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Overview
• Motivation

• General Formalism

•  Spin Density Matrix

• Permutation of Identical Leptons

• Effective Field Theory 

• (All plots shown come from CMS-PAS-HIG-25-011) 
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Motivation

• Small anomalous couplings to vector bosons permitted. 

• Certain previous analyses performed by CMS assume 
HZ𝛾∗/H𝛾∗𝛾∗couplings are constrained to 0 [CMS-HIG-
19-009/arXiv:2104.12152]. 

• Can leverage clean reconstruction of H → 4ℓ final state. 
• Full incorporation of detector effects with 

anomalous couplings.

• Can study 𝐻 → ZZ	qutrit system to probe conditions 
for entanglement.
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General Formalism
• Most general Lorentz-Invariant Higgs to Vector Vector Amplitude: 

SM à	𝑎!= "#!
"

##
" CP-Even CP-Odd

• Two strategies within this analysis: 

• EFT Approach: Assume new physics at high mass scale  Λ, expand A(HVV) in $
"

%"
.

• Preserve SU(2)	×	U(1). 

• Polarization approach: Parameterize polarization density matrix in terms of longitudinal and transverse 
components in HZZ decay. 
• Integrate over 𝑞!", 𝑞"" (masses of mediating vector bosons). 
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violation of a Bell-type inequality [34–40]. A search for CP violation in the polarization of
the Z bosons is conducted. Moreover, quantum mechanical interference is tested through the
permutation of identical leptons.

2 Spin correlations in Higgs boson decays

The analysis of the H ! V1V2 ! 4` decay process, with V
i
= Z or g, can begin by considering

the most general Lorentz-invariant amplitude that describes the HV1V2 interaction:
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where v is the vacuum expectation value, ei and qi are the polarization and momentum four-
vectors of the two spin-one bosons V

i
, and q = q1 + q1. The conventions e0123 = +1 and

(qµ
i
) = (Ei,~qi) are used. The three form factors, ai(q

2
1, q

2
2) = ai(m

2
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2
2), represent the most

general parameterization allowed by the presence of three Lorentz-invariant tensor structures.
Any additional contribution can be fully expressed in terms of these existing structures. The
decay V

i
! `+`� can be treated as SM-like, as the couplings and kinematic distributions for

both the g and the Z have been thoroughly tested experimentally with much greater precision
than those of the H boson.

The form-factors a
V1V2
1 , a

V1V2
2 , and a

V1V2
3 play a crucial role in all of our studies. These are

dynamic quantities which generally depend on the masses of the virtual vector bosons V1 and
V2. The a

V1V2
3 terms introduces a CP-odd contribution to the decay amplitude, while the a

V1V2
2

term contributes a purely longitudinal CP-even contribution to the polarization of V1 and V2.
In the SM HZZ vertex, a1 = 2m

2
Z/m

2
H is CP-even and leads to both transverse and longitudinal

polarization components, where, by convention, we will omit the label for V1V2 = ZZ. The
HZg and Hgg couplings, as well as a2 and a3, can arise only from physics beyond the SM (BSM)
or from small loop-induced corrections within the SM. However, the latter remain beyond the
reach of current experimental sensitivity, as their CP-even contribution to the H ! 4` decay is
approximately 1% [33], with the CP-odd component being negligible.

The complete study of the H ! V1V2 ! 4` process would involve determining all form factors
a1, a2, and a3 in Eq. (1) as momentum-dependent quantities. However, this is not feasible with
the current number of H ! 4` events detected at the LHC. Therefore, in the following analyses,
we explore the kinematic distributions within two distinct frameworks, each based on specific
assumptions regarding deviations from the SM, which limit the number of free parameters
under consideration.

