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ABSTRACT: Extra Higgs states appear in various scenarios beyond the current Standard
Model of elementary particles. If discovered at the LHC or future colliders, the question will
arise whether CP is violated or conserved in the extended scalar sector. An unambiguous
probe of (indirect) CP violation would be the observation that one of the extra Higgs
particles is an admixture of a CP-even and a CP-odd state. We discuss the possibility to
discover scalar CP violation in this way at the high-luminosity (HL) phase of the LHC. We
focus on the Two-Higgs Doublet Model of type I, where we investigate its currently allowed
parameter region. Considering a benchmark point that is compatible with the current
constraints but within reach of the HL-LHC, we study the prospects of determining the
CP property of an extra neutral Higgs state H via the angular distribution of final states
in the decay H — 77. The analysis is performed at the reconstructed level, making use
of a Boosted Decision Tree for efficient signal-background separation and a shape analysis
for rejecting a purely CP-even or odd nature of H.
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1 Introduction

After the discovery of the scalar resonance with a mass of about 125 GeV, the combined
measurements are now used to establish the particle’s properties [1] and whether or not
it is indeed the Higgs boson as predicted by the Standard Model (SM). An important
part of this procedure is the test of its spin [2, 3] and CP transformation properties [4],
for instance in its top-associated production mode [5]. The latter is of particular interest,
as the violation of the CP symmetry is a fundamental ingredient in order to explain the
long-standing puzzle of the matter-antimatter asymmetry of the Universe [6], in particular
because the CP violation in the SM — observed first in Kaon [7] and recently also in
Charmed meson decays [8] — is insufficient. This calls for physics beyond the SM (BSM)
explanations with significant amount of CP violation, which can e.g. be introduced in the
scalar sector.



According to present analyses, the discovered scalar resonance is compatible with the
scalar Higgs boson as predicted by the SM, yet the possibility of a more complex scalar
sector that includes CP violation remains. Although no additional scalar resonances have
been found to date! the scalar sector may include additional scalar bosons, which mix only
weakly with the SM-like scalar Higgs boson.

A minimal prototype for an extended scalar sector is the Two Higgs Doublet Model
(THDM) where the scalar sector of the Standard Model (SM) is extended by an additional
scalar SU(2), doublet field [12], which allows for the possibility of spontaneous violation
of the CP symmetry in the scalar sector [13], see e.g. ref. [14] for an overview over its
phenomenology. In general, additional Higgs doublets are tightly constrained as they may
introduce Flavour Changing Neutral Currents (FCNCs) at tree-level, and Electric Dipole
Moments (EDM) for SM particles, see e.g. ref. [15].

Scalar particles as in the THDM can be discovered and studied at particle colliders,
such as the Large Hadron Collider (LHC) [16, 17]. Once another scalar boson is discovered,
its CP properties will be studied, similarly to the Higgs boson, via correlations of the
final state leptons from its decays, for instance from sequential gauge boson decays [18],
polarisation of tau lepton pairs [19], or top quark associated production [20]. Recently the
state-of-the-art experimental constraints on the type II THDM were combined and it was
shown that observable CP-violating effects in the neutron EDM and also in tth production
at the LHC were still possible [21].

In this paper we go beyond existing studies by investigating in detail the possibility to
establish the presence of CP violation in the THDM type I from mixing of heavy neutral
scalar particles with different CP transformation properties. To this end we define the
model in section 2, discuss present experimental constraints and the allowed parameter
space in section 3 and perform a collider analysis of the angular distribution of final states
in the decay H — 77 and how it can be used to infer the CP property of extra Higgs states
in section 4. We summarise our results and conclude in section 5. In the appendices A and
B we discuss the potential of the alternative decay channel H — ZZ — 4pu.

2 The complex Two-Higgs Doublet Model

The THDM was introduced in ref. [13] to discuss the phenomenon of CP violation in the
scalar sector, an effect that can potentially be large. All incarnations of the THDM tend
to create tree-level flavor changing neutral currents (FCNCs) that arise from the Yukawa
potential. In the THDM the FCNCs can be naturally suppressed when a Zs symmetry is
imposed on the Lagrangian [22], as discussed below.

2.1 The scalar potential

In the THDM the scalar sector of the SM is extended by an additional field such that the
theory contains two SU(2)r-doublet fields, ¢1 and ¢2, with identical quantum numbers

!There exist anomalies in the multi lepton channels and the di-photon channel at the LHC, which were
interpreted as possibly due to scalar resonances in refs. [9, 10] and [11], respectively.



under the SM gauge symmetry group:

+ +
& = ( n ) and ¢o = ( " ) . (2.1)
(v1 4 h1 +ih3)/v/2 (v2 + ho +iha)/V/2

Here we introduced the real neutral fields h;, i = 1,...,4, the charged (complex) fields
77i+ , 4 = 1,2, and the vacuum expectation values (vevs) v;, i = 1,2. In its most general
form the THDM allows for global transformations which mix these fields and change the
relative phases. The Lagrangian density for this model can be decomposed as

Lrapm = LsMmkin + Lo xin + Vs + Y5, (2.2)

where Lgn kin denotes the kinetic terms for SM gauge fields and fermions, L4 yin denotes
the kinetic terms for the two scalar fields ¢;, i = 1,2, Vi denotes the scalar potential, and
Y4 the Yukawa terms which gives rise to the couplings between the SM fermions and the
scalar fields.

The most general potential for THDMs can be written as

Vi =miy(6]61) + m3y(@hen) — [mia(6]62) +hc.|
+ M1 (0]61)7 + Aa(8hd2)” + A3(6]61)(dh2) + Na(] ) (8561) (2.3)
£ 5 [As(0]62)? + 26(6]61)(6162) + Mr(0a)(6]0) +hc]

To avoid FCNCs interactions, THDMs are often defined with a global Zs symmetry [22],
which transforms the scalar fields as

1 — o1, P2 — —p2. (2.4)

In Vj, this symmetry enforces A\¢ = A7 = mi, = 0. In addition, some of the fermion
representations also transform under the symmetry to ensure that only one of the Higgs
doublets is involved in each Yukawa matrix. With exact Z; symmetry, there is no CP
violation in the scalar sector, because the only complex parameter in V would be A5, and
its effect could be absorbed into global redefinitions of the fields.

