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Contact interactions in Higgs-vector boson associated production at the ILC
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We explore new physics (NP) effects in Higgs-vector boson associated production at a future
International Linear Collider (ILC) via e"e™ — Zh, Zhh, using effective field theory (EFT) techniques.
In particular, we focus on a certain class of dimension 6 operators, which are generated by tree-level
exchanges of a new heavy vector field in the underlying theory. These operators induce new contact terms
of the form yyw¢De, involving the Standard Model (SM) fermions (), gauge-bosons (D is the covariant
derivative) and the SM Higgs field (¢). We investigate the high-energy behavior of these new effective
interactions in et e~ — Zh, Zhh, imposing bounds from electroweak precision measurements, and show
that the ILC is an excellent testing ground for probing this type of NP via ete™ — Zh, Zhh. We also
address the validity of the EFT expansion and we study the correlation between the 2Z and hhZ signals,

which can be utilized in future searches for NP in these channels.
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I. INTRODUCTION

The SM is by now a well-established theory and has been
tested with an astounding accuracy. Nonetheless, since the
SM does not address some of the fundamental theoretical
issues in particle physics, such as the hierarchy problem,
dark matter, neutrino masses, flavor and CP violation, it is
widely believed that the new physics (NP) which underlies
the SM is around the corner, i.e., at the few-TeV scale. This
has driven physicists throughout the years to search for new
theories beyond the SM, which, in many cases, predict the
existence of new particles.

In this paper we investigate NP effects in Higgs-vector
boson associated production at a future e*e™ collider, via
ete™ — hZ [1,2] and eTe™ — hhZ [3]. These processes
are sensitive to a variety of underlying NP scenarios. Of the
many examples in the literature, let us briefly mention
studies of Higgs-vector boson associated production proc-
esses in little Higgs models with T parity [4], in super-
symmetry where the ete™ — hZ cross section receives
one-loop corrections which are sensitive to the stop mass
[5] and in models of extra compact dimensions, in which
strong gravitational interactions at the TeV scale lead to
virtual exchange of KK gravitons that affect hhZ produc-
tion at the ILC [6]. The eTe™ — hhZ cross section can also
be modified in two Higgs doublet models (2HDM) and in
models with scalar leptoquarks due to enhanced one-loop
corrections to the triple Higgs coupling [7].

Over the years, the grueling task of the search for NP
beyond the SM also involved model-independent studies,
which utilize effective field theory (EFT) techniques to
explore new interactions among the SM particles. In this
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work we adopt the EFT approach and study the effects of
new Higgs-vector boson-fermion interactions in Higgs-
vector boson associated production at the ILC via the
processes eTe~ — Zh, Zhh, see Fig. 1. We parameterize
the new effective interactions through higher-dimensional
operators assuming the following:

(i) The new interactions obey the gauge symmetries

of the SM: SU(3)- x SU(2), x U(1)y.
(i) The underlying NP is weakly coupled, renormaliz-
able and decoupled from the SM at low energies.
(iii) The light fields, i.e., the observable degrees of
freedom below the cutoff A (see below), are the
SM fields.

Within this EFT setup the SM is treated as a low-energy
effective theory and the new interactions are characterized
by a new scale A > v, which represents the scale (thresh-
old) of the NP. The effective theory is then described by

(1)
5:55M+Z£g_40§">, (1)

where i denotes the operator type, n is its dimension and

f l(-") are the corresponding Wilson coefficients.

In principle, the O;’s are generated by integrating out the
heavy fields in the underlying theory; the different types of
operators then depend on the quantum numbers of the
exchanged heavy fields. Thus, a generic EFT is, by
construction, valid up to the scale A (of the NP), so that

by performing a measurement in a future collider one can

extract information on the ratio f 5’” /A"™* and, therefore,
hope to find clues regarding the underlying theory [8—15]
[for a comprehensive analysis of the renormalization of the
dimension 6 operators and its importance for precision
studies of the SM EFT framework in (1), see [16-20]]. In
that respect, we note that, under the assumption that the
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FIG. 1.

underlying NP is weakly coupled, the dimensionless

coefficients f ,W in the underlying theory are expected to
be of O(1).

In this work we limit ourselves to dimension 6 operators,
o , which contain the SM fields and derivatives, assum-

1
ing that they represent the leading NP effects.’ In particular,
we consider a class of operators, which, following the
notation in [10], will be denoted symbolically as the y?¢?D
class. These operators contain a pair of fermions (), two
Higgs fields () and a SM covariant derivative (D) and are
generated by new heavy vector-boson exchanges in Higgs-
fermion systems.

Consider for example the case where a new heavy vector
singlet field V/,, with a mass M > v, is added to the SM
Lagrangian [the heavy vector can be thought of as some
U(1) remnant of a higher broken symmetry]. The
Lagrangian piece for V), then reads

1 1 R T
L=V VA5 M2V VIV (i D O+ Guyy),

4
(2)

where the “Hermitian derivative” in (2) is defined

as &' D, & = ¥'D,& — D, d'D.

Integrating out the heavy field V/,, by using its equation
of motion (EOM), we can express V), in terms of the SM
light fields,

Vi, = -

_(g® D D+ gury), (3
A V2 (9 + 9w ') (3)

'We will henceforth drop the subscript n = 6 for the dimension
6 operators (95»6).

Tree-level SM diagrams for ete™ — Z — hZ (a) and for eTe™ — Z — hhZ (b)—(d).

so that, performing the propagator expansion
1 1 </ O\*
e wy () @
(O-M*)~~ M M?
O<M? k=0

and keeping only the first term, i.e., k = 0, we obtain

I~
N
O<M?

