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Better Higgs-CP Tests Through Information Geometry
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2 Department of Physics and Astronomy, University of California, Irvine, USA
3 Institut fiir Theoretische Physik, Universitit Heidelberg, Germany
4 Institute of Physics and Astronomy, University of Amsterdam, The Netherlands

Measuring the C'P symmetry in the Higgs sector is one of the key tasks of the LHC and a
crucial ingredient for precision studies, for example in the language of effective Lagrangians.
We systematically analyze which LHC signatures offer dedicated C'P measurements in the
Higgs-gauge sector, and discuss the nature of the information they provide. Based on the
Fisher information measure, we compare the maximal reach for C P-violating effects in weak
boson fusion, associated ZH production, and Higgs decays into four leptons. We find a
subtle balance between more theory-independent approaches and more powerful analysis
channels, indicating that rigorous evidence for C'P violation in the Higgs-gauge sector will
likely require a multi-step process.
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I. INTRODUCTION

Since the experimental observation of the Higgs boson at the Large Hadron Collider (LHC) [11 2],
detailed studies of its properties have become one of the most important laboratories to search for
physics beyond the Standard Model. With the measurement of the Higgs mass, the last remaining
parameter of the Standard Model has been determined. This implies that further Higgs measure-
ments can be viewed as consistency checks on the validity of the Standard Model description. In
particular, deviations from the Standard Model expectations induced by heavy new particles can
be described by a continuous and high-dimensional parameter space of Wilson coefficients in the
Lagrangian of an effective field theory (EFT) [3H6]. EFT descriptions have the advantage that they
are well-defined quantum field theories and allow us to predict and include kinematic distributions
in the analysis [7), §].

The key assumptions defining any effective Lagrangian are the particle content and the sym-
metry structure. Once these two initial assumptions are agreed upon, the Lagrangian is defined as
a power series in the heavy new physics scale A. First, the general consensus is that the particle
content of Higgs analyses is given by the Standard Model particles [9]. However, on the symmetry
side, the situation is less clear. To begin with, one can embed the Higgs scalar in a SM-like SU(2),
doublet or add a scalar field unrelated to the Goldstone modes. In this paper we realize the elec-
troweak gauge symmetry linearly and include a complex Higgs-Goldstone doublet. A remaining
question concerns the charge conjugation (C') and parity (P) symmetries of the Higgs boson and
its interactions. In the Standard Model, after the CKM rotations which diagonalize the fermion
masses, the Higgs boson has C' and P preserving interactions at tree level. Any deviation from
this prediction would be a striking manifestation of physics beyond the Standard Model, and it is
experimentally exigent to determine whether there are new sources of C'P violation in the Higgs
sector.

A common approach addresses this question by simplistically combining C'P-even and C P-odd
operators into one effective Lagrangian and fitting them to a combination of arbitrary observables.
Because of many caveats affecting global dimension-six EFT analyses, the results of such an analysis
do not say much about the C'P nature of the Higgs boson. Instead, we propose to carefully
disentangle three questions [10, [11]:

1. Which LHC observables are sensitive to the C'P nature of the Higgs boson?
2. What are the assumptions linking these observables to C'P?
3. How well can we quantitatively test the Higgs’ C'P properties based on these observables?

Once such a dedicated analysis establishes that C'P is not a good symmetry of the Higgs sector, we
will expand the effective Lagrangian to include C' P-violating operators to better discern the nature
of the C'P violation. The first two questions have straightforward answers [12]. In fact, there exists
a wealth of individual LHC studies for this kind of measurement in the Higgs-gauge [13H22] and
in the Yukawa sectors [23-25], as well as through global analyses [26]. Our focus therefore lies on
a unified theory framework which allows us to systematically compare and combine the leading
three Higgs-gauge LHC production/decay channels.

Progress on the third question requires the use of modern analysis and tools. The LHC exper-
iments have come to rely on high-level statistical discriminants, including hypothesis tests based
on multivariate analysis with machine learning or the matrix element method [27, 28]. These tools
are able to tease out features that defy simpler cut-and-count analysis based on one-dimensional
or two-dimensional kinematic distributions. We apply the new MADFISHER approach [29] based
on information geometry [30] to systematically study the sensitivity of different Higgs processes
to different scenarios of C'P violation. Through the Cramér-Rao bound, the Fisher information
determines the maximum knowledge about model parameters that can be derived from a given ex-



periment [31]. It allows us to define and to compute the best possible outcome of any multivariate
black-box analysis [28] [32] as well as the expected outcome based on a more limited set of kinematic
observables. In this way, we determine not only which Higgs production and decay processes are
best-suited to test its C'P properties, but also identify which kinematic variables carry the relevant
information.

We begin with a brief review of C P-sensitive observables at the LHC in Sec.[[B] C'P violation
in the Higgs-gauge sector in Sec.[[C] and our Fisher information approach in Sec.[[D] We study the
three leading LHC signatures, Higgs production in weak boson fusion (WBF) in Sec. [lI} associated
Z H production in Sec. [[IT}, and Higgs decays to four leptons in Sec. [[V] For each of these signatures
we discuss the possible C P-sensitive observables and briefly describe the advantages and challenges
of the corresponding LHC analysis. In Sec. [V| we compare all three channels.

A. CP vs naive time reversal

As is well known, the three discrete symmetries consistent with Lorentz invariance and a Hamil-
tonian which is Hermitian [12] are charge conjugation (C'), parity (P), and time reversal (7"). These
three operators act on a complex scalar field ¢(t,Z) as:

Cot,7)C  =nc ¢*(t,7)  Pot, @) Pt =np ¢(t,—F)  Tot,3)T " =nr ¢(~t,7), (1)

where the phases 7; define the intrinsic symmetry properties of ¢. C and P are unitary transfor-
mations, while 7" is anti-unitary, implying that the phase 77 is not measurable and can be chosen
to be np = 1. Acting on a single-particle state with 4-momentum p and spin s produces

Clep,s)) =10"(p,5))  Plop,s)) =nglo(=p,s))  Tlop,s)) = (o(=p,=s)| , (2)

where 74 is the intrinsic parity of the field. Time reversal transforms incoming states into outgoing
states, so it is convenient to define a ‘naive time reversal’ [10} 12 [33]

T |p(p,s)) = |o(=p,—s)) , (3)

which explicitly omits exchanging initial and final states.
Observables can be chosen to reflect the C, P, or T transformation properties of the underlying
transition amplitude. We are interested in a real-valued observable O that can be measured in

a process |i) — |f). Interesting observables at the LHC are functions of the 4-momenta, spins,
flavors, and charges of initial and final states. First, we define a U-odd or U-even observable as

O(U liy » Uf)) = %0 (|i) = 1)) for U=C,PT. (1)
where the upper (lower) sign refers to U-odd (U-even).

For the purpose of testing the properties of the underlying theory, a genuine U-odd observable is
defined as having a vanishing expectation value in a U-symmetric theory (for which £ = ULU '),

(O)r—vey-1=0. (5)

In case the initial state is a U eigenstate, or the probability distribution of the initial states p(]i))
is U-symmetric, the second definition is slightly weaker. One can show that under this condition
any U-odd observable is also genuinely U-odd,

OWli) » UIf) = —0(i) 1) (odd) "= (0), 1 =0 (genuine odd) . (6)



Van

q q

Figure 1. Feynman diagrams describing the three processes considered in this paper: WBF Higgs production,
associated ZH production, and H — 4/¢ decays.