To allow for CP violation in the scalar sector of the THDMSs, we will consider a softly
broken Zs symmetry, where in addition to A5 also the (complex) parameter m?, is present
and non-zero. The scalar potential is then given by

Vo =m3y (0] 61) + mby(0]0a) — [mia(6]62) + hoc.] + Ai(6]61)2 + Na(6h6)?

(2.5)
+ 25(8]61) (6362) + Ma(6]82)(6k00) + 5 [Ms(6]62)” +hc]

We parametrize the two a priory complex-valued parameters as m¥, = \m%ﬂein(m?z), A5 =
|A\5]€5) introducing the two phases 7(m?,) and n(\s).



When minimizing the Higgs potential after electroweak symmetry breaking, the tad-
pole equations require

ov 1 1 1

—— =~ IR(As5) — vaR(miy) + Mo} +m3 v + = Azv1v3 + ~M\vgvs =0,

oh1 2 2 2

ov 1 1 1

—— = —vR(\s) — viR(mIy) + = A3v3vg + =~ A\gvivg + Aavi + m3ve =0,

Ohs 2 2 2

v 1, ) (2:6)
o —§v1v2%()\5) + v (miy) =0,

8h4 N 8h3 V2 -

with v; and vy denoting the two (by convention real and positive) vacuum expectation
values (vevs) of the two scalar fields ¢; and ¢2. The two vevs satisfy v = y/v? + v3, with
v denoting the SM vev v ~ 246 GeV, and we define tan 3 := vg /vy.

Solving the first two equations one can eliminate m?,; and m3, while from the third
equation we get the condition J(my) = 1v1025(A5). In the following we will use this

relation to remove 3(m?,) from all equations, leaving

R(m2y) and A5 = |5 eMs) (2.7)
as the remaining independent parameters. In this sense, the phase parameter 7(A5) of A5
governs CP violation in V.
2.2 The mass matrix
The tree-level mass matrix for the neutral scalars is given by:
0*V

ij — ] ] )
Ohdhs |, _,

(M?) (2.8)
with h; (i = 1,2,3,4) being the neutral components of the two Higgs doublets including
the Goldstone boson to be absorbed by the Z boson after electroweak symmetry breaking.
The mass matrix for the four neutral states in the Higgs basis hy, ho, h3, hy is

Dy O1 Oz O3
D
2 | Or D204 0s 7 (2.9)
Oy O4 D3 Og
O3 Os O Dy
with the diagonal elements
v2\ 2\ 1
Dl = 3)\1’0% + 22 3 + 22 1 + m%l + 5’0%%()\5) s
Av? \o? 1
Dy = 32”1 42”1 + 5 R(Os)of +303A2 +md,
) . (2.10)
9, V3Az V34 2 14
Av? Aot 1
Dy = AsU MU 7%()\5)1}% -+ U%)\Q -+ m%z ,

2 2 2



and the off-diagonal elements
O1 = v1v9A3 + V1V 4 + Ulvggﬁ(/\g)) — §R(m%2) ,
02 = —-v33(Xs)

1
03 = 51}1’02%()\5),

(2.11)
04 = —03,
1,
Os = 501%()\5),

Op = v1v2R(\5) — R(miy).

Diagonalizing the mass matrix in eq. (2.9) leads to three massive neutral scalar bosons
Hy, Hy and H3, and one massless neutral field Hy. In this article we will evaluate the mass
matrix numerically. An analytical dependence of the mass eigenstates’ physical properties
on the model parameters can be extracted under certain simplifying assumptions, see e.g.
refs. [24, 25].

In general, the mass eigenstates do not conserve the CP symmetry. One can see that
with the only source of CP violation coming from J(A5), for S(A;) — 0 one retains the CP
conserving THDM (with vanishing off-diagonal entries in the mass matrix, Oz 345 — 0).
The squared neutral Higgs mass matrix can be diagonalized by a 4 x 4 matrix R as

RIM?R = M3, = diag(0, M7, M, M},). (2.12)

The neutral Higgs mass eigenstates H; (i = 0,1,2,3) are related to the interaction fields
h; via the rotation

hi =Y Ri;jH;. (2.13)

In the following we identify Hy with the Goldstone boson that is absorbed by the Z boson
and H; with the SM-Higgs-like scalar resonance at ~ 125 GeV. This leaves the neutral
bosons Hs and Hs as new scalar mass eigenstates yet to be observed. We will assume that
the extra Higgs states are heavier than H; and, without loss of generality, require the mass
ordering My, < My, < Mp,. The evaluation of the mass matrix and the rotation matrix
R is carried out numerically using SPheno [26, 27].

2.3 The Yukawa sector

The absence of FCNCs at tree-level is ensured when a basis exists in which the contribu-
tions to the mass matrices for each fermion of a given representation stem from a single
source [22, 28]. In the Standard Model with left-handed doublets and right-handed singlets,
this implies that all right-handed quarks of a given charge must couple to a single Higgs
multiplet, which can be ensured via a discrete Zo symmetry.

This symmetry transforms the scalar fields as in eq. (2.4), and allows for different pos-
sible Z5 charge assignments for the SM fermions. Here, we select the Z, charge assignment



of the type I version of the THDM, where all quarks and charged leptons couple only to
one of the scalar doublet fields, conventionally chosen to be ¢o.2
The Zs-symmetric Yukawa terms of type I THDM are given by

— Vs = YuQrioadsur + YaQré2dr + YeLrgoer + hoc. (2.14)
with the Yukawa coupling matrices Y, Yy, Ye.

