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We investigate the constraints that the LHC can set on a 126 GeV Higgs boson that is an admixture of
CP eigenstates. Traditional analyses rely on Higgs couplings to massive vector bosons, which are

suppressed for CP-odd couplings, so that these analyses have limited sensitivity. Instead we focus on Higgs

production in gluon fusion, which occurs at the same order in ag for both CP-even and -odd Higgs

couplings to top quarks. We study the Higgs plus two jet final state followed by Higgs decay into a pair of
tau leptons. We show that using the 8 TeV data set it is possible to rule out the pure CP-odd hypothesis in
this channel alone at nearly 95% C.L, assuming that the Higgs is CP-even. We also provide projected limits

for the 14 TeV LHC run.

DOI: 10.1103/PhysRevD.90.073008

I. INTRODUCTION

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

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

Measuring the CP eigenvalue of the Higgs (assuming
that CP is conserved) is a subject with a long pedigree and
extensive literature. Many of the searches and variables
proposed to constrain the CP properties of the Higgs rely
on its couplings to massive vector bosons. Constraints can
be set either by exploiting angular correlations between
the leptons from the ZZ* — 41 or 2/2j decays [3,8-14] or
through angular correlations in the tagging jets in the
weak boson fusion (WBF) production mechanism [15-20].
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In either case, these methods rely on the existence of
unsuppressed (tree-level) couplings between the Higgs and
the massive vector bosons.

While this is the case for the CP-even component of the
Higgs, which couples to the massive vector bosons V =
(W,Z) through the hV*V,, operator, the CP-odd coupling
enters at dimension 5 through the hV#*V ,, operator, where
Vi is the field strength operator for V*. Accordingly,
CP-odd effects in h — ZZ* decays and WBF are suppressed
by O(agw), so that these methods effectively project out the
CP-odd part of the Higgs (although see Ref. [21] for a study
which incorporates loop effects and Ref. [22] for a dis-
cussion of 7 — VV decays in some specific BSM models).

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

Instead it is more promising to study the possible
CP-odd admixture of the 126 GeV resonance via inter-
actions where the CP-even and CP-odd couplings are
induced at the same order. At tree level this includes the
couplings to quarks and leptons and at loop level the

© 2014 American Physical Society
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couplings to gluons and photons. One gluon-induced
production process where it is known that sensitivity to
Higgs CP properties is preserved is pp — h + 2j [23]. As
in the WBF channel, the main sensitivity is expected to
come from angular correlations between the two tagging
jets [24-28], correlations which can also be exploited in
diffractive Higgs production at the LHC [29]. Unlike WBF,
in this case the CP-even and CP-odd contributions are of
the same order with the relevant operators being hG** G,
and hG"G,,, respectively. Other processes relying on
fermionic couplings which have recently been studied in
the context of setting constraints on the Higgs CP properties
include #7h and Higgs production in association with a single
top [30]. Itis also possible that new high-scale physics could
induce a nonzero contribution to the hG**G,, operator
without a change in the A7 coupling. While we do not
have such a scenario in mind in this article, our method can
be straightforwardly extended to this situation. In principle it
may be possible to disentangle such contributions using
boosted Higgs transverse momenta [31-33], for instance.

While both the Higgs decay mode i — yy followed by
conversion of both photons to e*e™ pairs [34,35] and & —
Zy — "1~y [36] have recently been suggested as a possible
final state for probing Higgs CP properties, we instead elect
to utilize the 4 — 77 decay mode. The majority of previous
studies on CP in h — 77 focus on methods for measuring
the polarization properties of the Higgs decay products
[37-41]. This requires knowledge of the impact parameter
or rest frame of the s, both of which are difficult quantities
to reconstruct in a hadron collider environment (although
see Refs. [42,43]).

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

We find using a set of cuts modeled on the current CMS
h — 7t analysis [46] that data from the 8 TeV run of the
LHC is already sufficient to exclude a CP-odd Higgs boson
at nearly 95% C.L.. This can be compared with current
bounds presented in Refs. [47-49], which reinterpret
current data to set limits on Higgs CP properties using
measured rates for Higgs production and find constraints at
a similar level. Note, however, that arguments based upon
rates alone will always have a flat direction due to possible
rescalings of the couplings and Higgs width, and so a
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differential analysis strategy such as ours should be more
robust.

