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Introduction
• Run I showed the Higgs boson is broadly SM-like

• How can we constrain the CP-properties of the Higgs?



Introduction

• Higgs an even eigenstate of CP in the SM

• Many BSM theories include CP-odd scalars (pseudoscalars)

• Or have CP-violation in the Higgs sector

• Physical Higgs then not an eigenstate of CP

Don’t ask ‘is the Higgs CP-even or odd’  but ‘how much’?



• Traditional analyses rely on angular correlations between 
decay products in 3
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Figure 1: Kinematic setup for the angular analysis of H ! ZZ events (left) and Higgs events in WBF production
(right). All angles are defined in Eq.(2) and Eq.(4).

A. Flipped Nelson

The ‘traditional’ observables to measure the coupling structure of a massive state decaying to two weak
gauge bosons are the Cabibbo–Maksymowicz–Dell’Aquila–Nelson [13, 14] angles. The kinematics for the decay
X ! ZZ ! 4` is illustrated in the left panel of Fig. 1. The four Z decay momenta coming from a heavy
Higgs-like state X are given by

pX = pZe + pZµ , pZe = pe� + pe+ , pZµ = pµ� + pµ+ . (1)

For each of these momenta and the beam direction we define unit three-momenta p̂i in the X rest frame and in
the two Ze,µ rest frames. Note that the one of the two Z bosons will be far of its mass shell, i.e. p2 ⌧ m2

Z , but
this does not pose a problem for the boost into its reference frame. The set of observable spin and CP angles
are then defined

cos ✓e = p̂e� · p̂Zµ

���
Ze

cos ✓µ = p̂µ� · p̂Ze

���
Zµ

cos ✓⇤ = p̂Ze · p̂
beam

���
X

cos �e = (p̂
beam

⇥ p̂Zµ) · (p̂Zµ ⇥ p̂e�)
���
Ze

cos �� = (p̂e� ⇥ p̂e+) · (p̂µ� ⇥ p̂µ+)
���
X

. (2)

The index at the end of each relation indicates the rest frame in which the angles are defined. In the notation
in Ref. [15] this corresponds to �e ! �

1

and �� ! �. An important feature is that the reconstruction of the
angles defined in Eq.(2) requires a full reconstruction of the ‘Higgs’ decay at all stages. It does not require
both Z bosons to be on-shell as long as we can boost into a well-defined center-of-mass frame of the two decay
leptons. In spite of the suggestive notation the angles � and ✓ do not stand for opening angles and not azimuthal
or polar angles.

As a first illustration we show the �� dependences for the process pp ! X ! ZZ ! (e+e�)(µ+µ�) in the
left panel of Fig. 2. Our hypotheses are the three allowed scalar XZZ couplings structures to mass dimension
six (or five after symmetry breaking) [11, 27] and a spin-2 operator [12]. The corresponding operators are
spelled out in Sec. IIIA and III C.

For the Standard Model coupling we expect this distribution to have a mild modulation, which would vanish
for large Higgs masses. In contrast, there are clear modulations in �� with a phase shift between CP-even and
CP-odd dimension-5 operators, which can be easily understood from kinematics [11, 12].

The X ! ZZ ! 4` topology and the weak-boson-fusion ‘Higgs’ production topology

q
1

q
2

! j
1

j
2

(X ! dd̄) (3)

are linked by a crossing symmetry. The labeling of the incoming and outgoing partons as incoming quarks
q
1,2 and outgoing jets j

1,2 is only meant to allow for a definition of the angles independently of the partonic
sub-processes. The ‘Higgs’ decay products can be d = ⌧, W, Z, �, depending on the channel we are looking
at [28–30]. For those observables which require a full momentum reconstruction of pd the list of useful Higgs
decay channels is reduced.

Our aim is to generalize the angular basis of Eq.(2) to weak boson fusion, guided by the obvious crossing
symmetry. When moving one of the final state partons to the initial state we replace time-like Z propagators
with space-like V = W, Z propagators in the t-channel. In this situation we know that the corresponding Breit
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Figure 1: Kinematic setup for the angular analysis of H ! ZZ events (left) and Higgs events in WBF production
(right). All angles are defined in Eq.(2) and Eq.(4).

A. Flipped Nelson

The ‘traditional’ observables to measure the coupling structure of a massive state decaying to two weak
gauge bosons are the Cabibbo–Maksymowicz–Dell’Aquila–Nelson [13, 14] angles. The kinematics for the decay
X ! ZZ ! 4` is illustrated in the left panel of Fig. 1. The four Z decay momenta coming from a heavy
Higgs-like state X are given by

pX = pZe + pZµ , pZe = pe� + pe+ , pZµ = pµ� + pµ+ . (1)

For each of these momenta and the beam direction we define unit three-momenta p̂i in the X rest frame and in
the two Ze,µ rest frames. Note that the one of the two Z bosons will be far of its mass shell, i.e. p2 ⌧ m2

Z , but
this does not pose a problem for the boost into its reference frame. The set of observable spin and CP angles
are then defined

cos ✓e = p̂e� · p̂Zµ

���
Ze

cos ✓µ = p̂µ� · p̂Ze

���
Zµ

cos ✓⇤ = p̂Ze · p̂
beam

���
X

cos �e = (p̂
beam

⇥ p̂Zµ) · (p̂Zµ ⇥ p̂e�)
���
Ze

cos �� = (p̂e� ⇥ p̂e+) · (p̂µ� ⇥ p̂µ+)
���
X

. (2)

The index at the end of each relation indicates the rest frame in which the angles are defined. In the notation
in Ref. [15] this corresponds to �e ! �

1

and �� ! �. An important feature is that the reconstruction of the
angles defined in Eq.(2) requires a full reconstruction of the ‘Higgs’ decay at all stages. It does not require
both Z bosons to be on-shell as long as we can boost into a well-defined center-of-mass frame of the two decay
leptons. In spite of the suggestive notation the angles � and ✓ do not stand for opening angles and not azimuthal
or polar angles.

As a first illustration we show the �� dependences for the process pp ! X ! ZZ ! (e+e�)(µ+µ�) in the
left panel of Fig. 2. Our hypotheses are the three allowed scalar XZZ couplings structures to mass dimension
six (or five after symmetry breaking) [11, 27] and a spin-2 operator [12]. The corresponding operators are
spelled out in Sec. IIIA and III C.

For the Standard Model coupling we expect this distribution to have a mild modulation, which would vanish
for large Higgs masses. In contrast, there are clear modulations in �� with a phase shift between CP-even and
CP-odd dimension-5 operators, which can be easily understood from kinematics [11, 12].

The X ! ZZ ! 4` topology and the weak-boson-fusion ‘Higgs’ production topology

q
1

q
2

! j
1

j
2

(X ! dd̄) (3)

are linked by a crossing symmetry. The labeling of the incoming and outgoing partons as incoming quarks
q
1,2 and outgoing jets j

1,2 is only meant to allow for a definition of the angles independently of the partonic
sub-processes. The ‘Higgs’ decay products can be d = ⌧, W, Z, �, depending on the channel we are looking
at [28–30]. For those observables which require a full momentum reconstruction of pd the list of useful Higgs
decay channels is reduced.

Our aim is to generalize the angular basis of Eq.(2) to weak boson fusion, guided by the obvious crossing
symmetry. When moving one of the final state partons to the initial state we replace time-like Z propagators
with space-like V = W, Z propagators in the t-channel. In this situation we know that the corresponding Breit

Or in correlations between tagging jets and decay products in weak 
boson fusion (WBF)



Pseudoscalars do not have renormalisable 
couplings to massive vector bosons 4
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Figure 2: Normalized �� distributions for X ! ZZ events (left), WBF production in the Breit frame (center), and
WBF production in the laboratory frame (right). We show the SM operator XVµV

µ (solid), the CP-even dimension-5

operator XVµ⌫V
µ⌫ (dashed), the CP-odd dimension-5 operator XVµ⌫

eV µ⌫ (dotted), and an example for a spin-2 coupling
(dashed-dotted). The operators are defined in Secs. III A and III C.

frames are the appropriate reference frames. It is defined as the reference frame where the momentum of the
t-channel particle V is completely space-like and can be reached through a conventional boost. Similar to the
X ! ZZ case, a full reconstruction of the X decay is required. With this caveat and fixing the directions of
all the external momenta as shown in Fig. 1 we define a modified version of the five angles in Eq.(2),

cos ✓
1

= p̂j1 · p̂V2

���
V1Breit

cos ✓
2

= p̂j2 · p̂V1

���
V2Breit

cos ✓⇤ = p̂V1 · p̂d

���
X

cos �
1

= (p̂V2 ⇥ p̂d) · (p̂V2 ⇥ p̂j1)
���
V1Breit

cos �� = (p̂q1 ⇥ p̂j1) · (p̂q2 ⇥ p̂j2)
���
X

. (4)

Again, we define the angle between the two planes of the Breit frames as ��. We will see below that this angle
is similar to the azimuthal di↵erence of two jets in the laboratory frame, ��jj , even though in Eq.(4) � and ✓
do not imply azimuthal or polar angles. It should be noted that using these conventions we can define the angle
�

+

⌘ 2�
1

+ �� which typically lead to modulations for spin-2 resonances. In the notation of the Ref. [12] this
corresponds to �

+

! �
12

.