2.4 CP violation

The scalar potential of eq. (2.5) in general mixes the interaction states with definite CP
transformation properties. This is clearly visible in the mass matrix of eq. (2.9), which
mixes the CP-even hy, hy with the CP-odd hs, hy when at least one of the off-diagonal
entries O;, 1 = 2,3,4,5 is non-zero, i.e. when A; has a non-zero imaginary part. The
proposed methods for testing CP violation in the Higgs sector include:

o If an extra Higgs state H; is discovered, its top quark associated production cross
section could be used to determine its CP property [20, 29-31], because it is sensi-
tive to the relative magnitudes of the CP-even and CP-odd coefficients of the ttH;
coupling. However, this effect is suppressed by the smaller cross section of a three
particle final state.

e The angular momentum correlations of the final state muons in H; — ZZ — 4pu
have been proposed as a method to determine the CP transformation property of
H; [2, 18, 32-37]. We will discuss the applicability of this method in the context of
the THDM of type I in appendix A. We find that at the HL-LHC the loop-induced
decay rate of the CP-odd pseudoscalar (or of the CP-odd component of a mixed
state) via ZZ into 4p is too suppressed for successful application of the method.

e When contributions from loop-level decays of the H; can be neglected, an obvious sign
for CP mixing in the THDM is the simultaneous observation of three different Higgs
states with interactions that, in the CP conserving case, are only possible at tree-level
for pure CP eigenstates [38]. One example is the scalar decay chain H; — ZZ — 4pu
mentioned above. Since H; — ZZ at tree-level is only possible when the H; has a
CP-even component, in the CP conserving THDM only H; and either Hy or Hs can
have this tree-level decay. Observing it for all three H; one can conclude that the
THDM violates CP. We discuss this example in appendix B. However, it is important
to note that the observation of several scalar resonances with decays into ZZ is not
an unambiguous signal of CP mixing in general, since the third resonance could stem
from additional scalar fields outside the THDM.

e The CP transformation property of the H; can be inferred from its decays to tau
lepton pairs. To be specific, the correlation of the tau lepton polarisation planes are

2In the THDM model of type II, the up-type (down-type) quarks and leptons couple conventionally
only to ¢2 (¢1). Further variations in the lepton sector exist: the “lepton specific” model, where all quarks
couple to ¢2 while the leptons couple to ¢1, and the “flipped” model, where right-handed leptons couple to
¢2 like the up-type quarks [14].



directly linked to the CP properties of the parent, and they can be reconstructed via
the hadronic decay modes of the two tau leptons [19, 39-43]. In the following we will
focus on this method in the main part of the paper.

2.5 Discovering CP violation via H — 77T

We use the impact parameter method as first presented in ref. [19] to extract transverse spin
correlations in the decay chains of a field S which is a mixture of a scalar and a pseudoscalar
field. In particular we focus on decay chains of the form S — 77 with 7+ — 7% ¥, (1,) and
make use of the impact parameters of the visible decay products of the tau lepton, .4, to
extract an asymmetry in the acoplanarity angle of the two tau leptons. We remark that
the method does not depend on the Higgs boson production mechanism, but translates
directly into correlations among their decay products.
The Yukawa interaction of S can be written as

'Cy =Ysr (7: (Cv +Ca i’YB) T) S (2.15)

with yg, being the effective Yukawa coupling of S and the tau lepton and C,, Cy being
the scalar and pseudoscalar components of the coupling, respectively, with C2 + C? = 1.
The effective mixing angle 0., defined as

C
tan(0;,) = Uz ,
measures the mixing of CP eigenstates. For example, 6, = 0 (5) holds for pure scalar
(pseudoscalar) coupling.

The 77 spin correlation can be inferred from the angle between the tau decay planes.

*7.(v;), which has a

We remark that we consider here only the tau decay mode 7 — 7
branching fraction of 11%. While this limits our statistics it provides a clear signal and
can thus serve as a conservative estimate for the sensitivity to distinguish CP properties.

For the tau decay 7= — 7% v, (v,) the angular correlation in the decay width can be

written as [19]:

1drr 1 72 C2 — C? 1 w2 5 9
Tdo ~ 2n (1 — Em cosqﬁ) =5 <1 ~ 16 (COS 0, — sin 977) coso | . (2.16)

The angle ¢ between the decay planes is the so-called acoplanarity angle, which is sensitive
to the CP properties of the scalar parent S via the coupling parameters C, and C,. The
angular correlation in eq. (2.16) is given for the case in which one cannot distinguish ¢ from
27 — ¢ and is obtained by the sum over both cases [19]. The acoplanarity angle (¢) can be
reconstructed from the tau decay properties, namely the two impact parameter vectors

¢ = arccos(ii” -7"), (2.17)
where we introduced
PixP._
At — e Xorm (2.18)



The impact parameter is defined as the shortest path between the primary vertex and
the pion momentum vector extended in the direction of the tau decay point. Since it
is basically impossible to reconstruct the tau lepton momentum due to the presence of
tau neutrinos among the decay products, the authors in ref. [19] introduce the so-called
“Zero-Momentum-Frame” (ZMF) of the tau decay products, in our case the pions. This
does not affect the correlations of the decay planes, such that the exact tau direction does
not matter. We find the ZMF by boosting the meson momenta such, that ]3:+ = —13:_,
where quantities with an asterisk (*) refer to the ZMF. Then a 4-vector is defined for the
normalized impact parameter for each tau lepton in the ZMF as n** = (0,7*%), from
which one can extract the acoplanarity angle in the boosted frame:

¢* = arccos(i - AT). (2.19)

The resulting distribution for ¢* between 0 and 7 allows for a clear distinction of fields
that are even or odd eigenstates of CP. Below, in section 4, we will analyse how well the
CP property of an extra Higgs state can be distinguished using this method. Finally, we
note that the distribution in eq. (2.16) remains invariant when switching from 77 in the
laboratory frame to 777~ in the ZMF (cf. also ref. [19]):

140 140 1 2
Ddg*  Tdgly,m 2m

2 s 02 *
1-— 6 (cos 0+ —sin 977) cos ¢ > . (2.20)

3 Constraints

The THDM with CP violation is constrained from various observations and measurements
at collider and non-collider experiments. Below, we discuss constraints from theoretical
considerations, from B-physics measurements, Higgs data (from the LHC, LEP, and the
Tevatron) and from measurements of EDMs.

