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We study the off-shell Higgs data in the process pp — h*) — Z()Z*) 5 4¢, to constrain deviations of the
Higgs couplings. We point out that this channel can be used to resolve the long- and short-distance contribu-
tions to Higgs production by gluon fusion and can thus be complementary to pp — htt in measuring the top
Yukawa coupling. Our analysis, performed in the context of effective field theory, shows that current data do not
allow drawing any model-independent conclusions. We study the prospects at future hadron colliders, including
the high-luminosity LHC and accelerators with higher energy, up to 100 TeV. The available QCD calculations
and the theoretical uncertainties affecting our analysis are also briefly discussed.
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1. INTRODUCTION

With the discovery of the Higgs boson by the
ATLAS and CMS experiments [1, 2], high-energy
physics experiences a transition: after a long period of
search and exploration, an era of consolidation and pre-
cise measurements has just started and it will comple-
ment the direct search for the new physics beyond the
Standard Model (SM). With a mass around 125 GeV,
the Higgs boson offers various production modes and
decay channels directly accessible to observation, sup-
plying a wealth of data that can be used to learn about
the Higgs couplings. In the absence of any indication
of new light degrees of freedom below the TeV scale,
effects of the BSM physics can be conveniently parame-
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terized in terms of higher-dimensional operators for the
SM fields. This effective field theory (EFT) approach
relates Higgs data to measurements of other sectors of
the SM, like electroweak (EW) precision data, and gives
a systematic way for controling the deviations from the
SM, organized as an expansion in powers of the ratio
of the momentum over the new physics scale. To date,
a large amount of information has been extracted from
inclusive rates, which are dominated by resonant pro-
duction of the Higgs boson near the mass peak, i.e., at
scales close to the Higgs mass itself.

Ag for any other quantum particle, the influence
of the Higgs boson is not limited to its mass shell.
Recently, the CMS and ATLAS collaborations re-
ported the differential cross-section measurement of
pp = ZMZH) 5 40,2020 (¢ = e, ) at high invari-
ant mass of the ZZ system [3-5]. This process receives
a sizable contribution from a Higgs boson produced off-
shell by gluon fusion [6, 7]. As such, this process poten-
tially carries information relevant for probing the EFT
at large momenta and could therefore reveal the en-
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ergy dependence of the Higgs couplings controlled by
higher-dimensional operators with extra derivatives. It
was proposed in [8] to use the off-shell Higgs data to
bound the Higgs width in a model-independent way.
However, as was emphasized in Ref. [9], this bound
actually holds under the assumption that the Higgs
couplings remain the same over a large range of en-
ergy scales. The EFT Lagrangian captures and or-
ganizes precisely this energy dependence of the Higgs
couplings and therefore offers a coherent framework for
analyzing the off-shell Higgs data. The situation seems
a priori similar to the precision measurements of the
EW observables, where the off-shell 7 data at LEP2
complemented the Z-peak data and bounded O(p?)
dimension-6 operators, like the W and Y oblique pa-
rameters [10], in addition to the O(p?) dimension-6 op-
erators, the S and T oblique parameters [11], already
probed at LEP1. However, a careful exploration of the
complete list of all dimension-6 operators deforming
the SM Lagrangian® reveals [13, 14] that the opera-
tors modifying the Lorentz structure of the SM Higgs
couplings are already severely constrained by the EW
precision data or by the bounds on anomalous gauge
couplings. Thus, qualitatively, the off-shell data do
not open a new window, i.e., they do not probe new
dimension-6 operators.

Quantitatively, it is still worth exploring the ac-
tual bounds set by the off-shell data. Out of the
eight C'P-even dimension-6 operators uniquely probed
by Higgs physics, five are already bounded by the de-
cay channels of an on-shell Higgs boson. While double
Higgs production, which could apprise us of the Higgs
self-interaction, will mostly remain out-of-reach at the
LHC, two additional channels, h — Z~ and pp — tth,
will soon be accessible at run 2 of the LHC opera-
tion [15] and should bound two extra dimension-6 op-
erators that remain unconstrained as yet. The latter
channel will be particularly important to unambigu-
ously pin down the top Yukawa coupling, which is cur-
rently accessed only radiatively via its one-loop contri-
butions to the gg — h and h — 7~ processes. It is well
known that these two processes alone cannot resolve
the top loop and distinguish it from effective contact
interactions of the Higgs boson to gluons or photons,
which parameterize the effect of a possible new physics
at short distances. Therein lies the importance of the

b Throughout this paper, we work under the assumption that
the Higgs boson is a part of an EW doublet. This assumption
was not made in Ref. [12], where the off-shell Higgs data was used
to bound deviations of the Higgs couplings that in the doublet
realization are either subdominant or correlated with other data
from better measurements.
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tth channel?). However, an accurate measurement of
this process is known to be challenging, due to its sup-
pressed cross section and to the high multiplicity of its
final states. The latter implies that obtaining accurate
predictions for some of the relevant backgrounds, such
as, for example, pp — ttbb for the h — bb channel, is a
difficult task. Alternative and complementary ways to
separate the long- and short-distance contributions to
the ggh vertex are therefore welcome. Recently, it was
proposed in [18-21] to study the hard recoil of the Higgs
boson against an extra jet [22-24], which provides a
second scale above the Higgs mass to probe the EFT
structure (see also Ref. [25] for a study of h + 2 jets).
The double Higgs production by fusion of gluons also
effectively introduces a second mass scale and can be
used to separate the top Yukawa coupling from the con-
tact interaction to gluons or photons [26, 27]. We note
that these two channels will require some large inte-
grated luminosity, beyond the run 2 of the LHC. In
this paper, we want to advocate that off-shell Higgs
production is another obvious place to break this de-
generacy of the couplings and to learn about the top
Yukawa coupling.

One advantage of the analysis of Higgs data in terms
of an EFT, over a simple fit in terms of anomalous
couplings, is that it comes with some simple consis-
tency checks that guarantee the reliability of its results
against our ignorance of the details of the new physics
sector. For instance, it is possible to say when it is safe
to neglect dimension-8 operators over the dimension-
6 ones. As we illustrate in what follows, this is of
prime importance when the data is not strong enough
to derive stringent bounds. In particular, we see in this
paper that no model-independent reliable bounds can
be extracted from the 8 TeV data. The situation im-
proves at 14 TeV, and upon accumulating a luminosity
of about 3ab~!, it will be possible to derive mean-
ingful constraints, at least for the rather strongly cou-
pled new physics. Only at future, higher-energy accel-
erators, however, do the bounds become truly model-
independent.

