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Perturbative Higgs coupling CP violation, unitarity, and phenomenology
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Perturbative probability conservation provides a strong constraint on the presence of new interactions of
the Higgs boson. In this work we consider CP-violating Higgs interactions in conjunction with unitarity
constraints in the gauge-Higgs and fermion-Higgs sectors. Injecting signal strength measurements of the
recently discovered Higgs boson allows us to make concrete and correlated predictions of how CP
violation in the Higgs sector can be directly constrained through collider searches for either characteristic
new states or telltale enhancements in multi-Higgs processes.
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I. INTRODUCTION

There is strong evidence that the Higgs boson which was
discovered in 2012 can be characterized by a dominant
CP-even coupling pattern to gauge bosons [1,2]. The
sensitivity of this measurement is driven by large modified
production rates compared to the Standard Model (SM) if
CP-odd couplings were dominant [3—8], as well as differ-
ent kinematics if cross section information is not included
in the analysis [1,2,9-16].

The observation of Higgs boson decays to electroweak
bosons i — ZZ, WW [17-20] is already a strong indication
of a CP-even character of the gauge-Higgs interactions. A
CP-odd interaction parametrized by £ D g5,/ th"”Zﬂyl
which overpowers the £ D g;,,,mzhZ"Z, term that follows
from gauge boson mass generation through electroweak
symmetry breaking (EWSB) would imply the breakdown
of otherwise successful perturbation theory, avoided only if
the longitudinal gauge boson degrees of freedom are
generated by a mechanism which is not directly related
to the observed Higgs boson with mj; = 125 GeV. Taking
the measurements in the ZZ channel at face value, the latter
would need to be accompanied by a low scale of perturba-
tive unitarity violation, well below the tera-electron-volt
(TeV) scale, which is typically mended either by resolving
a potential substructure responsible for the TeV scale or by
accessing new resonant degrees of freedom. However, the
Large Hadron Collider (LHC) has already explored regions
well beyond this regime without any evidence of either
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weakly or strongly coupled degrees of freedom. In this
sense, the statistically significant observation of pp — h —
ZZ alone does cement the very character of mostly
CP-even couplings to vector bosons, which is a generic
property of spontaneous symmetry breaking directly
linked with perturbative unitarity of the Higgs-gauge sector
[21,22].

Strong constraints on the CP-violating interactions are
typically inferred from flavor and electric dipole measure-
ments [23-29]. These indirect probes of CP violation
(which in the electric dipole moment context are strongest
for interactions with first or second generation fermions)
need to be contrasted with direct searches as performed by
ATLAS and CMS. 1t is, therefore, natural to ask how CP
violation can be accommodated by current Higgs mea-
surements, in particular by the recent combination of
ATLAS and CMS data [30]. Given the absence of any
conclusive hints for new resonant physics around the TeV
scale, and taking into account the aforementioned unitarity-
related issues, we can expect that a low energy effective
formulation of TeV scale physics will reflect the imprint of
a “good” probabilistic behavior of the underlying UV
model. Understanding an effective theory formulation as
the tool of mediating measurements between theories with
widely separated scales, large fundamental CP-violating
effects at a scale that lies well above the electroweak scale
could therefore present themselves at low scales in the
guise of operators that do not immediately imply unitarity
violation close to the TeV scale. Another possibility is the
presence of additional intermediate degrees of freedom
which could mend whatever unitarity violation that seems
to be present above the TeV scale. Put differently, if no new
particles are present, unitarity imposes a well-defined bias
on the perturbative expansion of new physics effects in
terms of a dimension six extended SM effective field theory
framework [31-33]

© 2017 American Physical Society
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This hierarchy will be fully reflected by the Wilson
coefficients if we choose all A;=A> v in Eq. (1.1)
and limit ourselves to weakly coupled UV theories. The
latter point is required to give perturbative unitarity
violation a well-defined meaning.

In this paper we analyze the tree-level interplay of CP
violation in the fermion-Higgs and gauge-Higgs sectors and
unitarity using the tools of effective field theory. Assuming
that amplitudes are well behaved to high energies, we
identify operators in Sec. II, which are largely unconstrained
by tree-level unitarity requirements. Using recent signal
strength measurements as reported by ATLAS and CMS
in Ref. [30], we analyze the direct phenomenological
implications of allowed CP violation in the Higgs sector
for future LHC exotic searches in Sec. III. We provide a
summary of this work and offer conclusions in Sec. I'V.