3.1 Theory considerations

As first condition from theory we impose that it has to be perturbative, which constrains
the magnitude of the couplings |A\;| < 47. The second theory condition that each model
has to satisfy is the stability of the vacuum. Therefore, the potential should be positive
for large values of ¢, which leads to the constraints [24, 44]:

A1 >0, Ao >0, A3+ VA1 >0, >\3+>\4—|)\5|+\/)\1)\2 >0. (31)

The third condition is that the S-matrix has to be unitary for an elastic two-to-two boson
scattering process, which limits the magnitude of \;, cf. refs. [24, 44]. The fourth condition
stems from the so-called oblique parameters, which are constrained as (cf. the global fit
of [45, 46]):

S =0.03 £0.10, T =0.00£0.12, U =0.03£0.10. (3.2)

These parameters receive contributions from the THDM at the loop-level, and present an
independent important constraint.



3.2 B physics data

The charged Higgs bosons from the THDM contribute to the decays of B mesons, such
that the B-physics data set can be used to constrain the THDM parameters. Since the
couplings of the charged Higgs bosons are not sensitive to the parameters of the neutral
sector, these constraints are independent of the amount of CP violation in the model.

To evaluate the flavor phenomenology in particular for the B physics processes we
use the numerical tool FlavorKit [47], which evaluates many flavor-related observables for
every scanned point. The most stringent constraints on our model parameters stem from
the process B — X7, which limits in particular the charged Higgs mass: mfl > 580 GeV
at tan 8 = 1 for the THDM of type II. For the type I THDM, the strongest constraints
on the charged Higgs mass apply for tan 8 < 2, while with increasing tan 5 the constraints
get weaker, see refs. [48, 49]. We use the experimental bounds as reported in [50]:

Br(B — SY) g >1.6Gev < (3.32+£0.15) x 107+ . 3.3
Y

3.3 Higgs data

The global data set on the Higgs boson includes results from LEP, the Tevatron and the
LHC experiments. The existing data is combined with the numerical tool HiggsBounds [51],
which we employ to constrain the THDM parameter space.

HiggsBounds first identifies the most sensitive signal channel for each boson H; sep-
arately and then computes the ratio of this theoretically predicted to the observed signal
strength for heavy Higgs bosons as

o X Br(Hi)model
o X Br(Hi)obs ’

K; = (3.4)

which we use to obtain an exclusion limit at 95% C.L for parameter space points where at
least one observable exists, such that IC; > 1.

In addition to the exclusion of individual parameter points, we employ the numerical
tool HiggsSignals [52] to evaluate the statistical compatibility of the lightest SM-like Higgs
boson in the model with the observed scalar resonance, as it is observed by the LHC
experiments. Also, the SM-like Higgs signal rates and masses are compared with the
various signal rate measurements published by the experimental collaborations for a fixed
Higgs mass hypothesis. The model is tested at the mass position of the observed Higgs
peak in the channels with high mass resolutions like h — ZZ* — 4¢ and h — ~vy. The
signal strength modifier for the model for one channel is calculated as

. (0 X BT)model
= (o % By X W, (3.5)

with w being the SM weight, including the experimental efficiency.

A 2 test for the model hypothesis is performed, where a local excess in the observed
data at a specified mass is matched by the model. The signal strength modifiers and the
corresponding predicted Higgs masses enters the total y? evaluation as

Ny

X%ot = XZ + ZX?nHi ) (36)
=1
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Figure 1. Electron EDM versus 7(\5) as a function of tan S for type I and type II THDMs. Points
in the plots satisfy all constraints including the Higgs data (at 20).

where XZ is the y-squared measure calculated from the signal strength modifier only and
Xg”H,- is the x-squared measure calculated from Higgs bosons mass, with ¢ running over the
number of the neutral Higgs bosons in the model. The intrinsic experimental statistical
and systematic uncertainties within 1o for Xﬁ is given by

Xi = (ﬂobs - Nmodel)TCigl(Nobs - Mmodel) ) (37)

where Cj; is the signal strength covariance matrix that contains the uncorrelated intrinsic
experimental statistical and systematic uncertainties in its diagonal entries.

The 1o and 20 error can be obtained from the best-fit value as 1(2)o = Axz, ., +2.3(5.9)
with szest = 1.049. CMS reports the combined best fit value for the SM Higgs signal
strength at center of mass energy = 13TeV and integrated luminosity = 35.9fb~! to be
Lbest = 1.171’8:% [53], while the recent ATLAS results at VS = 13TeV and integrated
luminosity = 79.8fb! reports ppess = 1.1370:03 [54]. These results put strong constraints
on the physical properties of Hi to be close to the ones of the SM Higgs boson. It also

limits strongly the possible amount of mixing between H; and H;, ¢ = 2, 3.

3.4 Electric Dipole Moments

The upper limit on the electric dipole moment (EDM) of the electron is |de| < 1.1 X
1072% ecm [55]. The new scalars contribute to the electron EDM via Barr-Zee diagrams as
discussed, e.g., in refs. [56] and [57] (for latest two-loop results, see ref. [58]). In particular,
the CP violating complex phase is found to strongly affect the magnitude of the EDM, its
main source being the modified couplings of the Higgs bosons. In the type II THDM the
EDM is enhanced by tan 3, while in type I the EDM is suppressed by ﬁ, cf. ref. [59].
As stated above, the Yukawa couplings can be expressed as a sum of their CP-even
and CP-odd part. In general, if a fermion couples to ¢1 (¢2) both parts of the coupling

are proportional to tan 8 (tai 6)‘ Thus, in the type I THDM all Yukawa couplings are

proportional to while in the type II THDM the Yukawa couplings of down-type

1
tan 87
quarks and leptons are proportional to tan /3.

In this article we consider large tan 3, which leads to potentially large couplings and

large contributions to the EDM. Therefore, for large tan § the type I THDM with couplings

~10 -



1000 :
...... H;
800 _ e%e% Hz -
...... Hj t: .
'; oooooo Hi .° . s ¢t ‘ ’
3 600} - N .: ° s *
= RS LI it o
I . . . . o 30 o
= 400 S * s tw
't 32 .r-? AP )
- o e .-.,:'-:‘?%
0 10 20 30 40 50

tan 3

Figure 2. Scatterplot of the allowed parameter space points in the projection of mass mpy, (in
GeV) over tan 3.

proportional to ﬁ is less constrained, which is one reason for us to focus on this version
of THDM. To analyse the EDM constraint, we employ the formulae from refs. [56, 57].