In particular, any observable that compares the probabilities of two conjugated processes
O ocdo(|i) = |f)) =do(U i) = U|f)) (7)
is obviously genuinely U-odd.

We can gain additional insights on C'P from the T transformation properties. Based on the
definition in Eq. , at tree level, a finite expectation value of a genuine T-odd observable O
indicates a C'P-violating theory [34]. In addition to C'PT' invariance this argument requires:

e the phase space is T—symmetric;

e the initial state is a T—eigenstate, or its distribution is invariant under T; and

e there cannot be re-scattering effects.
The latter correspond to absorptive, complex-valued loop contributions, for instance an imaginary
part in the propagator of an intermediate on-shell particle. To illustrate this point, consider the
transition amplitude 7 defined via S = 1 4+ ¢7. The matrix elements satisfy

no re-scattering

(FITNE) ST G T fr) " T (e i) = [T = (I Tlin) 2, (®)

with T'|i) = (ir| as given in Eq. (2), etc. The first step follows from CPT invariance, and the
second from the optical theorem in the absence of re-scattering. Indeed, in a C'P-symmetric theory
and in the absence of re-scattering, the matrix element squared is T-invariant.

In practice, this argument means that where genuine C'P observables cannot be constructed,
we can analyze genuine T’ observables instead. A non-zero expectation value here is evidence for
C'P violation under the additional assumption of no or negligible re-scattering.

B. CP violation in LHC processes

We evaluate the effect of C'P-odd operators on the three most promising LHC Higgs signatures:
WBF Higgs production in Sec. [[I} associated ZH production in Sec. [T} and Higgs decays to four
leptons in Sec.[[V] From Fig.[I] it is clear that these three processes are governed by the same hard
process, with different initial and final state assignments, and the W and Z couplings related by
custodial symmetry.

Since it is not realistically possible to determine the spins in the initial or final states in these
processes, all observables must be constructed as functions of the 4-momenta. Ideally, we can
reconstruct four independent external 4-momenta for each process shown in Fig. [1| and combine
them into ten scalar products of the type (p; - p;j). Four of them correspond to the masses of the
initial- and final-state particles, and the remaining six specify the kinematics. Scalar products are
P-even. Equation implies that they transform the same way under T as under P, so they are



Observable Theory Re-scattering Symmetry argument Prediction
Cram O e w0 0
CP-o0dd, T-0dd Y il int

o no can have (O) # 0

CP-violating yes can have (O) # 0

R e T
CP-odd, T-even Y i Y int) —

L no T': anti-symmetric o, even O = (0y=0

CP-violating yes can have (O) # 0

Table I. Predictions for C'P-odd observables O based on the theory’s symmetries and the observable’s
transformation properties under T'. In all cases we assume that the initial state or its probability distribution
is symmetric under both CP and T.

also T-even. As we will see in Sec. two of them are C-odd, while the remaining four are
C-even. In addition to the scalar products, there is one P-odd and T-odd observable constructed
from four independent 4-momenta, €,,,,,k4'k%q7q5 [15, [16]. Altogether, there are:

o four scalar products corresponding to masses of the external particles;

e four C-even, P-even, and T-even scalar products;

e two C-odd, P-even, and T-even scalar products;

e one C-even, P-odd, and T-0dd observable constructed from the Levi-Civita-tensor,

for all three processes illustrated in Fig. [l More details, including some analytic results, are given
in the appendix. Thus, at most three observables are C'P-odd, with the main difference between
each process coming from what can be measured for each of the four fermion lines.

In cases where the initial state is guaranteed to be C' P-even and T-even, or can be boosted into
such a frame, we can distinguish two types of C' P-odd observables:

1. CP-odd and T-odd: for the qq initial state this implies that the observable is also genuine
C P-odd and genuine T-odd (see Eq. @) In a C'P-symmetric theory its expectation value
vanishes, implying that a non-zero expectation value requires C' P violation regardless of the
presence of re-scattering. The different cases are illustrate in the upper half of Table[ll

2. CP-odd and T-even: for the qq initial state the observable is also genuine C'P-odd, so in
a C'P-symmetric theory its expectation value vanishes. In the lower half of Table [I] we
show the different scenarios: if the theory is C'P-violating, the corresponding expectation
values does not vanish. If we ignore re-scattering, the theory also appears T-violating, but
the expectation value of the T-even observable combined with an anti-symmetric amplitude
will still vanish. However, in the presence of re-scattering or another complex phase, this
unwanted condition from the 7' symmetry vanishes, and the expectation for (O) matches the
symmetry of the theory.

This implies that for a (statistically) C'P-symmetric initial state, one can arrive at a meaningful
statement about the C'P symmetry of the underlying theory either through a C'P-odd and T-
odd observable without any assumption about complex phases or through a C'P-odd and T-even
observable in the presence of an complex phase.



C. CP violation in the Higgs-gauge sector

Typical tests of C', P, or T symmetries of the Higgs sector do not probe the symmetry nature of
the actual Higgs field, but rather the transformation properties of the action through its influence
on S-matrix elements. We focus on the transformation properties of observables and explore how
they reflect the symmetry structure of the Higgs Lagrangian. To this end, we evaluate the effect
of C P-violating as opposed to C'P-conserving Higgs couplings to weak bosons or heavy fermions.
For an effective Higgs-gauge Lagrangian truncated at mass dimension six,

Ji
L=Lsm+ p@i (9)

our C P-even reference scenario consists of the renormalizable Standard Model Lagrangian com-
bined with the five C'P-even dimension-six operators in the HISZ basis [0, [7, 35],

Op =if (D"6')(D"9) By Ow =i5 (D"¢){a"(D¥e) W,
/2 2
Opp = L= (0'0) B B Oww = =% (8lo) W, Wt
1
O¢,2 = 5 8“(625%) 0“(¢T¢) . (10)

At the same mass dimension, C'P-odd couplings are described by operators

O =~ L (610) B B =~ (610) cpupo B B
BB 4 pv - 4 nvpo

2 __ 2
Oy = —gz (¢lp) W, Wik = —gz (A18) €pupe WPTE WHE (11)
With the Levi-Civita tensor, these operators break down as C-conserving and P-violating.

While the effective Lagrangians in Egs. and demand real coefficients fyyw and f, 7, it
is also interesting to observe what happens when they are taken to be complex. Strictly speaking,
this does not occur in an EFT from integrating out massive degrees of freedom in a well-defined
UV theory. However, absorptive complex phases can appear through light degrees of freedom.
Such cases are not technically described by a local EFT and could lead to different momentum
dependences, so we leave a more refined treatment of this case for future work. Instead, we
consider coefficients such as fyyw and f to be complex to illustrate how such cases complicate
the determination of the C'P nature of the Higgs interactions. Such complex phases already occur
in the Standard Model, for instance from electroweak corrections or in Higgs production with a
hard jet [36]. Such loop-induced contributions to the expectation value of C'P-odd observables
must be taken into account in precision measurements.

Combining the different pieces, we arrive at thirteen model parameters of interest,

2
g= %(qu,z fw I fww BB fyy fpp Imfw Im fp Im fww Im fpp Im f & ImeB)T’

(12)

where the factor v? ensures that the model parameters are dimensionless. The first seven entries
represent the usual Wilson coeflicients in the EFT. The last six entries allow for absorptive con-
tributions. We will use this full vector of model parameters to analyze the sensitivity of different
processes to the C'P properties of the Higgs-gauge sector.