This paper is organized as follows. In Sec. 2, we
present our analysis of the Higgs couplings using the
8 TeV off-shell data and discuss the reliability of the
results in an EFT framework. In Sec. 3, we study the
prospects of the off-shell study at future facilities like

2) It has recently been pointed out that the measurement of
the ratio o(tth)/o(ttZ) at very high energy could provide a very
clean access to the top Yukawa coupling [16]. We also recall that
the top Yukawa coupling can be constrained indirectly by the
study of top pair production near the threshold at future ete™
colliders (see, e.g., Ref. [17]).
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Fig.1. Sample diagrams contributing to g9 — Z7Z

the high-luminosity LHC and very high-energy hadron—
hadron colliders. We conclude in Sec. 4, whereas some
technical details are collected in three Appendices.

2. CONSTRAINING THE ANOMALOUS
COUPLINGS OF THE HIGGS BOSON

Recently, a new method was suggested in Ref. [§]
to indirectly constrain the Higgs width, by looking at
the very high invariant mass region of the four-lepton
final state in the pp — Z®*)Z®*) — 4¢ channel, which
receives contributions from the exchange of a highly off-
shell Higgs boson, and comparing the event yields with
the SM predictions. More precisely, information on the
Higgs width can be extracted by comparing the event
yields off and on the Breit—Wigner peak. It follows that
this method relies on the following assumptions:

e there is an invisible Higgs decay width, and hence
the total width of the Higgs boson and its couplings
can be varied independently;

e variations of all the Higgs couplings are universal;

e there are no higher-dimensional operators affect-

ing either Higgs decay or production.
In this paper, we use the same process pp —
— Z® Z(*) 5 40 to put constraints on the new physics,
but we reverse the first and third assumptions: we as-
sume the absence of an invisible decay width and the
presence of new higher-dimensional operators that can
modify the production or decay of the Higgs boson.
The second assumption stated above was necessary in
Ref. [8], to keep the Higgs on-shell measurements SM-
like. In our analysis, we do not make this assumption,
but we verify that the parameter space we explore is
not excluded by the on-shell Higgs measurements.

2.1. Operators contributing to Higgs
production

We start by considering the operators affecting
Higgs production by gluon fusion. Assuming the Higgs
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boson to be part of an SU(2);, doublet, there are three
relevant dimension-6 operators®)

. H
Edtm-ﬁ _ yt| | Q HtR-I-HC +
G0 PG, Gt
487292 Hv
+cg32 22 |H|? G’,“,G‘“’ (2)
with 1
~ vA
Gu = 56“ PGxp,
where v &~ 246 GeV is the Higgs vacuum expectation
value. We note that with our normalization, the pa-

rameterization of new physics effects in terms of an
EFT expansion is meaningful only if the Wilson coeffi-
cients satisfy

c; < 1. (3)
After electroweak symmetry breaking, Eq. (2) leads to
the Lagrangian

g2

E = —Ct—tth + — 48 2

GG, (@
v

where ¢; = 1 —Rec, and we have ignored C'P-odd con-
tributions. Tt is well known (see e.g., Refs. [19, 20])
that the current measurements of the Higgs couplings
have a strongly degenerate solution along the line

3) The operator Oy = (B(HTH))2 also leads to a modification
of the top Yukawa coupling and thus affects the Higgs production
by gluon fusion. However, the constraints on its Wilson coeffi-
cient cy obtained by combining information from the various
on-shell Higgs channels are generically much stronger than those
on ¢y and cg, and we therefore ignore the effects of Op in this
paper. Also, at the dimension-6 level, there are dipole operators
that can modify both the signal and the background:

QLﬁO'l“,tRB,’W + H.c.,

QLUaFIO'uthWﬁV-l-H.C., QLﬁUﬂthGu,, + H.c.

However, their effects usually have an additional loop suppres-
sion compared to those of ¢y and ¢y, and anyway these operators
will be better constrained by top data alone. Therefore, these
dipole operators are also neglected in our analysis.
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¢t + ¢4 = constant, which originates from the Higgs
low-energy theorem: because on-shell Higgs production
occurs at the scale mjy < my, its cross section is pro-
portional to

(5)

However, once we go to the far off-shell region, the par-
tonic center-of-mass energy of the process v/é becomes
higher than m;, and hence we cannot integrate out the
top anymore and Eq. (5) becomes invalid. Therefore,
comparing the measurements of the on-shell and off-
shell Higgs production provides a way to disentangle
the effects of the ¢; and ¢, couplings.

Figure 1 shows the diagrams contributing to the
g9 — ZZ process, whose amplitude can be schemati-
cally written as

o o |er + el

Mygzz = My + Mg =

= CtMct + chcg + Mbkga (6)

where M), stands for the Higgs-mediated part and
Myrg stands for the interfering background, given by
the box diagrams in Fig. 1. We note that in addition
to the interfering gg — ZZ background, there is also a
noninterfering irreducible background produced by the
q7 — Z Z process. The SM amplitude for gg — ZZ was
computed for the first time in Ref. [6]. As pointed out
in Ref. [7], the off-shell Higgs contribution is enhanced
for on-shell Z bosons, which makes the v/§ > 2m re-
gion particularly relevant for Higgs couplings measure-
ments. It is interesting to observe that the amplitude
generated by the ¢4 coupling grows with the partonic
center-of-mass energy /3 as

8 (7)

to be compared with the triangle amplitude mediated
by the top loop, which grows as

+400 _ 2
M
400 2 8
M, ~log” —;, (])
my

in the notation for helicity amplitudes in Ref. [6]*).
Thus, for § > m?, the discriminating power of the

1) In the SM, in the large-v/3 region, there is a strong can-
cellation between the triangle and the box contributions to the
99 — ZZ process [6, 28]. We can understand its origin by per-
forming an s-channel cut of the loops and looking at the per-
turbative unitarity preservation in the tf — ZZ subprocess. We
note that for couplings different from those of the SM, there is
also unitarity violation directly in the gg — ZZ process, due
to the growth of the amplitude o log? 3. However, this growth
leads to a scale of unitarity violation that is exponentially high,
A > 10'3 GeV (computed requiring M ~ 167), and hence irrel-
evant for phenomenological purposes. We thank R. Contino for
bringing these issues to our attention.
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off-shell Higgs production becomes stronger. However,
at very high energies, the EFT approximation breaks
down and the dimension-8 operators become as impor-
tant as the dimension-6 ones. For example, we consider
the operator

2
895

— v T A
= WGWG“ (D\H)' D*H.