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

II. MODEL

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

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

Ly = cosay ey ch + sinaypy ciysy ch. (1)

We have introduced a mixing angle « such that cosa = 1
(equivalently @ = 0) corresponds to a Standard Model-like
CP-even Higgs, while sina =1 (equivalently a = z/2)
corresponds to a CP-odd pseudoscalar. This allows us to
study the CP properties of the resonance / as a continuous
function of the mixing angle a. We will also assume that
yr =¥y = my/v. Having fixed the interactions with fer-
mions allows us to derive the dimension-5 operators that
govern the interaction of /4 with massless vector bosons,
obtaining [51,52]

ag . ag ~
Ly, = cosa——hG4%, G + sina——hG%,G"" (2

hag 2zv ™ 4ap M )
for the gluonic interactions, where vNis the vacuum expect-
ation value of the SM Higgs, and G,, = %GWPJG/"’ is Fhe
dual field-strength tensor. Note that, when generating
events for our analysis, we do not integrate out the top
quark, keeping its full mass dependence throughout, so that
the effective operators in Eq. (2) should be understood as
convenient shorthand.

073008-2
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The leading-order contribution to the interactions of the
Higgs with the massive vector bosons is given by

2m?, 2m3
Lyyy D cos a% hW Wk + cosa%hZﬂZ/‘. (3)

We neglect higher-order terms, which are loop suppressed
by O(agy) relative to this, although see Ref. [22] for a
discussion of how large these terms can become in some
BSM models. Note that, while the SM matter fields also
induce dimension-5 operators that lead to the decay
h — yy, they do not play a role in this article.

II1. METHOD

A. Event generation

We generate signal events at leading order using
VBEFNLO 2.6.3 [23,53-56] including both the vector boson
fusion and gluon fusion production mechanisms, before
showering the resulting Les Houches event [57] files using
PyTHIA 6 [58] with the Z2 tune [59]. Events are generated
at/s = 8 and /s = 14 TeV with the cteq611 PDF set [60].
The mixing angle ranges from a = 0 to @ = 1.5 in steps of
Aa = 0.3 for my = 126 GeV. For each value of « and for
each initial state O(1M —4M), events are generated. At
/s =8 TeV generator level cuts are |p(H)| <2.5,
In(j)| < 5.0 for the two required jets, pr; > 20 GeV,
AR;; > 0.6, mj; > 200 GeV, and pry > 70 GeV. At
/s = 14 TeV the cuts are identical, except the m;; cut
is instead raised to m;; > 400 GeV. No cuts are made on
Anjjmin OF nj, X1, at the generator level. For the gluon
fusion process, the full top mass dependence is retained in
the loop, while the bottom quark contribution is neglected.
In the Higgs decay to 7z the Higgs is treated as a CP-even
scalar, since in this study 7 polarization plays no role. This
prescription also effects 7 kinematics, but only at a
negligible level suppressed by O(m./pr).

As demonstrated in the experimental papers [46,61] the
dominant backgrounds for & + 2j production followed by
h — 7t are Zjj, W+ jets, and to a lesser extent 17. We
generate events for these processes at 8 and 14 TeV using
SHERPA 2.0.0 [62] with a similar series of selection cuts
(|n(2)] <2.5, pr; >20GeV and AR;; > 0.6) to those

TABLE 1

PHYSICAL REVIEW D 90, 073008 (2014)

described for the signal above. We consider the electroweak
and QCD production of Zjj separately. We do not take into
account backgrounds arising from & — WW production,
which only lead to small changes in the eu channel in our
study. We do not generate any QCD multijet backgrounds,
which are important for jets faking taus when both taus
decay hadronically (see below).

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

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

B. Simulation details

We select four different final states with which to
perform our analysis, classified by the 7z decay channel.
There is the fully hadronic di-z;, case and the semileptonic
and leptonic cases ez, ut,, and eu. The initial selection
cuts we apply to these final states are shown in Table II. The
selection is intended to closely mimic both the CMS and
ATLAS di-7z analysis. The one missing background from
the simulation is the QCD multijet background where a jet
imitates a lepton or fake z,. This background is particularly
important in the di-z;, final state. We assume that the QCD
contribution is flat and uniformly covers the full phase
space of the selected region. This is consistent with the
results of Ref. [46]. We set the normalization by consid-
ering the differential m;; cross section from QCD, extrapo-
lating this to the Z mass, and multiplying by the fake rate
for a jet to fake a tau at 50 GeV. Following the selection,
using the 8 TeV samples the yields are found to be
comparable to both existing CMS and ATLAS results at
the 10% level.