II. UNITARITY AND CP-VIOLATING OPERATORS

A. Perturbative unitarity

We consider the lowest order CP-odd operators involv-
ing the physical Higgs field, which lead to CP violation in
conjunction with the CP-even operators in the Standard
Model. A comprehensive list of operators has been pre-
sented in [34], and for the purpose of this paper we limit
ourselves to a few key operators, which, on the one hand,
are relevant to the dimension six framework. On the other,
we also discuss the particular example of an operator that
marks the transition to phenomenologically richer simpli-
fied models. These models are just another form of EFT, in
the sense that they capture key features of a UV completion
at an intermediate energy scale by including additional
propagating degrees of freedom. Since there are only
limited sources of CP violation in the SM, extra propa-
gating degrees of freedom in relation with CP violation and
their possible interplay with the observed Higgs phenom-
enology is a relevant question.

In this study we work in the broken phase of SU(2), x
U(1), and consider CP-violating operators effectively up
to dimension five. With this condition, we have the unique
operator in the fermion-Higgs sector

Olsz = hyysyy, (2.1a)

with f denoting the Standard Model fermions
(f =u,d,s,c,b,t).

In the gauge-Higgs sector, we consider the following
operators:

OUFF — ppwF,,. (2.1b)

OMZ — h(d,h)Z". (2.1c)
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We use F = (A, Z, W, G) as the (dual) field strengths of the
photon, Z boson, W= boson, and gluon. The first class of
operators is the “standard” set of CP-violating operators
that is based on a generic dimension six approach [33], and
they are typical representatives of a broader class of
CP-odd interactions summarized in [34]. The operators
involving the dual field strength can be generated by
integrating out massive fermions with CP-odd Yukawa
couplings as in Eq. (2.1a).

The operator of Eq. (2.1c) deserves a special comment as
its appearance is linked to extending the dimension six EFT
framework to a simplified model which is a form of EFT
that contains explicit new propagating degrees of freedom.

Let us sketch how this operator can be generated from a
simplified multi-Higgs model, based on the extension
of a two Higgs doublet model by a real singlet scalar. If
EWSB is triggered by more than one Higgs doublets

H; = [pF. (v;+ h;+is;)/v/2]", the kinetic term
Lyin = |D Hy > + |D,Ho|? (2.2)

leads to the massless would-be Goldstone boson to be eaten
by the Z boson, which is given by

g = Qs ¥ vas) (2.3)
v
with v = \/v? + v3 which couples
ﬁkin D) mzaﬂsZ". (24)

This term is removed by R; gauge fixing [35], while the
CP-odd linear combination orthogonal to Eq. (2.3)

U182 — 028

(2.5)

§:
v

produces the well known two-Higgs doublet interaction

‘Ckin ] g_Z (’Ulh2 — 1}2]’[1)8”52”
v

- g—Z (Ulaﬂhz - U2aﬂh1)§zﬂ,

~ (2.6)

which, however, cannot give rise to the operator Eq. (2.1c¢)
since the original kinetic terms Eq. (2.2) preserve CP.

If there is in addition to the two Higgs doublets a portal-
type coupled real singlet scalar S (which does not receive a
vacuum expectation value?), we can postulate dimension
five operators involving

Ci
L D KS|DﬂHi|2 (2.7)

*A nonzero (S) would not change our discussion as it can only
be absorbed in a field redefinition of H; in Eq. (2.7).
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(neglecting nondiagonal terms for convenience). Then we
have the additional interactions in unitary gauge

Cr—C1L U1y
Lett D gy A 2

‘259,520, (2.8)

Similar terms are present for the Goldstone boson if we
work in a general gauge; in the following we will, however,
adopt unitary gauge for convenience.

Explicit CP-violating terms in the two Higgs doublet
potential (i.e. complex Higgs self-interactions) induce a
mixing of (h;, 5, S). For instance,

V(H,, H,) D A|H, |2(HTH2) +H.c.