Os (9)
The matrix element corresponding to the final state
with two longitudinally polarized Z bosons grows with

energy as

5%

+400
ML (10)
Then the interference of Og with the SM amplitude
becomes of the same order as the interference of the

dimension-6 operators with the SM at the scale

Cg,C
90 Y .
c8

Vs~ (11)
Therefore, our analysis, based on Eq. (2), is valid only
up to this scale, and it would not make sense to in-
clude the region with larger v/3. Furthermore, when
squaring Eq. (6), the terms in the cross section that are
proportional to ciy effectively behave like dimension-8
operators, as opposed to the terms linear in ¢, ,, which
constitute the true dimension-6 effects resulting from
the interference with the SM amplitude. The contribu-
tion of Og is subleading with respect to the quadratic
terms if

ey K c;y. (12)

Whether this condition is satisfied, and hence, whether
it is sensible to retain the quadratic terms, is a model-
dependent question. In what follows, we therefore
present results for both cases: the “nonlinear” analysis,
where the terms ~ ciy are retained, and the “linear”
analysis, where only the genuine dimension-6 effects
are considered. The difference between the nonlinear
and linear results becomes negligible for very small per-
turbations of the SM. However, quantitatively, we find
that in the light of the current and future sensitivity
of the off-shell Higgs measurement, this difference can
be sizable. Finally, it is worth mentioning that a sig-
nificant difference between nonlinear and linear results
does not arise for the pp — h + jet process, which pro-
vides an independent handle on the ¢, ¢, degeneracy.

2.2. Bounds on the Higgs couplings

To find constraints on the Higgs couplings ¢; and
cy we need to know the differential cross section for
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pp = ZWZH) 5 40, do/dmy, as a function of the
four-lepton invariant mass m4, = V3. The diagrams
mediated by the Higgs boson exchange are functions
only of V3, and therefore the differential cross section
can be parameterized as

do
dmy,

= Fo(muag) + Fi (mag)c + Fa(mag)c? +

+ F3(mag)er + Fu(mag)er,  (13)

where ¢y and cg are defined as the ratios of the Higgs-
mediated amplitudes compared to the SM values (the
NP subscript stands for the new physics contribution)

_ ReM}"t5M
Re MM 7

Im MY 7TV

== 14
e Im./\/liM ’ (14)

CR

where it is understood that cg,; also depend on my,.
By varying the mass of the particle running in the
triangle diagram, we can easily extract the functions
Fp,... .4 for any given my4s. We modified the MCFM6.8
code [29, 30] in order to perform this procedure. Then
the functions F; can be obtained from the following set
of equations:

Only signal: |Mp|> ~ Fy + F,
Only interference: | My, + Mppy|> — [ My | —
— | Moig|? ~ F3 + Fu,
Only interfering background: |/\/lbkg|2 ~ Fy,
Only signal with m¢ = M: My |2, _yy ~ (15)
~ Ficr(M)? + Fyer(M)?,
Only interference with m; = M:
[M(ma=nr) + Mong|* = [Mign, a0 * =
— | Mpkg|? ~ Fser(M) + Fyeg(M).

We have checked that our method of extracting the
functions Fj is consistent by varying the input param-
eter M. Then we can easily translate (cg,cr) into the
(¢t,cq) basis using the well-known expression for the
triangle amplitude,

> 2

>+5§+m% (16)

do(ct,cq) Fa(o0)

et Re Fa(my)
FA(OO)
et Re Fa(my)

= Fy + F;
de 0+ 1(

v

where FA is the fermionic leading-order loop function
for single Higgs production (see Appendix C for the ex-
plicit expression). We emphasize that this method of
extracting coefficients works because the overall pro-
duction cross section of the Higgs-mediated diagrams
depends only on §, without any dependence on the ¢
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Fig.2. 68%, 95%, and 99 % probability contours in

the (c¢, ¢g) plane, using the 8 TeV CMS data set. A

10 % systematic uncertainty was assumed on the ¢g
background. (Color online see arXiv:1406.6338)

and @ variables. As we mentioned in Sec. 2.1, in the
large invariant mass region, there is a cancellation be-
tween the box and the triangle diagrams. This prop-
erty of the amplitude leads to the following relations
between the functions Fj;, which we have verified nu-
merically:

i+ F
Fy

_B+h

=1
2Fy

(17)

My —> 00 Ma4g —> 00

To obtain the current bounds on the (¢, ¢,) parame-
ters, we have used the results presented in Ref. [3]. To
simplify our analysis, we have decided to focus on the
simple counting analysis, without using the results ob-
tained with the application of the matrix element like-
lihood method (MELA) [3, 4]. The interested reader is
referred to Appendix A, where the details of the analy-
sis are presented. We stress that we used MCFM only
to compute the signal and the interfering background in
g9 — Z 7, whereas for the noninterfering background
qq — ZZ, the results presented by CMS were used.
The resulting constraints in the (¢, c,) plane are
shown in Fig. 2. To explore the power of resolving
the ¢; vs. ¢, degeneracy, we assume that the inclusive
measurement, is consistent with the SM, and therefore
we impose the condition ¢; + ¢4 = 1. The resulting
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Fig.3. Posterior probability as a function of ¢;, assum-

ing the constraint ¢; + ¢, = 1, for the 8 TeV CMS data

set. At 95 %, we find ¢, € [-4.7,0.5]U[1,6.7] (unshaded

region), and at 68 % c¢; € [—4,—1.5] U [2.9,6.1]. The

red line shows the expected probability for the SM signal.
(Color online see arXiv:1406.6338)

posterior probability is presented in Fig. 3: with a
68 % probability, the coupling ¢; is constrained within
[-4,—1.5] U [2.9,6.1]. These results were obtained us-
ing the nonlinear analysis. The CMS bound allows ¢, ,
to be O(1), and hence no interpretation of the results
in terms of the EFT can be made. The bounds we
quote here should therefore be understood as holding
under the assumption that Eq. (4) fully encodes the
effects on gg — ZZ of the new physics, even though
the latter is allowed to be at the weak scale. Finally,
we note that our results were obtained using only the
four-charged lepton final state and without the MELA
and therefore upon a more refined analysis, we can eas-
ily expect a factor-of-two improvement on the bounds
on the couplings.