Since we cannot measure the charge of the four fermions involved in the WBF topology, we need an alternative
criterion to map the leptonic observables in Eq.(2) to an LHC production process. We break the external fermion
degeneracy by imposing that each incoming quark q

1,2 largely keeps its direction when the scattering process
turns into a tagging jet j

1,2. This defines the weak boson 3-momenta

~pV1,2 = ~pq1,2 � ~pj1,2 , (5)

where q
1,2 are the incoming partons moving in the beam direction, p̂q1,2 = ±ê

beam

.
Technically, the determination of the incoming particle momenta q

1,2 is an issue at hadron colliders (and
ill-defined in perturbative QCD). We start by reconstructing the final state and map it onto a set of partonic
momenta. In the absence of additional jet radiation this defines the center-of-mass system for the incoming
quarks, related to the laboratory frame by a longitudinal boost. The incoming parton momenta are parameter-
ized as pq1 = (E

1

, 0, 0, E
1

) and pq2 = (E
2

, 0, 0, �E
2

), which we can invert to express E
1

and E
2

in terms of the
summed energy and longitudinal momentum entries of the final state particles. The boost from the laboratory
frame to the center-of-mass system can be approximated by reconstructing the the events’ pseudorapidity from
the detector geometry and massless calorimeter hits. This should be understood as a prescription to obtain a
set of well-defined (leading order, parton-like) four-momenta rather than reconstructing the actual initial state.

Among the angles listed in Eq.(4) �� does not require a reconstruction of the Higgs candidate. It is
constructed only from the four external partons, two incoming and two outgoing. Comparing Eq.(4) and
Eq.(2) we see that it corresponds to the angle between the two Z decay planes in X ! ZZ decays. In the
central panel of Fig. 2 we show it for illustration, testing the same three spin-0 hypotheses as in the left panel
and properly defined in Sec. III A. The Standard Model expectation is again relatively flat, with an additional
residual dependence introduced the interference of longitudinal and transverse amplitudes and by kinematic
cuts. The two dimension-5 operators show a distinct modulation, in complete analogy to the corresponding
measurement in X ! ZZ decays, but with a larger amplitude of the modulation.
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We investigate the constraints that the LHC can set on a 126 GeV Higgs boson that is an
admixture of CP eigenstates. Traditional analyses rely on Higgs couplings to massive vector bosons,
which are suppressed for CP-odd couplings, so that these analyses have limited sensitivity. Instead
we focus on Higgs production in gluon fusion, which occurs at the same order in ↵S for both CP-even
and odd Higgs couplings to top quarks. We study the Higgs plus two jet final state followed by
Higgs decay into a pair of tau leptons. We show that using the 8 TeV dataset it is possible to rule
out the pure CP-odd hypothesis in this channel alone at nearly 95% C.L, assuming that the Higgs
is CP-even. We also provide projected limits for the 14 TeV LHC run.

I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2] marks the beginning of a long and
detailed experimental program to measure and constrain the couplings and quantum numbers of the new resonance.
In particular, e↵orts are underway to measure whether the new particle is even or odd under the CP transformation,
with current results apparently disfavoring the CP-odd hypothesis by nearly 3� [3–5].

However, there are numerous examples of extensions of the Standard Model Higgs sector where CP is violated and
is not a good quantum number of the Higgs-like state (see [6] for a review of a large number of such scenarios). In
these models, and indeed in general, one is interested in constraining the properties of the admixture and the extent
to which the Higgs is CP-even or odd, rather than asking whether it is 100% one or the other. The discovery that
the Higgs has a non-trivial CP coupling structure would be direct evidence for Beyond the Standard Model (BSM)
physics with many important implications, for instance in baryogenesis [7]. While it is known that such studies are
di�cult, given the continually advancing nature of reconstruction and statistical techniques it is worth investigating
the prospects for constraining a mixed-CP Higgs at the LHC.

Measuring the CP eigenvalue of the Higgs (assuming that CP is conserved) is a subject with a long pedigree and
extensive literature. Many of the searches and variables proposed to constrain the CP properties of the Higgs rely
on its couplings to massive vector bosons. Constraints can be set either by exploiting angular correlations between
the leptons from the ZZ⇤ ! 4l or 2l2j decays [3, 8–14] or through angular correlations in the tagging jets in the
weak boson fusion (WBF) production mechanism [15–20]. In either case, these methods rely on the existence of
unsuppressed (tree-level) couplings between the Higgs and the massive vector bosons.

While this is the case for the CP-even component of the Higgs, which couples to the massive vector bosons V =
(W,Z) through the hV µVµ operator, the CP-odd coupling enters at dimension five through the hV µ⌫ eVµ⌫ operator,
where V µ⌫ is the field strength operator for V µ. Accordingly, CP-odd e↵ects in h ! ZZ⇤ decays and WBF are
suppressed by O(↵EW ), so that these methods e↵ectively project out the CP-odd part of the Higgs (although see [21]
for a study which incorporates loop e↵ects and [22] for a discussion of h ! V V decays in some specific BSM models).

Such studies often assume that BSM physics enters at a low enough scale such that the dimension five operator
contributes at the same order of magnitude as the tree-level CP-even contribution. However, the existence of light
electroweakly interacting states necessary for such a large enhancement of the CP-odd couplings to massive vector
bosons is now being directly probed by LHC searches for BSM physics, where no signals inconsistent with the SM
have been observed. Furthermore, such states would likely lead to large deviations from SM phenomenology in Higgs
boson decays to electroweak gauge bosons, which are also in good agreement with the Standard Model. Therefore, we
expect that contributions due to CP-violating couplings to massive vector bosons should be negligible in our study.

Instead it is more promising to study the possible CP-odd admixture of the 126 GeV resonance via interactions
where the CP-even and CP-odd couplings are induced at the same order. At tree-level this includes the couplings
to quarks and leptons and at loop-level the couplings to gluons and photons. One gluon-induced production process
where it is known that sensitivity to Higgs CP properties is preserved is pp ! h + 2j [23]. As in the WBF channel,
the main sensitivity is expected to come from angular correlations between the two tagging jets [24–28], correlations
which can also be exploited in di↵ractive Higgs production at the LHC [29]. Unlike WBF, in this case the CP-even and
CP-odd contributions are of the same order with the relevant operators being hGµ⌫Gµ⌫ and hGµ⌫ eGµ⌫ , respectively.

Leading order scalar couplings are d=3

Leading order pseudoscalar couplings are d=5
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Such studies often assume that BSM physics enters at a low enough scale such that the dimension five operator
contributes at the same order of magnitude as the tree-level CP-even contribution. However, the existence of light
electroweakly interacting states necessary for such a large enhancement of the CP-odd couplings to massive vector
bosons is now being directly probed by LHC searches for BSM physics, where no signals inconsistent with the SM
have been observed. Furthermore, such states would likely lead to large deviations from SM phenomenology in Higgs
boson decays to electroweak gauge bosons, which are also in good agreement with the Standard Model. Therefore, we
expect that contributions due to CP-violating couplings to massive vector bosons should be negligible in our study.

Instead it is more promising to study the possible CP-odd admixture of the 126 GeV resonance via interactions
where the CP-even and CP-odd couplings are induced at the same order. At tree-level this includes the couplings
to quarks and leptons and at loop-level the couplings to gluons and photons. One gluon-induced production process
where it is known that sensitivity to Higgs CP properties is preserved is pp ! h + 2j [23]. As in the WBF channel,
the main sensitivity is expected to come from angular correlations between the two tagging jets [24–28], correlations
which can also be exploited in di↵ractive Higgs production at the LHC [29]. Unlike WBF, in this case the CP-even and
CP-odd contributions are of the same order with the relevant operators being hGµ⌫Gµ⌫ and hGµ⌫ eGµ⌫ , respectively.
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Results from ATLAS-CONF-2015-008

Sets constraints on 

studied in this note, is forbidden by the Landau–Yang theorem [12, 13] for a spin-1 particle. Moreover,
the spin-1 hypothesis was already studied in the previous ATLAS publication [3] in the H ! Z Z⇤ ! 4`
and H ! WW ⇤ ! e⌫µ⌫ decays and excluded at more than 99% CL. The ⇤ cuto� scale is set to 1 TeV in
this note to account for the experimental results obtained by the LHC and previous collider experiments
that show no evidence of new physics at lower energy scales.