D Im(ﬂ@) 2 ((3’[) — ’U%)hlg + ’Ulvzl’lzs’).
(2.9)
If we also introduce a portal interaction
V(H,,S) D n|H,|*S D nv,h,S, (2.10)

we can see that mixings § — h; and S — h; in Eq. (2.8)
will induce Eq. (2.1c¢), if we understand /; as the SM-like
boson in the mass basis. Note that the CP-violating
interaction Eq. (2.1c) cannot be introduced from the kinetic
terms Eq. (2.2), which preserves CP. This can explicitly be
seen by the antisymmetric structure in Eq. (2.6), which
results in zero diagonal couplings after diagonalization of
the mass mixing matrices. Since we are not interested in the
effects of other couplings, we assume that these additional
states are sufficiently heavy to not immediately influence
the Higgs decay phenomenology as well as unitarization
rules through additional channels opening up. We therefore
assume / is dominantly composed of %, in the following.’
Equation (2.7) is part of the first term of a linear expansion
in S. We will see that this particular coupling is perturba-
tively unconstrained and has an intriguing relation to the
complex mass scheme in the SM.

In order to respect the stringent flavor constraints we
only consider flavor diagonal operators as in Eq. (2.1)
(we will comment on the impact of flavor constraints later;
see also [26]). With these operators we can calculate the
high energy behavior of 2 — 2 scattering amplitudes from
an initial state i to a final state f

1
at;(s) = e /dcos&d’ (cos @) M (s, cos 0)

(fory/s > m;, my), (2.11)

*It should also be noted that the presence of multiple mixings
typically yields a more SM-like phenomenology of the lightest
state in terms of signal strengths as compared to minimal Higgs
portal scenarios [36].
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where M denotes the matrix element modulo factors of \/§ for
identical particles.* The d{m, are Wigner functions with the
angular momentum J that appear in the expansion of [37].
u, u' are calculated from the helicity differences of initial and
final states of the participating particles, respectively. In
particular, déo is given by the Legendre polynomial as
dl, = P;(cos@). Unitarity together with perturbativity
[which we also have to impose for an expansion of the
operators (2.1) to be meaningful] requires the partial waves to
be small compared to unity, and critical couplings at tree level
are conventionally derived from saturating

jaf,(A)] =1

(see Refs. [38,39] for a detailed discussion).
In the following we consider the Lagrangian

(2.12)

L= LM+ Cppzh(9,h)Z* + Cpyyhy’t + Z Chri OFFF,
F, F

(2.13)

i.e. we focus on the top quark in particular and choose the
electroweak vacuum expectation value as reference scale
where necessary. Typically the partial waves exhibit a
hierarchy in the angular momentum J.

We have surveyed the list of processes relevant for
unitarity violation at tree level (see also [40] for a first
discussion of unitarity in the SM). These include vector,
Higgs, and fermion scattering, as well as combinations of
the different particle species [38,39]. We find that the
tightest constraints follow from the J = 0 projections and
will focus on the most constraining channels, but we also
mention other channels that are relevant for the discussion
of the remainder of this paper. Our results are collected
in F1g 1, and we detail them below:

(94 : We first consider fermion-fermion scattering
tt — tf, which receives contributions from the
operator (2.1). We include the (modified) Higgs,
Z boson, and photon intermediate states and dis-
card the gluon contribution as it corresponds to a
nontrivial color configuration, which does not
interfere with the color singlet exchange. The
zeroth partial wave of 7 — ¢7 for identical helicity
(zero total angular momentum) gives rise to only
weak constraints on the Wilson coefficient
|Cpie| = 7.1, not dependent on the scale A. The
amplitude also quickly approaches an asymptotic
value as a consequence of energy scales canceling
between the spinor normalizations and the s-channel
suppression leading to an energy-independent value
of this value.

4. . . . .
We choose a convention for M which gives rise to a real
value at large s.
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FIG. 1. Selected region by the zeroth partial wave in 2 — 2
scattering.

Superior bounds can be obtained from

1t -» V,;V,;. Note that due to the vertex structure
induced by the operators of Eq. (2.1), the Wilson
coefficients C, 7 do not contribute to scattering
processes involving longitudinally polarized vector
bosons.” Hence, the limit obtained from inelastic
fermion scattering to gauge bosons provides a way
to derive stringent unitarity constraints on C,y,
without the influence of accidental cancellations
between the interactions in (2.13). It is worth noting
that the CP-odd Higgs interactions therefore also
exhibit a completely different unitarity-related
behavior than their CP-even counterparts [40].
Numerically we find that 17 — W} W; provides
the most stringent constraint among these channels
as the amplitude shows a ~C,;,/s behavior.
We derive unitarity bounds on the Wilson
coefficients C,,3,C,,7, and C) ; through inves-
tigating VV — V'V scattering for transverse polar-
izations of the participating vector bosons V = A,
Z, g. For equal helicity and transverse ZZ scatter-
ing we obtain, e.g.

hFF.
O

4C o s(s — 4m>
M(Z1Zr — ZiZy) = — hzZZ ( ZZ)
v s —m;,

+ {SM},

(2.14)

where {SM} refer to the well-known results of the
SM [40], which do not give rise to unitarity
violation. For the massless gluons and photons
we find a similar relation for the unitarity violation-
driving part.