1 LETH -
W(g@D O+ gy yty). (5)

Plugging now V), in (5) back into the original Lagrangian
of (2), we obtain the NP Lagrangian piece which emerges
from the heavy vector-boson exchange2

A2 OV’? (6)

where fy» = gg, A = M and Oy, is the dimension 6 heavy
vector singlet operator

Oy = ilﬁy”W‘I)TBH(I). (7)

In the case of a heavy vector triplet, one similarly obtains
the operator

Oy = ipc* 'y d'ek D" ®. (8)

*Note that integrating out the heavy vector field in (2) will also
induce new effective four-fermion contact operators. The effects
of such four-fermion operators are not relevant for the Higgs-
vector boson production processes ete™ — Zh, Zhh, and will,
therefore, not be considered here.
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Such y?¢?D operators give rise to new contact inter-
actions of the form //hZ and [IhhZ at scales lower than the
typical new heavy particle mass (see Appendix A) and, thus,
contribute to the Higgs-vector boson associated production
process ete™ — hZ, hhZ of interest in this work. Examples
of beyond the SM (BSM) constructions which involve new
heavy vector fields that can underlie the w?@?D class
operators include TeV-scale Z' models (see, e.g., [21,22]),
whose origin can be related to the breaking of grand unified
theories based on SO(10) or Eg symmetries, which may
leave one or several U(1) remnants unbroken down to TeV
energies, before the symmetry is further broken to the SM
symmetry. Left-right twin Higgs models [23] also introduce
new heavy gauge bosons, extra Higgs bosons and a top
partner which can also affect the production of hZ
and hhZ.

Similar contact interactions are also obtained for the
w?@?>D operators involving quarks (y = q), i.e., qghZ,
qqhhZ, as well as contact interactions involving the W:
udhW, udhhW. These may affect Higgs-vector boson
associated production at the LHC and we leave that to a
future work. Nonetheless, it is worth mentioning that
Higgs-vector boson associated production is the third
most dominant Higgs production channel at the LHC
after gluon-gluon fusion and vector-boson fusion [24].
It has been found that operators containing derivative
interactions can modify the kinematic distributions in
Higgs-vector boson associated production at the
LHC [25].

Note that other observables/processes can be utilized at
the LHC to probe the leptonic contact interactions //4Z and
IThhZ, which are generated by the y2@*D operators. For
example, differential distributions in the Higgs 3-body
decay h — ZITI~ [26-28] and the total Z-width [29]
may be useful for this purpose. Nonetheless, as we will
show here, a much higher sensitivity to these leptonic
contact terms can be obtained at a future ILC, via
ete™ — hZ,hhZ. In particular, an ILC will be able to
probe the scale of the y?¢?D class operators, ranging from
a few TeV to O(10) TeV, depending upon its design
(center-of-mass energy and luminosity).

Indeed, we wish to emphasize the underlying reasons
and motivation for our choice of the w?¢?D class of
dimension 6 operators: (i) These operators are tree-level
generated in the theory only by new heavy vector-boson
exchanges and are, therefore, unique in that sense—
probing a certain type of new physics which can be
characterized by a single heavy scale A. (ii) These operators
give rise to new contact interactions of the form eesZ and
eehhZ which will, therefore, give an effect proportional to
(E/A)? in o(ete™ — hhZ, hhZ), where E is the c.m.
energy of the process. They are, therefore, expected to
give the dominant higher dimensional EFT effect in
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ete™ — hhZ,hhZ, under the assumption of a weakly
interacting underlying physics (i.e., with respect to other
possible dimension 6 operators that can contribute to these
processes).

The paper is organized as follows: in Sec. II we discuss the
Higgs effective Lagrangian (HEL) framework and list the
current bounds from LEP/electroweak (EW) precision data
on the y?¢?D class operators. In Sec. III we give a short
overview of Higgs-vector boson associated production at the
ILC. In Secs. IV and V we present analytical and some
benchmark numerical results of the cross sections for the
processes ee™ — hZ and e" e~ — hhZ in the presence of
the y?¢?D class operators. In Sec. V we also discuss the
correlation between the 7Z and the hhZ cross-sections as well
as the validity of the EFT expansion. In Sec. VI we present a
more realistic analysis of the sensitivity to the y?@>D class
operators, based on a more realistic background (BG)
estimation. In Sec. VII we summarize. Appendix A gives
the Feynman rules associated with the > D class operators
and Appendix B contains intermediate steps of the analytic
calculation of 6(ete™ — hhZ). In Appendixes C and D we
depict the tree-level Feynman diagrams corresponding to 7Z
and hhZ signals, respectively, after the Z-decays to a pair of
fermions, which were calculated for the realistic BG
estimation.

II. HIGGS EFFECTIVE LAGRANGIAN: GENERAL
SETUP AND CONSTRAINTS

In dealing with higher-dimensional operators one often
encounters nontrivial Lorentz structures. An efficient way
to systematically extract all the Feynman rules goes
through a Mathematica package software called FeynRules
(FR) [30]. We have therefore used the HEL implementation
in FR of [31]. Moreover, the output from the HEL
implementation in FR is readable by the event generator
software MadGraph 5 (MGS5) [32], which further facilitates
our analysis, allowing us to perform MGS5 simulations in a
straightforward manner.

The HEL setup of [31] is defined by

L= Ly + Z ¢;0; = Ly + Lsuu + Lp, + Lp, + L,
)

where Lqy g [strongly interacting light Higgs (SILH)] is
inspired by scenarios where the Higgs field is part of a
strongly interacting sector, Lz, contains interactions among
a pair of fermions with a single Higgs field and a gauge-
boson that originate from different NP scenarios (other than
the heavy vector exchanges), L£; contains new gauge-
boson self-interactions and L, contains the w2@*D class
operators of our interest in (7) and (8). It is given by
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Lp, = ICHQ [QLJ’”QLH@D ] +

1

iEH
+ 2
v

iCyr - g 4icy
+%[LL7/MLLH(I)TD/4®] + 3 (Lo Ty L ][ @7 TS D @] +

where 0, = (1),
L

of left-handed and right-handed quark fields, respectively

ur and dp are the three generations

and the corresponding lepton fields are L; = (y’“ )
I

and eg. Also, T, are the SU(2) generators in the
fundamental representation, T,, =%, where o, are the
Pauli matrices.

