE that the 
distributions are flat in these angles, after we take into account 
realistic detector effects:

h→ ZZ Θ, Φ

10

FIG. 6: Comparison of the 1D projections of the !X variables for generated and reconstructed muon momenta, in the case of a
0+ and 0− resonance with mass 145 GeV/c2.

FIG. 7: Comparison of the 1D projections of the !X variables for generated and reconstructed muon momenta, in the case of a
1+ and 1− resonance with mass 145 GeV/c2.

This fit configuration represents the minimal setting,
in which the nature of the particle we are looking for
(Higgs boson, or any other particle with different quan-
tum numbers) is not specified. This is not the optimal
solution for a Higgs search (as discussed in sec. ??), but

it allows to factorize the particle discovery from the phe-
nomenological study for its characterization (see sec. ??).

10

FIG. 6: Comparison of the 1D projections of the !X variables for generated and reconstructed muon momenta, in the case of a
0+ and 0− resonance with mass 145 GeV/c2.

FIG. 7: Comparison of the 1D projections of the !X variables for generated and reconstructed muon momenta, in the case of a
1+ and 1− resonance with mass 145 GeV/c2.

This fit configuration represents the minimal setting,
in which the nature of the particle we are looking for
(Higgs boson, or any other particle with different quan-
tum numbers) is not specified. This is not the optimal
solution for a Higgs search (as discussed in sec. ??), but
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FIG. 8: Kinematic distributions for the variables !X used in this analysis for a SM Higgs with mass 200 GeV/c2. The filled
histograms who the one dimensional projected distributions of each of these variables as described by the analytic matrix
element squared PDF’s. The unfilled histograms (black lines) show the same one dimensional projections for reconstructed
events (muon kinematics are smeared) for events that have passed the signal event selection (introducing acceptance effects).
All distributions are normalized to have an integral of 1.

in the likelihood. Here we assume that the only relevant
background is given by events with two real Z candidates.
We write the likelihood function as:

L =
1

N !
exp

(

−
∑

i

Ni

)

(19)

N
∏

j=1

(NSigPSig(m
i
H) + NZZ(∗)PZZ(∗)(mi

H)

where NX (X = Sig, ZZ(∗)) represents the yield of each
component; mi

H is the Higgs mass for the event i; and
PSig(m) (PZZ(∗)(m)) is the signal (background) distribu-
tion for the variable m.

The PDF’s for the signal and background components
are described using the template distributions from the
simulation, as shown in Fig. ?? for signal and background

component and a choice of Higgs mass of mH = 350
GeV/c (top) and mH = 145 GeV/c (bottom).

This fit configuration represents the minimal setting,
in which the nature of the particle we are looking for
(Higgs boson, or any other particle with different quan-
tum numbers) is not specified. This is not the optimal
solution for a Higgs search (as discussed in sec. ??), but
it allows to factorize the particle discovery from the phe-
nomenological study for its characterization (see sec. ??).

E. Background Subtraction

In order to establish if a newly-discovered particle is
indeed the Higgs boson or not, a hypothesis test has to
be performed (see Sec. ??) to establish if the SM descrip-
tion of the event topology is favoured by the data when

• For the three nontrivial                                 decay angles               ,  
detector effects flatten the polar distributions slightly and sharpen 
the azimuthal distribution slightly

• Higher order corrections have similar (computable) effects

ZZ→ µ−µ+e−e+ θ1, θ2, φ
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Correlations are important

Christopher Rogan - Caltech Group Meeting 13-11-09 7
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• Although there is a fairly large irreducible background from ZZ 
production, this can be “subtracted” using a fit+weighting scheme 
called sPlots 
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FIG. 7: The analysis efficiency for 0+, 0− as a function of the
resonance mass. The case with no correlations is also shown
for comparison.
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FIG. 9: Distribution of the 4µ invariant mass for a sample of
signal with mH=250 GeV/c2 (left), and background (right)
ZZ events.

is performed (see Sec. VII). In this context, a tool to
disentangle signal and background events from the se-
lected dataset is an important prerequisite. We use the
sWeight [13] technique and reweight the selected dataset
according to how likely each event is considered to be sig-
nal by the fit. The sWeight technique is statistically op-
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FIG. 10: The 4µ invariant mass distribution for a sample of
NS=70H → ZZ events withmH=250 GeV/c2 and NB=1000
ZZ background events. The superimposed curves represent
the likelihood function returned by an ML fit, with NS ,
NB , and m4µ as free parameters (top). Comparison of the
signal-only MC distribution of cos θ1, with the background-
subtracted distribution obtained with the sWeight technique
(middle). Comparison of the background-only MC distribu-
tion of cos θ1, with the signal-subtracted distribution obtained
with the sWeight technique (bottom).

timal when the discriminating variable (m4µ in our case)
in the fit is uncorrelated with the subsequently used vari-
ables ( !X in our case). On the upper plot of Fig. 10, the
4µ invariant mass distribution is shown for a sample of
NS=70 H → ZZ events (with mH=250 GeV/c2) on top
of NB=1000 continuum ZZ background events, corre-
sponding to a " 5σ deviation from the background-only
hypothesis. The superimposed curves represent the like-
lihood function returned by an ML fit (with NS , NB ,
and m4µ as free parameters). The middle plot shows the
signal sWeighted cos θ1 distribution. Similarly, the bot-
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is performed (see Sec. VII). In this context, a tool to
disentangle signal and background events from the se-
lected dataset is an important prerequisite. We use the
sWeight [13] technique and reweight the selected dataset
according to how likely each event is considered to be sig-
nal by the fit. The sWeight technique is statistically op-
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signal-only MC distribution of cos θ1, with the background-
subtracted distribution obtained with the sWeight technique
(middle). Comparison of the background-only MC distribu-
tion of cos θ1, with the signal-subtracted distribution obtained
with the sWeight technique (bottom).

timal when the discriminating variable (m4µ in our case)
in the fit is uncorrelated with the subsequently used vari-
ables ( !X in our case). On the upper plot of Fig. 10, the
4µ invariant mass distribution is shown for a sample of
NS=70 H → ZZ events (with mH=250 GeV/c2) on top
of NB=1000 continuum ZZ background events, corre-
sponding to a " 5σ deviation from the background-only
hypothesis. The superimposed curves represent the like-
lihood function returned by an ML fit (with NS , NB ,
and m4µ as free parameters). The middle plot shows the
signal sWeighted cos θ1 distribution. Similarly, the bot-