Lastly, we comment on higher-dimensional opera-
tors affecting the Higgs coupling to the Z bosons, thus
modifying the total number of events in gg — h(*) —
— ZZ, which were studied in Ref. [12]. Assuming
the Higgs boson to be part of an SU(2);, doublet, the
operators whose contributions grow with energy more
rapidly than that of the Standard Model appear only
at the dimension-8 level, and hence the bounds on the
scale of the new physics are weak (see Appendix B).
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3. PROSPECTS AT THE HIGH-LUMINOSITY
LHC AND HADRON-HADRON FUTURE
CIRCULAR COLLIDERS

In this section, we turn our attention to the future
of high-energy physics, and discuss the prospects of
off-shell Higgs measurements at future proton—proton
colliders. =~ We consider the High-Luminosity LHC
(HL-LHC), with a nominal energy and integrated lu-
minosity of 14 TeV and 3 ab~!, and the hadron—hadron
future circular colliders (FCC-hh), with energy varying
from 33 to 100 TeV. The physics case for the HL-LHC
includes a program of high-precision Higgs coupling
measurements, as well as the accessibility of new pro-
cesses, such as double Higgs production, which could
apprise us of the Higgs self-interaction. Exploration of
the physics potential of the FCC-hh started only re-
cently, and here we wish to contribute to that effort by
performing a first estimate of the opportunities avail-
able in off-shell Higgs measurements.

3.1. Details of the simulation

The g9 — ZZ process was simulated with
MCFM6.8. To extract the cross section as a function
of ¢; and ¢y, we modified the code, in order to vary
the top mass in the Higgs-mediated diagrams without
modifying the gg — ZZ interfering background (see
Eq. (15)). It should be noted that MCFM also includes
the loops of bottom quarks for the Higgs-mediated
diagrams. But because we did not consider modifica-
tions of the b-quark Yukawa couplings, these loops are
effectively absorbed into the interfering background
in our parameterization of Eq. (16). The noninterfer-
ing q¢ — ZZ background was also generated using
MCFMS6.8.

An important issue that must be taken into account
when simulating gg — ZZ is that the Higgs contri-
bution is known to the next-to-leading order (NLO,
O(a?)) [31-33] in QCD with the exact top mass depen-
dence and to the next-to-next-to-leading order (NNLO,
O(a?)) [34-36] in the infinite top mass limit, whereas
the interfering background is known only at the lead-
ing order (LO, O(a?)). As a consequence, assessing the
higher-order corrections to the full process is problem-
atic, and several proposals have been put forward [37].
We chose to multiply the full LO cross section, includ-
ing the Higgs and continuum diagrams, as well as their
interference, with the K-factor computed for the signal
process only (the K-factor calculations are described
in detail below). There is an intrinsic uncertainty asso-
ciated with this procedure, since the interference term
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receives higher-order corrections at the amplitude level
that are different for the signal and the continuum
background. This can possibly lead to a change in the
relative phase of the interference term. While the sign
of the latter can be judged, its size gathers some ar-
bitrariness in the absence of a complete higher-order
computation of the continuum background. The uncer-
tainty on the interference term associated to our pro-
cedure is estimated to be up to 30 % [38, 39]%).

We now describe the technical details of our simu-
lations.

Parton Distribution Function (PDF) sets and
scales. The gg — ZZ process was simulated with LO
PDFs. To reproduce the 8 TeV result from CMS [3],
we used the CTEQGL set [40] with the factorization
scale pfqcr and the renormalization scale fie, equal
to maqe/2. As a consistency check, we verified that we
reproduce the results in Ref. [30]). The rest of the
results presented in this paper were obtained with the
MSTW2008 LO PDF with the scale choice ma4/2. In
all cases, the ¢g-initiated background was simulated at
the NLO, using the NLO version of the same PDF used
for the signal, and the same choice of scales. The accep-
tance cuts used in the CMS analysis [3] were adopted.

K-factors. Following the suggestion in Ref. [38],
we applied the NNLO K-factor computed for inclusive
production of a heavy SM Higgs to the gg — ZZ pro-
cess. Specifically, we multiplied the LO cross section in
each mg4y bin with the NNLO K-factor computed for in-
clusive production of a SM Higgs boson with the mass
equal to the central value of the bin. The K-factors
were obtained using the ggHiggs code [42, 43|, Ta-
ble 1 lists the K-factors that were used for the different
bins and different collider energies. Alternatively, and
what would be a better prescription, one should use the
K-factors computed for the invariant mass distribution
of gg = h®) — ZZ mediated by an off-shell 125 GeV
Higgs, which can be somewhat different from those for
inclusive production of a heavy Higgs [44]. However,
by comparing with Ref. [44], we have checked that in
the 8 TeV case, the agreement is within 10 %.

We also note that we used the K-factors computed
for a heavy SM Higgs, even though the QCD correc-

5) We thank G. Passarino and M. Diihrssen for comments
about this point.

6) We performed the check with both MSTW2008 LO [41] and
CTEQS6L1 PDF, for the scale choices piren = fifqct = myp /2 and
myy /2.

™) We used MSTW2008 (NN)LO for the (NN)LO cross sec-
tions, with scales set to my /2. We used the “finite-m;” option
available in the code. In the computation of the NNLO cross
sections, all initial states were included up to the NLO, and the
gg channel up to the NNLO [42].

416

tions to the amplitudes proportional to ¢; and ¢, are
slightly different. As an estimate of this effect, we com-
puted the NLO K-factor for a heavy Higgs both for
the measured value of the top mass and in the infinite
top mass limit. We find that for a collider energy of
14 TeV, the K-factors differ by less than 10 %, the one
computed for ¢, being slightly larger.