The channels involving both A and Z introduces
a cross-talk between the C,,;.C,,7 and C,;,
channels and the results quoted in Fig. 1 are

>The Feynman rule for the vertex induced by the operator (2.1)
is given as o €y, P/ ps, which vanishes when contracting with
the longitudinal polarization vectors of external gauge bosons:

€a/},4up/1ll75€(i(171)€§ (pZ) =0.
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calculated assuming C, ,7, C, .5 = 0, which allows
us to set constraints on C,,> individually.

OlhZ; ] = ( unitarity constraints on this operator are
calculated from multi-Higgs scattering. For
t — hh in the equal helicity case, we obtain

e mpn/s
—C SM},
swew s —ml nnz + {SM}

M(tt - hh) =
(2.15)

which shows that only weak constraints can be
derived from this channel as the amplitude quickly
becomes negligible at energies /s > m, even
when Cj;,7 #0 (cy and sy denote the cosine
and sine of the Weinberg angle). This result also
shows that unitarity constraints from the fermion
sector are parametrically suppressed by the quark
mass and that the top-quark sector will provide the
most dominant unitarity constraints.

hh — ZZ and hh — WW induced by O}"?
vanish, irrespective of helicities. This also holds
for hh — hZ,;, leaving only hh — hh as a poten-
tially sensitive channel to Cy,, for J = 0. In this
channel, however, crossing symmetry guarantees
that the amplitude can have only a small sensitivity
on the energy of the scattering process for
s > m%, m¥. With s + 1+ u = 4mj, and this can-
cellation only slightly affected by the different
propagators of the s, #, u channels for large enough
energy, the unitarity constraint becomes largely
insensitive to the probed energy (Fig. 1). Ampli-
tudes for ZZ — hZ vanish irrespective of polar-
izations; WW — hh does not receive contributions
from O insertions, and hh — hZ; is suppressed
by an order of magnitude compared to hh — hh at
the amplitude level.

Table I summarizes the constraints on the Wilson
coefficients we found in this section based on the pertur-
bative unitarity argument. Out of the operators we consider
in this work, O"Z is special in the sense that perturbative
unitarity arguments do not limit the associated Wilson
coefficient’s range. This means that a potentially large CP
violation with this term could be induced by a nonpertur-
bative or perturbative UV completion.

The operator (’)Zf / has an interesting relation with the so-
called complex mass scheme [41-44], which continues
perturbative calculations to the second Riemann sheet [45]
of the § matrix by “absorbing” the Dyson-resummed
imaginary part of the gauge boson two-point functions
into complexification of the gauge boson masses, i.e.

m% — m% — ilymy,.° Through its relation with the masses,

®Note that introducing a constant width amounts to an ad hoc
replacement of the running width [46,47].
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TABLE I. Representative values of perturbative unitarity con-
straints of the operators considered in this work at A = 5 TeV, in
addition to the most sensitive channel to unitarity constraints.

Wilson Most sensitive  Scaling of | M| Limit at
coefficient channel at large s A =5TeV
Coun 1t—> Wiwg Cin/s 1.24
ChFF VTVT g VTVT CiFF 0.26
Cige gr9r = 9r9r CZGG 0.09
ChAZ ZTAT g ZTAT CiAZ 0.36
Cinz hh — hh Ciz 5.82

such replacements imply a complexification of the
Weinberg angle as well. Typically, reordering the pertur-
bative series, which this replacement effectively amounts
to, can imply a violation of gauge invariance and therefore
imply unitarity violation (see e.g. [48-52]). As demonstrated
in [43,44], however, Ward and Slavnov-Taylor identities are
not modified by these replacements, and gauge invariance
remains intact; unitarity violation cannot therefore be ampli-
fied at higher energies. Allowing a complexification of the
Weinberg angle, the Z boson coupling to the Higgs in the
SM becomes complex through its coupling ~e/(s,.c,,)
where s,, and c,, are the sine and cosine of the Weinberg
angle, respectively. For a complex gauge coupling, the
operator Eq. (2.1¢) is also generated in the SM from the
Higgs kinetic term. We stress that this effect in the SM is
purely spurious but is accompanied by no unitarity limi-
tations as a consequence of the consistency of the complex
mass scheme. This also explains why we find only weak
constraints on this particular operator even if it is generated
in beyond the Standard Model (BSM) scenarios.