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

8 TeV GF cross

8 TeV WBEF cross

14 TeV GF cross 14 TeV WBF cross

a section (fb) section (fb) section (fb) section (fb)
0.00 250 467 1141 1481
0.30 278 426 1268 1351
0.60 352 318 1606 1009
0.90 447 181 2038 572
1.20 529 61 2411 194
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Kinematic selection and jet selection for the four different channels (z;,7;, pz,, ez;, and eu) used for our

di-7 analysis. The di-jet selection includes both exclusive loose and tight categories for all the channels apart from

the 7,7, channel.

ThTh HTh ety eu
£ > 20 GeV g > 25 GeV lead > 20 GeV

Lepton selection pr > 45 GeV Pr Pr Pr 1

py > 30 GeV py > 30 GeV P> 10 GeV
Kinematic selection  p# > 100 GeV my <30 GeV mg < 30 GeV b-tag veto with p’; > 20 GeV
Loose jet selection

mj; > 700 GeV ~ m;; > 700 GeV mj; > 700 GeV
Tight jet selection |An;;| > 4.5 |An;;| > 4.5 |An;;| > 4.5

pH > 100 GeV

pH > 100 GeV pH > 100 GeV

To emulate the performance of the detectors all recon-
structed physics objects are smeared by a standard set of
resolution functions. For the muons, electrons, and 7y,
resolution functions with widths of 2 GeV, 3 GeV, and
4 GeV are used. For the jets a series of resolution functions
binned in # is used. The parametrizations for these are taken
from Refs. [63,64].

The smearing is parametrized in the unclustered pt and
smeared separately for the parallel and perpendicular
components of the unclustered energy with respect to
the Higgs pt. To simulate the instance of fake 7, being
produced from a jet, the jet having the smallest energy in an
annulus about the jet axis of 0.1 < AR < 0.4 and having a
pr > 20 GeV is selected and deemed to be the fake 7.
Provided a fake 7, candidate exists, the event is then
reweighted as a function of the pr of the 7 using the fake
rates reported by CMS [65]. Finally, for events in the ez,
channel a non-negligable fake background results from the
instance in which one electron is reconstructed as a fake 7,
candidate. To simulate this number we take the fake rate to
be roughly consistent with the tight working points for both
the ATLAS and CMS antielectron vetoes [46,61]. For the
lepton efficiencies a flat efficiency corresponding to 90% is
taken for the muons, 80% for the electrons, and 60% for the
taus. These numbers take into account both the expected
trigger and identification efficiencies for the leptons after a
typical e/u/7;, selection. For the 7, efficiency in the case
where an antielectron veto is applied the corresponding 7,
efficiency is scaled down by an additional 10%. For the
ep channel the efficiencies are scaled up by 5% in elec-
trons and muons, corresponding to the improved trigger
efficiency in these cases.

The uncertainties applied in the extraction of the signal
closely resemble the current LHC analyses. For each
background, an uncorrelated normalization uncertainty of
10%—-50% is applied in each category. The variation in the
uncertainty is dependent on whether a real or fake 7, is
present. Additional correlated normalization uncertainties
of 1%—-5% are also applied reflecting the effects of lepton

efficiencies, jet scale, and luminosity. No lepton energy
scale uncertainty is applied, since this is well constrained
from other categories in the LHC analyses. Regarding the
theoretical uncertainties on the Higgs yields, the cross
section uncertainties from the Higgs working group are
applied [66], along with an additional uncorrelated 25%
uncertainty on the overall gluon fusion yield to reflect the
current knowledge of dijet production in gluon fusion.
For projections with an integrated luminosity > 20 fb~!,
this uncertainty is reduced to 10%, reflecting expected
theoretical improvements in the signal yield calculation. As
with the current LHC analyses, these systematic uncertain-
ties are added to the signal extraction, separately floating
each uncertainty under a Gaussian prior for which the width
is specified by the systematic uncertainty.