3.1 The spin-0 hypothesis

In the spin-0 hypothesis, models with fixed spin and parity, and models with mixed SM spin-0 and BSM
spin-0 CP-even and CP-odd contributions are considered. In the Higgs boson characterisation model, the
description of the spin-0 particle interaction with pairs of W and Z bosons is given through the following
interaction Lagrangian:

LV
0 =

(
c↵ SM

f
1
2gHZZ ZµZ µ + gHWWW+µW�µ

g
�1

4
1
⇤

f
c↵ HZZ Zµ⌫ Z µ⌫ + s↵ AZZ Zµ⌫ Z̃ µ⌫

g
(1)

� 1
2

1
⇤

f
c↵ HWWW+µ⌫W�µ⌫ + s↵ AWWW+µ⌫W̃�µ⌫

g)
X0.

Here V µ represents the vector-boson field (V = Z,W±), the V µ⌫ are the reduced field tensors and the
dual tensor is defined as Ṽ µ⌫ = 1

2"
µ⌫⇢�V⇢� . The symbols SM, HVV and AVV denote the coupling

constants corresponding to the interaction of Standard Model, BSM CP-even and BSM CP-odd spin-0
particles, represented by the X0 field, with Z Z or WW pairs. Other higher-order operators described in
Ref. [7], namely the derivative operators, are not included in Eq. 1 and have been neglected in this analysis
since they induce modifications of the discriminant variables well below the sensitivity achievable with the
available data sample. To ensure that the Lagrangian terms are Hermitian, these couplings are assumed to
be real. The mixing angle ↵ allows for production of CP-mixed states and implies CP-violation for ↵ , 0
and ↵ , ⇡, provided the corresponding coupling constants are non-vanishing. The following notation is
used: s↵ = sin ↵ and c↵ = cos ↵. The Standard Model coupling strengths, gHVV , are proportional to the
square of the vector boson masses: gHVV / m2

Z/W .

In the spin-0 hypothesis, the Standard Model Higgs boson model is compared to two alternatives: the
CP-odd JP = 0� and the BSM CP-even JP = 0+

h
hypotheses. All three models are obtained by selecting

the corresponding parts of the Lagrangian described in Eq. 1 while setting all other contributions to zero.
The choice of couplings used for modelling the spin-0 hypotheses tested in the current analysis is shown
in Table 1.

JP Model Choice of tensor couplings
SM HVV AVV ↵

0+ Standard Model Higgs boson 1 0 0 0
0+
h

BSM spin-0 CP-even 0 1 0 0
0� BSM spin-0 CP-odd 0 0 1 ⇡/2

Table 1: Benchmark scenarios for spin-0 boson tensor couplings used in the fixed spin and parity model tests.

The investigation of the tensor structure of the HVV interaction is based on the assumption that the
observed resonance has spin equal to zero. Following the parametrisation defined in Eq. 1, scenarios

4

                       mixing angles and higher dimension 
operators suppressed by scale  

s↵ = sin↵, c↵ = cos↵

⇤

Tree-level SM is SM = 1, c↵ = 1,⇤ ! 1



Naive expectation: 1

⇤
⇠ ↵

2⇡v

How large should CP-violating effects be?

SM ⇠ 1, AV V ⇠ 1

Coupling ratio Best fit value 95% CL Exclusion Regions
Combined Expected Observed Expected Observed
̃HVV /SM 0.0 �0.48 (�1,�0.55]

S
[4.80,1) (�1,�0.73]

S
[0.63,1)

( ̃AVV /SM) · tan ↵ 0.0 �0.68 (�1,�2.33]
S

[2.30,1) (�1,�2.18]
S

[0.83,1)

Table 10: Expected and observed best fit values of ̃HVV /SM and ( ̃AVV /SM) · tan ↵ and 95% CL excluded
regions obtained in the combination of H ! Z Z⇤ ! 4` and H ! WW ⇤ ! e⌫µ⌫ analyses. The expected values
are produced for the signal strength measured in data and assuming best fit values for all other nuisance parameters.
The signal strengths are treated independently per decay channel and per collision energy.

and 20.3 fb�1 of pp collision data collected by the ATLAS experiment at
p

s = 7 TeV and
p

s = 8 TeV
respectively. The SM Higgs boson hypothesis, corresponding to the quantum numbers JP = 0+, is tested
against several alternative spin models. They include a non-SM spin-0 and the spin-2 model with universal
and non-universal couplings to fermions and vector bosons. The combination of the three decay processes
allow the exclusion of all considered non-SM spin models at more then 99% CL in favour of the SM
spin-0 hypothesis.

The tensor structure of the HVV interaction in the spin-0 hypothesis is also investigated using the
H ! Z Z⇤ ! 4` and H ! WW ⇤ ! e⌫µ⌫ decays. Only one BSM tensor coupling is investigated at a
time, while the other one is set to zero. The observed distributions of the variables sensitive the ratios of
the BSM to SM tensor couplings, ̃HVV /SM and ( ̃AVV /SM) · tan ↵, are compatible with the predicted
SM values. Values of the BSM tensor couplings outside of the regions �0.75 < ̃HVV /SM < 2.45 and
�2.85 < ( ̃AVV /SM) · tan ↵ < 0.95 are excluded at 95% CL for the H ! Z Z⇤ ! 4` process. For the
H ! WW ⇤ ! e⌫µ⌫ process the ranges �2.2 < ̃HVV /SM < �1.0 and �0.85 < ̃HVV /SM < 0.4 and
�6.0 < ( ̃AVV /SM) · tan ↵ < 5.0 are excluded at 95% CL. Under the assumption that the ̃HVV /SM
and ( ̃AVV /SM) · tan ↵ couplings have the same values for the HWW and H Z Z processes, the results
from the two decay channels are combined. As a result of this combination values of the BSM tensor
couplings, the regions outside of �0.73 < ̃HVV /SM < 0.63 and �2.18 < ( ̃AVV /SM) · tan ↵ < 0.83
are excluded at 95% CL. The corresponding expected not excluded regions at 95% CL, assuming the SM
Higgs boson hypothesis, are �0.55 < ̃HVV /SM < 4.80 and �2.33 < ( ̃AVV /SM) · tan ↵ < 2.30.

29
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Information in Higgs production too

BR(h ! ZZ⇤) and  WBF negligible for a pure CP-odd state

Gluon fusion increases by a factor ~9/4

Signal strength info rules out pure pseudoscalar at 4�

Djouadi, Moreau 1303.6591
Freitas, Schwaller 1211.1980
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x u Figure 1: Quality of the fit to experimental
data in the xu − α plane, for xd = 0 and
yu = yd = 1. The orange (grey) shaded areas
agree with the data at the 1σ (dark), 2σ
(medium) and 3σ (light) level. The blue star
shows the best fit point, while the black dot
corresponds to the SM. The solid (dashed)
lines are contours of constant rγγ (rZZ).

from their SM values through the parameters yu,d and xu,d, respectively. As mentioned in
section 2, it is assumed that mφ = 125 GeV ≪ mφ′ .

Let us first consider the case where the CP-even state has SM-like Yukawa couplings,
yu = yd = 1, while the CP-odd couplings xu,d are unknown. In the limit of zero CP-odd
couplings, all channels are uniformly suppressed by cos2 α. For this particular point we find

α < 0.76 (95% C.L.) , (22)

while the best fit is for α = 0. When allowing the CP-odd couplings to float freely, the overall
rate suppression from the mixing can now be offset with an increase in the production rate
when xu > 0. In fact, large values of xu are favored in the fit, so to ensure perturbativity
of the top Yukawa coupling we impose an upper limit xu < 3. The effects of xd are more
subtle. It can increase the total width and thus suppress all but the ττ and bb̄ channels, so
that large values of xd do not produce a good fit. Overall, we find that a marginally better
χ2 than for the SM is obtained for nonzero but small mixing α = 0.07, maximal xu = 3, and
vanishing xd.

The large value of xu together with a small mixing leads to slightly enhanced signal rates
at the 10% level across all channels, which is slightly favored by the current data. The overall
quality of the fit in the xu–α plane for xd = 0 is shown in Fig. 1. Mixing angles of up to
α = 1.3 are compatible with the data at the 95% C.L.

Close to α = π/2, the field φ becomes mostly CP-odd, and the signal rates rZZ and
rWW become strongly suppressed. For smaller mixing, both rZZ and rγγ can be enhanced or
reduced relative to the SM. However, an enhancement of the di-photon rate by more than
50% is only possible outside of the 1σ region.