B. Unitarity sum rules for CP-odd interactions

The ff — V,V, processes are special in the sense that a
CP-violating f fh coupling enters linearly, thus opening up
the possibility to compensate the CP-odd operator induced
unitarity violation through the appearance of an additional
state. The linearity is a necessary requirement as destructive
interference cannot be introduced on the quadratic coupling
level. The latter appears in the SM for longitudinal gauge
boson scattering as the interplay of s, #, u channels and
different vertex structures. Similar ideas in the context of
CP-even modifications of Higgs couplings are apparent
from singlet mixing scenarios and can be generalized to the
vector case giving rise to concrete phenomenological
predictions; see e.g. [53-58]. In concrete UV scenarios,
these unitarity sum rules are always consequences of
spontaneous symmetry breaking [21,22].

For the processes with Wilson coefficients entering at the
quadratic level, unitarity cancellations of this type cannot
be implemented “by hand” as destructive interference
would require complex couplings which conflict with
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the requirement of a Hermitian Lagrangian. While this
also applies to ff — ff, the constraints on the Wilson
coefficients from this process are only weak (Sec. IL A). In
practice, an additional resonance that serves to cancel the
growth in ff — V,V, is not affected by unitarity consid-
erations of ff — ff.

We focus on f(p1)F(p2) = W; (41)Wi(q2). The tree-
level matrix element is composed of four Feynman dia-
grams: fermion-exchange 7-channel (./\/l}), v/ Z-exchange
s-channel (M; / ), and h-exchange s-channel (M3). In the
high energy limit, \/s > my,, mz, and m;,, these matrix
elements can be written as

= (9(4/ 77P2)<41PL+—(1—75)>”(P1),

2
 Iwor
myy
7z
M3 = gvzv (Pz)(qlng + 2quZAPL mfgjéAyS)u(pl)’
my,
h
M = 2‘(}#@(1)2)(9{, + igﬁ?’s)”(lh% (2.16)
w

where P; = (1 —y5)/2, and we used the Feynman rules
and couplings shown in Table II.

Since the fermion spinor products v(p,)u(p;) and 4;
grow with /s, to ensure the unitarity at high energies, the
following sum rules need to be fulfilled:

(9w)? + 295974 = 0t 1Py, (2.17)
Twd) = Go9fx = 0t 4i, (2.18)
(9i)* = giygh/my = 02 1, (2.19)
(9)? + 20597 + idlygh/mp = 02 ys.  (2.20)

In the SM, these rules are trivially satisfied, but introducing

a nonzero g/': (= C,y,) leads to a growth of the amplitude as
we have seen in the previous section. However, we can
mend this growth by introducing an additional scalar
subject to the requirement that the imaginary part of
Eq. (2.20) vanishes in the high energy limit. This provides
a strong constraint on the coupling of this additional scalar
(the sum rules can be extended to the ff — ZZ case
straightforwardly).

The currently observed Higgs coupling constraints [30],
dominant from gluon fusion (GF), can be correlated
through this sum rule to arrive at a concrete prediction
of how abundant this extra scalar, which we will call S, gets
produced at the LHC and if or when we will be sensitive to
such a resonant signature as a result of Higgs sector CP
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FIG. 2. The current constraint in the x&'*" vs x94¢ plane from

040r - BR(h — yy) (red) and 6 r - BR(h — WW) (green). The
constraints from other modes are not considerable.

violation. In Fig. 2, we show the current constraints in the
k& vs k994 plane, where k$¥°" is the relative deviation from
the SM top Yukawa coupling and %% is the relative
size of the CP-odd ffh coupling to the SM Yukawa

coupling (k%% = C,,,/y?™M). We use the current limit

[O-ggF ' BR(h - 77)]/[6ggF ' BR(h - 79/)]SM = 110:922;
and [0, - BR(h = WW)]/[o,4r - BR(h = WW)]gy =
0.8470-17 [30]. The constraints from other modes are not
stronger than these two. Allowing the modification of the
CP-even coupling x$*°", one finds the constraint [x9%¢| <
0.6. On the other hand, if " is restricted within the range
(0.8, 1.25), [k%| < 0.4.7 The latter corresponds to the most
conservative scenario; i.e. the observed Higgs state has a
CP-even coupling that originates from pure SM contribu-
tions, and the CP-odd interactions originate entirely from
scale separated physics that once integrated out results in an