As with the CMS and ATLAS analyses, extraction of the
signal relies on exploiting full knowledge of the = decays to
improve the mass separation of the signal from the largest
background, Z — 7,7;,. Such a scenario benefits greatly
from incorporating knowledge of the t decay matrix
elements into the kinematic reconstruction of the di-z
mass. To perform this mass reconstruction, we developed
a di-z;, mass reconstruction that computes a weighted
likelihood of the di-z;, mass on an event-by-event basis
by randomly sampling the allowed neutrino kinematics
from the leading-order matrix elements and weighting
each event by the consistency with the observed missing
transverse energy (MET), using the full MET resolution
covariance matrix. This mass reconstruction is very similar
to the MCT approach used by ATLAS and the SVFit mass
approach used by CMS [46,67]. As a final cross-check, our
simulation was checked against the current CMS di-z
analysis and gave yields, shapes, and results similar to
those reported in their paper [46].

C. Observable distributions

We show in Fig. 1 starting from the top left and working
clockwise the distributions for the invariant mass m ; of the
two tagging jets, the azimuthal angle difference Agj;
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FIG. 1 (color online).  Observable distributions for the signal and background. From the top left and proceeding clockwise: m;;, Ag;;,
sin(|A¢;;]/2), and An;;. For each figure the yields are normalized to the expected yields at 8 TeV for the gluon fusion channel at 20 tb~!
with @ = 0. Samples have been passed through the detector pseudosimulation and subjected to the full selection on all channels. The
loose WBF selection and the additional category selections are applied in all cases.

between the tagging jets, the rapidity difference An;; 1.2. The individual contributions are normalized to the
between the jets, and finally the discriminating variable  expected yields at 8 TeV for 20 fb~! for @ = 0. The variable
sin (|A¢;;|/2). Each figure shows the total background  showing the largest sensitivity to the mixing angle is the
contribution, along with that from WBF Higgs production  azimuthal angle between the two tagging jets, A¢;; =
for @ = 0 and the GF signal component for a = 0, 0.6,and ¢, — ¢, -, which has long been known to provide a good

1t 1t
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FIG. 2 (color online).  Efficiency curves for our boosted decision tree for 8 (left) and 14 TeV (right). The red curves are for ¢ = 1.5 and
the blue curves for a = 0.6. The dashed curves show the results only including the sin (|A¢;;|) variable and the solid curves those for the
full BDT with all 18 observables included, as described in the text.
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handle for discriminating Higgs CP properties [25,26].
In addition some small dependence on a can also be
observed at large values of the dijet invariant mass m;.
All the distributions we show are for events that have been
showered and smeared using our detector pseudosimula-
tion. We have also investigated the pr distribution of the
leading jet, which shows some limited sensitivity to a near
the peak of the distribution.

As a cross-check of the possible performance gain that
can be had by utilizing other observables we have applied a
multivariate analysis (MVA), specifically a boosted deci-
sion tree (BDT), that was trained to discriminate a fully
simulated gluon fusion sample with @ = 1.2 from one with
a = 0. To train this decision tree, we used 18 observables
obtained from the pseudosimulation. These include the two
leading jet n’s and pg’s; the 3-vectors for the visible
components of the 7 decays; the kinematically fitted mass
m,.; the Higgs py constructed from the MET and the visible
decay products; the MET; the transverse mass of either
lepton combined with the MET; and the m i An jijs and
Agj; variables. The training was performed separately for
each channel, so as to improve the individual performance
of each observable. The performance gain of these variables
with respect to sin (|A¢;;|/2) is shown in Fig. 2 for both 8
and 14 TeV.

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

D. A¢;; analytics

We now briefly discuss the A¢;; dependence of the two
different production mechanisms. To begin, consider the
gluon fusion process (specifically gg — Hgg) in the m, —
oo limit. Apart from the strength of the coupling constants
in Eq. (2), the only difference between @ = 0 and a = /2
is to be found in the form of the helicity-conserving
amplitudes [68-71]. We note that the helicity-violating
amplitudes do exhibit A¢;; dependence, but the resulting
terms are independent of the mixing angle a (apart from the
strength of the coupling constants). Consider a final state
configuration in which the Higgs is central (yy = 0) and
the two jets have opposite rapidities (y; =y;; = —yj).