Uncertainties. We wish to comment briefly on
the theory uncertainties affecting our predictions for
99 — ZZ at the 14TeV LHC. To estimate the scale
uncertainties, we varied fren = fifact € [Ma, /4, Mas],
both in the LO cross sections and in the corresponding
K-factors. The maximum variation of the cross sec-
tion, over all the range of invariant masses considered
in the analysis, is 8%, which we take as our assess-
ment of the scale uncertainty. As regards the PDF er-
rors, we performed the following simple estimate: the
K-factors were recomputed using two additional PDF
sets (NNPDF2.3 NNLO [45] and CT10 NNLO [46]) for
the NNLO pp — h cross section, while keeping the LO
cross sections obtained with MSTW2008 LO fixed. We
found the maximum variation of the K-factors to be
~ 5%, which we take as our estimate of the PDF un-
certainty®). The scale and PDF uncertainties discussed
here should be added to the intrinsic theory uncertain-
ties related to the unknown exact higher-order correc-
tions to the gg — ZZ process, which were addressed
above.

We would like to remark that a fully consistent com-
putation of Higgs-mediated four-lepton production at
O(a?) would need to include the interference of the
qg-initiated Higgs and continuum diagrams [30]. How-
ever, in Ref. [30], this effect was found to be negligible
in the high invariant mass range for a collider energy
of 8 TeV. Because we do not expect the relative size of
the gg channel to increase at higher collider energies,
we neglected this effect in our analysis.

Recently, interesting progress has been made to-
ward a computation of the two-loop contribution to
the continuum amplitudes for both the interfering and
noninterfering background [47-49]. In particular, in
Refs. [47, 48], both the planar and nonplanar mas-
ter integrals needed for the two-loop computation of
gg — V'V have been calculated, for massless fermions
in the internal lines. While the massless approximation
is certainly suitable for the light quarks, including the
bottom, it is not appropriate for the top quark. In par-
ticular, we remark that at one loop, the contribution
to the amplitude for gg — ZZ of the box diagrams

8) This estimate of the PDF errors also applies to all the
FCC-hh energies we considered.
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Table 1. NNLO K-factors for inclusive production of a heavy SM Higgs boson that were used to rescale the LO
gg — ZZ cross sections
s [TeV]\ myp, [GeV] 325 500 700 950 1300 1750 2500 3500 4500
14 1.96 1.86 1.81 1.80 1.81 * * * *
33 1.76 1.67 1.65 1.66 1.67 1.70 1.73 1.76 1.79
50 1.66 1.58 1.56 1.57 1.60 1.63 1.67 1.70 1.73
80 1.54 1.47 1.46 1.47 1.50 1.54 1.58 1.63 1.66
100 1.49 1.41 1.41 1.42 1.46 1.49 1.54 1.59 1.62

with a quark ¢ running in the loop diverges at large 3
as ~ (m2/m%)log”(3/m?). This shows that, at least at
one loop, the top-mass effects are relevant in the large-$
region, on which our analysis is focused. A complete
calculation of gg — ZZ at the NLO, i.e., at O(a?),
would require the computation of two-loop diagrams
with a massive internal fermion, which is a challenging
task with the current technology. In any case, it is rea-
sonable to expect further progress in the near future
toward the NLO computation of the gg — ZZ inter-
fering background. This is particularly important for
the interference term, where the higher-order correc-
tions can possibly induce a shift in the relative phase.

Because it is extremely difficult to guess the level
of theoretical development, and therefore the level of
accuracy of the predictions, that will be attained on
time scales as long as those of the HL-LHC and FCC-
hh, we ignore theoretical uncertainties in the upcoming
sections. However, in Sec. 3.2, we compare the results
with and without theoretical errors and find that with
3ab™" at 14 TeV, the statistical errors are still domi-
nant.

3.2. Results for the HL-LHC

Now we can proceed to the discussion of the preci-
sion of the 14 TeV high-luminosity LHC. To thoroughly
explore the different v/§ dependence of the contribu-
tions generated by (¢, ¢,), we introduce the new bin-
ning for the four-lepton invariant mass

Binning Vs =
= (250, 400, 600, 800, 1100, 1500) GeV. (18)
Then using the modified version of the MCFM, we cal-
culate the event yields as functions of the ¢, ¢, pa-
rameters. The yields at 3ab~! for the signal and the

noninterfering background are as follows:

3 ZKIT®, Beim. 3

N[250,400] = 521cgc; + 187c] — 491c, +
+ 381¢} — 687c; + 7044,

NT400,600] = 394cgc; + 143¢] — 229¢, +
+423¢7 — 564c; + 1136,

N[600,800] = 97cgyc; + 81c, — 40c, + 139¢; —
(19)
—210¢; + 221,

N800, 1100] = 23¢yct + 65¢2 + 3.6¢, + 59¢7 —
—100¢; + 80,
N[1100, 1500] = —2.4eyc; + 402 + 11.3¢, +

+16.5¢7 — 31c; + 22,

Nygozz = (31410,6904,1417,515,145).  (20)

The corresponding probability contours are shown
in Fig. 4, for both the nonlinear and linear analyses. At
the HL-LHC, differently from the 8 TeV case, the EFT
treatment is meaningful because the nonlinear analysis
is powerful enough to constrain the Wilson coefficients
to be < 1. However, as was discussed in Sec. 2.1, the
validity of the nonlinear analysis depends on the rela-
tive size of the dimension-6 and dimension-8 coefficients
(see Eq. (12)), and as such, the nonlinear results are
still model-dependent. In Sec. 3.3, we discuss one ex-
ample model where the nonlinear analysis does apply.
The linear bounds, which are truly model-independent,
are significantly weaker. To make the ¢; vs. ¢, differen-
tiating power of our analysis explicit, we have also stud-
ied the one-dimensional probability obtained by fixing
¢t + ¢4 = 1. The results are presented in Fig. 5. We
can see that with our simplistic analysis, we can con-
strain ¢; to be within [0.75,1.28] ([0.56,1.46]) with a
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Fig.4. Prospects for a 14 TeV analysis with an inte-
grated luminosity of 3ab™" and for the injected SM
signal: 68%, 95 %, and 99 % expected probability re-
gions in the (¢, ¢q) plane. The dashed and solid green
lines indicate the respective 68 % and 95 % contours
for the linear analysis. No theoretical uncertainty is
included. (Color online see arXiv:1406.6338)

68% (95%) probability. This result was derived using
the nonlinear analysis, whereas in the linear approach,
we find ¢; € [0.36,1.66] with a 68 % probability. The
results presented above were obtained assuming zero
systematic uncertainty. Assuming a 30 % theoretical
error on the total gg — ZZ cross section, the bound
on ¢ is relaxed to [0.74,1.3] with a 68 % probability.
We can see that our counting analysis is dominated by
the statistical error, but the theoretical uncertainties
will become a serious limitation once we move to higher
precision, either by implementing the MELA analysis
or by studying the prospects of the future colliders.