One of these is the Effective Field Theory approach, which assumes that physics beyond the SM
exists at a high energy scale L that lies beyond the direct reach of current experiments. In this
scenario, new physics is assumed to be heavy and manifests only through effective modifica-
tions to couplings of the Higgs boson to vector bosons and other particles. The corresponding
amplitude A(HV1V2) in Eq. (1) takes on a specific form in this framework, as detailed in the
following subsection. Additionally, we implement another approach in which we investigate
modifications to the polarizations of the two Z bosons in the H ! ZZ ! 4` decay. This
approach is entirely empirical: we modify the form factors ai in Eq. (1) to model specific polar-
ization states of the Z bosons and then fit the parameters of the polarization density matrix in
the H ! ZZ decay.



Kinematic Discriminants

2 Classes of Matrix Element Observable:

• Clean reconstruction in H → 4ℓ final state allows for use of matrix-element-based observables. 

• Use JHUGenMELA to generate observables. 

𝐷!"# =
$!"# %

$!"# % &$$%& %

𝐷'(# =
𝑃)(# Ω
𝑃*+ Ω

𝐷&'(  optimal in the EFT limit for any 
anomalous coupling.  

𝐷!"# =
𝑃$%& Ω

𝑃$%& Ω + 𝑃!"# Ω 𝐷%! =
𝑃)*∗%! Ω
𝑃,- Ω

*all discriminant projections 
have a cut of 𝐷./0 	> 	0.6
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Polarization Measurements 

6

notation is defined in the (e+e�)(µ+µ�) final state, all four-lepton final states are included in
the polarization measurements.

It is convenient to express the transverse polarization amplitudes in terms of the CP-even com-
ponent Ak and the CP-odd component A?, and to relate these, along with the longitudinal
polarization amplitude A00, to Eq. (1) as follows [47]:
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The six remaining Al1l2
are equal to zero due to the conservation of angular momentum in the

decay of a spin-zero H boson.

The determination of the amplitudes Al1l2
has traditionally been an important aspect of study-

ing the decay of spin-zero particles into two vector particles, for instance, in analyses of B me-
son decays into spin-one or tensor mesons [48, 49]. The polarization analysis of the H boson
decays has attracted limited attention so far, primarily because the amplitudes Al1l2

do not
have fixed values: they depend on the varying masses of the off-shell Z1 and Z2 bosons. In
the H ! ZZ decay, at least one of the Z bosons must be significantly off-shell, leading to
considerable variation in the decay amplitudes. Nevertheless, examining the average polariza-
tion states and their interference offers valuable insight into the underlying interactions, with
potential BSM effects manifesting as deviations from SM predictions.

As shown in Eqs. (10–12), each of the three amplitudes exhibits a distinct dependence on the
masses, which complicates the description of the overall ZZ quantum state. The coherence
between different ZZ spin polarization states is encoded in the polarization density matrix
rl1l2,l3l4

, which is a 9 ⇥ 9 matrix. However, only 9 of its elements are non-zero for the spin-
zero H boson decay. The diagonal elements describe probabilities of the ZZ system being in
each spin polarization state, while the off-diagonal elements describe quantum interference
between different spin polarization states. The mass dependence is averaged over the proba-
bility density P(m1, m2) in the H ! ZZ ! (e+e�)(µ+µ�) decay, leading to evaluation of the
polarization density matrix as

r =
Z

dm1dm2 P(m1, m2)
|A++|2 + |A00|2 + |A��|2
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CCCCCCCCCCCCA

(13)

The central element of the r matrix represents the average fraction of the longitudinal polariza-

• Can describe H → ZZ system as “qutrit” in terms of 
helicity amplitudes. 

• 𝐴11: Amplitude of longitudinal polarization.

• 𝐴22: 	CP − even	transverse	polarization	amplitude.

• 𝐴33: 	CP − odd	transverse	polarization	amplitude.

• Polarization defined in 2e2µ channel. 
• Relate 4e/4µ through amplitude. 