What about the backgrounds?
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General couplings of Higgs Look-alikes to ZZ

L0
µν = Xgµν − (Y + iZ)

ph
µph

ν

M2
Z

+ (P + iQ)εµνρσ
pρ

1pσ
2

M2
Z

Lµνρ
1 = X(gµνpρ

1 + gµρpν
2) + (P + iQ)εµν

ρσ(pσ
1 − pσ

2)

Lµνρσ
2 = M2

h X0 gµρgνσ + (X1 + iY1)(pν
1p

ρ
2g

σµ + pµ
2p

ρ
1g

σν)
+(X2 + iY2)gµνpρ

1p
σ
2 + (P + iQ)ερµν

α (pα
1pσ

2 − pα
2pσ

1)

• Allow couplings up to dimension 6

• Allow spin 0, 1, 2, and all possible C and P

• Note includes derivative couplings as would occur e.g. 
from expanding the form factor of a composite spin 0

16



fully-differential decay widths (tree level)

• SM Higgs

5

denotes the quantity arising from the SM couplings of
the Z bosons to the final state leptons.

1. The standard Higgs, JPC = 0++

The tree level SM coupling of the Higgs to two Z’s of
polarisation ε1 and ε2 is ∝ ε1·ε2, see Eq. (9). The angular
distribution of the leptons in H → ZZ → 4 l decay, for
on or off-shell Z’s of mass m1 and m2, is:

dΓ[0+]

dc1 dc2 dφ
∝ m2

1 m
2
2 m

4
H

[
1 + c21c

2
2 + (γ2

b + c2)s21s
2
2

+2γa c s1s2 c1c2 + 2η2(c1c2 + γa c s1s2)
]
. (14)

2. A pure pseudoscalar, JPC = 0−+

The coupling of a JPC=0−+ pseudoscalar to two Z’s
of polarisation ε1 and ε2 and four-momenta p1 and p2 is
proportional to ε[ε1, ε2, p1, p2], see Eq. (9). The angular
distribution of the leptons in its ZZ → 4 l decay is:

dΓ[0−]

dc1 dc2 dφ
∝ m4

1 m
4
2 γ

2
b

(
1 + c21c

2
2 − c2s21s

2
2 + 2 η2 c1c2

)
. (15)

3. A pure vector, JPC = 1−−

The coupling of a JPC=1−− vector particle of polar-
ization εH to two Z’s of polarisation ε1 and ε2 and four-
momenta p1 and p2 is ∝ εH ·ε1 ε2 ·p1 + εH ·ε2 ε1 ·p2, see
Eq. (10). Unlike for the scalar cases, the fully differen-
tial decay amplitude depends nontrivially on the angles
Θ and Φ, representing correlations between the helici-
ties of the initial and final state particles. Assuming a
quark-antiquark initial state this, in principle, introduces
two new parameters: the vector and axial couplings of
the (massless) quarks to the spin 1 HLL. However, once
we symmetrize over cosΘ ↔ −cosΘ, reflecting our igno-
rance of which colliding proton contributes the antiquark
of the hard scattering, the dependence on these new cou-
plings disappears except for an overall factor. Performing
this symmetrization, we also introduce the notation

m2
d ≡ m2

1 −m2
2 , (16)

and find the angular distribution of the leptons in H →
ZZ∗ → 4 l decay as follows:

dΓ[1−]

dC dc1 dc2 dΦ dφ
∝ 4m2

1m
2
2γ

2
b

[
S2s21s

2
2

(
2m4

d −m2
H

[
m2

1 cos(2(Φ+ φ)) +m2
2 cos(2Φ)

])
(17)

+m2
H(1 + C2)

[
2m2

2s
2
1 + 2m2

1s
2
2 − (m2

1 +m2
2)s

2
1s

2
2

]
+ 4mHm2

d C S
[
m1c1 s1s

2
2 sin(Φ+ φ)−m2c2 s2s

2
1 sinΦ

]

−2m2
Hm1m2s1s2

(
(1 + C2)(c1c2 − η2)c+ S2(c1c2 + η2) cos(2Φ+ φ)

)]
.

4. A pure axial vector, JPC = 1++

The coupling of a JPC = 1++ axial vector par-
ticle of polarization εH to two Z’s of polarisation ε1
and ε2 and four-momenta p1 and p2 is proportional to
ε[εH , ε1, ε2, p1 − p2], see Eq. (10). After the same sym-
metrization in cosΘ described above, and introducing

the notation

M2
1 ≡ m2

H − 3m2
1 −m2

2 ,

M2
2 ≡ m2

H −m2
1 − 3m2

2 , (18)

the angular distribution of the final state leptons is given
by:

dΓ[1+]

dC dc1 dc2 dΦ dφ
∝ m2

HS2s21s
2
2

[
M4

2m
2
1 cos(2(Φ+ φ)) +M4

1m
2
2 cos(2Φ)

]
+ 8m2

1m
2
2m

4
dS

2
[
c21 + c22 + s21s

2
2s

2 + 2η2c1c2
]

+m2
H(1 + C2)

[
2M4

1m
2
2s

2
1 + 2M4

2m
2
1s

2
2 − (M4

2m
2
1 +M4

1m
2
2)s

2
1s

2
2

]
(19)

−8mHm2
dm1m2C S

[
M2

2m1s2
(
c2s

2
1c sin(Φ+ φ) + c1(c1c2 + η2) sinΦ

)

−M2
1m2s1

(
c1s

2
2c sinΦ+ c2(c1c2 + η2) sin(Φ+ φ)

)]

+2m2
HM2

1M
2
2m1m2s1s2

[
(1 + C2)(c1c2 − η2)c− S2(c1c2 + η2) cos(2Φ+ φ)

]
.
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incoming quark by Φ. This choice of conventions leads
to rather awkward expressions for the angular distribu-
tions. A better choice is to align the axes such that the
quark azimuthal angle Φ = 0. The remaining azimuthal
dependence is then denoted by ϕ1 and ϕ2, such that the
substitutions ϕ1 → Φ + φ, ϕ2 → Φ regain the previ-

ous convention. We will employ this notation in this
appendix, which makes the formulae more symmetrical.