D. Information geometry and Cramér-Rao bound

We briefly review the basics of information geometry applied to Higgs physics at the LHC, as
introduced in Ref. [29]. The LHC measurements are represented by a set of events with kinematic
observables x. Their distribution depends on a vector of model parameters, for example Higgs
couplings, with unknown true values g. An analysis leads to an estimator g, designed to follow
a probability distribution around the true values. For an unbiased estimator the corresponding
expectation values are equal to the true values, g; = E[g;|g] = ¢;- The typical error of the
measurement is described by the covariance matrix

Cij(8) = E[(g: — 9:)(3; — g;)18] (13)

which, as a generalization of the variance in one dimension, gives the precision of the measurement:
the smaller Cj;, the better one can measure the combination of couplings g; and g;.

The second object of interest is the Fisher information matrix, the first term in a Taylor series
of the log-likelihood around its maximum, which measures the sensitivity of the likelihood of
experimental outcomes x to the model parameters g. The Fisher information matrix can be
computed from the probability distribution f(x|g) for a specific phase space configuration given a
model, as

_ 0% log f(x|g)
lij(g) = —E [ 99,09, ’g] : (14)

A large entry in the Fisher matrix implies that the measurement is particularly sensitive to a
given model parameter combination g; ;. Conversely, an eigenvector of the Fisher matrix with zero
eigenvalue indicates a blind direction, corresponding to a combination of measurements with no
expected impact.

The Cramér-Rao bound [31] links these two tracers of the sensitivity of a measurement: the
(inverse) Fisher information tells us how much information a given experiment can optimally
extract about a set of model parameters. The covariance matrix gives the actual uncertainty of
the measurements, and its minimum value must be larger than the inverse Fisher information,

Cij(g) > (I")(g) - (15)

The Fisher information is invariant under a reparametrization of the observables x, and transforms
covariantly under a reparametrization of the model parameters g. After removing blind directions,
the Fisher information is a symmetric and positive definite rank-two tensor and defines a metric
on the model space [30]. The model-space distance measure

d(gh; 8a) = \/(ga —80)i 1ij(8a) (80 — 8b); (16)

gives contours of constant distances as optimal error ellipsoids. Strictly speaking, it is defined in
the tangent space at g,, but can easily be extended to distances calculated along geodesics on the
theory manifold [29]. Such local or global distances track how (un-)likely it is to measure g = g,
given g = g,. In the Gaussian limit the distance value is measured in standard deviations.

The distributions f(x|g) entering Eq. can be computed for any model from Monte-Carlo
simulations combined with a detector simulation. The corresponding measurement consists of an



observed n events distributed over phase space positions x. For a total cross section o(g) and an
integrated luminosity L the full probability distribution in Eq. factorizes [28] [32] as

n

f(x1,.- . Xn|g) = Pois(n|Lo(g)) [ /P (xilg). (17)

i=1

where f(1)(x|g) is the normalized probability distribution for a single event populating x and can
be computed by standard event generators. The factorized Fisher information is

2 (1)
L 80&_L0E 0%log f (x|g)]

~ o g; 9g;

This total Fisher information can be calculated from Monte-Carlo simulations. It defines the best
possible precision with which the parameters g can be measured based on the full observable
space, independent of the (multivariate) analysis strategy. It also intrinsically includes all direc-
tions in theory space and all correlations between different parameters and does not require any
discretization of the parameter space.

Given the discussion in Sec. [[B] an interesting question is how much of the full information
is included in particular kinematic distributions. To answer it, we alternatively calculate the
information in one-dimensional or two-dimensional histograms of kinematic observables. This
gives the maximum precision with which parameters can be measured by analyzing a given set of
observables. Comparing this reduced Fisher information to the total information based on the full
phase space lets us quantitatively analyze whether the clearer theory interpretation of well-defined
CP observables is worth the loss in sensitivity compared to a multivariate approach.

We evaluate the resulting Fisher information matrices in three ways. First, we calculate curves of
constant distances given by Eq. in the space of dimension-six Wilson coefficients, corresponding
to optimal expected exclusion limits of an analysis. This allows us to study correlations between
different Wilson coefficients, for example between C P-violating and C P-conserving operators.

Second, we can rotate the symmetric Fisher information matrix I;; into its diagonal form,
defining eigenvectors as a superposition of model parameters and the corresponding information
eigenvalue. In the diagonal form, the Cramér-Rao bound conveniently defines the reach of a given
analysis in each eigenvector direction. Numerically, this reach can be expressed in terms of the
Wilson coefficients A/\/f, as defined in Eq. (9) [29]. We discuss this analysis in terms of model-
space eigenvectors and their reach in Sec. [V]

Finally, if we are especially interested in a subset of parameters, we can compute the correspond-
ing Fisher information either setting all operators to zero, or by profiling over all other operators,
as discussed in detail in the appendix of Ref. [29]. In Sec. |[V| we use this procedure to analyze the
robustness of signatures from C P-violating operators to other scenarios of new physics.

II. HIGGS PRODUCTION IN WEAK BOSON FUSION

To construct appropriate kinematic observables for WBF Higgs production, we can in principle
make use of three final-state momenta and two initial-state momenta, where one momentum is
linearly dependent on the other four due to energy-momentum conservation. We assume the Higgs
decay H — 771, which allows us to approximately reconstruct the Higgs 4-momentum [37], though
this specific choice of decay mode is expected to have little if any impact on the final results [15].
Throughout the discussion, we rely on the reconstruction of the Higgs momentum to reconstruct
the missing information about the initial parton momenta.



A. CP observables

The partonic gq’ initial states of weak boson fusion is not a C' eigenstate. The discussion in
Sec. [[B] thus implies that one cannot construct a production-side genuine C'P-sensitive observable
in WBF Higgs production. On the other hand, Eq. states that in the absence of spin information
the transformation properties under P and T are the same, and thus one can construct exactly one
genuine T-odd observable based on the Levi-Civita tensor in the center-of-mass frame, making use
of the fact that the initial state probability distribution is T—symmetric in proton-proton collisions.
In the absence of large re-scattering effects, it probes C'P violation in the Higgs-gauge sector. This
observable can be naively defined as [15] [16]

€uvpo k’iL ks Qf qas , (19)

where the two incoming parton momenta are k; 2 and the two outgoing tagging jet momenta are
q1,2. However, this definition suffers from the feature that it changes sign under exchange of the
two tagging jet momenta q; <> g2. We remove this ambiguity through the modification [10]

0= €uvpo kii le/ qf qg sign [(kl - k2) ’ (ql - CI2)] . (20)

Defining k4 and k_ to be the initial state momenta in the lab frame pointing along the positive
and negative beam axis (z-direction), ¢4 and g_ are delineated ‘forward’ and ‘backward’ such that
k4 and ¢4 point to the same hemisphere, or more generally (¢+ — ¢—) - (k+ — k—) > 0 [16]. This
implies that (g+). > (¢—), in the center-of-mass frame. In this notation,

O = €uvpo KK ¢ 47 . (21)

In the laboratory frame, ky = (E1,0,0,£F;). The assignment for g+ imply that the sign
factor is always unity, which reduces O to a triple product