Let us now consider the case where the CP-even Yukawa couplings can vary with respect
to the SM. Due to the additional free parameters, the predicted rates in the different channels
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from their SM values through the parameters yu,d and xu,d, respectively. As mentioned in
section 2, it is assumed that mφ = 125 GeV ≪ mφ′ .

Let us first consider the case where the CP-even state has SM-like Yukawa couplings,
yu = yd = 1, while the CP-odd couplings xu,d are unknown. In the limit of zero CP-odd
couplings, all channels are uniformly suppressed by cos2 α. For this particular point we find

α < 0.76 (95% C.L.) , (22)

while the best fit is for α = 0. When allowing the CP-odd couplings to float freely, the overall
rate suppression from the mixing can now be offset with an increase in the production rate
when xu > 0. In fact, large values of xu are favored in the fit, so to ensure perturbativity
of the top Yukawa coupling we impose an upper limit xu < 3. The effects of xd are more
subtle. It can increase the total width and thus suppress all but the ττ and bb̄ channels, so
that large values of xd do not produce a good fit. Overall, we find that a marginally better
χ2 than for the SM is obtained for nonzero but small mixing α = 0.07, maximal xu = 3, and
vanishing xd.

The large value of xu together with a small mixing leads to slightly enhanced signal rates
at the 10% level across all channels, which is slightly favored by the current data. The overall
quality of the fit in the xu–α plane for xd = 0 is shown in Fig. 1. Mixing angles of up to
α = 1.3 are compatible with the data at the 95% C.L.

Close to α = π/2, the field φ becomes mostly CP-odd, and the signal rates rZZ and
rWW become strongly suppressed. For smaller mixing, both rZZ and rγγ can be enhanced or
reduced relative to the SM. However, an enhancement of the di-photon rate by more than
50% is only possible outside of the 1σ region.

Let us now consider the case where the CP-even Yukawa couplings can vary with respect
to the SM. Due to the additional free parameters, the predicted rates in the different channels
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What Other Couplings Can Be Probed?

• Scalar and pseudoscalar couplings to fermions and massless 
vector bosons arise at the same order
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We investigate the constraints that the LHC can set on a 126 GeV Higgs boson that is an
admixture of CP eigenstates. Traditional analyses rely on Higgs couplings to massive vector bosons,
which are suppressed for CP-odd couplings, so that these analyses have limited sensitivity. Instead
we focus on Higgs production in gluon fusion, which occurs at the same order in ↵S for both CP-even
and odd Higgs couplings to top quarks. We study the Higgs plus two jet final state followed by
Higgs decay into a pair of tau leptons. We show that using the 8 TeV dataset it is possible to rule
out the pure CP-odd hypothesis in this channel alone at nearly 95% C.L, assuming that the Higgs
is CP-even. We also provide projected limits for the 14 TeV LHC run.

I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2] marks the beginning of a long and
detailed experimental program to measure and constrain the couplings and quantum numbers of the new resonance.
In particular, e↵orts are underway to measure whether the new particle is even or odd under the CP transformation,
with current results apparently disfavoring the CP-odd hypothesis by nearly 3� [3–5].

However, there are numerous examples of extensions of the Standard Model Higgs sector where CP is violated and
is not a good quantum number of the Higgs-like state (see [6] for a review of a large number of such scenarios). In
these models, and indeed in general, one is interested in constraining the properties of the admixture and the extent
to which the Higgs is CP-even or odd, rather than asking whether it is 100% one or the other. The discovery that
the Higgs has a non-trivial CP coupling structure would be direct evidence for Beyond the Standard Model (BSM)
physics with many important implications, for instance in baryogenesis [7]. While it is known that such studies are
di�cult, given the continually advancing nature of reconstruction and statistical techniques it is worth investigating
the prospects for constraining a mixed-CP Higgs at the LHC.

Measuring the CP eigenvalue of the Higgs (assuming that CP is conserved) is a subject with a long pedigree and
extensive literature. Many of the searches and variables proposed to constrain the CP properties of the Higgs rely
on its couplings to massive vector bosons. Constraints can be set either by exploiting angular correlations between
the leptons from the ZZ⇤ ! 4l or 2l2j decays [3, 8–14] or through angular correlations in the tagging jets in the
weak boson fusion (WBF) production mechanism [15–20]. In either case, these methods rely on the existence of
unsuppressed (tree-level) couplings between the Higgs and the massive vector bosons.

While this is the case for the CP-even component of the Higgs, which couples to the massive vector bosons V =
(W,Z) through the hV µVµ operator, the CP-odd coupling enters at dimension five through the hV µ⌫ eVµ⌫ operator,
where V µ⌫ is the field strength operator for V µ. Accordingly, CP-odd e↵ects in h ! ZZ⇤ decays and WBF are
suppressed by O(↵EW ), so that these methods e↵ectively project out the CP-odd part of the Higgs (although see [21]
for a study which incorporates loop e↵ects and [22] for a discussion of h ! V V decays in some specific BSM models).

Such studies often assume that BSM physics enters at a low enough scale such that the dimension five operator
contributes at the same order of magnitude as the tree-level CP-even contribution. However, the existence of light
electroweakly interacting states necessary for such a large enhancement of the CP-odd couplings to massive vector
bosons is now being directly probed by LHC searches for BSM physics, where no signals inconsistent with the SM
have been observed. Furthermore, such states would likely lead to large deviations from SM phenomenology in Higgs
boson decays to electroweak gauge bosons, which are also in good agreement with the Standard Model. Therefore, we
expect that contributions due to CP-violating couplings to massive vector bosons should be negligible in our study.

Instead it is more promising to study the possible CP-odd admixture of the 126 GeV resonance via interactions
where the CP-even and CP-odd couplings are induced at the same order. At tree-level this includes the couplings
to quarks and leptons and at loop-level the couplings to gluons and photons. One gluon-induced production process
where it is known that sensitivity to Higgs CP properties is preserved is pp ! h + 2j [23]. As in the WBF channel,
the main sensitivity is expected to come from angular correlations between the two tagging jets [24–28], correlations
which can also be exploited in di↵ractive Higgs production at the LHC [29]. Unlike WBF, in this case the CP-even and
CP-odd contributions are of the same order with the relevant operators being hGµ⌫Gµ⌫ and hGµ⌫ eGµ⌫ , respectively.
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weak boson fusion (WBF) production mechanism [15–20]. In either case, these methods rely on the existence of
unsuppressed (tree-level) couplings between the Higgs and the massive vector bosons.

While this is the case for the CP-even component of the Higgs, which couples to the massive vector bosons V =
(W,Z) through the hV µVµ operator, the CP-odd coupling enters at dimension five through the hV µ⌫ eVµ⌫ operator,
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Such studies often assume that BSM physics enters at a low enough scale such that the dimension five operator
contributes at the same order of magnitude as the tree-level CP-even contribution. However, the existence of light
electroweakly interacting states necessary for such a large enhancement of the CP-odd couplings to massive vector
bosons is now being directly probed by LHC searches for BSM physics, where no signals inconsistent with the SM
have been observed. Furthermore, such states would likely lead to large deviations from SM phenomenology in Higgs
boson decays to electroweak gauge bosons, which are also in good agreement with the Standard Model. Therefore, we
expect that contributions due to CP-violating couplings to massive vector bosons should be negligible in our study.

Instead it is more promising to study the possible CP-odd admixture of the 126 GeV resonance via interactions
where the CP-even and CP-odd couplings are induced at the same order. At tree-level this includes the couplings
to quarks and leptons and at loop-level the couplings to gluons and photons. One gluon-induced production process
where it is known that sensitivity to Higgs CP properties is preserved is pp ! h + 2j [23]. As in the WBF channel,
the main sensitivity is expected to come from angular correlations between the two tagging jets [24–28], correlations
which can also be exploited in di↵ractive Higgs production at the LHC [29]. Unlike WBF, in this case the CP-even and
CP-odd contributions are of the same order with the relevant operators being hGµ⌫Gµ⌫ and hGµ⌫ eGµ⌫ , respectively.
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• Will focus on CP-sensitive variables in Higgs production

• Production via gluon fusion arises at same order in both cases

H

(a)

H

(b)

H

(c)

Figure 1: Examples of Feynman graphs contributing to H + 2 jet production via

gluon fusion.

counter-clockwise. This halves the number of diagrams. In addition, the crossed processes

are not listed as extra diagrams, but are included in the final results. Three distinct classes
of processes need to be considered.

1. qq → qqH and qQ → qQH There are only 2 diagrams obtained from the insertion

of a triangle loop into the tree-level diagrams for qq→ qq. One of them is depicted in
Fig. 1 (a), while the other is obtained by interchanging the two identical final quarks.