Lastly, we observe that at a larger luminosity
> 30ab™", the differences between the linear and non-
linear analysis are reduced, their respective bounds on
c; differing by less than 20 %.

3.3. Bounds on top partners

The ¢; vs ¢4 degeneracy arises in models with
fermionic top partners; in particular, it is generic in
the composite Higgs models [50-54]. As a prototype of
the models with this degeneracy, we can introduce just
one vector-like top partner T, transforming as a singlet

Fig.5. Prospects for the 14 TeV analysis with an in-
tegrated luminosity of 3ab™! and for the injected SM
signal: the expected posterior probability to observe
the SM signal as a function of ¢, assuming the con-
straint ¢; + ¢4 = 1. The black curve corresponds to

the nonlinear analysis including all bins. At a 95%
probability, we find ¢; € [0.56, 1.46] (unshaded region),
and at 68 %, ¢; € [0.74,1.28]. The red curve was ob-
tained using only the categories below 600 GeV, and
at 68% we have ¢, € [0.1,1.25].
corresponds to the linear analysis including all bins,
which gives ¢; € [0.36,1.66] at 68 %. (Color online
see arXiv:1406.6338)

The brown curve

of SU(?)L
—L = yQrHtgr +Y.Q HTg + M.T; Tg + Hee. (21)

In this model, loops of the heavy fermion T generate
an effective interaction of the Higgs with the gluons,
and at the same time the top Yukawa coupling is mod-
ified due to the mixing with the top partner. Due to
the Higgs low-energy theorem, the on-shell Higgs pro-
duction cross section is predicted to be the same as in
the SM, since it can easily be checked [52, 53] that af-
ter integrating out the heavy top partner, ¢; + ¢4 = 1.
Besides modifying the Higgs-mediated amplitude for
g9 — ZZ, T also enters the box diagrams, generating
a contribution to the interfering background, which in
the EFT must be parameterized by a dimension-8 op-
erator. We can estimate the Wilson coefficients of the
dimension-6 and dimension-8 operators in Eqs. (2) and
(9) as

Y2U2
o= o~
T M2
Y2U4 (22)
cg ~ —;1
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1500

|
2000
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Fig.6. The shaded region shows the 95 % expected ex-

clusion in the top partner parameter space at the HL-

LHC. Mr denotes the physical mass of the top partner.

The black dashed lines indicate the isocontours of ¢,.
(Color online see arXiv:1406.6338)

This implies that the dimension-8 operators become
important at the scale

\/ENM*a (23)

where our analysis breaks down?®). Therefore, to remain
in the region of validity of the EFT approach, when
deriving the bounds on the model parameter space, we
only considered the bins with the invariant mass below
the physical mass of the top partner, M. Because the
model depends only on two free parameters once the
top mass is fixed, we can plot the exclusion contours
in the (Y, My) plane. The result, obtained by apply-
ing the nonlinear analysis, is shown in Fig. 6. As can
be seen from the figure, the bound applies to a region
with a large Yukawa coupling, Y, > 1: this implies
that 0371/ > cg, thus justifying the use of the nonlinear
analysis. We note that the simple model described by
Eq. (21) is equivalent (as far as the gg — h(®) — ZZ
process is concerned) to the recently proposed simpli-
fied composite Higgs models M1s 14 '? in Ref. [56],

9) As a side comment, we note that an exact treatment of the
99 — ZZ amplitude in this model requires the computation of
box diagrams with two different massive fermions in the loop.
These diagrams are exactly the same as those for the SM con-
tribution to the gg — WW process, mediated by the top and
bottom quarks [55]. Within this work, however, we chose to
remain within the EFT approach and leave the analysis of the
effects of the dimension-8 operators for future study.

10) The composite Higgs models mentioned here are based on
the SO(5)/SO(4) coset. The labels 1,4 indicate the SO(4) rep-

in the limit v <« f. Similar bounds on the models
M4s5 14 [56] appear to be irrelevant, since in these sce-
narios the masses of the top partners are correlated
with their Yukawa couplings and large values of the
Yukawa couplings can appear only at the price of in-
creasing the heavy fermion masses.

3.4. CP-o0dd case

So far, we have been focusing on the C'P-even op-
erators. We now turn our attention to the C'P-odd op-
erators: the C'P-odd Lagrangian after the electroweak
symmetry breaking becomes

2
L = it iysth+ ¢4 555G, Gl o)
¢ = Img,.

Since the new physics contribution is C'P-odd, it does
not interfere either with the Higgs-mediated or with
the continuum gg — ZZ SM amplitudes. Rather than
implementing the C'P-odd operators in the MCFM, we
made the assumptions that the acceptance and K-fac-
tors are the same as in the C'P-even case, and simply
rescaled the C'P-even results using the expressions for
the LO matrix elements (see Appendix C for the loop
functions). The yields at 3ab~! as functions of &, ¢,
are as follows:

N[250,400] = 1442¢,¢, +
+ 4348, + 1383¢,% + 6740,
N[400,600] = 598¢,¢;+326¢,+905¢;”+996,
N[600,800] = 73¢,¢;+181¢,+207¢;°+150,
N[800,1100] = —7.49¢,¢;+146¢,+78¢;°+39,
N[1100, 1500] = —18.2¢4¢;+88¢+20¢°+7.6.

The constraints in the (&, ¢,;) plane are presented
in Fig. 7. This analysis is valid under the assumption
that dimension-6 and dimension-8 C P-even effects are
subleading with respect to the C'P-odd contributions

considered here, and hence the derived bounds are not
truly model-independent.