O=2E,FE (qy+0z,— — Qo +y,—) =2E_(q- x q4) - k4, (22)
or, in terms of ¢, + = g7+ cos ¢+ and gy + = qr + sin P4
O=2FE.E_qrqr— sinA¢j; . (23)
where A¢;; is the signed azimuthal angle difference
Adjj =y — o . (24)

The main weakness in the observable O is that it depends on the (usually) poorly determined
energies of the initial state partons EL. Rather than relying on the reconstruction of the Higgs
momentum via its decay products to provide this information, we replace the full observable by

0 = Dy, (25)

which retains the C'P sensitivity through the well-defined 7" transformation of the full set of ob-
servable, matrix element, and initial state. The primary difference between the Lorentz-invariant
observable O and A¢;; is that O is more sensitive to the magnitude of the tagging jet momenta.
This can be advantageous in some instances, since the dimension-six operators in the EFT lead to
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Figure 2. Distribution of the signed angle A¢;; in WBF Higgs production after the cuts in Egs. and
for the Standard Model (black) as well as the for the EFT with the indicated Wilson coefficients. In
the left panel we show the SM signal (black) as well as the interference of different dimension-six amplitudes
with the SM signal (colored). The right panel shows the full distributions including the backgrounds (grey).

modifications which grow with momentum transfer. However, the same effect can be achieved by
supplementing A¢;; with a virtuality measure such as the transverse momentum of the harder jet.

We simulate the WBF process with the MADMAX [38, B9] setup of MADGRAPH [40]. We
compute the Ag;; distribution (with the same event selection as described below) predicted by
the Standard Model as well as for the Standard Model augmented by representative operators
Oww and O3 defined in Egs. and (11). The resulting distributions are shown in Fig.
As expected, the Standard Model, even when supplemented by a C P-even operator such as fiyw,
results in a distribution that is symmetric under A¢;; — —Ag¢;;. Similar results would be obtained
for the other C P-even operators of Eq. such as Ow. In contrast, the C'P-odd operator O,
leads to a distribution with a clear preference for A¢;; < 0.

As is evident from Fig. [2] an imaginary Wilson coefficient fiy also leads to an asymmetry
in the A¢;; distribution. Clearly, absorptive phases can mimic the signatures from C'P-violating
scenarios in this non-genuine C'P observable, and thus potentially complicate the interpretation of
such a signature.

B. LHC reach

Based on our simulations, we determine the expected LHC sensitivity to O, through WBF
production followed by the H — 77 decay. The dominant backgrounds are QCD and electroweak
737 production followed by the decay Z — 77, and Higgs production in gluon fusion with H — 77.
Our analysis is based on the tagging jet kinematics [41H43]. We simulate the WBF signal following
Ref. [29] by generating the process

pp— Hjj— 1717 jj, (26)
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multiplying the rates with the branching ratio for the semi-leptonic di-tau mode, and assuming
the di-tau system to be reconstructed with a realistic resolution for m.,. This means that as the
leading detector effect the m,, distribution is smeared by a Gaussian [32, [38, B9] (with width
17 GeV) for Higgs production and a double Gaussian (where the dominant component has a width
of 13 GeV) for Z production, as estimated from Fig. la of Ref. [44]. The double Gaussian ensures
an accurate description of the high-mass tail of the Z peak around m., = mpy [45].

Event selection proceeds first with loose cuts

pr; > 20 GeV
prs > 10 GeV

nj| <5.0
n-] < 2.5

A?]jj > 2.0
(27)

to retain as much phase space information as possible. One can improve discrimination of the
WRBEF signal from the electroweak and QCD background processes based on their different radi-
ation patterns [41]. These selections are simulated by applying central jet veto (CJV) survival
probabilities [37],

CJV

EWBF H — 0.71 CIV

eV, =0.48 eglh z = 0.14 SV =014,  (28)
Provided the hard phase space does not include any jets beyond the two tagging jets, the results are
not expected to first approximation to be sensitive to details of the central jet veto. For simplicity,
we assume the reconstruction and identification of the leptonic 7 to be fully efficient and assume
a constant overall efficiency of 0.6 for the hadronic tau. These efficiencies do not affect the signal-
to-background ratio. As a second way to suppress backgrounds, we apply a likelihood-based event

selection [29]

AO-Sl\/[ WBF (X)
AJbackgrounds (X)

>1, (29)
retaining only phase-space points x with an expected signal-to-background ratio of at least unity.

For an integrated luminosity of L = 100 fb™!, after all efficiencies and the event selection of
Eqgs. and , we expect a WBF Higgs signal of 1349 events in the Standard Model, together
with a total expected background of 388 events. It is worth noting that these numbers are optimistic
and do not include the full suite of detector effects, fake backgrounds, etc.

We analyze how well WBF production can extract information about CP violation in the
dimension-six EFT defined in Egs. and . The model parameters of interest are given in
Eq. (12). For these directions in the EFT parameter space we use the the MADFISHER tools [29]
to find the Fisher information evaluated at the Standard Model after L = 100 fb~! to be

Wwwllfe | [y | e ol ffm fw] [ fi] oo foww] [fm f5 5] i fyy g o s

4942 —968 —50 54 2 -7 0 -1 0 2 0 36 0

—-968 715 35 —191 -3 1 0 0 0 0 0 —-55 -1

-50 3 6 -9 0 0 0 0 0 0 0 -2 0

54 =191 -9 321 3 -1 0 0 0 1 0 72 1

2 -3 0 3 0 0 0 0 0 0 0 1 0

I — -7 1 0 -1 0 359 4 41 1 —81 -1 -1 0
K 0 0 0 0 0 4 0 0 0 -1 0 0 0
-1 0 0 0 0 41 0 6 0 —12 0 0 0

0 0 0 0 0 1 0 0 0 0 0 0 0

2 0 0 1 0 =81 -1 -12 0 23 0 0 0

0 0 0 0 0 -1 0 0 0 0 0 0 0

36 -5 -2 72 1 -1 0 0 0 0 0 21 0

0 -1 0 1 0 0 0 0 0 0 0 0 0




12

0.10 0.10 1
0.05 - 0.05
< <
S 0.00 S 0.00 -
s s
3 3
—0.05 —0.05 -
-0.10 ~0.10 -
-0.10  -0.05 0.00 0.05 0.10 -0.10  -0.05 0.00 0.05 0.10
fur V3IN2 fwiw v2IN?
T M H
O:= g |
0.10 1 |:3 0.10 1 l:3 i
P = :
; ' |
| . |
i: -
0.05 0.05 A i I
12 . I
~ . ~ I: S
< . < . |
N I: & I: i 3
> .n > .t
3 0.00 A N 2 0.00 - | ;
E -:' E + :|
S 3 |
—0.05 ol —0.05 - i i
f K i
f 1= i
-0.10 f -0.10 - g S
T I T T T T T I\:l T T I T
-0.10  -0.05 0.00 0.05 0.10 -0.10  -0.05 0.00 0.05 0.10
Fuw v2IN? fuw V2 IN?

Figure 3. Optimal 1o contours for WBF Higgs production with H — 77 (solid black). Also shown are
the results based on different subsets of the A¢;; distribution, including its absolute value (purple), its
asymmetry (orange), its full distribution (red), its combination with the leading jet pr distribution (blue);
as well as the observable O as defined in Eq. (green). In grey we show bounds based on a simple rate
measurement. In each panel, the parameters not shown are set to zero.

where red entries correspond to the C'P-odd coefficients and we explicitly label the rows and
columns with the corresponding Wilson coeflicients.