• Integrate over 𝑚!, 𝑚". 
• Assume SM mass spectrum.
• Avoid dependence on mass. 
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tion state

fL =
Z

dm1dm2 P(m1, m2)
|A00|2

|A++|2 + |A��|2 + |A00|2
. (14)

It is also convenient to define the average fractions of CP-odd and CP-even transverse polariza-
tion states as f? and fk, similarly to Eq. (14), but with A? and Ak appearing in the numerator
instead of A00. Given that ( fL + f? + fk) = 1, it is sufficient to define

f? =
Z

dm1dm2 P(m1, m2)
|A?|2

|A++|2 + |A��|2 + |A00|2
, (15)

which can also be evaluated from the elements of the r matrix.

We analyze the H ! ZZ average polarization states using two complementary approaches. In
the first approach, we perform the angular analysis of the H ! ZZ ! 4` decay to constrain
the spin polarization states characterized by the parameters fL and f?. This enables a test for
the presence of CP violation in the HZZ interactions, provided that f? deviates from zero. In
this approach, we do not probe the coherence between different ZZ spin polarization states.
Instead, we assume that the distribution of these states remains close to the SM prediction
P(m1, m2), consistent with the observed average mass distributions. This allows for substantial
overlap between the transverse and longitudinal polarization states, and consequently, sizable
interference effects.

In the second approach, we set f? = 0, thereby assuming conservation of CP symmetry in the
HZZ interactions. Given that no CP violation has been observed in any H boson interactions
to date [11–21, 23–28, 30, 31, 50], we assume CP conservation in pursuing the first complete
determination of the polarization density matrix. In this scenario, all elements of the polariza-
tion density matrix in Eq. (13) are real with A++ = A��, leaving only two independent real
parameters to be determined in experiment. The first parameter is fL, and we define the other
as a coherence parameter Ck to quantify the interference between the longitudinal and CP-even
transverse polarization states:

�Ck

q
fL(1 � fL) =

Z
dm1dm2 P(m1, m2)

Ak(m1, m2)A00(m1, m2)

|Ak|2 + |A00|2
, (16)

where the sign convention is chosen such that the coherence parameter Ck is positive in the
SM. By definition, Ck is constrained to lie within the range �1 and +1. In the SM, f

SM
? = 0,

f
SM
L

= 0.61, and C
SM
k = 0.91, reflecting the fact that the longitudinal and CP-even transverse

amplitudes are similar in magnitude, have opposite signs, and significantly overlap in mass,
as evident from Eqs. (10) and (11). The values Ck = ±1 represent complete coherence between
the A00 and Ak amplitudes when they entirely overlap in mass while sharing identical mass
distributions.

With the two parameters fL and Ck defined in Eqs. (14) and (16), and under the assumption of
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With the two parameters fL and Ck defined in Eqs. (14) and (16), and under the assumption of

Fractions of longitudinal and transverse polarization  

= 0.61 in SM.

= 0 in SM.
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Polarization Measurements 
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• Additional approach, assume CP-conservation, enforce 𝑓4 = 0.

• 𝐶∥: Coherence parameter quantifying interference b/n CP-even longitudinal and transverse states.
• 0.91 in SM. 
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CP symmetry conservation, the polarization density matrix is expressed as follows:

r =

0

BBBBBBBBBBBBB@

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 (1 � fL)/2 0 �Ck

p
fL(1 � fL)/2 0 (1 � fL)/2 0 0

0 0 0 0 0 0 0 0 0
0 0 �Ck

p
fL(1 � fL)/2 0 fL 0 �Ck

p
fL(1 � fL)/2 0 0

0 0 0 0 0 0 0 0 0
0 0 (1 � fL)/2 0 �Ck

p
fL(1 � fL)/2 0 (1 � fL)/2 0 0

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

1

CCCCCCCCCCCCCA

(17)
The simultaneous determination of the two parameters fL and Ck, and thus the full determina-
tion of the matrix in Eq. (17), is the goal of the second approach.