PHYSICAL REVIEW D 90, 073008 (2014)

Given our selection cuts described above, this represents a
typical final state. As a further simplification let the lab
frame and the c.m. frame be identical so that the initial state
gluons have equal and opposite 3-momenta, p = =+ %ECMﬁ,
where Z is the direction along the beam axis. In the limit
where the final state jets have large rapidities, one finds that
the helicity-conserving squared matrix element for CP-
even (+ sign) and CP-odd (— sign) is given by (omitting
coupling constants and other numerical prefactors)

|M|éFi ~ CXP(4YJ){A +B COS(2A¢U)}7 (4)

where

1
A=§4+§_4+5(§5+§_3) and B=2+¢& with

E
cM — My

so that in the limit where m; << Ecy; we have
MGy ~ exp(4y;){3 & 3 cos(2A¢;) }. (6)

In the case of the WBF production mechanism Ref. [15]
argued that the matrix element squared in the limit of
forward jets is approximately given by

‘M|\2?VBF ~ :ijz'j’ (7)

where § is the partonic center-of-mass energy, which results
in an essentially flat distribution in A¢;;. Note, however,
that the dimension-5 operators that we assume to be
negligible and omit (hV*V,, and hV* V w) lead to a
nontrivial A¢;; dependence.

The dependence of the gluon fusion and WBF produc-
tion mechanisms on A¢;; can be seen explicitly in Fig. 1.
The form of the distributions follows the expectations from
Egs. (4) and (7). The fact that the approximations leading to
these matrix elements are quite good makes it clear why
Agj; by itself is nearly optimal as a discriminating
observable between the CP-even and CP-odd cases. In
principle, we can include in Eq. (4) the next term in the
series in exp(y;). Doing so upsets the factorized form
IM|&e. ~ f(y;)9(Ag;;). In particular, the next term in the
series, which is proportional to exp(2y;), includes subterms
with cos(nAg¢;;) for n = 1,2,3 and breaks the degeneracy
(MGrs (Adj;) = [MEp. (Adj; £ x) in Eq. (4), reflecting
the observed behavior in Fig. 1. This clarifies why the BDT
has an edge in discriminatory power. However, since the
correction due to the next term in exp(y;) is small for the
phase space region of interest, the BDT exhibits only
marginally better discriminatory power than A¢;; by itself
(as is evidenced in Fig. 2).

The importance of the WBF-like cuts (in particular the
cut on m;; which pushes the tagging jets to large rapidities)
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0.10
GF (¢=0)
------- GF (a=n/2)
0.08 WBF

=3 =2 -1 0 i 3 3
Agj;

FIG. 3 (color online). Signal distributions for A¢;; with
inclusive (non-WBF-like) cuts at /s = 8 TeV: prj > 30 GeV,
AR;; > 0.4. In particular there are no cuts on m;; or pr . These
are generator-level distributions, with each channel separately
normalized by its cross section, and the whole plot is normalized
to 1/z. Note that by assumption the shape of the WBF
distribution does not vary with a.

for emphasizing the CP-dependent + cos(2A¢;;) terms in
the gluon fusion channel can be seen in Fig. 3. A much
more inclusive set of selection cuts results in a signal
distribution for A¢;; that is still sensitive to CP effects but
at a substantially reduced level.

IV. ESTIMATED LIMITS ON CP PROPERTIES

We now discuss our results. In Fig. 4 we show the
significances that can be achieved using the 20 fb~! of data
from the 8 TeV run and projected limits for 50 fb~! of data
at 14 TeV, corresponding to around two years of running.
Those results from the analyses marked with “loose” were
performed using the loose analysis cuts from Table II, while
those marked “tight” were performed with the tight analysis

—_ m andsin(]A¢ /2|) loose(o)
. — m andsin(]A¢ /2|) tight(o)

45 F 20 fb1 8 Tev — mvaand sin(|ch;l /2|) tight(or)

4 E e m,, and sin(lA«vnIZI) loose

........ m,. and sin(|A¢ /2|) tight

........ mva vs sin(|A¢"/2|) tight

m,. loose

I I m,. tight

...............
ey

Significance
N
(6]

0 02 04 06 08 1

0 1.2 14 16
o

FIG. 4 (color online).
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cuts from the same table, which forms a subset of the loose
category.