Furthermore, the coefficients ¢; are normalized such that
they are related to f; in (1) by

2
_ v
¢ :Pfiv (11)

In general, if one writes down all possible dimension 6
operators consistent with the SM symmetries (which
exhibit baryon and lepton number conservation), one
arrives to a finite number of operators. However, the SM
EOM along with the use of integration by parts and field
redefinitions may result in a redundancy of this description.
That is, some of the operators may be equivalent, up to total
derivatives, to linear combinations of other operators [13].
Indeed, as has been advocated in both [10] and [31], the
w?@>D class operators, as they appear in Lp,, are equiv-
alent (using the EOMs) to linear combinations of some
purely bosonic operators in Lgpy, and can, therefore, be
eliminated by trading them with these bosonic operators;
the choice of basis may vary depending on the analysis one
wishes to carry out, see for example [33,34]. This might be
part of the reason why the effects of these y?@>D operators
have not been thoroughly studied. Moreover, the bosonic
operators are loop generated in the underlying theory (see
[13]), so that their contribution is expected in general to be
further suppressed, typically by a factor of 1/16z° (recall
that the w?¢?D class operators are generated by tree-level
exchanges of heavy vector-bosons in the underlying theory).

Here we will follow the Grzadkowski-Iskrzynski-
Misiak-Rosiek basis of [10], which explicitly includes
the y2@”D class operators in (7) and (8), which we seek
to explore in this work. In particular, we will be interested
in the leptonic operators corresponding to ¢y , ¢}y and Cye,
which can affect the hZ and hhZ signals, et e~ — hZ, hhZ,
at the ILC. These leptonic operators and, in general all the

2¢”D class operators, are tightly constrained by Z-pole
measurements, as they modify its vector and axial-vector

: [ﬁRY””R} [QDTD”Q] + _I;Id [aRyﬂdRHq)TDuq)] -
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ity = o
Q (017" T2 Q. |[®'T5D, D]

ic ud 1— hig
;iz [MR]/”dR] [(I) . D#(D] + H.c.

8 2yt er] (8D, ) (10)

|
couplings to a pair of fermions. Indeed, a fit to electroweak
(EW) precision data [35] has been performed in [36] to
yield the following bounds on the Wilson coefficients of the
leptonic operators’:

—0.0003 < . + Ty < 0.002
—0.002 < Zyyy — T}y < 0.004
~0.0009 < &g, < 0.003. (12)

The bounds in (12) can be translated into bounds on the
ratios f;/A? through (11). In practice, the upper (lower)
bounds in (12) correspond to f; >0 (f; <0). In what
follows we always set for simplicity f; = 1 or f; = —1 and
use A as the only unknown with respect to the NP. For
example using the one coupling scheme for ¢y,

~0.0003 < &g < 0.002, (13)

the above upper and lower bounds correspond to A >
5.5 TeV and A > 14 TeV, for fy =1 and fy, = -1,
respectively. Similarly, in the one parameter scheme for
Cre, We obtain A > 4.5 TeV and A = 8 TeV, for fy. = 1
and fy. = —1, respectively.

II1. HIGGS-VECTOR BOSON ASSOCIATED
PRODUCTION AT THE ILC: A SHORT
OVERVIEW

The future planned ILC, although having a lower energy
reach, provides a cleaner environment, as it does not suffer
from the large QCD background which is typical of hadron
colliders. Moreover, the center-of-mass energy at an ILC
(1/s) is precisely known and it also provides the possibility
of polarizing the colliding electron beams. The cross
sections of the main Higgs production modes at the ILC
are given for example in [37].

Clearly, the BG for the process e™ e~ — hZ depends on
the subsequent decays of Z and A. In the case of Z — vv
the leading BG is the WW-fusion process shown in
Fig. 2, while for the case where Z — eTe™, ie,
ete™ - hZ — heTe, the leading BG is the ZZ-fusion

The bounds on the w2p>D operators involving the light
(heavy) quarks are comparable (weaker) to those on the leptonic
operators in (12).
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FIG. 2. Tree-level SM diagrams for the WW-fusion process
ete™ — hup (left) and ZZ-fusion process e e~ — hete™ (right).

process also shown in Fig. 2 (see, e.g., [38]). Both the WW-
and ZZ-fusion processes grow logarithmically with /s, the
ZZ fusion being about 10 times smaller than the WW-
fusion one due to the different strengths between the W and
the Z couplings to electrons. In that respect, let us mention
[39], where a study of the dimension 6 operators Oy and
Og in Lggy (see [31]), which affect the WWh, ZZh
and hhh couplings in ete” — hZ — (anything)(/"17)
was performed. They reconstructed the Higgs mass using
the recoil mass + acceptance cuts technique (see [40]) and
imposed additional cuts, such as the invariant mass cut
|m; — M(1l)| < 10 GeV, to further reduce the BG for the
hZ signal. This allows us, for example, to reduce the
effective number of BG events for eTe™ — hZ — bblTI™,
coming from u# and ¢ channel electron exchange in
ete” — ZZ — bbl"I~, to about 10% of the signal (see
also [41]).

Indeed, as we will show below, the hZ — hff final state
can be distinguished from the gauge-boson fusion BG
processes through an appropriate set of cuts and choice of
final states. For example, the contribution of Oy., Oy,
Oq from the interference with the SM can be substantial
in the 4 ff channel with f = u, 7 or ¢, i.e., giving rise to a
correction of more than 5% (20%) at a center-of-mass
energy of /s = 500 GeV (1 TeV). On the other hand, the
relative impact of Oy, Oy, Oy on hete™ and h + E is
smaller, since these signals suffer from the large WW-
fusion and ZZ-fusion BG.

As mentioned earlier, an important feature of the future
planned ILC is the possibility of polarizing the incoming
electron-positron, which can be straightforwardly utilized
for various purposes. For example, for hZ production
followed by Z decay to neutrinos, one can “switch off”
the WW-fusion contribution by choosing right-handed
electrons (and left-handed positrons) [42]. The SM cross
sections for eTe™ — Z — hZ including initial state polari-
zation effects can be found in [24].