Fig. 3] shows the corresponding optimal error contours for representative pairs of Wilson coeffi-
cients, with those not shown on the axes set to zero, assuming that the data follows the Standard
Model expectation. We assume the cuts of Egs. and and an integrated luminosity of
100 fb~!. Since these two-dimensional combinations of Wilson coefficients may not correspond to
realistic UV scenarios, the projections should be interpreted with care.
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In addition to the full phase-space information, which obviously results in the best reach, we
show the expected constraints from observables based on subsets of the information contained in
the Ag;; distribution. First, we find that all of the observables are sensitive to various C'P-even
operators. Second, the signed Ag;; distribution contains approximately as much information about
Oww as about O 4. In contrast, the distribution of its absolute value |Ag;;| is only sensitive to
the C P-even operators. In Fig. |§| we confirm that in the top-left panel the full A¢;; results are
identical to those from the absolute value |A¢;;|, while in the two bottom panels with with their
imaginary parts they are identical to those from the asymmetry

ang, = do(Agj;) — do(—Agj;) . (31)
7 do(Agy;) + do(—Adyy)
By definition, this asymmetry is not sensitive to C'P-even modification with a real Wilson coeffi-
cient. This confirms that any asymmetry in Ag;; is a clear indicator of C'P violation as long as
we neglect absorptive phases.

The observable O is insensitive to the C'P-even operator Oy, because the information in the
absolute value |A¢| is washed out by the residual momentum dependence. The same momentum
dependence, on the other hand, results in a slightly enhanced reach for C'P-violating physics com-
pared to ang;;. This is consistent with the observation that supplementing A¢;; with the leading
pr,; and analyzing their joint distribution also significantly improves the reach. This enhancement
is not per se related to C'P violation, but rather reflects the well known fact that dimension-six
operators lead to effects which are enhanced at higher momentum transfer. These two important
distributions cover the majority of the information after the selection cuts in Egs. and ,
with only modest improvements obtained by including additional phase-space information.

The case of absorptive physics, represented by a complex phase in the Wilson coefficient, is
shown in the lower two panels of Fig. While there is some sensitivity to the imaginary parts
of fww and f,, the reach is typically much weaker for their imaginary parts than for the
real parts. Crucially, the lower left panel of Fig. 3| demonstrates that once we allow for such an
absorptive phase, an almost blind direction in parameter space arises: none of the observables can
unequivocally prove C'P violation.

To summarize, C'P-violating scenarios can lead to large asymmetries in the signed A¢;; distri-
bution in WBF, giving an impressive new physics reach of the LHC in these signatures. But this
genuine T-odd observable can only be interpreted as a sign of C'P violation under the additional
assumption that re-scattering is negligible. As a side remark, an essentially equivalent measure-
ment is possible for Higgs plus two jets production in gluon fusion, testing the C'P nature of the
effective Higgs interaction with gluons [15].

III. ZH PRODUCTION

At the amplitude level and assuming custodial symmetry, the ZH signature is sensitive to the
same EFT vertices as WBF production [I0]. However, its ¢q initial state is C'P-even in the center-
of-mass frame and at leading order in QCD. Following Sec. [[B] this implies that one can construct
a genuine C'P-odd observable [I1]. It thus eschews the need for additional theory assumptions
concerning absorptive phases in the Wilson coefficients.

We focus on the case with a leptonic Z decay and Higgs decaying into bottom quarks ,

qG— ZH — 070" bb, (32)

which allows us to reconstruct the final state with great precision including the electric charges of
the two leptons, which opens the door to C-sensitive observables. The specific Higgs decay H — bb
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has a large branching ratio, but will not play an important role in our analysis aside from providing
information about the initial state momenta.

A. CP observables

Once again, the lack of access to spins of any of the participants implies that all realistic
observables are constructed from 4-momenta. Following Sec.[[C] they have the same transformation
properties under P and T , so a C'P-odd observable is either T—odd, P-odd, and C-even, or it
is T-even, P-even and C-odd. There are two types of CP observables distinguished by their
transformation under 7"

1. CP-odd and T-odd: as discussed in Sec. there is one P-odd, C-even observable based
on the four independent 4-momenta,

O1 = €ppo kK5 g q7- sign((k1 — k2) - (@1 — @) (33)

where k1 2 are the initial parton momenta and g+ ,- are the outgoing ¢+ and £~ momenta. As
before, the sign ensures that the observable is independent of the parton momenta assignment
and C-even. Asin Eq. and Eq. , 01 can be related to the azimuthal angle, for which
a sign imposes an ordering according to the lepton momentum in the center-of-mass frame.

O1 — A = (¢g+ — ¢¢-) sign(qz ¢+ — ¢z 0~ Jem - (34)

2. CP-odd and T-even: the two C-odd observables are constructed from scalar products be-
tween a C-even and a C-odd 4-vector. The C-eigenstate 4-vectors are differences of the
4-momenta,

c C
ke =ki ko — +ki, q+ = qp+ £ q- — E£qsr . (35)

Because (k4 -k—) = (g4 - ¢—) = 0 for massless fermions, there are two C-odd scalar products
(g— - k) and (k— - ¢4+ ), and the remaining four scalar products are C-even. The first C-odd
scalar product maps on to the energy difference between the leptons

Oy =q-ky = Vs (Bpr — Bp-) = (B — B-) = AEy (36)

where in the center-of-mass frame k12 = (£,0,0,£FE), qi= = (Ep+, §r =, ¢y =), and s = AE?.
The observable (k_ - q4) is a challenge at the LHC, because there is no practical way to
identify the initial state quarks and anti-quarks on an event-by-event basis. However, the
C-odd combination

O3 = (q- - ks )(a4 - ky) — (g4 - k-)(g- - k=)
= s(qre+ — qre-)qrer +are-) = (Grer — are-) = Apree (37)

accesses its information, while only depending on the transverse momentum difference of
the leptons [I1] and the center of mass energy, which can be determined once the Higgs
momentum is reconstructed from its decay products.

Following the discussion in Sec. only the T-0dd observables Oy or equivalently A¢y, probe
the C'P nature of the Higgs-gauge sector. We illustrate this in the left panel of Fig. |4 which
shows the distribution of A¢yp for the ZH signal in the SM and with different choices of Wilson
coefficients in the EFT. As expected, the C'P-odd operator O induces an asymmetry under
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Figure 4. Distributions of A¢ye (left) and AEy, (right) in ZH production after the cuts in Egs. and
for the Standard Model signal (solid black), and for the interference between different dimension-six
amplitudes with the SM signal (colored).

A — —Ad¢yp. Unlike in WBF, this genuine signature of C'P violation cannot be generated from
an absorptive phase in C' P-even physics.

As discussed in Sec. the T-even observables Oy and Oj or equivalently AEy and Apr g
will have a non-zero expectation value only in the presence of C'P violation and re-scattering. The
right panel of Fig. [f] shows the distribution of AEy, demonstrating that an asymmetry in this
observable requires both, C'P violation and a source of a complex phase.