In the case of qQ→ qQH , where Q is a different flavor, there is only one diagram, i.e.
Fig. 1 (a).

2. qg → qgH At tree level, there are 3 diagrams contributing to the process qg→ qg:

one with a three-gluon vertex and two Compton-like ones. Inserting a triangle loop
into every gluon line, we have a total of 7 different diagrams. In addition, we can insert

a box loop into the diagram with the three-gluon vertex, in 3 different ways: the 3!
permutations of the 3 gluons are reduced to 3 graphs by using Furry’s theorem. In

total we have 10 different diagrams for the qg→ qgH scattering amplitude.

3. gg → ggH Four diagrams contribute to the tree-level scattering process gg→ gg: a
four-gluon vertex diagram and 3 diagrams with two three-gluon vertices each. Inserting

a triangle loop in any of the gluonic legs gives rise to 19 different diagrams. The
insertion of the box loop in the 3 diagrams with three-gluon vertices yields another 18

diagrams. Finally, there are 12 pentagon diagrams (corresponding to 4! permutations
of the external gluons, divided by 2, according to Furry’s theorem).

The amplitudes for these processes are ultraviolet and infrared finite in D = 4 dimensions.

Nevertheless, we kept D arbitrary in several parts of our computation because some functions
are divergent in ϵ = (4 − D)/2 at intermediate steps. Obviously, these divergences cancel

when the intermediate expressions are combined to give final amplitudes. An example of

4
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What Other Couplings Can Be Probed?
• Will focus on CP-sensitive variables in Higgs production

• WBF amenable to angular analysis

• Gauge-Higgs invariant mass in associated production

For decays see Felix and Marco’s talks
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Figure 1: Kinematic setup for the angular analysis of H ! ZZ events (left) and Higgs events in WBF production
(right). All angles are defined in Eq.(2) and Eq.(4).

A. Flipped Nelson

The ‘traditional’ observables to measure the coupling structure of a massive state decaying to two weak
gauge bosons are the Cabibbo–Maksymowicz–Dell’Aquila–Nelson [13, 14] angles. The kinematics for the decay
X ! ZZ ! 4` is illustrated in the left panel of Fig. 1. The four Z decay momenta coming from a heavy
Higgs-like state X are given by

pX = pZe + pZµ , pZe = pe� + pe+ , pZµ = pµ� + pµ+ . (1)

For each of these momenta and the beam direction we define unit three-momenta p̂i in the X rest frame and in
the two Ze,µ rest frames. Note that the one of the two Z bosons will be far of its mass shell, i.e. p2 ⌧ m2

Z , but
this does not pose a problem for the boost into its reference frame. The set of observable spin and CP angles
are then defined

cos ✓e = p̂e� · p̂Zµ

���
Ze

cos ✓µ = p̂µ� · p̂Ze

���
Zµ

cos ✓⇤ = p̂Ze · p̂
beam

���
X

cos �e = (p̂
beam

⇥ p̂Zµ) · (p̂Zµ ⇥ p̂e�)
���
Ze

cos �� = (p̂e� ⇥ p̂e+) · (p̂µ� ⇥ p̂µ+)
���
X

. (2)

The index at the end of each relation indicates the rest frame in which the angles are defined. In the notation
in Ref. [15] this corresponds to �e ! �

1

and �� ! �. An important feature is that the reconstruction of the
angles defined in Eq.(2) requires a full reconstruction of the ‘Higgs’ decay at all stages. It does not require
both Z bosons to be on-shell as long as we can boost into a well-defined center-of-mass frame of the two decay
leptons. In spite of the suggestive notation the angles � and ✓ do not stand for opening angles and not azimuthal
or polar angles.

As a first illustration we show the �� dependences for the process pp ! X ! ZZ ! (e+e�)(µ+µ�) in the
left panel of Fig. 2. Our hypotheses are the three allowed scalar XZZ couplings structures to mass dimension
six (or five after symmetry breaking) [11, 27] and a spin-2 operator [12]. The corresponding operators are
spelled out in Sec. IIIA and III C.

For the Standard Model coupling we expect this distribution to have a mild modulation, which would vanish
for large Higgs masses. In contrast, there are clear modulations in �� with a phase shift between CP-even and
CP-odd dimension-5 operators, which can be easily understood from kinematics [11, 12].

The X ! ZZ ! 4` topology and the weak-boson-fusion ‘Higgs’ production topology

q
1

q
2

! j
1

j
2

(X ! dd̄) (3)

are linked by a crossing symmetry. The labeling of the incoming and outgoing partons as incoming quarks
q
1,2 and outgoing jets j

1,2 is only meant to allow for a definition of the angles independently of the partonic
sub-processes. The ‘Higgs’ decay products can be d = ⌧, W, Z, �, depending on the channel we are looking
at [28–30]. For those observables which require a full momentum reconstruction of pd the list of useful Higgs
decay channels is reduced.

Our aim is to generalize the angular basis of Eq.(2) to weak boson fusion, guided by the obvious crossing
symmetry. When moving one of the final state partons to the initial state we replace time-like Z propagators
with space-like V = W, Z propagators in the t-channel. In this situation we know that the corresponding Breit

4

2+ cases:

TeVatron LHC at 8 TeV

(0+) 75 GeV; 88 GeV

hMZXi �MZ �MX = (0�) 194 GeV; 303 GeV

(2+) 400 GeV; 1340 GeV . (II.1)

For comparison, we note that the invariant mass distributions for the Z + b̄b background, shown

as the green histograms in Fig. 2 for the TeVatron using the D0 cuts described below (left panel)

and the LHC at 8 TeV using the CMS cuts also described below (right panel), are sharply peaked

towards low invariant masses close to threshold, even closer than the JP = 0+ case (II.1).

Encouraged by the differences seen in (II.1) and in Fig. 1, we have made simulations of the

possible signals in the TeVatron and LHC experiments. We have not analyzed further the back-

grounds in the experiments, which would require more extensive simulations beyond the scope of

this work.
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• Higgs plus two jet production is known to be sensitive to the 
Higgs CP properties through angular correlations in the jets

• In particular differences between azimuthal angles 

Klamke, Zeppenfeld ’07

What Other Couplings Can Be Probed?

��jj

top mass for the tt̄ processes. Only a small tail is left above mt for the tt̄jj process. This
characteristic remains after the selection cuts. Since the contribution from top backgrounds
is so different for mjl

<∼ 150 GeV and mjl
>∼ 150 GeV, it might be useful to perform separate

cut optimizations for the two regions.

4 Azimuthal angle correlations

In order to determine the tensor structure of the effective Hgg coupling, the distributions
of the two tagging jets are an important tool. The distribution dσ/d|∆Φjj| of the azimuthal
angle between the two tagging jets provides for an excellent distinction between the two
tensor structures of Eq. (3) [6]. Unfortunately, when both CP-even and CP-odd couplings
of similar strength are present, the tensor structure cannot be unambiguously determined
anymore. The missing information is contained in the sign of the azimuthal angle between the
tagging jets [11]. Naively one might assume that this sign cannot be defined unambiguously
in pp collisions because an azimuthal angle switches sign when viewed along the opposite
beam direction. However, in doing so, the “toward” and the “away” tagging jets also switch
place, i.e. one should take into account the correlation of the tagging jets with the two
distinct beam directions. Defining ∆Φjj as the azimuthal angle of the “away” jet minus the
azimuthal angle of the “toward” jet, a switch of the two beam directions leaves the sign of
∆Φjj intact. To be precise, let us define the normalized four-momenta of the two proton
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Figure 8: Normalized distributions of the jet-jet azimuthal angle difference as defined in
Eq. (18). The curves are for the SM CP-even case (a3 = 0), a pure CP-odd (a2 = 0) and a
CP-mixed case (a2 = a3 ̸= 0). The cuts of Eq. (9) and (21) were applied.
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Other processes relying on fermionic couplings which have recently been studied in the context of setting constraints
on the Higgs CP properties include tt̄h and Higgs production in association with a single top [30]. It is also possible
that new high-scale physics could induce a non-zero contribution to the hGµ⌫ eGµ⌫ operator without a change in the htt̄
coupling. While we do not have such a scenario in mind in this article, our method can be straightforwardly extended
to this situation. In principle it may be possible to disentangle such contributions using boosted Higgs transverse
momenta [31–33], for instance.

While both the Higgs decay mode h ! �� followed by conversion of both photons to e+e� pairs [34, 35] and
h ! Z� ! l+l�� [36] have recently been suggested as a possible final state for probing Higgs CP properties, we
instead elect to utilize the h ! ⌧⌧ decay mode. The majority of previous studies on CP in h ! ⌧⌧ focus on methods
for measuring the polarization properties of the Higgs decay products [37–41]. This requires knowledge of the impact
parameter or rest frame of the ⌧s, both of which are di�cult quantities to reconstruct in a hadron collider environment
(although see [42, 43]).