After the quark-antiquark symmetrization described
above, the XX part of the full matrix element squared
is given by

4m2
1m

2
2X

2γ2
b

[
g1S

2s21s
2
2

(
2$20m

4
d − $2m2

H

[
m2

1 cos(2ϕ1) +m2
2 cos(2ϕ2)

])
(D6)

+g1$
2m2

H(1 + C2)
[
2m2

2s
2
1 + 2m2

1s
2
2 − (m2

1 +m2
2)s

2
1s

2
2

]
+ 4$$0g1mHm2

d C S
[
m1c1s1s

2
2 sinϕ1 −m2c2s2s

2
1 sinϕ2

]

−2$2m2
Hm1m2s1s2

(
(1 + C2)(g1c1c2 − gσσ) cos(ϕ1 − ϕ2) + S2(g1c1c2 + gσσ) cos(ϕ1 + ϕ2)

)]
.

The PP part is given by

P 2
[
$2g1m

2
HS2s21s

2
2

[
M4

2m
2
1 cos(2ϕ1) +M4

1m
2
2 cos(2ϕ2)

]
(D7)

+8$20m
2
1m

2
2m

4
dS

2
[
g1 (c

2
1 + c22 + s21s

2
2 sin(ϕ1 − ϕ2)

2) + 2gσσc1c2
]

+(1 + C2)$2g1m
2
H

[
2M4

1m
2
2s

2
1 + 2M4

2m
2
1s

2
2 − (M4

2m
2
1 +M4

1m
2
2)s

2
1s

2
2

]

−8$$0mHm2
dm1m2C S

[
M2

2m1s2
(
g1c2s

2
1 sinϕ1 cos(ϕ1 − ϕ2) + c1(g1c1c2 + gσσ) sinϕ2

)

−M2
1m2s1

(
g1c1s

2
2 sinϕ2 cos(ϕ1 − ϕ2) + c2(g1c1c2 + gσσ) sinϕ1

)]

+2$2m2
HM2

1M
2
2m1m2s1s2

[
(1 + C2)(g1c1c2 − gσσ) cos(ϕ1 − ϕ2)− S2(g1c1c2 + gσσ) cos(ϕ1 + ϕ2)

]]
.

The XP and XQ interference parts are given by

4m1m2XP γb
[
$2g1m

2
HS2s21s

2
2(M

2
1m

2
2 sin(2ϕ2)−M2

2m
2
1 sin(2ϕ1)) (D8)

+2$$0g1mHm2
dC S

[
m2s

2
1c2s2(2m

2
1 sinϕ1 sin(ϕ1 − ϕ2)−M2

1 cosϕ2)

−m1s
2
2c1s1(2m

2
2 sinϕ2 sin(ϕ1 − ϕ2) +M2

2 cosϕ1)
]

−2m1m2s1s2
[
(1 + C2)$2m2

HM2
3 (g1c1c2 − gσσ) sin(ϕ1 − ϕ2)

+m2
ds

2(g1c1c2 + gσσ)($
2m2

H sin(ϕ1 + ϕ2) + 2$20m
2
d sin(ϕ1 − ϕ2))

]

−4$$0mHm1m2m
2
d C S

[
m2s1 (g1c1 + gσσc2) cosϕ1 +m1s2 (g1c2 + gσσc1) cosϕ2

]]
,

4m1m2XQ γb
[
$$0gσmHm2

dC S
(
m2s

2
1s2 (2m

2
1 cos(ϕ1 − ϕ2) sinϕ1 −M2

1 sinϕ2) (D9)

−m1s
2
2s1 (2m

2
2 cos(ϕ1 − ϕ2) sinϕ2 −M2

2 sinϕ1)
)

+$2gσm
2
H(1 + c2)(M2

1m
2
2s

2
1c2 +M2

2m
2
1s

2
2c1) +m1m2s1s2

[
(1 + C2)$2gσm

2
Hm2

d(c1 − c2) cos(ϕ1 − ϕ2)

−gσs
2(c1 + c2)($

2m2
HM2

3 cos(ϕ1 + ϕ2) + 2$20m
4
d cos(ϕ1 − ϕ2))

]

+2$$0gσmHm2
dm1m2C S

(
1 + c1c2)(m2s1 sinϕ1 −m1s2 sinϕ2

)]
.

Without the quark-antiquark symmetrization, one adds:
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(1 + C2)$2gσm

2
Hm2

d(c1 − c2) cos(ϕ1 − ϕ2)

−gσs
2(c1 + c2)($

2m2
HM2

3 cos(ϕ1 + ϕ2) + 2$20m
4
d cos(ϕ1 − ϕ2))

]

+2$$0gσmHm2
dm1m2C S

(
1 + c1c2)(m2s1 sinϕ1 −m1s2 sinϕ2

)]
.

Without the quark-antiquark symmetrization, one adds:

• pure 1-

• pure 1+
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Hypothesis testing with likelihood ratios

Christopher Rogan - Moriond EWK 2010 12

Example: 0+ vs. 0-

!  Statistical approach - Neyman-Pearson hypothesis test:

" Each ‘experiment’ corresponds to some number of observed

signal events,

" Each event,     ,  corresponds to a set of observables,

" Construct likelihoods for the two different hypotheses based on

the multidimensional PDF’s          and

" Construct a test-statistic based on those likelihoods



Hypothesis testing with likelihood ratios

Christopher Rogan - Moriond EWK 2010 42

Example: 0+ vs. 0-

Neyman-Pearson (NP) simple hypothesis test Risk of the 1st type:

Risk of the 2nd type:

Power of the test:



Example of hypothesis testing: Higgs or no Higgs?

20



Christopher Rogan - Moriond EWK 2010 10

Example: 0+ vs. 0-

!  Consider the case when we are trying to distinguish between

0+ vs. 0- resonances:

VS

21



Simple hypothesis test results, 0+ versus 0-
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FIG. 18: Significance for rejecting 0− in favor of 0+, assuming
0+ is true (left), and vice-versa, 0+↔0− (right), formH=145,
200 and 350 GeV/c2 (top, middle and bottom). The dashed
central line is the median significance. The 1 and 2σ bands
correspond to 68% and 95% confidence intervals, centered on
the median.

with m2
d ≡ M2

Z −m2
2. The second term is 1↔2 asymmet-

ric at fixed md and induces the difference between the c1
and c2 one-dimensional distributions. In the J=1+ case
the asymmetric pdf term is, in the notation of Appendix
D, 2M4

1m
2
2s

2
1+2M4

2m
2
1s

2
2−(M4

2m
2
1+M4

1m
2
2)s

2
1s

2
2, and its

origin is similar. These asymmetric effects significantly
enable the discrimination between J=1 and J=0 models
when mH < 2MZ .