B. LHC reach

The signature consists of two b-tagged jets and two opposite-sign, same-flavor leptons. We
simulate it as in Sec. [[, with the b-jet momenta smeared appropriately for the reconstruction in
the H — bb decay mode with a Gaussian with width oy, = 12.5 GeV [39]. The basic acceptance
cuts

prp > 20 GeV |’I75| <25 100 GeV < my, < 150 GeV ARy, > 0.4
pre > 10 GeV ’77€| <25 86 GeV < my < 96 GeV ARy, ARy, > 0.4 (38)

include a narrow invariant mass window for the two leptons to effectively reject background pro-
cesses without an on-shell Z — £¢ decay. After the leptonic invariant mass cut, the main back-
ground is the irreducible bbZ, production, where the two b-jets are produced as hadronic radiation.
The acceptance cuts of Eq. reduce its rate to 629 fb (before b-tagging), to be compared to the
SM ZH signal rate of 14 fb.

We require two b-tags. This helps with fake backgrounds (as explained below), but differs with
regard to some of the current experimental strategies grappling with limited statistics — a challenge
that is much less of a concern with 100 fb~!. We assume a double b-tagging rate for the signal
and primary background of 0.72. Through mis-tagging, the fake QCD background gg — céZ, will
also contribute. Its rate after the acceptance cuts is 423 fb, and as long as the rate to mis-tag a
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charm as a b remains below 20%, it is small enough to be ignored. There is also a contribution
from mis-tagged light-flavor jets. Starting from a jjZ, rate of 17.2 pb after acceptance cuts and
applying a mis-tag probability below 1% it turns out to be negligible.

Pairs of top quarks lead to a final state bbffvv which is primarily distinguished from the signal
by the presence of significant £;. Supplementing the acceptance cuts with [TT] 46]

Fr <20 GeV (39)

results in a rate of 13 fb before b-tagging. A multi-variate analysis of the multi-particle final state
will further suppress it to a level where it does not affect the measurement.

After the acceptance cuts, requiring two b-tags, and the [ cut, the only relevant background
is therefore bbZ, production. As in the WBF analysis, we improve the signal extraction through
the likelihood-based event selection [29],

Aosym 71 (%)
AC’Tbackgrounds (X>

>0.1. (40)

The lower cut-off choice relative to WBF is dictated by the larger background rates for the ZH
case in the relevant phase-space regions.

With L = 100 fb~! of data and after the event selection of Egs. , , , and all
efficiencies, we expect a ZH signal of 208 events in the Standard Model and a total expected
background of 1035 events. Our idealized treatment of the detector response and omission of
subleading backgrounds mean that these numbers are certainly optimistic.

In the basis of Eq. , the Fisher information matrix evaluated at the Standard Model with
an integrated luminosity of L = 100 fb~! is

Www| |5 ] sl fom fw] o F5| [im fww| flm f5 5] [fm fyy 5] o i |

4971.9 844.2 257.5 447.0 41.6 0.4 0.0 03 0.1 —-0.4 0.0 —0.1 0.0

844.2 858.5 261.8 174.2 16.2 0.3 0.0 —-0.1 0.0 0.2 0.0 0.3 0.0

257.5 261.8 79.8 53.1 49 0.1 0.0 0.0 0.0 0.1 0.0 0.1 0.0

447.0 174.2 53.1 658 6.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0

416 162 49 6.1 06 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

I — 04 03 01 01 00 53 05 0.0 0.0 0.0 0.0 0.0 0.0
K 0.0 00 00 00 00 0.5 00 0.0 0.0 0.0 0.0 0.0 0.0
03 -0.1 0.0 0.0 0.0 0.0 0.0 5.1 1.6 -7.8 0.7 0.0 0.0

01 00 00 00 0.0 0.0 0.0 1.6 0.5 -24 -0.2 0.0 0.0

-04 02 01 00 00 00 00 -78 —-24 12.0 1.1 0.0 0.0

00 00 00 00 00 00 00 =07 -0.2 1.1 0.1 0.0 0.0

-0.1 03 01 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16.2 1.5

0.0 00 00 00 0.0 0.0 00 0.0 0.0 0.0 0.0 1.5 0.1

with C'P-odd components highlighted in red.

This is translated into optimal error contours in Fig. [5, where each panel shows a pair of Wilson
coefficients, with the remaining ones set to zero. In addition to the bounds based on the full kine-
matic information, we also show the optimal constraints based on individual observables. Once
again, the best constraints on the C'P-even operators come from a combination of angular ob-
servables like Ay and momentum-sensitive observables like mzg. The ZH production processes
turns out to offer much tighter constraints on fy than fyw.

The distribution of A¢yy is sensitive to both C'P-even and C'P-violating operators. Unsurpris-
ingly, the information on C'P-even operators is entirely contained in the absolute value |A¢y|. In
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contrast, the differential asymmetry

un. = G0(Adg) — do(~Agu)
29 = Ao (Adyr) + do(—Agyr)

(42)

carries all of the information concerning C'P violation. Unlike A¢;; in WBF, it is now a genuine
C P-odd observable, so this asymmetry is never generated from real or imaginary Wilson coefficients
of C'P-even operators, and the lower left panel of Fig. [5| does not suffer from blind directions.

As expected from the discussion in Sec. |T_B'|7 the distributions of Apr s and AFEy can only
exhibit asymmetries if both C'P violation and absorptive phases are present. This leads to these
distributions only being sensitive to the imaginary part of Oy, as is visible in the bottom right
panel of Fig.

Altogether, we find that ZH production with its C'P-even initial state provides us with genuine
C'P-odd observables that do not rely on any further theory assumptions. In particular the signed
azimuthal angle difference A¢ys provides a clean probe of the C'P nature of the Higgs-gauge sector.
Unfortunately, the small rate and large backgrounds limit the new physics reach of the LHC in
this channel.

IV. H — 4 LEPTONS

The final, classic [I3],[14] process we consider is the Higgs decaying into four leptons, which offers
full reconstruction of the final state, including all of the electric charges. On the other hand, in this
process the Higgs is almost always on-shell, limiting the momentum flow through the HZ Z vertex.
In addition, the fact that one of the Z bosons is typically on-shell results in one less independent
degree of freedom in the favored region of kinematics. Nevertheless, the four leptons in the final
state can be reconstructed with exquisite precision, which might help compensate for the smaller
lever arm in energy.

The four leptons are organized into two same-flavor, opposite-sign pairs, whose momenta are
labeled as:

H — (] (q1) 61 (q12) 43 (g21) 45 (q22) - (43)

where /12 = e, 1 are restricted to electrons and muons which can be reconstructed very precisely.
Even combined with the relatively featureless gluon-fusion Higgs production mode, this decay mode
has essentially no backgrounds and is largely statistics limited.

A. CP observables

Once again, the lack of spin information dictates that all observables are constructed from the
4-momenta, and transformation the same way under both P and T. Thus, as for ZH production,
any C'P-odd observable is either T-odd, C-even, and P-odd and or T-even, C-odd, and P-even.
The initial state, at leading order, is C'P-symmetric and T -symmetric in the Higgs rest or center-
of-mass frames. We combine the lepton 4-momenta into C-eigenstates

g1+ = q11 £ q12 G2+ = q21 £ g23 . (44)

Similarly to the discussion in Secs. [[B| and [[TA] there are two classes of observables:
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Figure 5. Optimal 1o contours for ZH production (solid black). The colored lines show the reach contained
in the Agy, distribution, including its absolute value (orange), asymmetry (green), full distribution (red),
combination with the myzgy distribution (blue); based on the distribution of AFEy, (purple); for the distribu-
tion of Apr e (turquoise); and based on a simple rate measurement (grey). In each panel, the parameters
not shown are set to zero.