3.5 Scanning the parameter space

In order to find viable parameter space points that satisfy all constraints we perform a
scan over the parameter space. In this scan the full parametric dependence of the physical
properties of the scalar particles, like their masses and interaction vertices, are calculated,
and the above described constraints are evaluated. For the numerical scan we consider the
following ranges of parameters:

0.0< A <10, 0.05< Ay <0.2
0< A3 <10, -10< N\ <10, (3.8)
—10 < |Xs| <10, ~1.0 < n(Xs) < 1.0,
2 < tan 3 < 50, —25 TeVZ < m2, <25 TeV2

We obtain 5k parameter space points that satisfy all experimental constraints. We remark
that the above parameter ranges are optimised to yield a good efficiency with respect to
passing the list of constraints. As we mentioned above we use SPheno to evaluate the
mixing matrix numerically.

In figure 1 we show the contribution to the EDM for our parameter space points as a
function of tan 5 and 7(As) for the type I THDM (left panel). We also show the results
for the type II THDM for comparison in the right panel of the same figure. One can
see that for the THDM of type II low tan 8 with large n has the smallest EDM values.
With the used scan resolution no points below the EDM bound are found. This can be
compared with the analysis in ref. [21], wherein a region with small values for tan /5 was
identified that is not excluded by the EDM and the Higgs constraints considering the type
II THDM. For the type I version of the THDM allowed parameter space points can be
found for all considered values of n(\5). For the parameter space points satisfying all of the
above constraints we show the projection of the three neutral scalar masses versus tan S in
figure 2. From this figure we can see that for the viable points we found in our scan, both,
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Hy and Hjs, have masses between about 200 and 700 GeV, while Hs has more parameter
space points with masses around 200 to 300 GeV, and Hj tends to be slightly heavier.

4 Analysis

In this section we discuss the production mechanism for the scalar bosons of the type I
THDM and the currently allowed cross sections. We investigate the process pp — H; — 77
that we use to analyse the CP properties of extra Higgs states and evaluate the prospects
of finding it in the presence of the considered background processes. Then we perform an
analysis of the angular distribution of the final state taus.

4.1 Heavy scalar production rates

We consider the LHC in its high-luminosity phase (the HL-LHC) with an expected total
integrated luminosity of 3 ab~! and a center-of-mass energy of 14 TeV. The dominant
production processes for the Higgs bosons at the HL-LHC are gluon-gluon fusion (around
90%) and vector boson fusion. We calculate the effective gluon-gluon-Higgs coupling using
SPheno and include the QCD corrections from ref. [60]. The production cross sections are
calculated including the effective gluon-Higgs vertex in MadGraph [61].

Since the signal for CP violation is encoded in angular correlations of the heavy scalars’
decay products, it can only be assessed statistically. Therefore we are interested in how
many signal events can be expected, requiring that the parameter point is allowed by the
above discussed constraints. For this assessment, we use our parameter space set from the
previous section, selecting for parameter points that conform with all constraints. We show
the total cross section for the process pp — H; — 77 in figure 3, wherein the blue and red
points denote the cross sections for the scalar bosons Hy and Hs, respectively.

We notice that parameter space points exist with production cross sections larger than
a few femtobarn, which would yield more than a few thousand events at the HL-LHC.
While this is in principle sufficient for a statistical study of the CP violation signal, it may
be difficult in practice due to large backgrounds and reconstruction uncertainties. In the

next subsection, we will evaluate a specific benchmark point.

4.2 Signal reconstruction for a benchmark point at the HL-LHC

In the following we discuss the inclusive signal process
pp — H; — 77, (4.1)

where we include interference between the H;. We select a benchmark point with mpg, =
250 GeV and mp, = 300 GeV, based on the model parameters tan 3 = 31, 6., = 0.68 =
1g (which corresponds to n(As5) = 0.7), Ay = 0.039, A2 = 0.104, A3 = 2.215, \y =
—0.023, R(X5) = 0.337 and m2, = —1.919 x 102 GeV2. The parameters m?; and m3, are
then fixed by the previous parameters due to the tadpole equations, cf. eq. (2.6). It is worth
noting that the benchmark point is stable against small changes in the input parameters,
e.g changes in the input parameters of O(5%) lead to changes in the masses of O(0.1%)

- 12 —



LHC /S =14 TeV

10° 7
= Hy, —» 71
% 10_3 H3 — TT L
©
T_ 10-6 i
I X ::.: 5"
T '? '.'P:‘-:' ‘::“:.'I-
H10°° Wiy
b %
200 400 600 1000
My, [GeV]

Figure 3. Total cross sections for the process pp — H; — 77 at the HL-LHC with /s = 14 TeV.

Backgrounds o(uL-LuC)[Pb]
Z =TT 1537
QCD jets 108 x €2
W+JW =71, 22

tt 6
WWW — 1 v, 0.9

Table 1. Dominant background processes considered in our analysis and their total cross sections.
The samples have been produced with the following cuts: Pr(j) > 20 GeV, Pr(l) > 10GeV. The
efficiency of the QCD jets to be mistagged as tau jet is taken from the CMS paper [63] and we use
the fake rate e =5 x 1073 from ref. [63].

while still fulfilling all above discussed constraints. Our benchmark point has an electron
EDM |de| ~ 7.4 x 1073% ecm and a branching ratio Br(B — Xgy) ~ 3.04 x 10~* leading
to possible observable signatures. Therefore both channels can be used as complementary
probes of our benchmark point.

The main irreducible SM backgrounds to this process come from Z — 77 [62] and
from single top and #t, with tau jet pair produced from the W decay. Other backgrounds
arise from the misidentification of light jets as tau jets, for instance W boson plus jet or
multijets. The here considered backgrounds are listed, together with their cross sections,
in table 1

We simulate signal samples including 20 million events and background samples in-
cluding 30 million events for each background with MadGraph5 [61]. The parton shower,
hadronisation and spin correlation of the tau lepton decay is taken care of by Pythia8 [64].
We perform a fast detector simulation with Delphes [65]. The tau jets are tagged using
the Delphes analysis framework with reconstruction efficiency of 70% and misidentifica-
tion rate of 5 x 1073 for the QCD jet, which we implement at the analysis level. For
the background we adopt a reconstruction efficiency of 60% (following ref. [66]). For the
event reconstruction we require two tau tagged jets with Pr > 20 GeV where events with
b-tagged jets are rejected.