operator (’)Z‘f‘f . While a statistically significant deviation of
any Higgs coupling automatically means the discovery of
new physics, searches for new resonances that can be related
to a potential Higgs deviation through unitarity can yield
measurable effects on shorter time scales than precision
Higgs physics. We therefore focus on the conservative bound
on C,,,, assuming a vanishing CP-even Higgs-top modifi-
cation to see if the LHC can limit the parameter space for the
current constraints in the near future.

III. COLLIDER PHENOMENOLOGY

A. Fermion-Higgs sector

As a unitarity-related and potentially observable resonant
effect, we show the expected gluon fusion and top-quark

"The x¢¥e" and x%%¢ can be directly constrained by the pp —
tth and pp — thj processes, although the sensitivity at the LHC
is rather weak [10,59-61].
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pair associated production cross section of the compensator
state of Eq. (2.20) in Fig. 3, as well as its branching ratios
for a representative parameter choice that is in agreement
with the aforementioned current Higgs measurement con-
straints. Here we assume the couplings of the SM particles
to the new resonance S are suppressed by a factor of 10
compared to the corresponding couplings to the 125 GeV
Higgs boson h apart from the 7ystS interaction whose
coupling is parametrized by k9 relative to the top Yukawa
coupling. With this assumption the imaginary part of
Eq. (2.19) is canceled when k%4 = 10k because the
SWW coupling is 10 times smaller than that of AWW, and
the previous upper limit on |[x¢%| < 0.4 is translated to
|k994] < 4. We examine k%% = 1 and 4 for the production
(the left panel of Fig. 3) and assume k%% =4 for the
branching ratio (the right panel of Fig. 3).

It becomes clear that such a state will show a dominant
decay to either gluons or top quarks if the latter become
kinematically accessible. This is expected as this state does
not take part in the unitarization of longitudinal gauge
boson scattering. For our scenario, the production cross
section is entirely dominated by CP-odd couplings, with
gluon fusion being the dominant production channel.

The branching fraction of S to b-quarks Br(S — bb) for
the typical parameter point that we have chosen is even
smaller than Br(S — yy). Although B meson-specific
triggers are available, we cannot expect this process to
occur at a sufficient rate to isolate it from the multi-» and
mistagged multijet backgrounds. It should be noted that
due to the small Yukawa coupling of the bottom quark,
unitarity constraints for b channels are weak. Modifications
of the b sector, which we do not discuss in this work, would
impact this search and provide a motivation to continue the
B trigger developments.

Below the 77 threshold gives rise to an effective axionlike
signature for the S — yy decay; see e.g. [62,63]. Current
constraints by ATLAS [64] and CMS [65] set constraints in
this mass region of about 10 fb in the fiducial region.

The S — tf decay itself has been analyzed in the
context of two Higgs doublet scenarios in for example
[66]. Since the top quark has a coupling structure to the CP-
odd 2HDM Higgs boson A of ~fystA/ tan $, limits on tan j
for specific values of m, can be related to Eq. (2.1a). Given
the scaling with tanf, at low values the decay of A is
dominantly into top pairs. In the two Higgs doublet context
the analysis of [66] excludes a signal strength for m, =
500 GeV corresponding to tan# < 1. For a heavier mass
scenario my = 750 GeV only signal strengths of p~3
can be excluded, even for small values of tan . We can
translate these constraints into |C,;,(500 GeV)| <1 and
|Cyn(750 GeV)| < 1.7. These values are not competitive
with measurements of the SM Higgs on-shell signal
strength. However, the analysis of [66] clearly shows that
we can expect a tremendous improvement with more
searches and statistics.
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FIG. 3. Cross section and branching ratios for the additional scalar that compensates the unitarity violation induced by 02 for the
SM-like Higgs boson for a representative choice of parameters and 13 TeV center-of-mass energy.

B. Gauge-Higgs sector

Turning to CP violation in the gauge Higgs sector, we
focus on the operator OZ”Z, where unitarity constraints are
weak.® Such an operator will impact multi-Higgs final
states (see [71-75]). The dominant process of this type is
Higgs pair production through gluon fusion gg — hh,
which can receive a new Z boson-mediated contribution
from O#Z, as shown in Fig. 4.° However, since tf — hh
does not give rise to an energy-dependent unitarity con-
straint, we can already anticipate that the absorptive parts of
the gg — hh will be largely unaffected.