In Fig. 21 we compare the discrimination between the
0+ and 1+ hypotheses for likelihood definitions that ex-
ploit different variables. The obvious qualitative conclu-
sion is that likelihoods defined in terms of pdfs containing

Θcos 
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FIG. 19: Distributions of the variables cosΘ (upper left), Φ
(upper right), φ (lower left) and MZ∗ (lower right, mH=145
GeV/c2) for 0+, 1− and 1+ resonances. All distributions are
normalized to a unit integral. The angular disctributions are
shown for mH=350 GeV/c2.

the most information are the most performant. The fig-
ure shows the relative discriminating power of the differ-
ent choices: P (a1, · · · , aN ) denotes N-dimensional pdfs in
the correlated variables {a1, · · · , aN}.

∏
i P (Xi) is con-

structed from one-dimensional pdfs for all variables, ig-
noring (erroneously) their correlations. P (!ω |〈!Ω〉TH) are
pdfs including the variables !ω and their correlations, but
with the hypothesis 1+ represented by a pdf in which de-
pendence on the variables !Ω={Φ, cosΘ} has been inte-
grated out of the analytic differential cross-section. The
likelihood P (!ω |〈!Ω〉TH) performs badly relative to P (!ω),
where the two differ only in that the first construction im-
plicitly assumes a uniform 4π coverage of the observed
leptons, as if the muon pT and η analysis requirements
did not depend on the !Ω angular variables. The primary
reason for this difference is the strong correlation between
the variables Φ and φ in the J=1 pdfs, which causes phase
space acceptance sculpting of the Φ distribution to alter
the φ distribution, as discussed in Sec.IV.

The significance for discriminating between the 0+ and
1− (1+) hypotheses, as a function of NS , is summarized
in Fig. 22 (Fig. 23). The full correlated set of variables
!Ω, !ω, and MZ∗ (when applicable) is used in the like-
lihood construction. The discriminations are based on
the NePe tests between simple hypotheses with statis-
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FIG. 18: Significance for rejecting 0− in favor of 0+, assuming
0+ is true (left), and vice-versa, 0+↔0− (right), formH=145,
200 and 350 GeV/c2 (top, middle and bottom). The dashed
central line is the median significance. The 1 and 2σ bands
correspond to 68% and 95% confidence intervals, centered on
the median.

with m2
d ≡ M2

Z −m2
2. The second term is 1↔2 asymmet-

ric at fixed md and induces the difference between the c1
and c2 one-dimensional distributions. In the J=1+ case
the asymmetric pdf term is, in the notation of Appendix
D, 2M4

1m
2
2s

2
1+2M4

2m
2
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2
2−(M4

2m
2
1+M4

1m
2
2)s

2
1s

2
2, and its

origin is similar. These asymmetric effects significantly
enable the discrimination between J=1 and J=0 models
when mH < 2MZ .

In Fig. 21 we compare the discrimination between the
0+ and 1+ hypotheses for likelihood definitions that ex-
ploit different variables. The obvious qualitative conclu-
sion is that likelihoods defined in terms of pdfs containing
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FIG. 19: Distributions of the variables cosΘ (upper left), Φ
(upper right), φ (lower left) and MZ∗ (lower right, mH=145
GeV/c2) for 0+, 1− and 1+ resonances. All distributions are
normalized to a unit integral. The angular disctributions are
shown for mH=350 GeV/c2.

the most information are the most performant. The fig-
ure shows the relative discriminating power of the differ-
ent choices: P (a1, · · · , aN ) denotes N-dimensional pdfs in
the correlated variables {a1, · · · , aN}.

∏
i P (Xi) is con-

structed from one-dimensional pdfs for all variables, ig-
noring (erroneously) their correlations. P (!ω |〈!Ω〉TH) are
pdfs including the variables !ω and their correlations, but
with the hypothesis 1+ represented by a pdf in which de-
pendence on the variables !Ω={Φ, cosΘ} has been inte-
grated out of the analytic differential cross-section. The
likelihood P (!ω |〈!Ω〉TH) performs badly relative to P (!ω),
where the two differ only in that the first construction im-
plicitly assumes a uniform 4π coverage of the observed
leptons, as if the muon pT and η analysis requirements
did not depend on the !Ω angular variables. The primary
reason for this difference is the strong correlation between
the variables Φ and φ in the J=1 pdfs, which causes phase
space acceptance sculpting of the Φ distribution to alter
the φ distribution, as discussed in Sec.IV.

The significance for discriminating between the 0+ and
1− (1+) hypotheses, as a function of NS , is summarized
in Fig. 22 (Fig. 23). The full correlated set of variables
!Ω, !ω, and MZ∗ (when applicable) is used in the like-
lihood construction. The discriminations are based on
the NePe tests between simple hypotheses with statis-
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0+ versus a little bit of mixed CP
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FIG. 27: Significance for rejecting 2+ in favor of 0+, assuming
0+ is true (left) or vice-versa (0+ ↔ 2+, right), for mH=200
and 350 GeV/c2 (top, bottom).

• X != 0, P != 0: A scalar whose ZZ coupling vio-
lates CP , described in terms of an angle ξXP as:

Lµα ∝ cos(ξXP ) gµα + sin(ξXP ) εµαp1p2/M
2
Z

• X != 0, Q != 0: A scalar whose ZZ coupling vio-
lates C, described in terms of an angle as:

Lµα ∝ cos(ξXQ) gµα + i sin(ξXQ) εµαp1p2/M
2
Z

• X != 0, Y != 0: A composite 0+, parameterized in
terms of an angle as:

Lµα ∝ cos(ξXY ) gµα − sin(ξXY ) kαkµ/M
2
Z

As a function of NS we estimate the significance with
which one can determine:

• (a) What range of values of the angles can be ex-
cluded in favor of a pure 0+ for a SM-like resonance;

• (b) Whether a pure 0+ can be excluded in favor
of a non-trivial mixture when the resonance corre-
sponds to one of the three mixed cases discussed
above.
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FIG. 28: Distributions, normalized to a unit integral, of the
variables cos θ1 (top left), cos θ2 (top right), φ (bottom left)
and MZ∗ (bottom right) for 0+, 0−, 1+ and 1− resonances
with mH=145 GeV/c2.

We consider first the example of a CP -violating HZZ
coupling with mH=350 GeV/c2.