~13 -



iy Signal

4l 1
| y o .
- Background s O

X | ’J e ‘1_ g 0.8

3 = S (]
-~ : : - b
A ' : 9 0.6l
e - R T
2 2 @ e
:“ | 0.4 — i
p T Signal

| + :

1r 8 0.2 ~— Background

[ | S/VS+B

04 0.2 3 —0.4 -0.2 o o2 o
BDT BDT CUT

Figure 4. Left: the distribution of the Boosted Decision Tree response to the signal (blue) and

to the background (red), superimposed. Right: cut efficiency that maximizes the BDT cut. For a
cut value greater than 0.104 one can get \/SS+713 = 7.040 with number of signal events = 2043 and
background events = 82212 after the BDT cuts. The cut efficiency for the signal is 0.57 and for the
background 0.00059.

We find that interference between the H; bosons has a very small effect for the here
chosen benchmark point, namely it increases the total cross section by about 5%. In
particular, the interference between Hy and Hj is suppressed by the small Hs total cross
section, which is about 1.5-107° pb, compared to the total cross section of the Hs, which is
0.3 pb. Therefore, in the next section, we will study an exclusive sample from the process
pp — Ho — 77T

4.3 Shape analysis for establishing CP violation

We focus here on the Hy boson, which in general is more strongly coupled to the SM
fermions and thus yields a stronger signal, i.e. more events. To separate the signal from the
backgrounds, we train a Boosted Decision Tree (BDT),? which we feed with the simulated
distributions from the process pp — Ho — 77, neglecting the small contributions from H;
and Hs. As variables we include the invariant mass of the two reconstructed taus, the
missing transverse energy and AR(Thad, Thad)-

The BDT algorithm ranks the input variables according to their ability to separate
between signal events and background events. The BDT classifier ranges from —1 to 1 and
quantifies the separability of signal and background. Events with discriminant value near
1 are classified as signal-like events and those near —1 are considered as background-like
events. The BDT response to signal and background events is shown in the left panel
of figure 4 in blue and red, respectively. The optimization of the signal significance as a
function of signal and background cut efficiency is shown in the right panel of figure 4. The
maximum cut efficiency is at BDT classifier > 0.193, corresponding to a signal significance
7o with signal efficiency 0.57 and background rejection efficiency 0.0059. For the benchmark
point with 6, = 0.68, the BDT yields 2043 signal events versus 82212 background events.

Additionally, we simulate distributions for the same benchmark point but with different
CP-mixing angles 6., = 0, 7/8, 3/8, /2. We remark that we are using the simulations

$We use the Tool for Multi-Variate Analysis package (TMVA) [67].
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Figure 5. Distributions for the events pp — Hs — 77 in the 7-acoplanarity angle ¢*, in the zero
momentum frame, see section 2.4 for details. The red lines denote the results from a MonteCarlo
simulation with MadGraphb for the 2043 events, as expected for the chosen benchmark point
at the HL-LHC. The black lines are evaluated from samples with 2M events and indicate the
infinite statistics limit. Systematic uncertainties stem from hadronisation, detector simulation,
and reconstruction. The blue lines were derived from the theory prediction in eq. (2.16). For all
distributions the total number of events is normalised to one.

with different 6, values only for comparison, and we do not check that all experimental
constraints are satisfied for suitable corresponding parameter points.

As signal we consider the decay Hy — 77 with subsequent decay of 7+ — v n%. As
described above we study the tracks inside the tau jets, which carry information about
the spin correlation between the tau lepton and 7%, and thus allow us to reconstruct the
angle between the decay planes of the two 7 leptons, the acoplanarity angle ¢* as defined
above. A Pr cut on the tagged jets is applied, forcing the transverse momentum to be
larger than 20 GeV. Furthermore, we improve the quality of the events with a cut on the
track impact parameter: dg > 50 pm. (This cut is taken into account during the analysis
and the reported numbers after BDT cut assume this cut.) The fourvectors of the pion
candidates’ track are boosted to the ZMF as described in section 2.5 above. In the ZMF
the new acoplanarity angle ¢* is evaluated according to eq. (2.19).

Now we turn to analysing the shape of the distribution, aiming to infer the CP-mixing
angle 0., from the simulated data. First we observe that the simulated distributions after
all cuts have a very similar shape to the theory prediction for I'(®) from eq. (2.16). We
thus define the reconstructed distribution in the ZMF frame for our numerical fit to the

data, introducing the fit parameters a, b, as:
1dl’

T gg (Orr) = alfrr) = b{0rr) cos 6. (4.2)

We find excellent agreement between our fitted values for ag__, by, and the theoretical
values in eq. (2.16), which are ag., = 1/(27) and bp,. = 7/32 (cos? 0, —sin?6,,). We
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therefore directly compare the reconstructed distributions with the theory predictions from
eq. (2.20).

For our shape analysis we consider the distributions for the samples of 2043 events
labelled “2K”, corresponding to the expected event yield of the benchmark point at the HL-
LHC, and the “infinite statistics” limit labelled “2M”, corresponding to 2 million events.
The latter have a much smaller statistical uncertainty compared to the systematic one,
which stems from uncertainties related to hadronisation, detector simulation, and the re-
construction of tau leptons. We show the distributions for both, the small and large versions
of the five signal samples, in figure 5. In the figure we also show the theory prediction for
1/TdI'/d¢* in eq. (2.20).

The distributions are given for N, = 20 bins from which we create a x? fit for
different values of 0., using

2
CREE )
(08;)% + 62 ’

syst

X2(9ﬁt) =

(4.3)

where 0., is the mixing angle of a given benchmark point, fg; an input of the theoretical
distribution, Sf ™™ the signal distribution in bin ¢, ng = 2043 is the total number of signal
events, and

5Sz = \/gz 5syst =«

(4.4)

The number of background events after the BDT cut is Ny, = 82212 and « is the precision
with which the background can be controlled experimentally. The background is completely
flat with respect to the signal, which is an outcome of our simulation. In the following
we consider the three exemplary values o = 5%, 1%, and 0.5%, which we assume to be
conservative, realistic, and optimistic, respectively.