The dashed curves show the estimated significance of the
total signal over the Standard Model backgrounds. The
dark yellow dashed curve shows the results obtained doing
a standard WBF-style analysis with loose cuts, achieving a
significance of barely 26 over the background. The purple
dashed curve shows our best approximation to the current
CMS analysis [46] with tighter cuts, while the upper three
dashed curves either utilize the 18 variables described
above (blue dashed) or use a simultaneous fit to both the
ditau invariant mass m,, and the discriminating variable
sin (|A¢;;|/2) (green and maroon dashed, with loose and
tight cuts, respectively).

The solid curves show the exclusion significance com-
puted using the CL, method [72] relative to the « = O case.
The maroon curve again shows the results using the loose
event selection and ditau invariant mass and sin (|A¢;;/2|),
while the blue and green curves utilize the tight selection
and (in the green case) the BDT. We observe from the left-
hand figure that with our best analysis a pure CP-odd Higgs
corresponding to a = /2 is already nearly ruled out at
95% C.L. With 20 fb~! of luminosity at 14 TeV this should
improve to a < 0.9, while with 50 fb=! of luminosity it
should improve further to a < 0.7.

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

m,, and sin(|A¢ /2]) loose(o)
__ m, andsin(jA6'/2]) tight(c)
mva and sin(JA¢ /2]) tight(c)
........ m,. and sin(|A¢ /2]) loose
i2r m,. and sin(A¢'/2]) tight
........ mvavs sin(|A¢“;l2|) tight
m,, loose ’
- m,, tight

14} 50" 14 Tev

Significance

o N A~ O ©

0 02 04 06 08 1 12 14 16

o

Expected limits that can be achieved with our analysis using the 20 fb~! 8 TeV data set (left) and using a 50 fb~!

data set at 14 TeV (right). The dashed curves show the estimated significance of the total signal over the Standard Model backgrounds,
and the solid curves show the exclusion significance computed using the CL; method relative to the a = 0 case. See the text for details.
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——— MVA and A¢ Tight

——MVA and A¢ Tight 25% unc|
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Left: The projected 95% exclusion confidence limit on the mixing angle « that can be set as a function of the

integrated luminosity at the 14 TeV run of the LHC (assuming @ = 0 as the null hypothesis). Right: As in the left-hand plot, but

comparing with an inflated theoretical error of 25%.

Higgs CP properties will benefit greatly from a high
luminosity LHC run.

We note that the limits we have set can in principle be
improved upon by including other techniques which are
sensitive to the CP properties of the Higgs, such as
including detailed information about the = decay products
as in Refs. [37,38]. Further discriminatory power between
the gluon fusion and weak boson fusion production
mechanisms could also be gained by using likelihood
methods as in Ref. [73]. We are thus hopeful that it may
be possible to improve upon our projections. With a similar
analysis it may even be possible to extract information from
the 1 — bb decay.

V. CONCLUSIONS

Measuring the detailed CP properties of the Higgs is one
of the most important aspects of the precision Higgs
program in the upcoming 14 TeV run at the LHC.
Previous theoretical and current experimental analyses
have focused on exploiting the Higgs couplings to massive
vector bosons. However, the CP-odd couplings to W and Z
are suppressed, so that analyses based on these couplings
project out much of the physics of interest. Instead, we
focused on Higgs interactions that have the same para-
metric strength for the CP-even and -odd Higgs compo-
nents. This led us to consider Higgs production in
association with two jets. We interpreted our results in a
phenomenological parametrization with CP-violating htt
couplings. Our analysis is also sensitive to dimension-5
hG" G, operators induced by new high scale physics and

is unlikely to be sensitive to CP-violating couplings
to massive vector bosons since their effects should be
small taking into account constraints from orthogonal
Higgs-property measurements.

We then focused on Higgs decay into a pair of 7 leptons.
Our analysis exploits the jet correlations in Higgs produc-
tion and is thus relatively independent of the CP nature of
the hzz coupling. Changes in the A7z coupling will change
the statistics but not affect in any fundamental way our
ability to set a limit on the CP mixing in this channel.

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