Both ATLAS and CMS have published results on
extrapolated sensitivity yields of Higgs pair production
at the LHC [76-78], using or even combining the hh —
bbyy and hh — bbt*7~ channels [72,73,79]. In Fig. 5 we
compare these extrapolations with the expected enhance-
ment of pp — hh at the LHC due to the operator O"Z, The
most optimistic constraints that can be set from this channel
result from the 1.9-¢ significance reported by CMS for the
bbyy + bbr* 7~ combination [78], which translates into a
Wilson coefficient constraint

|Chnz| S 16.5 > 4x. (3.1)
This constraint is weaker than the perturbative constraint;
namely it does not play any role in the regime where
Eq. (2.13) can be understood as a trustable series expan-
sion. Also, this constraint does not probe the unitarity limit
imposed by hh — hh scattering; see Fig. 1. Although this
result is expected in the light of our unitarity discussion of
Sec. IT A, we are forced to draw a somewhat unfortunate

¥The physics of hFF operators has been discussed in detail in
the literature (e.g. [3-5,67-70]), and we will not discuss it in
detail.

Note that the bottom contribution needs to be included to
avoid spurious loop singularities related to SU(3)? x SU(2)
anomaly cancellations.

conclusion that the most dominant (and hence best moti-
vated) di-Higgs production mechanism is unlikely to
improve constraints beyond the theoretical bounds within
the remit of perturbation theory.

The observed sensitivity of pp — hh to OZ domi-
nantly arises from contributions of Eq. (2.15), which
contribute to the imaginary part of loop-induced gg —
hh near the threshold m(hh) = 2m, through modifying the

FIG. 4. New contribution to Higgs pair production from gluon
fusion gg — hh, induced by the operator O, We suppress the
fermion flow directions as well as SM contributions.

" +90
—1
10 14 TeV, 3000 fb FRp—

ATL-PHYS-PUB-2015-046 expected
S
>
b
=
=
b

-40 -20 0 20 40
Chhz
FIG. 5. The expected exclusions of ATLAS [76,77] and CMS

[78] for the high-luminosity (HL)-LHC (3000 fb~', 14 TeV) for
pp — hh + X, overlaid by the di-Higgs cross section as a
function of Cj;,; relative to the SM expectation. To highlight
the different ATLAS exclusions, we do not plot them across the
entire Wilson coefficient range.
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FIG. 6. Representative Feynman diagram contributing to Higgs
pair production from weak boson fusion pp — hhjj, induced by
the operator Q2.
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FIG. 7. The expected exclusion for the high-luminosity
(HL)-LHC (3000 fb~!, 14 TeV) for the WBF-induced component
of pp — hhjj using the analysis detailed in the text, overlaid by
the cross section as a function of Cj,, relative to the SM
expectation. Two different systematics scenarios are assumed.

interference pattern that exists in gluon fusion between the
box- and triangle-induced amplitude contributions. While
there is an interference between the SM triangle and box
contributions (identical to the off-shell interference in
pp — ZZ [80]), the modifications induced by O#Z
quickly die out for larger di-Higgs invariant masses.

PHYSICAL REVIEW D 95, 015018 (2017)

This kinematic suppression cannot be circumvented, but
this line of thought points to a different channel that
accesses a distinct kinematic configuration of O#Z,
which is not probed by the unitarity constraints of
Fig. 1—di-Higgs production through weak boson fusion
(WBF) [81-84], which accesses ¢-channel virtual massive
gauge bosons; see Fig. 6.

This leads to a sizable contribution to WBF-induced di-
Higgs production, which can be investigated through the
hhjjfinal state using the full HL-LHC data set [§1-85]. We
make a projection of the HL-LHC’s expected sensitivity to
C.nz by generating hadron-level 4/ j events using MadEvent
[86] and Herwing [87]. Following [84] we focus on the hh —
7777 bb final state and simulate 7jj, th, Zhjj, ZZjj, and
ZWWjj as backgrounds. We impose the following selec-
tions in order to improve the sensitivity and suppress the
QCD-mediated signal component, which is insensitive to
C)z and therefore acts as an additional irreducible back-
ground to the analysis:

(1) We simulate a staggered two tau trigger by requiring
two taus with pr > 29,20 GeV in |5, < 2.5 and
further apply a flat tau tagging efficiency of 70%. We
define jets by finding R = 0.4 anti-k; objects using
Fastdet  [88] and requiring py; > 25 GeV
and |n;| <4.5.