The process ete™ — hZ at the ILC, in the presence of
the contact terms which are generated by the y?@>D class
operators, was initially considered in [43] and was found to
show significant deviations from the SM by choosing a
combination of operators which saturates the bounds on
the corresponding Wilson coefficients, i.e, maximizing the

PHYSICAL REVIEW D 94, 035030 (2016)

statistical significance. Later on, [44] expanded the analysis
of [43] by looking at angular distributions in
ete™ — hZ — hff. Recently, Craig et al. in [5] have also
considered the effects of the y?@>D class operators in
ete” — hZ at an ILC with a center-of-mass energy of
/s = 250 GeV, taking into account only the interferences
with the SM (i.e., only the corrections of order 1/A?, see
next section). They found that the exclusion/discovery
potential (of such a machine) to the scale these operators,
which heavily relies on the accuracy of the measurement, is
A ~few TeV [5].

As for ete™ — hhZ (see Fig. 1), its cross section peaks
at about 0.18 [fb] close to /s = 500 GeV and then drops
as 1/s at high energies. One of the main motivations for
measuring eTe” — hhZ is the feasibility of detecting the
trilinear Higgs coupling 4 [see Fig. 1(b)], though there are
other important diagrams that do not contain A but still
contribute to hhZ [see Figs. 1(c) and 1(d)]. This results in a
dilution of % = 1.75% at /s =500 GeV, where A1
(Ao) are the measured accuracies [45,46]. The sensitivity to
the Higgs self coupling in eTe™ — hhZ has, therefore, been
a subject of intense study throughout the years [47-50].

A primary example of an EFT analysis of hhZ produc-
tion at the ILC was given in [51], where dimension 6
operators that give rise to anomalous Higgs self-couplings
were considered. They found that, at \/E = 800 GeV, the
normalized p;(Z) distribution and the hh invariant mass
distribution (in e"e~ — hhZ) exhibit dramatic differences
from the SM ones in the presence of the new effective
anomalous Higgs self-couplings. A similar analysis, also
involving CP- violating effective operators, has been
performed for ete™ — AWTW™ in [52].

IV.ete™ > hZ & ete™ — hhZ:
ANALYTICAL ANALYSIS

In this section we present an analytical derivation of the
cross sections for the processes ete™ — hZ and ete™ —
hhZ in the presence of the y?@’D class operators.4

A.ete” - hZ

The SM diagram leading to e"e™ — hZ appears in
Fig. 1(a), while the NP contributions to e*e™ — hZ
induced by the w?¢?D class operators Oy, Q) and
Ohe (in L) are depicted in Fig. 3. Summing up the
contributions from all orders [i.e. in the (1/A?) expansion]
we obtain

“We note that loop effects from the EFT are expected to be
suppressed by at least a factor of 1/16z> and, in some cases, by
an additional factor of (v//s)?, compared to the dominant tree-
level contributions from the new contact terms. Their effect are,
therefore, not important for the purpose of our investigation and
they have a negligible effect on the results shown below (i.e., on
the sensitivity plots to the scale of the new physics).
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where

PHYSICAL REVIEW D 94, 035030 (2016)

and the O(1/A?%) and O(1/A*) corrections are

& (s, fi) =

o(h2) —GSM(hZ)<1+51(j\’zfi)+52(j\lf[))’ (14)
) (1
oou(h2) = 2% g g)gw(wu%), (15)
B mi  m3\?> 4dmim’
W_\/(I_T_ ) i (16)
s a(fa + fia) — fé’“] + v [(fre + i) +f§e] ”_2 (17)
2¢wSw aZ + v? M%’
2[(fuL + fa) — &} + [(fue + fin) + fT] v\ 2
— . (18)
ae+ve MZ

8(s, fi) = <4C;SW

Note that, as expected, the interference of the contact
term with the SM diagram grows with energy, i.e., the term
x %. For consistency matters, we included the term o %,
which corresponds to the squared amplitude of the contact
interaction NP diagram in Fig. 3 and which is, therefore,
expected to be small when /s < A [i.e., compared to the
leading (’)(%) term]. All other terms cancel out when taking
the sum of all contributions

The term A4 is, however, a vital ingredient of the full
squared amplitude, as it formally ensures a positive cross
section. The case where the O(%) “correction” becomes
comparable to the SM signifies the point where the validity
of our current EFT framework breaks and the necessity of
considering higher-dimensional operators (i.e., in our case,
dimension 8 ones). We will return to this point later.

In Fig. 4 we plot o(ete™ — hZ) as a function of /s,
where we switch on one operator at a time (setting all others
to zero). In particular, we set A =5.5 TeV for both

FIG. 3.
the y2¢” D operators, due to a shift in Z coupling to leptons (left)
and due to the eehZ contact term (right). The relevant Feynman
rules are given in Appendix A.

Tree-level diagrams for ete™ — hZ in the presence of

[

fuL, fue = £1. The operator O};; has the same effect as
Opy, since the amplitude is o« (. + fiy)- We see that the
cross section is less sensitive to Oy, for A =5.5 TeV,
partly since fy, appears to have an extra suppression factor
of 2 with regard to fy;, in the cross section, see (17)
and (18).

B. ete™ — hhZ

As for the process ete™ — hhZ, the SM diagrams
leading to e"e™ — hhZ are shown in Figs. 1(b)-1(d),
while the NP diagrams corresponding to the y2@>D class
operators are plotted in Fig. 5. In particular, there are two
types of new contributions: a shift in the Z coupling to
leptons and the new contact terms eehZ and eehhZ. The
NP diagrams exhibit similar patterns as the three SM ones,
so that we can express them in terms of the SM one.
Moreover, the expansions in 1/A? exactly coincide with the
one given above for the eTe™ — hZ case, allowing us to
conveniently write the total squared amplitude as

0y (Z;fi)—’_(SZ(j\"‘fi))’ (19)

M = |MSM|2(

where 6; and §, are given in (17) and (18), respectively, and
|Mgu|* is given in Appendix B. The differential cross
section is

11

=35, 27[54Z:|/\/l|254( l) + b = p3 = ps = ps)
d3p3d P4d Ps (20)
2E, 2E, 2E;’
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ete">hz

o[fb]
—_ —>
300 Oup =il L ® D*®
250 — SM
200 — A=55TeV fyr =1
— A=55TeV fyp = -1
150
100
50
Vs [GeV]
0 200 400 600 800 1000
FIG. 4.

the same effect as Oy since the amplitude is o (fyr + fiy)-
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ete">hz

a[fv]

One = ir_'R‘u.('R‘Iﬁ(B“(I)
— SM
— A=55Tc¢V fre =1
— A=55TcV fye =1

Vs [Gev]

200 400 600 300 1000

o(ete” — hZ) as a function of the center-of-mass energy in the presence of Oy (left) and Oy, (right). The operator Oy has

FIG. 5.