To address (a) we construct a series of simple hypothe-
sis tests of the type we considered earlier for distinguish-
ing between pure JPC states. Specifically, for a given
number of observed signal events at a fixed value of mH ,
we perform a NePe test between two simple hypotheses:
that the resonance is 0+ (denoted hypothesis H1) or that
the resonance is J=0 with ξXP fixed to a specific nonzero
value (denoted hypothesis H0). The test statistic we use
is log[LXP (ξXP )/L(0+)], where L(0+) and LXP (ξXP )
denote the likelihoods for a set of events agreeing with
the hypotheses H1 and H0, respectively. The test can-
not be performed for ξXP=0, since in this case the H0

CP -violating hypothesis we want to test reduces to the
alternative H1 hypothesis (the CP-conserving SM Higgs).

The result of this test is the significance with which
hypothesis H0 can be rejected in favor of the hypothesis
H1, or similarly, the significance with which a particular
value of ξXP can be excluded in favor of the 0+ hypothe-
sis. This test is then repeated with different fixed values
of ξXP , i.e. different NePe tests with different hypothe-
ses H0. The results for a large ensemble of such tests are
shown in Fig. 37. Here, H0 = 0XP denotes the simple
J=0 CP -violating hypothesis with ξXP fixed at values
chosen on the x-axis.
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FIG. 37: Significance for excluding values of ξXP in the CP -
violating J=0 hypothesis in favor of the 0+ one, assumed to
be correct, for mH=350 GeV/c2 and NS=50. The dashed
line corresponds to the median of the significance. The 1 and
2σ bands correspond to 68% and 95% confidence intervals
centered on the median value.
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FIG. 38: The significance for excluding a pure 0+ in favor of a
CP -violating HZZ coupling (ξXP != 0), assuming the latter
to be correct, with ξXP given by its x-axis values. Example
for NS=50, mH=350 GeV/c2. Dashed line and bands as in
Fig. 37.
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FIG. 39: Distributions of the two statistics Λ, defined in the
text, for mH=350 GeV/c2 and NS=50. The hypotheses are
H0=0+, and H1=0XP with the CP -phase ξXP fixed at π/5.
(Top) Probability distributions P(Λ|H). (Bottom) The same
with the 0+ results traded for 1 minus their cumulative values.
The two nearly indistinguishable vertical dotted lines corre-
spond to the median values of the P(Λ|H1) distributions.

type (b) questions. Specifically, we first assume a given
CP -violating ξXP != 0 as “true”. We then assess the ex-
pected significance with which particular values of ξXQ

can be excluded in favor of the true hypothesis. Hence,
for each fixed value of ξXP we perform a test against
the C-violating case using a fixed ξXQ. The test statis-

tic is Λ = log[maxLXP (ξ̂XP )/L(ξXQ)], where the 0XQ

hypothesis is simple (fixed ξXQ) and L(ξXP ) is profiled
“experiment-by-experiment”. The test is repeated over
a matrix of values for ξXP and ξXQ. Next, we switch
the roles of the hypotheses to assess the significance for
excluding given values of ξXP in favor of ξXQ != 0. The
results are shown in Fig. 42. The color-coded z-“axis” is
the median of the significance for ruling out the hypoth-
esis H0 with the value of ξH0 given on the y-axis in favor
of the H1 hypothesis with ξH1 != 0, assumed to be correct
for ξH1 -values chosen on the x-axis.

The similarities between the C- and CP - mixed scalars
are reflected in the y↔x symmetries of Figs. 42. More-
over, switching the roles of the two hypotheses (compar-
ing the figures on the left with those on the right) one
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FIG. 37: Significance for excluding values of ξXP in the CP -
violating J=0 hypothesis in favor of the 0+ one, assumed to
be correct, for mH=350 GeV/c2 and NS=50. The dashed
line corresponds to the median of the significance. The 1 and
2σ bands correspond to 68% and 95% confidence intervals
centered on the median value.
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FIG. 38: The significance for excluding a pure 0+ in favor of a
CP -violating HZZ coupling (ξXP != 0), assuming the latter
to be correct, with ξXP given by its x-axis values. Example
for NS=50, mH=350 GeV/c2. Dashed line and bands as in
Fig. 37.
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FIG. 39: Distributions of the two statistics Λ, defined in the
text, for mH=350 GeV/c2 and NS=50. The hypotheses are
H0=0+, and H1=0XP with the CP -phase ξXP fixed at π/5.
(Top) Probability distributions P(Λ|H). (Bottom) The same
with the 0+ results traded for 1 minus their cumulative values.
The two nearly indistinguishable vertical dotted lines corre-
spond to the median values of the P(Λ|H1) distributions.

type (b) questions. Specifically, we first assume a given
CP -violating ξXP != 0 as “true”. We then assess the ex-
pected significance with which particular values of ξXQ

can be excluded in favor of the true hypothesis. Hence,
for each fixed value of ξXP we perform a test against
the C-violating case using a fixed ξXQ. The test statis-

tic is Λ = log[maxLXP (ξ̂XP )/L(ξXQ)], where the 0XQ

hypothesis is simple (fixed ξXQ) and L(ξXP ) is profiled
“experiment-by-experiment”. The test is repeated over
a matrix of values for ξXP and ξXQ. Next, we switch
the roles of the hypotheses to assess the significance for
excluding given values of ξXP in favor of ξXQ != 0. The
results are shown in Fig. 42. The color-coded z-“axis” is
the median of the significance for ruling out the hypoth-
esis H0 with the value of ξH0 given on the y-axis in favor
of the H1 hypothesis with ξH1 != 0, assumed to be correct
for ξH1 -values chosen on the x-axis.

The similarities between the C- and CP - mixed scalars
are reflected in the y↔x symmetries of Figs. 42. More-
over, switching the roles of the two hypotheses (compar-
ing the figures on the left with those on the right) one

how small an admixture can I exclude 
when in fact it is an SM Higgs?

how large does the admixture have to be 
before I will be able to exclude the SM?
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0+ versus any possible spin 1 look-alike
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FIG. 45: Left: significance for excluding values of ξXY in fa-
vor of a pointlike 0+ (ξXY =0), assumed to be correct. Right:
significance for excluding a pointlike 0+ in favor of a “com-
posite” one (ξXY != 0), assumed correct for the ξXY values
on the x-axis, for mH=145, 200 and 350 GeV/c2 (top, middle
and bottom) and NS=50.

F. 0+ vs. general J=1

In Sec. VIIB we discussed the prospects for distin-
guishing a 0+ from the two pure JPC spin-one objects,
vector and axial-vector. Here, we address a more general
question: how well can one distinguish between 0+ and
the general family of J=1 states?