Any collider study of Higgs CP properties must be compared with measurements from other sources. Particularly
relevant are measurements of electric dipole moments (EDMs) [44, 45], which lead to very strong constraints on mixing
between CP-even and CP-odd Higgs components. These constraints, however, rely on the existence of SM-strength
interactions of the Higgs to electrons, an assumption that cannot be put to the test at the LHC. Constraints from
EDM experiments are therefore complementary to the analysis strategy followed here. Conceivably, we might discover
evidence for CP violation in gluon fusion, which, together with a null signal from EDM experiments, would reveal
invaluable information about Higgs couplings to the first generation leptons.

We find that using a set of cuts modeled on the current CMS h ! ⌧⌧ analysis [46] that data from the 8 TeV run
of the LHC is already su�cient to exclude a CP-odd Higgs boson at nearly 95% C.L.. This can be compared with
current bounds presented in ref. [47–49], which reinterpret current data to set limits on Higgs CP properties using
measured rates for Higgs production and find constraints at a similar level. Note however that arguments based upon
rates alone will always have a flat direction due to possible rescalings of the couplings and Higgs width, and so a
di↵erential analysis strategy such as ours should be more robust.

The rest of this paper is organized as follows. In Section II we introduce the parameterization of CP violating e↵ects
which we will study: the Standard Model Lagrangian augmented with CP-violating terms and higher dimensional
operators encoding the e↵ects of particles running in loops. In Section III we discuss our methodology and simulations.
In Section IV we present our results for the expected limits from current LHC data and projections for the limits that
can be set with the 14 TeV dataset, before presenting our conclusions and possible directions for future research in
Section V.

II. THE MODEL

There is a wide variety of models in the literature that lead to CP violation in the Higgs sector, such as generalized
Two-Higgs Doublet Models, the CP violating Minimal Supersymmetric Standard Model (often studied in the CPX [50]
scenario), and other supersymmetric models that involve R-parity violation [6]. Such scenarios involve a rich UV
spectrum of states that is the subject of various LHC searches. In this article we wish to be as model independent as
possible and so keep only the 126 GeV Higgs as part of the spectrum, assuming that other BSM states are either out
of direct reach of the LHC or that their e↵ects are subdominant for this analysis.

Our model consists of the Standard Model but with the Lagrangian augmented in the following way to include
CP-violating couplings. Following [26] we include couplings between Standard Model fermions and the resonance h
which we associate with the Higgs boson:

Lhf̄f = cos↵ yf  ̄f fh+ sin↵ eyf  ̄f i�5 fh . (1)

We have introduced a mixing angle ↵ such that cos↵ = 1 (equivalently ↵ = 0) corresponds to a Standard Model-like
CP-even Higgs, while sin↵ = 1 (equivalently ↵ = ⇡/2) corresponds to a CP-odd pseudoscalar. This allows us to
study the CP properties of the resonance h as a continuous function of the mixing angle ↵. We will also assume that
yf = eyf = mf/v. Having fixed the interactions with fermions allows us to derive the dimension five operators that
govern the interaction of h with massless vector bosons, obtaining [51, 52]

Lhgg = cos↵
↵S

12⇡v
hGa

µ⌫G
a,µ⌫ + sin↵

↵S

4⇡v
hGa

µ⌫
eGa,µ⌫ (2)

for the gluonic interactions, where v is the vev of the SM Higgs, and eGµ⌫ = 1
2✏µ⌫⇢�G

⇢� is the dual field-strength
tensor. Note that when generating events for our analysis we do not integrate out the top quark, keeping its full mass
dependence throughout, so that the e↵ective operators in Eqn. 2 should be understood as convenient shorthand.
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The leading order contribution to the interactions of the Higgs with the massive vector bosons is given by:

LhV V � cos↵
2m2

W

v
hWµW

µ + cos↵
2m2

Z

v
hZµZ

µ (3)

We neglect higher-order terms, which are loop suppressed by O (↵EW ) relative to this, although see [22] for a discussion
of how large these terms can become in some BSM models. Note that while the SM matter fields also induce dimension
five operators that lead to the decay h ! ��, they do not play a role in this article.

III. METHOD

A. Event generation

We generate signal events at leading order using VBFNLO 2.6.3 [23, 53–56] including both the vector boson fusion
and gluon fusion production mechanisms, before showering the resulting Les Houches event [57] files using Pythia
6 [58] with the Z2 tune [59]. Events are generated at

p
s = 8 and

p
s = 14 TeV with the cteq6ll PDF set [60]. The

mixing angle ranges from ↵ = 0 to ↵ = 1.5 in steps of �↵ = 0.3 for mH = 126 GeV. For each value of ↵ and for each
initial state O(1M�4M) events are generated. At

p
s = 8 TeV generator level cuts are |⌘(H)| < 2.5, |⌘(j)| < 5.0 for

the two required jets, pTj > 20 GeV, �Rjj > 0.6, mjj > 200 GeV, and pT,H > 70 GeV. At
p
s = 14 TeV the cuts are

identical, except the mjj cut is instead raised to mjj > 400 GeV. No cuts are made on �⌘jj,min or ⌘j1 ⇥ ⌘j2 at the
generator level. For the gluon fusion process, the full top mass dependence is retained in the loop, while the bottom
quark contribution is neglected. In the Higgs decay to ⌧⌧ the Higgs is treated as a CP-even scalar, since in this study
⌧ polarization plays no role. This prescription also e↵ects ⌧ kinematics, but only at a negligible level suppressed by
O(m⌧/pT ).

As demonstrated in the experimental papers [46, 61] the dominant backgrounds for h+ 2j production followed by
h ! ⌧⌧ are Zjj, W+ jets and to a lesser extent tt̄. We generate events for these processes at 8 TeV and 14 TeV
using SHERPA 2.0.0 [62] with a similar series of selection cuts (|⌘(⌧)| < 2.5, pTj > 20 GeV and �Rjj > 0.6) to those
described for the signal above. We consider the electroweak and QCD production of Zjj separately. We do not take
into account backgrounds arising from h ! WW production, which only lead to small changes in the the eµ channel
in our study. We do not generate any QCD multijet backgrounds, which are important for jets faking taus when both
taus decay hadronically (see below).

The gluon fusion signal is computed at NLO with di↵erential distributions, which is the state-of-the-art. The WBF
signal is only computed at leading order, but as we have checked explicitly using VBFNLO high-order corrections
are small, as is well known (see e.g. [17]). Finally, all backgrounds are computed at LO with parton shower/matrix
element merging and corrected with global NLO K-factors.

We show in Table I the cross-sections at parton level for the signal as a function of the mixing angle ↵ for both
the gluon fusion and vector boson fusion channels at 8 TeV (left) and 14 TeV (right). We observe that the WBF
contribution decreases with increasing mixing angle ↵ as expected, while the contribution from the gluon fusion
component increases.

↵ 8 TeV GF cross-section (fb) 8 TeV WBF cross-section (fb) 14 TeV GF cross-section (fb) 14 TeV WBF cross-section (fb)

0.00 250 467 1141 1481

0.30 278 426 1268 1351

0.60 352 318 1606 1009

0.90 447 181 2038 572

1.20 529 61 2411 194

TABLE I: The gluon fusion and weak boson fusion signal cross-sections at the generator level before event selection and Higgs
decay for 8 TeV (left) and 14 TeV (right).