Diagrams for e*e™ — hhZ in the presence of y?@>D class operators. There are two types of diagrams, the first containing

a small shift in the Z coupling to leptons [diagrams (a), (b), and (c)] while the second involves new contact terms

[diagrams (d), (e), and (f)].

where (—/;,l;) denote the (e",e”) momenta and
(p3, P4, ps) denote the (h, h,z) momenta (the extra 1/2
factor which accounts for the two identical particles hh in
the final state is explicitly factored out).

As will be shown below, the resemblance between the
hZ and hhZ expansions at the level of the matrix element
squared in the presence of our y?@?D class operators may
become handy for the study of NP in e*e™ — hZ, hhZ.

V.ete™ - hZ & e*e™ - hhZ: NUMERICAL
ANALYSIS

A. Naive sensitivities and benchmark values

Let us define

T _ nA7SM
NSD(\/E’fivA)E%v (21)

where Ngp, is the statistical significance of the signal, o7
(65M) is the cross section in the presence of the new effective

operators (in the SM), NTSM = 5T-SM[ is the corresponding
total number of events and L = [ Ldt is the integrated
luminosity, which may vary, depending on the given center-
of-mass energy and design of the ILC. In particular, we have
performed MADGRAPH simulations (using MGS5 [32]) for
bothete™ —hZand ete™ — hhZ,inthe presence of O —
using the HEL model implementation of [31] in MG5—
at an ILC with the benchmark designs [37]: {+/s[TeV],
L[fb~'} = {0.5,500}, {1,1000}, {2,2000}, {3,2500}.

In Fig. 6 we show the expected sensitivity Ngp as a
function of A for the hZ signal, where we examine the
specific decay mode of the hZ final state & — bb and
Z — ItI~, with [* = e* y* (we sum over the electrons
and muons final states, i.e., [T[” =eTe™ +putu™), by
multiplying the number of events NSM with the corre-
sponding SM branching ratios (BRs): BR(h — bb) ~ 60%
and BR(Z-1"I")=BR(Z—ete )+BR(Z-utu) ~
6.8%. We see, for instance, that a 1 TeV ILC will be
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FIG. 6. Sensitivity to the NP scale (A) for ete™ — hZ — bbl*I~ at /s = 500 GeV with L =500 fb~!, \/s =1 TeV with
L = 1000 fb~!, /s =2 TeV with L = 2000 fb~! and /s = 3 TeV with L = 2500 fb~!. The blue region is constrained by LEP. The

dashed horizontal line is the naive 5o sensitivity.

sensitive to the NP scale (associated with the w?@>D
operator Oy ) A = 6 TeV at the ~100 level, in the channel
hZ — bbl*1~ (efficiencies such as b-tagging, etc., are not
included). As can be seen, at larger center-of-mass energies
the effect of Oy is more pronounced. As for hhZ
production, we find no sensitivity to Oy when A >
5.5 TeV (which is the LEP bound on this operator) at

NEZx\[BR (h => B) 2 xBR(Z —> I* I7), fir=1
NIBZ > \BR

Ons = Lyl Dra

« LEP constrained
« Vs =2TeV., [ £dt=2000 fo!
- NT<10

A [TeV
21[ ]

2 4 6 8 10

an ILC with /s = 500 GeV and /s = 1 TeV, where the
total number of events is N7 < 10. We, therefore, show in
Fig. 7 the sensitivity plots for the hhZ signal only in the
case where the center-of-mass energy is /s = 2 TeV and
3 TeV. We see that, for the 2 TeV ILC, a 56 effect can be
obtained for the signal hhZ — bbbbl*I~ if A =4 TeV.
The sensitivity reach is extended to A~8 TeV at a

NYRZx\[(BR (h => B) 2 xBR(Z —> I* I, fiL=1
N xVBR
15} Our = iLyyLud! Dra

» LEP constrained
- Vs =3TeV, [ £dt=2500 fbo!
- NT<10

A [TeV]
2 4 6 8 10 12

FIG. 7. Sensitivity to NP (A) for eTe™ — hhZ — bbbbl*1~ at \/s = 2 TeV with L = 2000 fb~! (left) and /5 = 3 TeV with L =
2500 fb~! (right). The dark blue region is constrained by LEP. The shaded brown region has N7 < 10. In between lies a “window of
opportunity” for A. The dashed horizontal line is the naive 50 sensitivity.
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TABLE I. 56 reach on A for each ILC design: naive estimates
for hZ production (upper table) and ~hZ production (lower table),
followed by the Higgs decay to bb and the Z decay to leptons.

ete” = hZ — bb + 1M1~

NG 500 GeV 1 TeV 2 TeV 3 TeV
A> 5 TeV 8 TeV 12 TeV >14 TeV
ete™ = hhZ — bb + bb + IT1-

Vs 2 TeV 3 TeV
A > 4 TeV 5.5 TeV

/s = 3 TeV machine; a 5¢ effect is plausible in the case
hhZ — bbbbI*I~ for A = 5.5 TeV.

In Tables I and II we summarize the highlights of the
analysis presented in this section.

B. Validity of the EFT expansion
Let us further define the “validity” function, R,

A
Eﬂ’ (22)
0y
where
_52(S»fi) _ 51(s. f1)
AGZ :T, 0| = 1 + A2 )

in accordance with the expansion used for the 7Z and hhZ
cross sections, see (14). That is, Ao, corresponds to the
square of the NP amplitude.