For both, the distributions from the small and large samples, the above 2 fit yields
a minimum for g; that agrees with the set value 6, with high accuracy. We chose the
confidence level (CL) for excluding pure CP-even or CP-odd hypotheses from the Ax?
distributions at 90%. For our 20 observables (the bins) minus the one parameter (6g;) this
corresponds to Ax? = 27.2. We find that for o = 5% and 1% no statistically meaningful
statement on CP violation is possible at the 90% CL for our benchmark point at the HL-
LHC. We show the resulting x? distributions for the five considered CP mixing angles
in figure 6 for @ = 0.5%. For our benchmark point where the set value is 0., = 7%,
and considering the HL-LHC sample with 2043 events, our procedure allows to determine
Orr =~ 75 £ 0.3 at 90% CL. CP-conservation can therefore be excluded at 2 90% CL for

this point.

5 Conclusions

The violation of CP symmetry is fundamental to the baryon asymmetry of the Universe.
One of the few ways to introduce it is a CP-violating scalar sector, which implies the
existence of additional scalar degrees of freedom (i.e. extra Higgs states) with possible
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Figure 6. Absolute value of the x? for the five different values of CP-mixing 6, evaluated according
to eq. (4.3) with dsys = 0.5% - (Nokg/Npins). The solid and dashed lines correspond to the 2K (HL-
LHC) and 2M (”infinite statistics”) event samples, respectively, for details see text.

observable consequences at the LHC and future colliders. Some of the signatures that
indicate the violation of CP in the scalar sector include: simultaneous observation of specific
processes, top-quark associated production modes and angular momentum correlations in
sequential decays such as H; — ZZ — 4p and H; — 77.

In this article we consider the type I and II Two Higgs Doublet Models (THDMs) as
examples for observable CP violation in the scalar sector. We evaluated the mass eigen-
basis numerically, i.e. without assumptions on any of the parameters. We determined a
viable parameter space region via a numerical scan over the parameters that are compatible
with the present constraints, including theoretical considerations, B-physics measurements,
Higgs data, and measurements of electric dipole moments. Our scan shows that the con-
straints allow for scalar bosons with masses of order a few hundreds of GeV, which can be
within reach of the HL-LHC. Moreover, we find that the possible amount of CP violation
is much more suppressed in the type II THDM.

In case of CP violation the decay chain H; — ZZ — 4u can give rise to three clearly
distinct Higgs peaks. This can provide a clear signal for CP violation in the considered
THDM (cf. appendix B), where exactly two of the Higgs fields can decay to ZZ at the
tree-level in case of CP conservation. However, this signature is not unambiguous, since
the third resonance could stem from additional scalar fields outside the THDM. Using the
angular distributions in this decay chain turned out not to be feasible due to the coupling of
the CP-odd component to ZZ, occurring only at loop-level, being too strongly suppressed
(cf. appendix A).

Towards finding an unambiguous signal of CP violation in the scalar sector we have
analysed the process pp — Ho — 77 in the type I THDM at the detector level for a selected
benchmark point, using a Boosted Decision Tree (BDT). We included the following SM
backgrounds: Z — 77, single top and tt, and light jet misidentification. For our analysis
the decays 7 — v7m were implemented. The detectability of CP non-conservation was
quantified via a y? fit of the theoretically predicted distributions of the reconstructed tau-
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Figure 7. Feynman diagrams for the coupling of CP-even (H) and CP-odd (Ag) Higgs fields to
two Z bosons, at tree and one-loop level.

decay planes to the simulated data. We find that CP conservation in the scalar sector can
be excluded at the 90% CL for our selected benchmark point, i.e. when the CP-mixing
angle is close to its maximal value (7w/4) and the background can be controlled with a
relative accuracy of 0.5%, which could be the accuracy target for future measurements.
Our results are conservative, since also other 7-decays (such as 7 — v-p) can be used to
study CP violation.
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A Angular correlations in H; - ZZ — 4pu

In this appendix we investigate the process H; — ZZ — 4u, and the possibility to infer
the CP property of H; from angular correlations in the final state muons. This possibility
has been discussed previously, cf. refs. [2, 18, 32-37]. Searches for such processes have been
carried out by the ATLAS [16] and CMS [17] collaborations.

The starting point is the observation that CP-odd fields couple to ZZ only at loop-
level, dominantly via a loop involving a top quark, cf. figure 7. The pseudoscalar coupling
to the top quark gives rise to specific correlations in the four-fermion final states. In order
to determine whether or not these final state correlations can be observed, we investigate
the branching ratios of CP-even (H) and CP-odd scalars (Ay) into ZZ.

Let us evaluate the size of the effective couplings for H and A( from the contributions
in figure 7. The matrix element for Higgs decays to ZZ is given by

. . T . -1
ZM = ZMEI'?:ZZ) + ZM(()]n{e//;)OOE}ZZ) (Al)
= Oy €65+ Co (Pact)(Prey) + Cs Eppap Pl PYeies’ (A.2)
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where €],€5 and P, P, are the polarization vectors and the momenta for the outgoing
gauge bosons, and &, is the totally antisymmetric tensor. The form factors Cy and C3
measure the strength of the coupling of the CP-even and CP-odd states to ZZ that arises
at one-loop level, while (' is the coupling of the CP-even field to ZZ from the tree-level
diagram. It is the contraction of the momenta via the antisymmetric tensor £, in the
last term of eq. (A.2) that gives rise to the different correlations in the four-muon final
states of the process Ay — ZZ — 4u. We evaluated the coefficients C; using FeynCalc [68]
and Package-X [69]. The tree-level and the one-loop couplings are given by:

Oy igMyz sin(f — «)
1 cos Oy ’

. . 3 2
i sina goms ) ) ) . T
Cy = 5 ! Sty — amm?)
2 187r2mj$[ sinﬁcos&%‘,mw < mir +mg In(xe)” + /iy mymy n(Xt))

i sin(8 — «) g3mw cos 0%,

4m2m%,
X (—SOm%I + (m% —m¥) In (xw)? — 10\/m‘}{ —4dm%m3, In (XW)) ,

—ig3mf

Cq =
3 187r2mf140 tan 3 cos 03, my

X (2m2AO + (4sin 0y, — 3sin 6%, )m?% In (x¢)® — 9\/m4A0 — 4m? m; In (Xt)) :

where « is the mixing angle between the CP-even Higgs bosons, 8y is the weak mixing

\J Mg — 4mim2 4 2mg —m7

2
2mg

angle and

Xa =

)

with mg and m, denoting the masses of the decaying Higgs bosons (H or Ap) and of the
loop particles, respectively.