2.3 Angular decay distributions

The angular distributions can be expressed as a function of three angular observables ~x =
(q1, q2, F), where F represents the angle between the two decay planes of the Z bosons, while
q1 and q2 are two helicity angles in the Z boson decays [46, 47]. The diagram illustrating these
kinematic observables is shown in Fig. 1. The angles q⇤ and F1 are defined in the decay of the H
boson with respect to production axes and are therefore uniformly distributed for a spin-zero
state.

Figure 1: The diagram depicting the decay of the H boson gg ! H ! VV ! 4`. The incoming
particles are represented in brown, the intermediate vector bosons and their fermion decay
products in green, the H boson in red, and the angles in blue. The angles are defined in the
respective rest frames of the particles [46, 47].

After integration over the masses, as indicated in Eqs. (14) and (16), and enforcing CP symme-
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Polarization Measurements 
Kinematics impacted, but mass distributions 
remain unchanged.

Fit incorporates all angular observables + 𝐷./0. 
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Polarization Measurements: Results 

𝑓6 , 𝑓4 agree with SM within ~1	𝜎.
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𝑓6’ =
𝑓6

1 − 𝑓4
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Testing Conditions for Quantum Entanglement

• Can test conditions for violation of GCLMP (Bell-Type) inequality. 

• 𝐼7:	linear combination of density matrix elements. For more details, see [Aguilar-Saavedra et. al: 
arXiv:2209.13441].
• Assuming no CP violation, 𝐼7 > 2 →	GCLMP inequality violated.

• Find < 	2	𝜎 deviation from standard model.  
Nicholas Pinto - Phenomenology 2026 Symposium
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Permutation of Leptons
• In H → 4e	/	4𝜇: 𝑍!, 𝑍" are indistinguishable. Implies entanglement between the two. 

• 𝐴𝑚𝑝" ∝ |𝐻 → 𝑍!𝑍" → 𝜇!2, 𝜇"3 (𝜇72, 𝜇83) + 𝐻 → 𝑍!’𝑍"’ → 𝜇72, 𝜇"3 (𝜇!2, 𝜇83)|".

•  Kinematics are sensitive to interference effects:
• Use MELA tools to “turn off” interference (No Permutation), compare to SM.

=
𝑃9: Ω
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Permutation of Leptons
• Performed hypothesis test performed between SM and NP. 

• Exclude NP at 2.7σ.

28

Table 4: The observed and average expected values of the p-value and the associated Z-score
are shown for a model with no permutation of identical leptons (NP) in the decay H ! ZZ !
4` tested against the SM.

Model Observed Expected
p-value Z-score p-value Z-score

NP 3.4 ⇥ 10�3 2.7 2.8 ⇥ 10�2 1.9
SM 0.21 0.8 0.5 0

6.5 Implications for quantum entanglement and Bell-type inequalities

The test for quantum entanglement and conditions for violation of the Bell-type inequality can
be performed under assumption of CP conservation, that is f? = 0. We consider two scenarios.
In one approach (Ck constrained), we consider the values of Ck shown as dotted and dot-dashed
lines in Fig. 12, that is assuming that (m1, m2) distributions for transverse and longitudinal
amplitudes overlap substantially. In the second approach (Ck unconstrained), we perform an
interpretation without such a constraint, using full two-dimensional constraints in the ( fL, Ck)
plane shown in Fig. 12. As discussed in Section 2.4, we cannot directly demonstrate non-locality
or distinguishing entanglement from non-entanglement in our experiment. However, we can
test if conditions exist for those measurements.