The most general vertex describing the coupling of
a J=1 particle a Z pair can be parametrized, for non-
vanishing X, P , and Q, as:

Lρµα∝ cos ξ (gρµpα1+gραpµ2 ) + eiδsin ξ ερµα(p1−p2),(32)
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FIG. 46: The median of the significance (colored-labeled z-
“axis”) for excluding values of ξXP (y-axis) in favor of the
composite scalar assuming it to be correct with the ξXY values
of the x-axis, for mH=145, 200 and 350 GeV/c2 (top, middle
and bottom) and NS=50.

in terms of two mixing angles ξ and δ.
The mixing between the pure vector and axial cou-

plings is described by ξ, while δ parametrizes the mixing
between the CP - and C-violating parts of the interfer-
ence term in the matrix element squared. In order to
quantify the significance at which one can distinguish
between the 0+ hypothesis and the general J=1 case, we
consider two different types of tests, which answer two
similar questions.

Assuming a 0+ resonance to be the correct choice, we
determine the significance with which can we exclude val-
ues of ξ and δ for a J=1 hypothesis. We perform a series
of simple hypothesis tests, for each set of fixed values ξ
and δ, between the two hypotheses: the test statistic is
Λ = log[L(0+)/L(ξ, δ)]. The results, as a function of ξ for
δ=π/2 and mH=350 GeV/c2, are shown in Fig. 47. The
points ξ=0 and |ξ|=π/2 correspond to the pure vector
and pure axial-vector limits, respectively, and are consis-
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FIG. 47: Significance for excluding values of ξ, for δ=π/2, in
the general J=1 hypothesis [dubbed 1PC(ξδ)] in favor of the
0+ one, assumed to be correct. Results for mH=350 GeV/c2

and NS=50. The dashed line is the median of the significance.
The 1 and 2 σ bands correspond to 68% and 95% median-
centered confidence intervals.

tent with Figs. 22 and 23 on these pure cases.

Assuming a J=1 resonance with given ξ and δ to be
the correct choice, we determine the significance with
which we can exclude the 0+ case in favor of J=1. We
have to treat ξ and δ as nuisance parameters, since we
are considering the general J=1 case. The statistic is
log[maxL(ξ̂, δ̂)/L(0+)]. The results, as functions of ξ for
δ=π/4 and mH=200 GeV/c2, are given in Fig. 48, which
shows that one can potentially exclude the 0+ hypothesis
without knowing the actual values of ξ and δ. Prospects
for measuring these angles are discussed in Sec. VIIG.

In Fig 49 we show the significance for the distinction
between the 0+ and the general J=1 cases, as a func-
tion of ξ and δ, for mH=145, 200, and 350 GeV/c2. No-
tice that the significance levels colour-coded as a z-“axis”
range over a small interval. This means that the entire
J=1 family is almost “equally dissimilar” to 0+. In gen-
eral, one’s ability to exclude J=1 relative to 0+ is greater
than its opposite, due to the required treatment of ξ and
δ as nuisance parameters, although the differences are rel-
atively small in magnitude and in ξ- and δ-dependence.

The fact that the significance plane as a function of
ξ and δ is relatively flat means that, with some mH -
dependent amount of observed events, one shall be able
to unambiguously exclude the general J=1 hypothesis in
favor of the 0+ case (assuming it to be correct) or vice-
versa, regardless of the values of ξ and δ. Using the pure
JPC hypothesis test as a guide, we conclude that the
median expectation for differentiating between 0+ and
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FIG. 48: Significance for excluding the 0+ hypothesis in favor
of the general J=1 case [dubbed 1PC(ξδ)], assumed correct for
ξ as in the x-axis and δ=π/4. Results for mH=200 GeV/c2

and NS=50. The dashed line and bands are as in Fig. 47.
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FIG. 49: Left: Median of the significance (coloured z-“axis”)
for excluding values of ξ and δ corresponding to a J=1 hy-
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FIG. 47: Significance for excluding values of ξ, for δ=π/2, in
the general J=1 hypothesis [dubbed 1PC(ξδ)] in favor of the
0+ one, assumed to be correct. Results for mH=350 GeV/c2

and NS=50. The dashed line is the median of the significance.
The 1 and 2 σ bands correspond to 68% and 95% median-
centered confidence intervals.

tent with Figs. 22 and 23 on these pure cases.

Assuming a J=1 resonance with given ξ and δ to be
the correct choice, we determine the significance with
which we can exclude the 0+ case in favor of J=1. We
have to treat ξ and δ as nuisance parameters, since we
are considering the general J=1 case. The statistic is
log[maxL(ξ̂, δ̂)/L(0+)]. The results, as functions of ξ for
δ=π/4 and mH=200 GeV/c2, are given in Fig. 48, which
shows that one can potentially exclude the 0+ hypothesis
without knowing the actual values of ξ and δ. Prospects
for measuring these angles are discussed in Sec. VIIG.

In Fig 49 we show the significance for the distinction
between the 0+ and the general J=1 cases, as a func-
tion of ξ and δ, for mH=145, 200, and 350 GeV/c2. No-
tice that the significance levels colour-coded as a z-“axis”
range over a small interval. This means that the entire
J=1 family is almost “equally dissimilar” to 0+. In gen-
eral, one’s ability to exclude J=1 relative to 0+ is greater
than its opposite, due to the required treatment of ξ and
δ as nuisance parameters, although the differences are rel-
atively small in magnitude and in ξ- and δ-dependence.

The fact that the significance plane as a function of
ξ and δ is relatively flat means that, with some mH -
dependent amount of observed events, one shall be able
to unambiguously exclude the general J=1 hypothesis in
favor of the 0+ case (assuming it to be correct) or vice-
versa, regardless of the values of ξ and δ. Using the pure
JPC hypothesis test as a guide, we conclude that the
median expectation for differentiating between 0+ and
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FIG. 48: Significance for excluding the 0+ hypothesis in favor
of the general J=1 case [dubbed 1PC(ξδ)], assumed correct for
ξ as in the x-axis and δ=π/4. Results for mH=200 GeV/c2

and NS=50. The dashed line and bands are as in Fig. 47.
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FIG. 49: Left: Median of the significance (coloured z-“axis”)
for excluding values of ξ and δ corresponding to a J=1 hy-
pothesis [dubbed 1PC(ξδ)] in favor of 0+, if the latter is correct.
Right: vice-versa, with values of ξ and δ indicated on the axes.
Results for mH=145, 200 and 350 GeV/c2 (top, middle and
bottom), for NS=50.

how well do I exclude arbitrary spin 1 
when in fact I have a SM Higgs?

how well do I exclude an SM Higgs when 
in fact I have some arbitrary spin 1?

for SM Higgs masses (145, 200, 350) GeV we can exclude the 
general spin 1 hypothesis at 5 sigma with (60, 200, 85) signal events
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discriminating Higgs look-alikes 
at the moment of discovery

• number of signal events required for (median) 3 sigma discrimination:

33

A. Summary of pure case discrimination

Amongst the many comparisons considered in our
analysis, the ones between simple hypotheses are the
most readily summarized. This we do in Tables I,II for
mH=145 GeV/c2 for all pure-case comparisons between
J=0, 1 parent particles, and in Tables III,IV (V,VI) for
mH=200 (350) GeV/c2, for all pure-case comparisons be-
tween J=0, 1, 2 parent particles.