It is in principle possible to test the CP transformation property of the extra Higgs
state via an asymmetry in the angular distributions of the four fermion final states [33]. For
CP-odd fields, this requires the measurement of the final state correlations in the final states
from the process Ag = ZZ — 4u. To infer the CP transformation property sucessfully,
a large sample of 4y from this decay chain is needed, which in turn requires a substantial
branching fraction of the process. The dominant pseudoscalar decay modes are e.g. Ay —
tt o (y; cos B)* and Ag — bb o (ypsin 8)? and also Ag — HEWTF  (gosin 28(P4 — Pw))?,
Ao — HZ « (sin(a — B)\/9? + g3(Pa — Pz))%.

Since the dominant decay channels are unsuppressed tree-level decays, it turns out that
the branching ratio for Ag — ZZ in THDMs is quite small, maximally about 10~3 (cf. [70]),
and the branching ratio to 4y leads to a further suppression by Br(ZZ — 4u) ~ 1073 We
find that the production cross section for Ag is at most 0.1 pb, which yields a total cross
section for the process pp — Ag — ZZ — 441 of ~ 1077 pb, and suppressing backgrounds by
introducing cuts will reduce the resulting number of events that can be used for an analysis
even further. With the total luminosity at the HL-LHC being 3 (ab)~! it is clear that the
loop-suppressed decay Ag — ZZ — 4 is too much suppressed to use it for studying the
angular correlations of the four muons. Of course the same conclusion also applies to the
CP-odd component of an H; that is an admixture of a CP-even and a CP-odd field.
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Figure 8. Distribution of the total invariant mass of the four muon final state from the process
pp = H; — ZZ — 4p, from an inclusive simulation of the signal sample with 20M events, including
a fast detector simulation with Delphes.

B The Higgs spectrum from H; — ZZ — 4u

The process pp — H; — ZZ — 4 is a very clear channel that may contribute substantially
to the discovery of the scalar H;.* As we discussed in the previous section, it is not feasible
to use the angular distributions of the final state muons from this process at the HL-LHC
for establishing the existence of CP violation in the scalar sector. However, in the context
of THDMSs, it can still be used to establish a signal of CP violation via the reconstructed
Higgs spectrum from the invariant mass distribution of the Higgs decay products.

When the scalars are not pure eigenstates of CP, all of the H; can have sizeable
branching ratios into ZZ, giving rise to three resonances in the 4u final state, as shown in
figure 8. Measuring three peaks for the invariant masses of the four muon final states is
thus a clear signal for CP violation within the complex THDM.

To evaluate the observability of this process, we consider a benchmark point with
mp, = 260GeV and mp, = 500 GeV, based on the model parameters tan 3 = 4, A\; =
0.172, Ay = 0.0828, A3 = 5.149, Ay = —0.313, R(X\5) = —4.6431,7n(A5) = 0.81 and
mi, = 1.091 x 10* GeV2. The parameters m?, and m3, are then fixed by the previous
parameters due to the tadpole equations, cf. eq. (2.6). In figure 9 we show the total cross
section for the process pp — H; — ZZ — 4u for number of scanned points from our scan
in section 3.5.

We consider the following backgrounds: the dominant SM background that contributes
to the final state with 4u is ZZ production. Other reducible backgrounds are WW and
W Z production, where one of the jets is misidentified as a muon. This set of background
processes can be sufficiently reduced by the requirement of tight isolation criteria for the
hard final state muons. The set of backgrounds with tt production and the associated

4 Another very relevant discovery channel for a scalar boson in the here considered mass range is H; —
2H, [71].
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Figure 9. Total cross sections for the process pp — H; — ZZ — 4y at the LHC with /s = 14 TeV.
The scatter plot uses the results from the parameter space scan in section 3.5.

Backgrounds o(uL-Luc) [Pb]
pp = ZZ — 4u 0.0065

pp — tt, where t — leptons 6.7

pp — tZ 0.0002

pp = WZ = 3u+v, 0.099

pp — tWb, where t — leptons 7.1

Table 2. Dominant background processes considered in our analysis and their total cross sections.
The samples have been produced with the following cuts: Pr(j) > 20 GeV, Pr(l) > 10 GeV.

production of top quark with a W boson can be reduced by vetoing b-jets. The last set of
backgrounds with three gauge boson production is highly suppressed by the large missing
energy associated to these processes and will not be included in the analysis. All the
considered and included backgrounds are listed with their cross sections in table 2.

We constructed all possible kinematic variables for the signal and all relevant back-
grounds and used the BDT to optimize the signal to background classifier as shown in
figure 10 (left). According to the BDT ranking, the invariant mass of the four final state
muons is the most important variable to separate the signal from the backgrounds. The
fact that all three neutral bosons can decay into a pair of Z bosons proofs that our bench-
mark point has Higgs states with mixed CP properties, since otherwise one of the three
bosons would be a pure pseudoscalar which does not interact with ZZ at tree-level.

The signal significance as a function of signal and background cut efficiency is shown in
the right panel of figure 10. The maximum cut efficiency is at BDT > 0.193, corresponding
to a signal significance 110 with signal efficiency 0.187 and background rejection efficiency
0.0004, which demonstrates an excellent discovery potential for our benchmark point in
this channel alone.

We emphasize that the observation of three scalar resonances in the 4y final state is a
positive signal for CP violation only in the THDM, because there it is absent when CP is
conserved. It is not an unambiguous signal of CP violation outside the THDM, since the
third resonance could stem from some other CP-even scalar field.
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