In Fig. 8 we examine the validity functions R as a
function of the scale of NP, A, for both hZ and hhZ
production in the presence of Oy; and for all center-of-
mass energies under consideration. The similarity between
the validity functions for the #Z and hhZ signals, shown in

PHYSICAL REVIEW D 94, 035030 (2016)

Fig. 8, is a consequence of the resemblance of the
expansions in 1/A? that was found in the previous section
for the corresponding cross sections (see also below). We
see that the 1/A* correction term Ao, exceeds the 1/A?
interference term, i.e., giving R > 1 as we go to lower
values of A (in which case s/A? increases). We consider all
values of A that lie above the dashed line R = 1 in Fig. 8 to
be inconsistent with our EFT expansion to dimension 6
operators. This is prompted from our ignorance of the value
of Ao,, as it is subject to corrections from dimension 8
operators which we did not consider in our analysis. In
particular, dimension 8 operators in the expansion

£2 6 2 e
LZESM+ZﬁO" +Zﬁof +-- (23)
i J

may contribute to the eehZ and/or eehhz contact inter-
actions through their interference with the SM diagrams,
yielding a contribution of the same order (1/A%) as Ao,.

A natural dimension 8 operator, (958), that comes to mind
is ®'® x Oy, which contributes to the same contact
interactions but with a small suppression factor of v?/A?
and is, thus, negligible. Another interesting dimension 8
operator arises from the propagator expansion in (4) from
the k = 1 term, yielding the same y?@>D class operators
but with extra higher derivatives, that is, the operator

iy?y”y/D@*(B),,(I), which, in the case of R > 1, may play
an important role.

C. A hZ — hhZ correlation

Using the results of Sec. IV, we plot in Fig. 9 the ratio (;‘S—:A

as a function of A, in the presence of the operator Oy, for
both the hZ and hhZ signals at a 1 TeV ILC. As expected,
o' (hZ) _ o' (hhZ)

oM(hz) — oM (hhZ)’

we find which holds for any center-of-

TABLEIL. ete™ — hv,b, comparison with naive estimates of Sec. IITA. SM and SM + NP cross sections in the
ete™ - hv,b, channel including all SM and NP diagrams, after imposing the cut on the missing invariant mass of
the two neutrinos my —4I'; < M, ; < mz +4I'; (in order to suppress the WW-fusion BG; see Fig. 2 and
Appendix C). Also shown are the corresponding naive cross sections of Sec. V: o,, x BR,, where 0,, =
o(ete” - hZ) and BR,; = (Z - v,D,) = 6.6%. Results are given for /s = 500 GeV and /s = 1 TeV (upper
table) and /s = 2 and /s = 3 TeV (lower table). For the NP cross section we take A = 6 TeV.

Vs =500 GeV Vs =1TeV
Before cuts After cuts o,z X BR, Before cuts After cuts o4z X BR,
M (fb) 757 3.64 3.74 205.7 0.7874 0.840
(67) g Tev (Tb) 759 4.029 4.16 206.7 1.182 1.127
Vs =2TeV Vs =3 TeV
Before cuts After cuts o4z X BR, Before cuts After cuts o4z X BR,
oM (fb) 374.9 0.1889 0.203 483.6 0.0834 0.0898
(67) g Tev (Tb) 376 0.7574 0.8190 485.8 0.9561 1.03
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V5 =1TeV.

for efe” = hZ and ete” — hhZ, at

mass energy. This validates numerically the similarity
of the expansions in 1/A?> for o' (ete” — hZ) and
ol (e"e™ — hhZ) that was found in the analytic derivation
of Sec. IV.

This property could play a key role in distinguishing
between different NP scenarios. For example anomalous
Higgs self-couplings are expected to exhibit a different
behavior in e"e™ — hZ versus ete” — hhZ.

VI. REALISTIC BACKGROUND ESTIMATION
AND SENSITIVITIES

In this section we present a realistic calculation of the
signal to BG ratio for ete™ — hZ, hhZ, including all
possible diagrams that are generated by the SM +
w?@”D type operators. We note again that possible effects
from diagrams containing EFT insertions of other dimen-
sion 6 operators (e.g., effective triple Higgs couplings) are
expected to be much smaller than the leading SM + y2¢?D
contribution (for a fixed value of A) and are, therefore,
neglected in both signal and BG calculations.

— oi(ete —hhZ)

PHYSICAL REVIEW D 94, 035030 (2016)

hhz _ o Aop (hhZ)
R —(—U1 @hz) )AL=l
thZ
35
‘o + Vs =500 GeV
« Vs =1 TeV
2.5
o Vs =2TeV

< Vs =3TeV

A [Te
2 4 6 8 10 12 [Tev]

Acy(eTe’=hhZ) (iohg) as a function of A for all energies under

A.ete” > hZ

Let us consider the process eTe™ — hZ followed by
Z = v,0,, 171, bb in the presence of Oy, taking into
account all the possible signal + BG diagrams which lead
to ete™ = hu,D,, hit1~, hbb. As before, we sum over the
electrons and muons final states ([T~ = eTe™ +u"p™) in
both the signal and BG calculations. In particular, there are
16 diagrams in the hv, 7, channel, 24 diagrams in the Al 1~
channel and 18 diagrams in 4bb channel, all depicted in
Appendix C. We impose kinematical cuts to suppress the
BG (in particular the WW and ZZ-fusion processes) and
perform a more realistic estimate of the sensitivity to the
w2@>D operators in ete” — hZ — hv,b,, hi*1~, hbb.

For example, for the he™e™ final state, we reject most of
the BG from the ZZ-fusion process (see Fig. 2), by
imposing a cut on the invariant mass of the ete™ system
to lie within m, — 2I', < M,, < m, + 2I',, together with
the acceptance cuts py(e) > 15 GeV, pr(ee) > 80 GeV.

Our results for the case of ete™ — huv,D, are shown in
Tables II, where we also compare the naive cross-
section estimates of Sec. V [i.e., o(eTe™ - h,b0,)~
o(ete > hZ) x BR(Z - v,v,)] with the full cross-
section calculation, including all diagrams and imposing
the appropriate invariant-mass cut to reduce the WW-fusion
BG. Evidently, our naive estimates hold even in the
presence of the irreducible BG, indicating that the WW-
fusion BG has been significantly reduced.