1. CP-odd and T-odd: there is exactly one observable in H — 4{ decays that is P-odd and
C-even,

Ou = 4€mp0 )1 B2 51 G52 = Cuvpo ql11+ qi— q§+ a5 - (45)

Unlike in Eq. , there is no need for an explicit sign factor to compensate for unobservable
permutations. It is convenient to work in the Higgs rest frame with both Z-boson 3-momenta
along the z-axis, implying ¢;+ = (F;,0,0,q,;) with £y + Fy = mg and ¢;1 + ¢.2 = 0. In
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this frame,
Oa = mpy (G1— X 2-) * Q1+ - (46)

We can relate this to the Z-decay plane correlation angle ® in Eq.(2) of Ref. [19] by intro-
ducing 7; = @1 X 2 and making use of the identity (@ x b) x (@ x &) = [@- (b x ©)]d, leading
to

16
Oa:_# Qi - (71 X 7i) ~sin® . (47)

q1+

Note that in Ref. [I9] the definition of the angle between the two Z-decay planes is slightly
more complicated. They relate the absolute value of ® from cos® = (nj72)/|n172| and
extract the sign of the angle from sign(®) = ¢ - (71 x 7i2)/(|G1+ - (71 X ©2)|) . Since only
the latter is sensitive to P violation, its information is equivalent to O,.

2. CP-odd and T-even: as before, we construct two scalar-product-based C P-odd observables
by combining C-even and C-odd 4-vectors: (g2 - ¢1—) and (gi+ - g2—). In the rest frame of
q1+ we define

O = —(g24 - 01-) = 2|3+ ||| cos 01 . (48)
with the same angle 0; as in Ref. [19]. Similarly, in the go4 rest frame, we define
Oc = ~(q1+ - @2-) = 2|Gi+]|Gar | cos 0> . (49)

The relation between these decay angles the tagging jet correlation in WBF is well known [22].
Because the effects of dimension-six operators are enhanced at higher momentum transfer, selec-
tions on the invariant masses ¢3 , and a3 4 can enhance the sensitivity to C'P-violating operators,
even though these variables themselves are not sensitive to C'P violation.

B. LHC reach
We simulate the signature
pp — H — ({07 6;“62_ (50)
with two pairs of opposite-sign, same-flavor leptons ¢1 2 = e, u. We apply the basic event selection
pre > 10 GeV Ine| < 2.5 120 GeV < myy < 130 GeV . (51)
After these cuts, there is a small background from continuum ZZ production, which we include

with an appropriate smearing of the my, invariant masses.

As before, we assume an integrated luminosity of 100 fb~! and neglect the detector efficiencies
for the four leptons. For the Wilson coefficients given in Eq. , we find the following Fisher
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Figure 6. Optimal 1o contours for gg — h — 4¢ (solid black). In grey we show bounds based on a rate
measurement. The red line shows the contours based on an analysis of the lower of the two lepton pair
masses mz, and @, other kinematic variables lead to bounds between the red and grey lines. In each panel,
the parameters not shown are set to zero.

information matrix evaluated at the Standard Model, with C'P-odd components in red:

[Fww] [Fo8] [ ] 75| [ Fiw] [ £5] [ o] [ Fa 8] [im £,y 0] [ 7]

1649.4 135.1 414 —-69.7 —64 03 01 -—-14 0.3 21 -01 -0.2 0.1

1351 114 35 -6.2 -05 0.0 00 -0.1 0.0 0.2 0.0 0.0 0.0

414 35 11 —-1.8-02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

—69.7 —6.2 —1.8 3.9 03 00 0.0 0.1 0.0 —0.1 0.0 0.0 0.0

-6.4 —-05-02 03 02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

I — 0.3 0.0 0.0 0.0 00 0.5 -0.1 0.0 0.0 0.0 0.0 0.0 0.0
E 0.1 0.0 0.0 0.0 0.0 —-0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
-14 -01 00 0.1 00 00 0.0 0.0 0.0 -0.1 0.0 0.0 0.0

03 00 00 00 00 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0

21 02 00 -01 00 00 00 =01 0.1 0.3 0.0 0.0 0.0

-0.1 0.0 00 00 00 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0

-0.2 0.0 0.0 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.4 0.0

0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1

Optimal exclusion limits for representative pairs of Wilson coefficients are shown in Fig.[6] The
sensitivity is about ten times worse for H — 4¢ than for ZH or WBF production, indicating that
the enhanced precision in measuring the lepton momenta does not overcome the limitations of the
restricted momentum transfer and dominantly constrained kinematics.

V. COMPARISON AND SUMMARY

The presence of new sources of C'P violation in the Higgs sector is of fundamental importance,
and according to some common lore may shed light on mysteries such as the baryon asymmetry
of the Universe. It is crucial to establish the symmetry structure through well-defined observables
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Figure 7. Comparison of the sensitivity of different channels and observables at the LHC with 100 fb~*. In
the top panel we show the eigenvalues of the various Fisher information matrices. The colors denote the
decomposition of the corresponding eigenvectors: the length of each segment is proportional to the magnitude
of the eigenvector component. In the bottom panel we show the Fisher information on the C P-violating
Wilson coefficient f; 7. The grey bars show the sensitivity assuming that all other considered operators are
zero, while the red bars profile over arbitrary values of all of the C' P-even parameters (including absorptive
parts). In both panels, the right axes translate the Fisher information into the corresponding new physics
reach.

as an ingredient to a global analysis, for example a dimension-six effective field theory containing
both CP-conserving and C P-violating operators.

We have examined CP-sensitive observables in WBF Higgs production, ZH production, and
Higgs decays into four leptons. While the underlying hard processes, and hence the sensitivity to
the C'P properties of the Higgs-gauge sector, are essentially identical for the three processes, the
different initial and final state assignments define distinct signatures:

1. For WBF the initial state is not a C'P eigenstate and one cannot measure the charges of
initial-state or final-state quarks. In this situation we can use the naive time reversal to test
the underlying C'P properties, but only under the assumption of no re-scattering effects. On
the other hand, the momentum flow through the Higgs vertex can be large.
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2. In ZH production, the initial state is a C'P eigenstate at leading order and one can easily
identify the lepton charges in the final state. We can construct a genuine C'P-odd observ-
able, which directly reflects the CP symmetry of the underlying Lagrangian without any
assumptions and without any additional complex phases. The momentum flow through the
Higgs vertex can be enhanced by kinematic cuts.

3. Finally, for H — eTe™ pu* ™, one has full control over the kinematics of the process, allowing
for a straightforward construction of C' P-sensitive observables. However, the momentum flow
through the relevant Higgs vertex is restricted by the Higgs mass and one of the Z-bosons
is on-shell, limiting the kinematic coverage of the process.

In a next step, we have analyzed the new physics reach of the processes and observables in terms
of thirteen Wilson coefficients. By calculating the Fisher information in the different signatures, we
determined the optimal possible exclusion limits at the LHC, including through any multivariate
analysis and taking into account all correlations between different operators.

The results of this comprehensive comparison are summarized in Fig.[7] We compare the optimal
sensitivity of the three analyzed channels when either performing a fully multivariate analysis or a
histogram-based analysis of either one or a combination of two kinematic distributions, assuming
an integrated luminosity of 100 fb~!. In the top panel we show the eigenvalues and eigenvectors
of the Fisher information matrices. The colors denote the decomposition of the corresponding
eigenvectors, defining the direction of a given eigenvector in model parameter space. The right axis
translates the corresponding Fisher information into the new physics reach along this direction in
model parameter space.