B. Simulation Details

We select four di↵erent final states with which to perform our analysis, classified by the ⌧ decay channel. There
is the fully hadronic di-⌧h case and the semi-leptonic and leptonic cases e⌧h, µ⌧h and eµ. The initial selection cuts

We will consider a mixed CP-state with couplings  

Mixing parametrised by angle

         is pure CP-even 
        is pure CP-odd 
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This generates couplings to gluons
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QCD multijets assumed to be flat across phase-space
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⌧h⌧h µ⌧h e⌧h eµ

lepton selection p⌧T > 45 GeV
pµT > 20 GeV

p⌧T > 30 GeV

peT > 25 GeV

p⌧T > 30 GeV

pleadT > 20 GeV

ptrailT > 10 GeV

kinematic selection pHT > 100 GeV mµ
T < 30 GeV me

T < 30 GeV b-tag veto with pbT > 20 GeV

loose jet selection
mjj > 500 GeV

|�⌘jj | >3.5

mjj > 500 GeV

|�⌘jj | >3.5

mjj > 500 GeV

|�⌘jj | >3.5

mjj > 500 GeV

|�⌘jj | >3.5

tight jet selection
mjj > 700 GeV

|�⌘jj | > 4.5

pHT > 100 GeV

mjj > 700 GeV

|�⌘jj | >4.5

pHT > 100 GeV

mjj > 700 GeV

|�⌘jj | >4.5

pHT > 100 GeV

TABLE II: Kinematic selection and jet selection for the four di↵erent channels (⌧h⌧h, µ⌧h, e⌧h and eµ) used for our di-⌧ analysis.
The di-jet selection includes both exclusive loose and tight categories for all the channels apart from the ⌧h⌧h channel.

we apply to these final states are shown in Table II. The selection is intended to closely mimic both the CMS and
ATLAS di-⌧ analysis. The one missing background from the simulation is the QCD multijet background where a jet
imitates a lepton or fake ⌧h. This background is particularly important in the di-⌧h final state. We assume that the
QCD contribution is flat and uniformly covers the full phase space of the selected region. This is consistent with the
results of [46]. We set the normalization by considering the di↵erential mjj cross-section from QCD, extrapolating
this to the Z mass, and multiplying by the fake rate for a jet to fake a tau at 50 GeV. Following the selection, using
the 8 TeV samples the yields are found to be comparable to both existing CMS and ATLAS results at the 10% level.

To emulate the performance of the detectors all reconstructed physics objects are smeared by a standard set of
resolution functions. For the muons, electrons, and ⌧h, resolution functions with widths of 2 GeV, 3 GeV, and
4 GeV are used. For the jets a series of resolution functions binned in ⌘ is used. The parameterizations for these are
taken from [63, 64].

The smearing is parameterized in the unclustered pT and smeared separately for the parallel and perpendicular
components of the unclustered energy with respect to the Higgs pT. To simulate the instance of fake ⌧h being
produced from a jet, the jet having the smallest energy in an annulus about the jet axis of 0.1 < �R < 0.4 and
having a pT > 20 GeV is selected and deemed to be the fake ⌧h. Provided a fake ⌧h candidate exists, the event is then
reweighted as a function of the pT of the ⌧ using the fake rates reported by CMS [65]. Finally, for events in the e⌧h
channel a non-negligable fake background results from the instance where one electron is reconstructed as a fake ⌧h
candidate. To simulate this number we take the fake rate to be roughly consistent with the tight working points for
both the ATLAS and CMS anti-electron vetoes [46, 61]. For the lepton e�ciencies a flat e�ciency corresponding to
90% is taken for the muons, 80% for the electrons and 60% for the taus. These numbers take into account both the
expected trigger and identification e�ciencies for the leptons after a typical e/µ/⌧h selection. For the ⌧h e�ciency in
the case where an anti-electron veto is applied the corresponding ⌧h e�ciency is scaled down by an additional 10%.
For the eµ channel the e�ciencies are scaled up by 5% in electrons and muons, corresponding to the improved trigger
e�ciency in these cases.

The uncertainties applied in the extraction of the signal closely resemble the current LHC analyses. For each
background, an uncorrelated normalization uncertainty of 10-50% is applied in each category. The variation in the
uncertainty is dependent on whether a real or fake ⌧h is present. Additional correlated normalization uncertainties
of 1-5% are also applied reflecting the e↵ects of lepton e�ciencies, jet scale, and luminosity. No lepton energy
scale uncertainty is applied, since this is well constrained from other categories in the LHC analyses. Regarding
the theoretical uncertainties on the Higgs yields, the cross section uncertainties from the Higgs working group are
applied [66], along with an additional uncorrelated 25% uncertainty on the overall gluon fusion yield to reflect the
current knowledge of di-jet production in gluon fusion. For projections with an integrated luminosity > 20 fb�1, this
uncertainty is reduced to 10%, reflecting expected theoretical improvements in the signal yield calculation. As with
the current LHC analyses, these systematic uncertainties are added to the signal extraction, separately floating each
uncertainty under a gaussian prior whose width is specified by the systematic uncertainty.

As with the CMS and ATLAS analyses, extraction of the signal relies on exploiting full knowledge of the ⌧ decays
to improve the mass separation of the signal from the largest background, Z! ⌧h⌧h. Such a scenario benefits greatly
from incorporating knowledge of the ⌧ decay matrix elements into the kinematic reconstruction of the di-⌧ mass. To
perform this mass reconstruction, we developed a di-⌧h mass reconstruction that computes a weighted likelihood of the
di-⌧h mass on an event-by-event basis by randomly sampling the allowed neutrino kinematics from the leading order
matrix elements and weighting each event by the consistency with the observed missing transverse energy (MET),
using the full MET resolution covariance matrix. This mass reconstruction is very similar to the MCT approach used
by ATLAS and the SVFit mass approach used by CMS [46, 67]. As a final cross check, our simulation was checked

Event Selection

We consider four different final states:  di-hadronic, semi-leptonic and 
leptonic (e+mu)

Cuts designed to mimic ATLAS/CMS di-tau analyses

CMS: 1401.5041
ATLAS-CONF-2013-108 updated to 1501.04943
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FIG. 1: Observable distributions for the signal and background. From the top-left and proceeding clockwise: mjj , ��jj ,
sin(|��jj |/2) and �⌘jj . For each figure the yields are normalized to the expected yields at 8 TeV for the gluon fusion channel
at 20 fb�1 with ↵ = 0. Samples have been passed through the detector pseudo-simulation and subjected to the full selection
on all channels. The loose WBF selection and the additional category selections are applied in all cases.

against the current CMS di-⌧ analysis and gave yields, shapes and results similar to those reported in their paper [46].

C. Observable distributions

We show in Fig. 1 starting from the top-left and working clockwise the distributions for the invariant massmjj of the
two tagging jets, the azimuthal angle di↵erence ��jj between the tagging jets, the rapidity di↵erence �⌘jj between
the jets and finally the discriminating variable sin (|��jj |/2). Each figure shows the total background contribution,
along with that from WBF Higgs production for ↵ = 0 and the GF signal component for ↵ = 0, 0.6 and 1.2. The
individual contributions are normalized to the expected yields at 8 TeV for 20 fb�1 for ↵ = 0. The variable showing
the largest sensitivity to the mixing angle is the azimuthal angle between the two tagging jets, ��jj = �y>0 � �y<0,
which has long been known to provide a good handle for discriminating Higgs CP properties [25, 26]. In addition
some small dependence on ↵ can also be observed at large values of the dijet invariant mass mjj . All the distributions
we show are for events that have been showered and smeared using our detector pseudo-simulation. We have also
investigated the pT distribution of the leading jet, which shows some limited sensitivity to ↵ near the peak of the
distribution.

As a cross check of the possible performance gain that can be had by utilizing other observables we have applied
a multivariate analysis (MVA), specifically a boosted decision tree (BDT), that was trained to discriminate a fully
simulated gluon fusion sample with ↵ = 1.2 from one with ↵ = 0. To train this decision tree, we used 18 observables
obtained from the pseudo-simulation. These include the two leading jet ⌘’s and pT ’s, the 3-vectors for the visible
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FIG. 1: Observable distributions for the signal and background. From the top-left and proceeding clockwise: mjj , ��jj ,
sin(|��jj |/2) and �⌘jj . For each figure the yields are normalized to the expected yields at 8 TeV for the gluon fusion channel
at 20 fb�1 with ↵ = 0. Samples have been passed through the detector pseudo-simulation and subjected to the full selection
on all channels. The loose WBF selection and the additional category selections are applied in all cases.

against the current CMS di-⌧ analysis and gave yields, shapes and results similar to those reported in their paper [46].

C. Observable distributions

We show in Fig. 1 starting from the top-left and working clockwise the distributions for the invariant massmjj of the
two tagging jets, the azimuthal angle di↵erence ��jj between the tagging jets, the rapidity di↵erence �⌘jj between
the jets and finally the discriminating variable sin (|��jj |/2). Each figure shows the total background contribution,
along with that from WBF Higgs production for ↵ = 0 and the GF signal component for ↵ = 0, 0.6 and 1.2. The
individual contributions are normalized to the expected yields at 8 TeV for 20 fb�1 for ↵ = 0. The variable showing
the largest sensitivity to the mixing angle is the azimuthal angle between the two tagging jets, ��jj = �y>0 � �y<0,
which has long been known to provide a good handle for discriminating Higgs CP properties [25, 26]. In addition
some small dependence on ↵ can also be observed at large values of the dijet invariant mass mjj . All the distributions
we show are for events that have been showered and smeared using our detector pseudo-simulation. We have also
investigated the pT distribution of the leading jet, which shows some limited sensitivity to ↵ near the peak of the
distribution.