We note that the hv,b, = h + E signal is of particular
interest since it resembles dark matter (DM) searches in
both ete™ machines (see, e.g., [53,54]) and at the LHC
(see, e.g., [55]). For example, if the DM interacts via a
Higgs portal operator y*®> (where y = DM and @ is the
SM Higgs doublet), then the production of an off-shell
Higgs via gg — h* — hyjy will gives rise to the h + Ep
signature at the LHC [55].

As in Sec. V, we plot in Fig. 10 the sensitivity, Ngp, as a
function of the scale of the NP scale A, for the three
proposed scenarios/decay modes: hZ — hv,b,, hi* 1=, hbb.
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FIG. 10. Sensitivity (Ngp) to the NP scale A, for ete™ — hZ — hu,b,, hi* 1=, hbb, at \/s = 500 GeV with L = 500 fb~!, \/s =
1 TeV with L = 1000 fb~!, \/3 =2 TeV with L = 2000 fb~! and \/E =3 TeV with L = 2500 fb!.

The hbb channel is expected to have a higher sensitivity to
A since it does not suffer from WW /ZZ-fusion BG (see the
corresponding diagrams in Appendix C), see also [56]. The
neutrino and lepton channels (blue and red, respectively)
exhibit the same behavior, albeit with a lower sensitivity
than the bb channel (yellow). In particular, we see that at a
1 TeV collider, the i + E; channel (neutrino channel) is
sensitive to A = 6 TeV at a ~100 level, whereas the hbb
channel will reach this sensitivity (100) for a higher NP
threshold of ~A = 8 TeV.

In Table III we list some selected realistic results for the
expected sensitivity of the ILC to the scale of NP, A,
in ete” — hZ = hv,b,, hi*1~, hbb.

B.ete™ — hhZ

We repeat the same analysis for the 2hZ signals ete™ —
hhZ — hhv,b,, hhi*1~, hhbb at \/s = 3 TeV, taking into
account all SM + NP diagrams and imposing similar
kinematical cuts to reduce the BG. There are ~100
diagrams for the hhi*l~ and hhbb channels and ~70
diagrams for the hhv,v, channel; a sample of these
diagrams is shown in Appendix D.

Our results for the ete™— hhZ— hhv, b, ,hhi*1~ hhbb
cases are shown in Fig. 11. We see that the difference

between the hhv,v, and hhitl~ signals (blue and red,
respectively) is more pronounced in the case of the Higgs
pair production channel, eTe™ — hhZ, than the single
Higgs production one, eTe™ — hZ. Also, as in the case
of hZ production, the hhbb channel (yellow) is more
sensitive than the leptonic channels to the scale of the NP A.
In fact, in the case of the lepton channels, hhv, v, and

TABLE III. The expected sensitivity on the scale of NP, A, for
selected values of N gg, N g’f)’“ (upper table) and Ng']’)" (lower table);

see also text.

Vs Vg N A

500 GeV 60 5 TeV
1 TeV 106 6 TeV
2 TeV 200 7 TeV
3 TeV 2506 8 TeV
J5 NI A

500 GeV 60 6 TeV
1 TeV 106 8 TeV
2 TeV 200 9 TeV
3 TeV 250 10 TeV
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FIG. 11. Sensitivity (Ngp) to the NP scale A, ata /s = 3 TeV ILC with L = 2500 fb~', for e*e™ — hhZ — hhv,D,, hhi* 1=, hhbb
(left) and for et e~ — hhZ followed by hh — bbbb and Z — v,D,, "I~ bb (right), where the curves are cut when N7 < 10 (i.e., fewer

than 10 events).

hhlt1~, the results shown in Fig. 11 are very similar to our
naive estimates of Sec. V.

In Fig. 11 we also show the sensitivity for the case in
which each of the Higgs in the final state further decays via
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h — bb, ie., N x \/BR(h — bb)?, and the corre-

sponding reach on A for all Z decay channels. We omit
the region excluded by LEP (A <5 TeV) and the cases
where there are less than 10 events, i.e., the region where
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FIG. 12. The p;(Z) distribution in e™e™ — hZ at /s =2 TeV (upper left), the invariant mass distribution of i/ in e™e™ — hhZ at
\/s = 1 TeV (upper right), the invariant mass distribution of Z+ the Higgs with the largest p; in ee™ — hhZ at /s = 500 GeV (lower
left) and the invariant mass of Z+ the Higgs with the second-largest p; in eTe™ — hhZ at /s = 500 GeV (lower right). The solid-blue
histogram depicts the SM predictions while the red (green) solid lines correspond to the total cross section including the effect of Oy,

where fi;, =1 and A =6 TeV (A =2 TeV).
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NT < 10. We see that, in the case of hh — bbbb, the
“window” of reach on A depends on the Z decay channel.
In particular, when Z decays to leptons the sensitivity
window reaches A = 7 TeV (smaller by ~1 TeV compared
to the naive estimate of Sec. V), whereas for the other
channels the sensitivity reach on A extends to 8 TeV
(neutrino channel) and 11 TeV (bb channel).

C. Differential distributions

We have processed the numerical results of Sec. V using
MadAnalysis5 [57] to study some useful differential distribu-
tions in both hZ and hhZ production channels in the
presence of Oy . This is shown in Fig. 12, where we see
that no particular new behavior is exhibited, in the sense
that all distributions are magnified with respect to the SM,
whereas the shape of the distributions remains intact.

VII. SUMMARY

We have investigated possible NP effects in Higgs-vector
boson associated production at a future ILC in a model
independent approach, using a certain class of dimension 6
operators—the y?@?D class operators, where y is a
fermion, ¢ is the SM Higgs field and D is the SM covariant
derivative. These operators are generated by new heavy
vector-boson exchanges at high-energy scales A > v in the
underlying theory and they give rise to new contact
interactions of the form e*e~hZ and et e~ hhZ.

We have presented full analytical expressions of the tree-
level cross sections for ete™ — hZ and eTe™ — hhZ in the
presence of the y?@?D class operators, and showed that
they have an identical dependence in the 1/A? expansion.
As aresult, we found an interesting correlation between the
hZ and the hhZ signals which can be utilized in future NP
searches in these channels.