In general, the C'P-even operator Oy 2, which rescales all Higgs couplings, dominates the most
sensitive directions for all three processes [29], typically followed by a combination of Oy and Oy .
Of the two C'P-odd operators O, and Opp, only the former can be meaningfully constrained
in these processes. In WBF Higgs production, the sensitivity to this operator is best isolated in
the asymmetry aag, which is not sensitive to any real C'P-even Wilson coefficients. But the corre-
sponding Fisher information still shows an admixture mixture of the imaginary Wilson coefficient
of the C'P-even operator Oy, once again demonstrating that additional theory assumptions are
necessary to measure C'P violation in this channel. In contrast, the genuine C P-odd asymmetry
aag in Z H production is solely sensitive to C' P-violating operators, albeit at a reduced new physics
reach. As expected, the asymmetry aag is sensitive only to the combination of C'P violation and
absorptive physics modelled by imaginary coefficients for the operator O, 7. In both WBF and
Z H production, adding observables that measure the momentum transfer significantly increases
the information on all operators, but at the cost of obfuscating the C'P interpretation of the results.
Finally, the Higgs decay is only really sensitive to the combination of mostly Qg2 and Oy that
affects the total rate in this channel, and the physics reach in any other direction in model space
is severely hampered by the limited momentum flow.

In the bottom panel we focus on the Fisher information on the C'P-violating Wilson coefficient
Jwiv- The grey bars show the sensitivity assuming that all other considered operators are zero,
translated into the new physics reach on the right axis. A combination of the two leading WBF
observables prj, and A¢;; [15] captures almost the entire phase-space information on f; ;. When
we profile over arbitrary values of all of the C'P-even parameters, including the absorptive imaginary
parts, this feature gets washed out, motivating a multi-variate WBF analysis. The theoretically
better-controlled Z H production channel has a significantly smaller reach than the WBF signature,
but its reach for f, 4 is literally unaffected by other operators, thanks to the genuine C'P-odd
observable. For the Higgs decay the only news which is worse than the fact that there is very little
information distributed over phase space is that the genuine C'P-odd asymmetry ag is extremely
limited in reach.
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Altogether, we find that a C'P measurement in WBF production provides the best reach, but its
interpretation is theoretically not very clean. A C'P measurement in ZH production is less model-
dependent and more stable in terms of correlations, because we can construct an appropriate
genuine C'P-odd observable. In both cases, variables constructed to be sensitive to CP can be
combined with information pertaining to the momentum transfer, which enhances the effect of
dimension-six operators compared to the Standard Model amplitude. Finally, the Higgs decay is
easily reconstructed and analyzed, but has a very limited reach because of its limited momentum
transfer. Between the three processes we studied, there is no unequivocally best signature to
determine the C'P properties of the Higgs-gauge sector, but there is clearly a worst.
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Appendix A: Analytic form of the cross section

The most general Lorentz structure of the Higgs-gauge couplings HV*(k;)V5(ky) for on-shell
gauge bosons can be written as [19] 22] [47]
9
798 = 2 [ aym2 g®8 + by (kSkD — ky - kag®®) + ﬁveaﬁ'ﬂskmk%} . (A1)
v
The SM at tree level is characterized by a = 1 and b = § = 0. Radiative corrections in the SM or

new light new particles can introduce complex phases in a,b and 5. In the Standard Model EFT,
we can relate a,b and § to the Wilson coeflicients of the dimension-six operators,

aw = 1+ miy 1 b = =iy (5 4275 )

2 Jwiw
ﬁW = My A2 (AQ)
and similar for the HZZ couplings. These couplings are constrained by Higgs measurements.
In particular, the decay mode H — ~7 is sensitive to new physics contributions, since it first
appears at one-loop in the SM. The dimension-six operators introduced above induce an additional
contributions described by the form factor

fww + fBB

The absence of deviation from the SM in the diphoton channel therefore implies fpp ~ — fiyw.

The three processes considered in this paper are at leading order described by the single diagram
shown in Fig. [8] We evaluate the corresponding matrix elements for the general form of the Higgs
coupling to vector bosons in Eq. , using the W-boson mediated WBF Higgs production for
illustration. The other processes shown in Fig. [1| are related by appropriate crossings. In this case,
the gauge-fermion coupling takes the form —ig/(2v/2)vy*(1—~5)V,, where V,, is the CKM matrix.
It is instructive to introduce the combinations

i = p11 — P12 pi = p11 + pi2 D5 = p21 — P22 5 = p21 + P22, (A4)
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WBF Production

v
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by L @

A

Higgs Decay

Figure 8. Feynman diagram for WBF-Higgs production, ZH production and Higgs decay to 4 leptons. The
arrows indicate the momentum assignment used in the text.

where the pf correspond to the vector boson momenta. In cases of ZH production and H — 4/
decay, the momenta p{ will be odd under C-conjugation, while the p{ are C-even. From these
momenta, we construct eleven different Lorentz invariant observables describing the kinematics:

C-even:  Ny=pf-ps  Ne=pi-pf  Ny=pf-p5  No=ps b
vanishing: Vi=pi-pi=0 Vo=pS-pl =0
P-odd: Py = eapspi®p} py (A5)
where we have used the fact that the fermions are approximately massless. The squared matrix

element for the process ud — duH, averaged over initial spins and summed over final spins, takes
the form

94‘Vud|4 N
1024 (pf — miy)2(p5 — miy)?
with N = |al®fa + b2 fo + |82 f5 + 2Re(ab™) fE 4 2Im(ab®) f1,
+ 2Re(aB*) f15 + 2Im(aB*) f15 + 2Re(bB*) fif + 2Im(bB¥) 15 - (A6)

IM* =

The individual contributions are

fa=mi((N1 + N3)? — (C1 + C2)?)

fy = (C1Cy — N1 N3)? + NyN4(C? + C2 4+ 2N N3) + N2N?

fs = NaN4(2C1Cy + NE + N2) — (0103 — N1N3)? — NIN7

B — m2 (N + N3)(C1Cy — N1N3 — NoN,)

b = miPL(C1 + Cy)

2 = —m{ P (N1 + Ns)

15 =mi(C1 + C2)(N1N3 + NaNy — C1Co)
fl% = Pi(N1N3 + NoNy — C1.Cs)
fiz = (C1 + C2)NaN4(N1 + N3) . (A7)
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For a non-vanishing expectation value of the P-odd observable P;, the squared matrix element
must contain a term linear in P;. Such terms are generated either in the presence of C'P-violating
new physics, when either Re(af*) # 0 or Re(bp*) # 0, or in the presence of the absorptive phase
Im(ab) # 0.

In the processes involving a Z boson, the process may also enjoy a well defined transformation
under charge conjugation. In this case, a non-vanishing expectation value for the C-odd observ-
ables C] 2 requires the squared matrix element to contain a term linear in C 2. Such terms are
generated only via rescattering effects when Im(ab*), Im(af*),Im(b3*) # 0. The measurement of
C; sometimes requires the identification of fermion charges, and therefore is not possible for all
processes. Note that fC{b is both C-odd and P-odd and therefore C'P-even. Thus, it does not con-
tribute to a non-vanishing expectation value of both P and C; if the initial state is C'P-symmetric,
verifying the observation that absorptive phases can induce an asymmetry in P; in WBF Higgs
production, but not in ZH production or H — 4¢ decay.
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