There is a unique I3 value associated with every ( fL, Ck) coordinate in Fig. 12, and the I3 values
are bounded in the range �0.23 < I3 < 2.88. When the Ck are constrained to the dotted and
dot-dashed lines in Fig. 12, the I3 values are further bounded within �0.09 < I3 < 2.77. The
likelihood value at each point ( fL, Ck) in Fig. 12 can be projected onto the I3 parameter, and
the corresponding constraints are presented in Fig. 15 in both scenarios. This interpretation of
the data is presented in Table 5. In Fig. 15, the likelihood scan of I3 in the scenario where Ck is

Figure 12: The observed (left) and expected (right) likelihood scans in the ( fL, Ck) parameter
plane. The yellow point, corresponding to fL = 0.61 and Ck = 0.91, represents the SM. The
dotted line passing through the SM point indicates the values of Ck associated with a model
of smoothly interpolated amplitudes between different fL values resulting in strong coherence
between the transverse and longitudinal amplitudes. The dot-dashed line shows the corre-
sponding values for negative Ck. The grey curve represents the case I3 = 2, with points above
this curve corresponding to I3 > 2, while points below correspond to I3 < 2.
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Effective Field Theory: Strategy
• Simultaneous fit of 7 independent + 1 dependent anomalous couplings in H → 4ℓ decay: 

4

2.1 Effective field theory

In the EFT approach, we start with the HVV scattering amplitude in Eq. (1) and expand the
form factors ai(q

2
1, q

2
2) to first order in q

2
i
/L2, assuming q

2
i
/L2 ⌧ 1. The amplitude is parame-

terized by [33]
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By symmetry we have kZZ
1 = kZZ

2 , and kgg
1 = kgg

2 = kZg
1 = 0, while kZg

2 may contribute.

The equivalent Lagrangian for H boson interactions with gauge bosons (in the mass eigenstate
parameterization) reads [41]
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where e
2 = 4pa and sw =

p
1 � c2

w is the sine of the weak mixing angle. There is a unique
relationship between the coefficients in Eq. (3) and the anomalous couplings in Eq. (2):
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The Lagrangian for H boson interactions with gauge bosons can be written in the Warsaw
basis [42] which preserves the SU(2)⇥ U(1) symmetry of SMEFT [43, 44]. The relationship
between operators in the Warsaw basis and the mass-eigenstate basis can be found in Ref. [33].
The results in this note, however, are not presented in terms of the Warsaw basis.

Equivalently, this SU(2)⇥ U(1) symmetry can be introduced to relate the above couplings [41],
reducing the number of independent couplings in Eq. (4) to eight, with the relationship given by:
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In a single decay channel of the H boson, it is not possible to directly constrain all EFT couplings
without making additional assumptions. This is because the production cross section and total
width of the H boson, Gtot, depend on more couplings than there are available experimental
constraints in analysis of H ! 4` decay. Consequently, the constraints on individual couplings

• Report 7 𝑓;& =
;$ "<$

=% ;%
"<%

𝑠𝑖𝑔𝑛 ;$
;&

.

• Absorbs Γ> ,	production couplings.
• Systematic effects cancel in the ratio. 

• Dedicated simulation of all anomalous couplings.
• Fully incorporates detector / reconstruction effects. 

• SU(2)	×	U(1)	 (SMEFT) relations enforced at the template 
level.  

• Construct a 7D Histogram of EFT observables.
• Dimensionality is reduced with minimal loss using MiLoMerge, see talk by Mohit Srivastav.   
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Effective Field Theory: Observables

Sensitive to 
CP-Violation
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Effective Field Theory: Results
• Perform maximum-likelihood scan of all 7 anomalous couplings. 

• Scans performed with all other AC simultaneously floated (blue), and all other AC 
fixed (red). 

• Dashed = Expectation from Monte Carlo. 
• Solid = Observation from CMS Data. 
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Effective Field Theory: Results
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Summary
• Performed interpretation of spin correlations in 𝐻 → 4ℓ decay channel in various contexts. 

• Set constraints on 7 anomalous HVV couplings in the context of SMEFT, floating all simultaneously. 

• Tested conditions for quantum entanglement in multiple ways: 
• Permutation of leptons, GCLMP inequality generally agree with standard model. 

•  Measured polarization fractions, introducing no assumptions about the mass distribution of the Z boson 
mediators. 
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Backup: Numeric EFT Results
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~f
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