We performed MadGraph simulations for both e"e™ — hZ
and eTe™ — hhZ at an ILC with center-of-mass energies
Vs =500 GeV, 1 TeV, 2 TeV and 3 TeV and obtained
realistic estimates of the sensitivity to the NP scale A, based

TABLE IV. An example of realistic estimates for the expected
statistical significance N for probing NP with A = 6 TeV in
ete™ — hZfollowed by Z — x, at /s = 500 GeV, 1 TeV (upper
table) and, similarly, N4% for probing NP with A =7 TeV in
ete™ — hhZ followed by Z — x, at /s = 3 TeV (lower table).

ete” > hZ - h+xfor A =6TeV

B v
/s =500 GeV 4o 46 60
Vs =1TeV 100 100 160
ete™ = hhZ — hh + x for A =7 TeV
v e
/s =3 TeV 3.5¢ 50 To
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on the full set of SM + NP diagrams which includes the
irreducible background in the cases where the Z-boson
decays via Z = v,7,, 171~ and Z — bb.

We have also considered the constraints on the y?¢>D
class operators, primarily from LEP, since these operators
modify the Z-couplings to fermions. Our results show that a
TeV-scale ILC will be able to probe NP in ete™ — hZ, hhZ
in the form of the y?¢?D class operators at scales beyond
the LEP bounds and the LHC 14 reach. A sample of our
results is given in Table IV.

ACKNOWLEDGMENTS

We thank Amarjit Soni and Jose Wudka for useful
discussions. J. C. would like to thank the Technion for
financial support.

APPENDIX A: FEYNMAN RULES

The following Feynman rules corresponding to Ly, in
(10) were obtained via the HEL model implementation of
[31] in FeynRules, in the physical basis, i.e., without the

Goldstone bosons G°, G*. The left and right projection
1dys

operators are denoted by P, = . Also, e = gs,, = ¢'c,,,
where s,,(c,,) is the sin(cos) of the Weinberg angle. The
charged leptons are denoted by / and the neutrinos by v; ,
while u, and d, are the up-type and down-type quarks,
respectively. VEXM s the Cabibbo-Kobayashi-Maskawa
(CKM) mixing matrix.

The Feynmann rules involving leptons read
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APPENDIX B: e*e™ — hhZ INTERMEDIATE CALCULATIONS

(A9)

(A10)

(A11)

(A12)

(A13)

(A14)

(A15)

(A16)

(A17)

(A18)

(A19)

(A20)

(A21)

(A22)

(A23)

(A24)

We denote the (e™, e”) momenta by (—/y, [,) and the (h, h, z) momenta by (ps, ps4, ps). Then, all the terms in the hhZ

SM amplitude squared are given by
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4e my (a2 + v2)
Z|MSM| 7 Z 82)2 : h

16€’>mS (a2 + vg 1 2
I IME R = Al (aﬂtl 4+ +—2d3>

( mz) z my
1 Z MO = 362 m(hmz_(c’;e%ﬂ;2 vz) o p:l T
4 Z SM + MSM (sizl*) = 24624’:1(2"21%(;2;—2 ve) 2ps - ;: tml
42 SM + MSMM 2)*> 16¢ (YZZ(_am—LZ—)U o) (dm +—d4>

1
48e*m2m$ (a2 + v?) dity +m_§d4

1
ZZ( SM MSM + MSMMSM ) =

v'(g> =m3)?  (2ps-pst+my)
where we introduced the following kinematic variables:
1 1
dy = 5+
2p4- ps+mj  2p3-ps+m;
3)
g 1 15 213

= +
(2ps-ps+mi)*  (2ps-ps+m;)? (2174 ps+m3)(2ps - ps + mj)
g i N tf) t,+ tfl)
(2ps-ps+mi)*  (2ps-ps+m;)? (2193 ps+m3)(2py - ps + mj)

3)

1 t
d, = 4 2_|_ 4 -
2py-ps+my,  2p3- ps+my
and
2(1, - -1) -
t=10h-(=l)+ (hh Ps)((z 1) Ps)
mz
2 2 (P4'P5)2
tr = (2(=0) - (pa+ ps)la- (pa+ ps) — L+ (=11)(pa + ps)°) —mh+7
Z

t3=(=11) - (p3+ ps)la- (pa+ ps) + (=L) - (P + ps)ly - (p3 + ps) — L - (=11)(p3 + ps)
(p3 - Ps)(pa- Ps))
p

mz

(pa+ ) (—<p3 pa) +

ty =20 - (pa+ ps) (=) - (pa+ ps) — L - (=1)(pa+ ps)* = [(la - ps)(=11) - (ps + ps)

s ps+mg
+(=l) - psh- (pa+ps) =L (=1)(pa- ps + m%)]w
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APPENDIX C: SINGLE HIGGS PRODUCTION: DIAGRAMS

In this appendix we depict the SM + NP diagrams for e e~ — hZ followed by Z — x for all & + x channels, which are
calculated by MG5 in Sec. 1V, in the presence of Oy —namely, all diagrams for the processes ete™ —
hv,, hI*1~, hbb.

The full set of diagrams for ete™ — hv,b, is as follows:

The full set of diagrams for eTe™ — hITI™ is as follows:
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The full set of diagrams for e*e™ — hbb is as follows:

APPENDIX D: HIGGS PAIR PRODUCTION: SAMPLE DIAGRAMS

In this appendix we depict a sample of the SM + NP diagrams for e*e™ — hhZ followed by Z — x for all hh + x
channels, which are calculated by MG5 in Sec. IV, in the presence of Oy —namely, all diagrams for the
processes ete™ — hhv, b, hhit1~, hhbb.

035030-18



CONTACT INTERACTIONS IN HIGGS-VECTOR BOSON ... PHYSICAL REVIEW D 94, 035030 (2016)

A sample of the full set of diagrams for e*e™ — hhv, D, is as follows:

A sample of the full set of diagrams for ete™ — hhl*I™ is as follows:
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A sample of the full set of diagrams for e*e~ — hhbb is as follows:
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