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+

0+ – 17 12 16

0− 14 – 11 17

1− 11 11 – 35

1+ 17 18 34 –

TABLE I: Minimum number of observed events such that the
median significance for rejecting H0 in favor of the hypothesis
H1 (assuming H1 is right) exceeds 3σ with mH=145 GeV/c2.

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+

0+ – 52 37 50

0− 44 – 34 54

1− 33 32 – 112

1+ 54 55 109 –

TABLE II: Same as Table I, but requiring that the median
significance exceeds 5σ.

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+ 2+

0+ – 24 45 62 86

0− 19 – 19 19 38

1− 40 18 – 90 48

1+ 56 19 85 – 66

2+ 86 45 54 70 –

TABLE III: Minimum number of observed events such that
the median significance for rejecting H0 in favor of the hy-
pothesis H1 (assuming H1 is right) exceeds 3σ with mH=200
GeV/c2.

Overall, the discrimination power of the hypothesis
tests is very impressive. The mH=200 GeV/c2 bench-
mark example is the one requiring the largest statistics to
reach a given discrimination at a given level of confidence.
Compared with the mH=350 GeV/c2 case, this is be-
cause various coefficients of the angular dependences van-
ish at the mH=2MZ threshold. The mH=145 GeV/c2

example fares better than the 200 GeV/c2 one for the
same reason, amplified by the extra lever-arm supplied
by a non-trivial MZ∗ distribution.

The tables also show that the discriminating power be-
tween two given hypotheses is approximately symmetric
under the interchange of ‘right’ and ‘wrong’. Telling 1+

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+ 2+

0+ – 76 146 203 287

0− 59 – 60 61 123

1− 130 57 – 297 156

1+ 182 58 278 – 217

2+ 287 146 178 230 –

TABLE IV: Same as Table III, but requiring that the median
significance exceeds 5σ.

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+ 2+

0+ – 8 21 24 11

0− 9 – 22 22 36

1− 24 22 – 81 46

1+ 26 22 80 – 56

2+ 15 39 55 73 –

TABLE V: Minimum number of observed events such that the
median significance for rejecting H0 in favor of the hypothesis
H1 (assuming H1 is right) exceeds 3σ with mH=350 GeV/c2.

from 1− is always difficult but not impossible, a fact of
relevance for a Z ′ look-alike analysis. The level of signif-
icance does not obey a näıve N(σ) ∝

√
NS law. However

we find by inspection that an approximation of the form
N(σ) = a+b

√
NS works well, allowing one to extrapolate

to larger numbers of events than presented here.
Other lessons from the tables are case-by-case specific,

reflecting the mass-dependent quantum-mechanical en-
tanglement between the decay variables. Some examples
are: distinguishing the ‘natural-parity’ J=0+ and 1− hy-
potheses for mH=145 GeV/c2 requires only a dozen sig-
nal events for 3σ discrimination. For 200 GeV/c2, dis-
criminating 0+ from 0− is relatively easy, but distinguish-
ing 0+ from 2+ is difficult. For 350 GeV/c2, contrariwise,
2+ is relatively easy to disentangle from 0+, but not from
0−.

B. Summary of mixed cases, CP and
compositeness discrimination

We find that direct sensitivity to CP odd, parity odd
XP interference effects, or to CP odd, parity even XQ

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+ 2+

0+ – 25 67 77 35

0− 26 – 68 68 118

1− 76 68 – 268 149

1+ 83 68 263 – 184

2+ 46 127 181 240 –

TABLE VI: Same as Table V, but requiring that the median
significance exceeds 5σ.
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The importance of using all the information
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in the matrix element squared for the 1+ resonance.
ref eqs in appendix. The presence of these types of
terms can be understood as follows: When the vector
resonance has spin component jz = +1 it implies that
either Z2 has jz = +1 and Z1 has jz = 0 or that Z2

has jz = 0 and Z1 has jz = −1 (recalling that the z-axis
for Z1 is in the opposite direction from that of Z2). The
first of these two possibilities gives a piece in the matrix
element like m2 sin θ1(1 + σ2 cos θ2), where σ2 is twice
the helicity of the final state muon. The second possibil-
ity contributes a piece like m1 sin θ2(1 − σ1 cos θ1). This
angular dependence follows from the Wigner d-functions
d1
11, d1

10, etc. As a result the matrix element squared has
a piece proportional to

m2
2 sin2 θ1 cos2 θ2 + m2

1 sin2 θ2 cos2 θ1 = (27)

m2
2 sin2 θ1 + m2

1 sin2 θ2 − (m2
1 + m2

2) sin2 θ1 sin2 θ2 (28)

I took this discussion from Joe’s HLL posting
on the topic. Perhaps someone else wants to
rewrite this.

This effect contributes to the ability to discriminate
between J = 1 and J = 0 models.
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FIG. 32: Distributions after reconstruction of the variables
cos θ1 (left) and cos θ2 (right), φ for 0+, 1− and 1+ resonances
with mass 145 GeV/c2. All distributions are normalized to
have an integral of 1.

Fig. 33 compares the ability to discriminate between
the 0+ and 1−1 hypotheses for different constructions
of the likelihood, using different variables. The obvious
qualitative conclusion is that likelihoods containing the
most information have the best performance. Quantita-
tively, one can gauge the relative discriminating power of
different variable combinations.