3.5. Results for the FCC-hh

Finally, we comment on the prospects of the
FCC-hh on the studies of the ¢, ¢, couplings. We
present our estimates for 33,50,80, and 100 TeV pro-
ton—proton colliders, assuming an integrated luminos-
ity of 3ab~!. In our analysis, we have used exactly

resentation in which the top partners transform, while the sub-
script 5,14 specifies the representation of SO(5) in which the
Q71 doublet is embedded.
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Fig.7. Prospects for a 14 TeV analysis with an inte-
grated luminosity of 3ab™" for the injected SM signal:
68 %, 95 %, and 99 % expected probability contours in
the (¢, é4) plane. (Color online see arXiv:1406.6338)

the same acceptance cuts as for the 8 and 14 TeV LHC.
This assumption is quite likely to be unrealistic, never-
theless our results can be considered first estimates of
the range that can be tested at the future high-energy
proton—proton colliders. To perform this analysis, we
modified the binning to

Binning v/3 = (250, 400, 600, 800, 1100, 1500,

2000, 3000, 4000, 5000) GeV. (26)
The results of our analysis are presented in Table 2, un-
der the assumption that ¢; + ¢, = 1. We can see that
as we go to higher collider energies, the differences be-
tween linear and nonlinear probabilities decrease, and
strong model-independent bounds on ¢; are obtained.

4. CONCLUSION

We briefly summarize the main results in this pa-
per. We have discussed the implications of the pp —
— W 5 Z®zZG®) 4 40 measurement at a high
center-of-mass energy on the Wilson coefficients of the
dimension-6 operators modifying the Higgs interac-
tions. We have shown that this process is especially
powerful in constraining the two dimension-6 opera-
tors contributing to the Higgs production in gluon fu-
sion, which parameterize the modifications of the top

420

Yukawa coupling and the effective interactions between
the Higgs boson and the gluons mediated by the heavy
new physics. The sum of these two effects is already
constrained by inclusive Higgs measurements, whose
agreement with the SM implies the approximate re-
lation ¢; + ¢4, ~ 1. However, the current bounds on
each of the two operators individually are very weak,
because the precision is controlled by the pp — tth
process, where O(1) deviations are still allowed. The
recent measurement by CMS of pp — Z(*) Z(*) — 40 at
large invariant mass of the four leptons, which receives
contributions from off-shell Higgs exchange, provides
us with a new way to measure the Higgs effective inter-
actions. Combining on-shell and off-shell data should
thus make it possible to disentangle the effects of c¢;
and ¢,.

Wherever applicable, we have discussed our results
in the EFT language, rather than in terms of a sim-
ple anomalous couplings parameterization. In partic-
ular, we have derived the conditions under which the
dimension-8 operators can be safely ignored, which al-
lowed us to understand the range of validity of our re-
sults. This type of self-consistency check comes as a
bonus of the EFT approach.

We have obtained the first constraints on the mod-
ifications of the top Yukawa coupling, ¢;, by recasting
the CMS 8 TeV bound on the Higgs width [3]. These
constraints are weaker than those currently available
from the direct tth measurement, but roughly of the
same order. Since O(1) corrections to the SM are still
allowed, no EFT interpretation is possible with current
data.

Next, the possibilities of the HL-LHC in measuring
ct, cq were explored. We have found that at the 14 TeV
collision energy and 3 ab~! luminosity, it will be possi-
ble to measure ¢; with ~ 25 % precision. Even though
this estimate is worse than the current prospects on
the top Yukawa coupling precision measurements [57]
from tth, we stress that the off-shell measurements test
roughly the same region of the parameter space, and
that there is still significant room for improvements
by performing the dedicated matrix element analysis,
which exploits all the angular information available in
the four-lepton final state. As a caveat, we found that
the 14 TeV bounds can be altered by the presence of
dimension-8 operators, if the new physics is weakly
coupled. We have also presented the HL-LHC exclu-
sion prospects for a toy prototype of the widely studied
Composite Higgs models, as well as constraints on the
C' P-violating Higgs interactions.

Along the way, we addressed the status of cur-
rent, theoretical predictions for the gg — ZZ process,
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Table 2.

68 % probability intervals on the value of ¢, obtained assuming ¢; + ¢, = 1 and injecting the SM signal at

various collider energies. In all cases, an integrated luminosity of 3ab™' was assumed. The numbers in the second and

the third rows respectively present the nonlinear and linear analysis, for the low-energy bins only, \/s < 2 TeV. The fourth

and the fifth rows contain the corresponding numbers obtained including all the bins up to 5 TeV

33 TeV 50 TeV 80 TeV 100 TeV
non-linear < 2 TeV [0.92, 1.14] [0.95, 1.11] [0.96, 1.08] [0.97, 1.07]
linear < 2 TeV [0.83, 1.18] [0.9, 1.11] [0.94, 1.07] [0.95, 1.05]
non-linear all [0.94, 1.11] [0.96, 1.08] [0.98, 1.05] [0.98, 1.04]
linear all [0.84, 1.16] [0.91, 1.09] [0.95, 1.05] [0.96, 1.04]

which suffer primarily from the lack of a computation
of higher-order QCD corrections to the box diagrams.
We described our choice of the procedure for approxi-
mating these corrections, which consists in applying the
K-factor computed for the Higgs-mediated diagrams to
the entire gg — ZZ cross section.

Lastly, we commented on the reach of the future
proton—proton colliders with energies between 33 and
100 TeV. There, a measurement of ¢; to ~ 5 % accuracy
is possible already within our simplistic study (assum-
ing zero theoretical uncertainty), and the EFT anal-
ysis shows that the bounds obtained are fully model-
independent.

While this work was being completed, an indepen-
dent study appeared [58] which also proposed to use
the Higgs off-shell data to break the ¢, ¢, degeneracy.
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APPENDIX A

Fitting the Higgs width

In this section, we derive the bound on the Higgs
width using the CMS data. The difference between
our result and the official analysis can be a measure of
accurateness of our method. We perform the analysis
based only on the counting experiment data presented
in Ref. [3], Fig. 1a. The off-peak event yield is propor-
tional to

Noff—peak: ~ g4A + g2B + 07

where ¢ stands for a universal rescaling of the SM cou-
plings. The coefficients A, B, C are related to the func-
tions F; in Eq. (13) as

A= /dm4l[F1 (mag) + F>(mag)],

B = /dm4l[F3(m4fz) + Fy(may)], (27)

Cz/dmuFO(mu).