(2) We b-tag the two hardest jets with an efficiency of
70% and fake rate of 1% within |57;| < 2.5. If either
of these overlaps with a tau, we veto the event. We
require at least two additional jets which are referred
to as tagging jets and refer to the two leading ones as
J1 and j,.

(3) We require |my, —my,| < 15 GeV, |m,, —my,| <

25 GeV, and my,,,, > 400 GeV.
Finally we require the two leading tagging jets to be
widely separated in #, such that Ay(j,, j,) > 5.

(iv)

TABLE II. Feynman rules relevant for ff — W*W~, P, p denote the right- and left-chirality projectors.

Vertex Feynman rule SM

Wz (p)Wj (k)A,(q) ~GwLapu(p. k. q) Jw = 9Sw

Wa(p)W; (K)Z,(q) G5 Capu(p: k. q) g = gew

fIwi TwruPL v =9/2

ffA, —9[}’;4 9; = gswQy

17z, 7,97 PL + GFxPr) 9 = (9/cw)(T] = Qrs%)
Q?L = _(g/CW)QfS%V
g]Z‘ = (QJ;L + g?L)/z
Q%A = (gjsz _g_%L)/Z

hff (g} + ighrs) gh = gmg/(2my)
gy =0

hW Wy 9% G gy = gmy

hZ,Z, I G g5 = (& +g%)"*my
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TABLE III. Cross sections for the signal and backgrounds
(including the gluon fusion-produced hhjj component) in the
hhjj analysis after all cuts have been applied. The signal cross
section shown here is calculated assuming the Standard Model
hypothesis. Turning on C,,; induces a large contribution to the
signal yield which makes limit-setting possible despite the low
S/B in the Standard Model case.

Sample After selection [fb]
hhjj (WBF) 1.485 x 1073
hhjj (GF) 5.378 x 1074
fijj 1.801 x 1072
tth 5.658 x 1073
Zhjj 1.026 x 1074
ZZjj 7.639 x 1077
ZWWjj 2.039 x 1077
Total background 1.870 x 1072
S/B 1/12.60

Since no analysis of the arguably complicated pp —
hhjj process has been performed by the experiments yet,
we proceed to compute expected cross section limits
following [84] to estimate the limits that can be set on
Cj,7 using the CLs method defined in [89,90]. The signal
and background cross sections after all selections are
applied are given in Table III. To show the impact of
uncertainties we provide limits based on using 20% flat
background systematics as well as excluding systematics
for comparison (Fig. 7).

As can be seen, accessing the z-channel W and Z bosons
in the initial state enhances the sensitivity to Cj,, way
below the unitarity limit, with expected constraints

|Chz| < 0.06, (3.2)

within the validity of the perturbative expansion
of Eq. (2.13).

IV. SUMMARY AND CONCLUSIONS

After the Higgs discovery the search for its particular
role in the mechanism of electroweak symmetry breaking is
underway. The high energy physics community has moved

PHYSICAL REVIEW D 95, 015018 (2017)

to largely model-independent strategies based on the
application of effective field theory techniques. Unitarity
as well as perturbativity set important constraints on using
these tools in searches for new phenomena beyond the well-
established SM. If nature indeed chooses a new physics
scale well separated from the electroweak scale, then the
natural question we need to address at this stage of the LHC
program is how large effective interactions can become.
While this is a largely model-dependent question, pertur-
bative unitarity provides an important guideline in reflect-
ing hierarchies among Wilson coefficients at the ~TeV
measurement scale that can be excited by a consistent
(perturbative) UV completion. This question becomes
particularly interesting when we turn to CP violation in
the Higgs sector as most interactions induce unitarity
violation even for relatively small Wilson coefficient
choices. In some cases this unitarity violation can be
mended through a new degree of freedom, whose inter-
actions are governed by probability conservation, which
gives rise to concrete phenomenological implications.

Considering unitarity arguments for a number of effec-
tive CP-violating interactions in the Higgs sector, we have
identified two phenomenologically relevant directions: The
search for a new Higgs-like state, which compensates CP-
violating interactions of the Higgs with top quarks, and
searches for enhancements of multi-Higgs production from
weak boson fusion due to CP-violating interactions which
are largely unconstrained by unitarity considerations.
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