One important observation concerns the likelihood
construction labeled P (#ω| < #Ω >TH). This corresponds
to the case where the likelihood for 1− is derived from
a differential cross section where the dependence on the
variables #Ω = {Φ, cosΘ} has been analytically integrated
out of the matrix element squared. This approximation
is consistent with the assumption that the probability

of final state muons passing the analysis acceptance re-
quirements (pµ

T and ηµ requirements) is independent of
the angles Ω, essentially assuming 4π angular acceptance
in the experiment. The left-most plot of Fig. 33 demon-
strates that this is not a good assumption in the case of
this analysis, showing that there is an appreciable dif-
ference between likelihoods P (#ω| < #Ω >TH) and P (#ω),
which differ only in this assumption. The primary reason
for this difference is due to the strong correlation between
the variables Φ and φ for J = 1 hypotheses in the dif-
ferential cross-section, which causes detector shaping of
the Φ distribution to significantly alter the φ distribu-
tion. This effect is discussed in more detail in Sec.cite
detector section.
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FIG. 33: Median expected significance for rejecting the 1−

hypothesis in favor of the 0+ hypothesis, assuming nature is
0+, for different likelihood constructions used in the likelihood
ratio test statistic. P (a1, · · · , aN ) denotes N-dimensional like-
lihoods including the variables {a1, · · · , aN}, including corre-
lations.

Q

i P (Xi) denotes likelihoods constructed from 1-
dimensional likelihoods for all of the possible discriminating
variables that discriminate between the two hypotheses, ig-
noring correlations. P (#ω| < #Ω >TH) denotes 3-dimensional
likelihoods including the variables #ω = {φ, cos θ1, cos θ2}, in-
cluding correlations, where hypothesis 1+ is represented by
a PDF resulting from a model where the variables #Ω =
{Φ, cosΘ} are integrated out of the differential cross section.

The expected significance for discriminating between
the 0+ and 1− (1+) hypotheses, as a function of the num-
ber of observed signal events, is summarized in Fig. ??
(Fig. ??) for mH = 145, 200 and 350 GeV/c2. For
these tests the variables #Ω, #ω (and MZ∗ , when applicable)
along with their correlations were used in the likelihood
construction. As was the case for discrimination between
J = 0 hypotheses, one generally finds that one’s ability
to distinguish between theses models increases with mH ,
with the exception for cases where mH < 2MZ when the
additional MZ∗ variable becomes especially relevant and
the ’flip’ in the cos θ1 distribution for J = 1 resonances
provides additional discrimination. The ability to distin-
guish 0+ vs. 1− and 0+ vs. 1+ is similar, with slightly
better discrimination in the 1− case.

All angles+correlations

All angles, no correlations

Just the                             
angles 

Same as above, and integrating 
over the                 angles 

ZZ→ µ−µ+e−e+

θ1, θ2, φ

Θ, Φh→ ZZ
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The importance of using all the information

• Should also put the production information back in             
(how to handle the uncertainties?)

• Should also use NLO to compute the likelihoods                           
(do these calculations exist for all the possible look-alikes?)

• Should also include the other possible decay channels!

we have to measure other decay modes to determine 
the electroweak properties of the putative Higgs
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Higgs electroweak look-alikes

• OK so you discovered a neutral resonance and used the first 20 
events in the ZZ golden mode to exclude higher spins, large CP 
admixtures, etc.

• But is this particle the SM Higgs of electroweak symmetry breaking?

• Can we pin down the electroweak properties of the neutral resonance 
by measuring its branching fractions into electroweak vector bosons?

• what look-alikes should we worry about?

• do we need to measure all four branching fractions?

h→W+W−, ZZ, γγ, Zγ
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Higgs electroweak look-alikes

• Can do a general analysis making one additional assumption: the 
look-alike electroweak sector still respects custodial symmetry

• Thus the only look-alikes we have to worry about transform like 
some                   under the global                                of which 
custodial               is the diagonal remnant after EWSB

 Go to Ian Lowʼs talk this afternoon!!

h→W+W−, ZZ, γγ, Zγ

(NL, NR) SU(2)L × SU(2)R
SU(2)C
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what look-alikes should we worry about?

•                   an electroweak singlet with dimension 5 couplings to VV

•                   the SM case

•                   the custodial symmetry preserving combination of a real 
and a complex               triplet

•                   some weird thing nobody bothers to talk about

 In the last three cases we have dimension 4 
couplings to WW and ZZ

h→W+W−, ZZ, γγ, Zγ

SU(2)L

(1L, 1R)

(2L, 2R)

(3L, 3R)

(4L, 4R)
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do we need to measure all four branching fractions?

h→W+W−, ZZ, γγ, Zγ

 Yes
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what happens if you have violations of the 
custodial symmetry in the “Higgs” sector?

• This is more complicated...

• But there is a general analysis for the case of the MSSM

• Here you have to consider all operators up to dimension 6

 See the slides from Jose Zuritaʼs talk yesterday!!
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what happens if you have violations of the 
custodial symmetry in the “Higgs” sector?

• There are generically violations of custodial symmetry at 
both tree level and loop level (and perhaps cancellations)

• There are also generic custodial-preserving effects that, e.g. 
raise the Higgs mass

• At NLO, Kähler potential only: 

Custodially violating  (treel level) : 

Custodially preserving (tree level) : 

 Plus SUSY breaking terms obtained by multiplication by spurion, with new coefficients 

• EFT coefficients can be essentially arbitrary, if UV theory complicated enough 
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Diphoton channel

Excluded by LEP

Excluded by Tevatron

Tevatron upgrade

Allowed
• Enhancements   

for large           .          tanβ

Sunday, May 9, 2010

gg → h/H →W+W−

σmodel(gg → h)
σSM (gg → h)

"
(

gmodel
ggh

gSM
ggh

)2

≡
Γmodel

h→gg

ΓSM
h→gg

Excluded by LEP

Excluded by Tevatron

Tevatron upgrade

Allowed

Sunday, May 9, 2010

large differences in the branching fractions to VV,
compared to the MSSM or SM
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also changes the bounds from LEP and 
Tevatron Higgs searchesLightest Higgs mass

Excluded by LEP

Excluded by Tevatron

Tevatron upgrade

Allowed

10 fb−1 + 50% efficiency in bb̄, WW

P. Draper, T.Liu, C. Wagner (2009)MSSM: 

Sunday, May 9, 2010
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Conclusion

• The LHC will (we hope) discover Higgs-like resonances

• We have powerful tools to figure out the identity of what we find

• Most of this does not require 1 ab-1 or an ILC, but it will require     
(i) more work to get ready, (ii) multi-channel searches, (iii) luck
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