The requirement of keeping the number of on-peak
events fixed to the SM value leads to the constraint
g*/T = const, and we can therefore parametrize the

off-peak event yield as
/| T
—+C. (28)
Psm

r
Noff—peak =A—+1B
Lsm
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To calculate the functions Fj;, we use the MCFM and
the same PDF set adopted by CMS, namely, CTEQGL.
We digitize Fig. 1a from Ref. [3] to extract the q7 — ZZ
background, as well as the observed number of events
(see Table 3). Following the prescription by CMS, we
apply an mye-independent K -factor of 2.7 to the signal
and the interfering background. We assume an average
acceptance of 95 % for each lepton, and with these num-
bers we are able to reproduce the reported CMS yields
within ~ 10%. Then we perform a Bayesian analysis
with a 10 % systematic uncertainty on the noninterfer-
ing background, which leads to the following bound on
the Higgs width:

' <24.6Tgyy, (29)
to be compared with the result quoted by CMS:
' <26.3Tg- (30)

For completeness, we present the event yields as func-
tions of the (¢, ¢q) couplings for the 8 TeV analysis:

Ni220,240] = 0.19¢4c¢ + 0.09¢) — 0.42¢, +
+0.11¢7 — 0.47¢; + 8.68,
Ni220,265) = 0.22¢4ct + 0.1063 —0.37¢cy +
+0.13¢7 — 0.43¢; + 7.38,
Niags,205) = 0.24cgc + 0.1063 —0.30¢c, +
+0.15¢ — 0.36¢; + 5.34,
Niags,330) = 0.26¢4¢; + 0.1063 —0.24¢, +
+0.17¢? — 0.31¢; + 3.52,
Ni330,370] = 0.30¢gc; + 0.10¢; — 0.22¢, +
+0.24¢7 — 0.34c; + 2.19,
Niz70,410) = 0.28¢4c1 + 0.0803 —0.18¢4 +
+0.26¢] — 0.34¢; + 1.25,
Nia10,460) = 0.27cger + 0.0803 —0.16¢4 +
+0.27¢? — 0.35¢; + 0.90,
Nieo,520) = 0.21cger + 0.0803 —0.12¢4 +
+0.23¢7 — 0.31¢; + 0.58,
Nis20,580) = 0-13¢gct + 0.0663 —0.07¢c, +
+0.16¢7 — 0.21¢; + 0.32,
Niss0,645] = 0.08¢4c¢ + 0.05¢; — 0.04¢ +
+0.11¢ — 0.16¢; + 0.19,
Nigas,r15) = 0.05¢4c; + 0.04¢) — 0.02¢, +
+0.07¢7 — 0.11¢; +0.12,
Nizi5,800) = 0.03¢gce + 0.04¢; — 0.01c, +
+0.05¢7 — 0.08¢; + 0.08,
N=goo = 0.02¢4¢; + 0.03¢] — 0.002¢, +
+0.03¢7 — 0.06¢; + 0.05.
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APPENDIX B

Operators modifying the Higgs decay

We here examine the operators that would modify
the Higgs couplings to the Z bosons. The off-shell mea-
surements can more effectively constrain the operators
that grow with energy. We consider the operator

c
O = —=0hZ,2". (32)
v
Then the signal rate is modified as (keeping only the
terms linear in cp)

2

m
Noff—peak ~ A (1 — 20|:| J;) +
m2
+B <1 —cDM‘f) +C, (33)

where the coefficients A, B,C' were defined in Ap-
pendix A. Then we find

68% : co € [—0.7,—0.17] U [0.42,0.84],

(34)
95% : cq € [—0.96,0] U [0.21,1.15].
However, if the Higgs boson is part of an SU(2)z dou-
blet, operator (32) can originate only from the gauge-
invariant dimension-8 operator

(D,H)*D(H'H)
A% ’

(35)

and therefore the bounds on the scale are irrelevant,
A 2 150 GeV. At the dimension-6 level, there are the
following operators modifying the Higgs interactions
with the Z boson:

(D,H)' ¢*D,HW""*, (D,H)' D,HB"",
H'HB,,B" ,
(Hfaa D, H) (DFW,,)",

R d
(HT D, H) (D*B,,),
which lead to the interactions

hZ,,z", hZzZ,0"Z"". (37)
However, none of these operators affects the longitu-
dinal components of the Z, and therefore the overall
growth of the amplitude with the energy is the same
as in the SM. As a consequence, going to high energy

does not lead to a strong enhancement of the signal.



MWITD, Tom 147, BBm. 3, 2015

Taming the off-shell Higgs boson

Table 3.

The digitized data from Ref. [3] and the values of the coefficients A, B, C reconstructed using the MCFM.

The columns from the second to the fourth contain the results of the digitization of Fig. 1a in Ref. [3]. The fifth to eighth
columns show the results of our MCFM simulations. The fifth column is the reconstructed yield for gg — ZZ, which we

present as a cross check against the CMS numbers. Note that the precision of our digitization is ~ 0.2 for the number

of events and is limited by the resolution of the plot

myg € [GeV] I'=Tgsuy qq bkg Data rel(;ozsiii]\c/ltled A B C
[220,240] 8.4 38.5 45 8.31 0.11 | —047 | 8.68
[240,265] 7.2 33.7 36 7.07 0.13 —0.44 7.38
[265,295] 5.4 27 31 5.12 0.15 —0.36 5.33
[295,330] 3.6 20 17 3.39 0.18 —-0.31 3.52
[330,370] 2.2 13.9 16 2.08 0.24 —0.35 2.19
[370,410] 1.2 9.6 9 1.17 0.26 —0.34 1.25
[410,460] 0.9 6.2 11 0.81 027 | —035 | 0.90
[460,520] 0.6 4.1 6 0.51 0.23 —0.31 0.58
[520,580] 0.3 2.6 6 0.26 0.16 —-0.21 0.32
[580,645] 0.2 1.7 3 0.15 0.11 | —0.16 | 0.19
[645,715] 0.1 1.1 2 0.08 0.07 —-0.11 0.12
[715,300] 0.09 0.7 1 0.05 0.05 —0.08 0.08

>800 0.2 1 0 0.03 0.03 —0.06 0.05
APPENDIX C REFERENCES

Loop functions

For completeness, we report the C' P-even and C P-
odd loop functions for the triangle diagrams [59-61].
The CP-even Fa and C'P-odd FA loop functions are
given by

Fa(m) = soslr+(r=)f (D), Fa(m) = L7,
3
T a2
f(r) = (38)
arcsin® /7, T <1,
o Y PR R s v R
4 —itr T
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