As a cross check of the possible performance gain that can be had by utilizing other observables we have applied
a multivariate analysis (MVA), specifically a boosted decision tree (BDT), that was trained to discriminate a fully
simulated gluon fusion sample with ↵ = 1.2 from one with ↵ = 0. To train this decision tree, we used 18 observables
obtained from the pseudo-simulation. These include the two leading jet ⌘’s and pT ’s, the 3-vectors for the visible
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FIG. 2: E�ciency curves for our boosted decision tree for 8 TeV (left) and 14 TeV (right). The red curves are for ↵ = 1.5 and
the blue curves for ↵ = 0.6. The dashed curves show the results only including the sin (|��jj |) variable, and the solid curves
those for the full BDT with all 18 observables included, as described in the text.

components of the ⌧ decays, the kinematically fitted mass m⌧⌧ , the Higgs pT constructed from the MET and the
visible decay products, the MET, the transverse mass of either lepton combined with the MET, and themjj , �⌘jj , and
��jj variables. The training was performed separately for each channel, so as to improve the individual performance
of each observable. The performance gain of these variables with respect to sin (|��jj |/2) is shown in Fig. 2 for both
8 and 14 TeV.

As part of the optimization studies for the WBF selection, a BDT was used to train both the WBF and gluon
fusion signals against a weighted sum of all the backgrounds using the same variables as described in the previous
paragraph. After the optimization, only marginal gains were found beyond the addition of four main variables, mjj ,
|�⌘jj |, the di-⌧ mass m⌧⌧ , and ��jj . The addition of ��jj , in particular, brought a performance improvement of
20% in the WBF sensitivity. In both CMS and ATLAS, this variable had been used minimally, so as to avoid spin
sensitivity and to avoid complications resulting from theoretical modeling of the second jet in gluon fusion. Once
��jj was added, it was further found that a category-based analysis binning in mass, ��jj , mjj and �⌘jj performed
as well as a BDT trained on the full set of observables.

D. ��jj analytics

We now briefly discuss the the ��jj dependence of the two di↵erent production mechanisms. To begin, consider the
gluon fusion process (specifically gg ! Hgg) in the mt ! 1 limit. Apart from the strength of the coupling constants
in Eqn. 2, the only di↵erence between ↵ = 0 and ↵ = ⇡/2 is to be found in the form of the helicity conserving
amplitudes [68–71]. We note that the helicity violating amplitudes do exhibit ��jj dependence, but the resulting
terms are independent of the mixing angle ↵ (apart from the strength of the coupling constants). Consider a final
state configuration in which the Higgs is central (yH = 0) and the two jets have opposite rapidities (yj ⌘ yj1 = �yj2).
Given our selection cuts described above, this represents a typical final state. As a further simplification let the
lab frame and the center-of-mass (CM) frame be identical so that the initial state gluons have equal and opposite
3-momenta, ~p = ± 1

2ECMẑ, where ẑ is the direction along the beam axis. In the limit where the final state jets have
large rapidities, one finds that the helicity conserving squared matrix element for CP-even (+ sign) and CP-odd (�
sign) is given by (omitting coupling constants and other numerical prefactors)

|M|2GF± ⇠ exp(4yj){A±B cos(2��jj)} (4)

where

A = ⇠4 + ⇠�4 +
1

2
(⇠5 + ⇠�3) and B = 2 + ⇠2 with ⇠ ⌘ ECM

ECM �mh
(5)

so that in the limit where mh ⌧ ECM we have

|M|2GF± ⇠ exp(4yj){3± 3 cos(2��jj)} (6)

14 TeV8 TeV
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FIG. 4: Expected limits that can be achieved with our analysis using the 20 fb�1 8 TeV dataset (left) and using a 50 fb�1

dataset at 14 TeV (right). The dashed curves show the estimated significance of the total signal over the Standard Model
backgrounds and the solid curves show the exclusion significance computed using the CLs method relative to the ↵ = 0 case.
See text for details.

The solid curves show the exclusion significance computed using the CLs method [72] relative to the ↵ = 0 case.
The maroon curve again shows the results using the loose event selection and di-tau invariant mass and sin (|��jj/2|),
while the blue and green curves utilize the tight selection and (in the green case) the BDT. We observe from the left
hand figure that with our best analysis a pure CP-odd Higgs corresponding to ↵ = ⇡/2 is already nearly ruled out at
95% C.L. With 20 fb�1 of luminosity at 14 TeV this should improve to ↵  0.9, while with 50 fb�1 of luminosity it
should improve further to ↵  0.7.

To further elucidate how the constraints on CP-mixing will improve, in the left-hand plot Fig. 5 we show the
expected exclusion limit on the mixing angle ↵ as a function of the integrated luminosity at 14 TeV. This shows that
the limit should improve to ↵  0.3 with 500 fb�1. In the right-hand plot we increase the theoretical uncertainty from
10% to 25%, in case that theoretical advances do no keep up with experimental ones. We find that the two curves
are within errors of each-other, since the 25% uncertainty on the theory prediction only starts to a↵ect things at 4�
level. As can be seen from the figure precision measurements of Higgs CP properties will benefit greatly from a high
luminosity LHC run.

We note that the limits we have set can in principle be improved upon by including other techniques which are
sensitive to the CP properties of the Higgs, such as including detailed information about the ⌧ decay products as
in [37, 38]. Further discriminatory power between the gluon fusion and weak boson fusion production mechanisms
could also be gained by using likelihood methods as in [73]. We are thus hopeful that it may be possible to improve
upon our projections. With a similar analysis it may even be possible to extract information from the h ! bb̄ decay.

V. CONCLUSIONS

Measuring the detailed CP properties of the Higgs is one of the most important aspects of the precision Higgs
program in the upcoming 14 TeV run at the LHC. Previous theoretical and current experimental analyses have
focused on exploiting the Higgs couplings to massive vector bosons. However, the CP-odd couplings to W and Z
are suppressed, so that analyses based on these couplings project out much of the physics of interest. Instead, we
focus on Higgs interactions that have the same parametric strength for the CP-even and odd Higgs components. This
led us to consider Higgs production in association with two jets. We interpreted our results in a phenomenological
parametrisation with CP-violating htt̄ couplings. Our analysis is also sensitive to dimension five hGµ⌫ eGµ⌫ operators
induced by new high scale physics, and is unlikely to be sensitive to CP-violating couplings to massive vector bosons
since their e↵ects should be small taking into account constraints from orthogonal Higgs-property measurements.

We then focussed on Higgs decay into a pair of ⌧ leptons. Our analysis exploits the jet correlations in Higgs

Constraints

Dashed: Significance of total signal over SM background
Solid: Exclusion significance relative to           case

         with 50/fb at 14 TeV
↵ = 0

↵  0.7
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FIG. 5: Left-hand: The projected 95% exclusion confidence limit on the mixing angle ↵ that can be set as a function of the
integrated luminosity at the 14 TeV run of the LHC (assuming ↵ = 0 as the null hypothesis). Right-hand: As in the left-hand
plot, but comparing with an inflated theoretical error of 25%.

production, and is thus relatively independent of the CP nature of the h⌧⌧ coupling. Changes in the h⌧⌧ coupling
will change the statistics, but not a↵ect in any fundamental way our ability to set a limit on the CP mixing in this
channel.

We have carried out a detailed simulation of the signal and backgrounds taking detector e↵ects such as acceptances
and fake rates into account and used a multivariate analysis to achieve excellent discriminating power in the mixing
angle ↵. We have presented estimates of the constraints that can be set using the current 8 TeV dataset, as well as
20 and 50 fb�1 of data at 14 TeV, corresponding to approximately one and two years of running. We find that the
8 TeV dataset should be able to achieve nearly 95% C.L. exclusion of a CP-odd Higgs relative to a CP-even one. This
should improve even further with the 14 TeV run such that ↵ � 0.7 could be excluded with 50 fb�1 and ↵ � 0.3 with
500 fb�1. By including other Higgs decay modes, e.g. H ! ��, the exclusion reach can be extended even further.
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Comments

We set limits assuming mixed interactions between the 
Higgs and matter fields: probed CP nature of 

Could also interpret in terms of SM + higher 
dimensional operators

Orthogonal to limits derived from WBF/4l angular 
correlations 

Info from hadronic event shapes?: 1203.5788

ht̄t



Conclusions

• Higgs CP properties important part of Run II program: 
probe as many couplings as possible!

• Lots of information available from Higgs production

• Gluon fusion a promising avenue for constraining Higgs CP 
properties

• Limits on mixing angles:              with 20/fb,              with  
500 /fb

• Further improvements possible with decay information 

↵  0.9 ↵  0.3



It would be cool to have 
this plot for CP properties!

Conclusions


