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Abstract We suggest to isolate the loop-induced gluon-
initiated component (gg — ZH) for associated ZH produc-
tion by using the similarity of the Drell-Yan-like component
for ZH production to the WH process. We argue that the
cross-section ratio of the latter two processes can be predicted
with high theoretical accuracy. Comparing it to the experi-
mental ZH / WH cross-section ratio should allow to probe for
new physics in the gg — ZH component at the HL-LHC.
We consider typical BSM scenarios in order to exemplify the
effect they would have on the proposed observable.

1 Introduction

The Higgs boson provides a new probe for physics beyond
the standard model (SM). A precise measurement of its cou-
plings to the SM particles is certainly one of the most promis-
ing ways to search for deviations from the SM. The tree-level
couplings of the SM Higgs are determined solely by the parti-
cle masses and the vacuum expectation value v ~ 246 GeV,
a global fit to these couplings yields good agreement with
the SM predictions within current experimental uncertain-
ties, see e.g. Ref. [1]. Couplings to massless particles like the
photon or gluons are necessarily loop-induced, which allows
for new physics to affect the numerical value or the Lorentz
structure of these couplings in a significant way.

In fact, the loop-induced couplings to photons as well as
to gluons were essential to the actual discovery of the Higgs
boson, for example through gg — H — yy[2,3]. The
good agreement with the theoretical prediction of this process
within the SM leaves little room for any large impact of new
physics here (for comprehensive reviews on Higgs physics
at the Large Hadron Collider (LHC), see Refs. [4-7]).
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Associated VH production, or Higgs-Strahlung for short,
is one of the main production modes for Higgs bosons at
the LHC. Despite its rather small cross section, its feature of
providing a tag through the electro-weak gauge boson in the
final state recently allowed the first observation of the Higgs
decay to bottom quarks, which is swamped by background bb
production in other major Higgs production modes. Focus-
ing on boosted-Higgs events and advanced jet-substructure
analyses is a promising direction to further separate the signal
from the background [8].

Another unique feature of the Higgs-Strahlung process
pp — VH is its appearance in two variants: V = W and
V = Z. In the SM, the amplitudes are related through next-
to-leading order (NLO) QCD by well established symme-
try properties of the SM. At next-to-next-to-leading order
(NNLO) QCD, however, these two concepts are no longer
sufficient to relate WH to ZH production. This is mostly
due to a loop-induced contribution to ZH production whose
leading-order (LO) partonic amplitude is given by gg —
ZH. The corresponding Feynman diagrams contain either
boxes or triangles of bottom or top quarks, see Fig. 1 (lighter-
quark contributions are numerically negligible in general). In
the SM, the box and triangle contributions interfere destruc-
tively, which leads to an enhanced sensitivity to physics
beyond the SM (BSM).

Quite generally, loop-induced processes are particularly
sensitive to new physics, since its effects are likely to be
of the same order as the SM process in this case. The sub-
process gg — ZH, however, is only one contribution to the
general Higgs-Strahlung process of ZH production, albeit a
separately-finite and gauge-independent one. Moreover, it is
suppressed by two powers of the strong coupling constant «
with respect to the dominant gg-initiated contribution.

It would thus be desirable to separate event samples which
are due to the “Drell-Yan-like” production mechanism, where
at LO the Higgs is radiated off an off-shell Z boson produced
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Fig. 1 Sample Feynman
diagrams that contribute to the
g8 — ZH process at leading
order

(a)

in gg annihilation, from the ones due to the gluon-initiated
process gg¢ — ZH. First steps in this direction have been
taken in Refs. [9,10]. In the latter paper, it was pointed out
that the relative contribution of the gg — ZH process to ZH
production depends strongly on the kinematical region of the
final state. For example, while it constitutes only about 6% of
the total cross section (at order a2), its relative contribution
is more than twice as large in the so-called boosted regime,
pr > 150GeV. Clearly, such an effect needs to be taken
into account in experimental analyses of the ZH production
process, in particular since it carries such a large sensitivity
to new physics.

In this paper, we propose a data-driven strategy to extract
the gluon-initiated component (or, more precisely, the non-
DY component) for ZH production. Itis based on the compar-
ison of the ZH to the WH cross section and the corresponding
invariant mass distribution of the VH system. The required
theory input in the SM is the ratio of the DY-like components
for ZH and WH production, which can be predicted very reli-
ably already now, and is expected to improve even further in
the foreseeable future. We study the impact of various pos-
sible structures in models for new physics, such as modified
Yukawa couplings, extended Higgs sectors, or vector-like
quarks (VLQs). In order to estimate the expected experi-
mental uncertainties, we simulate a recent ATLAS analysis
with Monte-Carlo events, and extrapolate it to higher lumi-
nosities. We find that the estimate of systematic uncertainties
becomes the limiting factor for the measurement, highlight-
ing the importance of a detailed investigation of systematic
effects, and potentially an optimization of the experimental
analysis towards the extraction of this ratio from data.

2 Theory prediction for VH production
2.1 Definition and features

Let us consider the following theoretical decomposition of
the inclusive VH production cross section:

VH _ _VH VH
0" =0py T Oyonpy: ey
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(b)
where, by definition, the DY component can be written as

dlys vy
oy = / dq’ov(@*) — g5 + Ao )

In Egs. (1) and (2), the electro-weak corrections Aoé/vf,’ are
understood to be fully attributed to ogg , i.e., by definition,
on‘g:_DY does not receive any electro-weak corrections. AtLO
perturbation theory, the DY-like terms for WH are related to
those for ZH by changing external parameters like the gauge
boson mass, the gauge coupling, or the PDF, all of which can
(and are) determined independently through other processes.
The effect of higher orders on this similarity between the DY
components will be studied below. Note that any New Physics
most likely respects the well-established gauge symmetry
between the W and the Z, and thus preserves the strong tie
between the DY-components for WH and ZH production.
For example, in a general 2-Higgs-Doublet-Model (2HDM),
the ratio of the DY components for ZH and WH production
is the same as in the SM.

Concerning an‘g’;'f_DY, the dominant contribution in the SM
for V = Z is due to the gluon-initiated process gg — ZH,
denoted by og,. The generic set of diagrams contributing
to this sub-process at LO is shown in Fig. 1. We stress that,
within QCD, oy, is well-defined since it is separately finite
and gauge invariant to all orders of perturbation theory. In
BSM theories, also bb-initiated contributions may become
important in UHZOIz_DY. None of these have a correspondence
in WH production; in fact, in this paper we will assume

that only ZH production receives non-DY contributions, i.e.
WH

Ohon-DY = 0.

The current theoretical precision is quite different for the
first two components on the Lh.s. of Eq.(1). While o}/ is
known through NNLO QCD[11-15], i.e. O(asz), the current
theory prediction for the total inclusive cross section of o
is based on the full LO calculation, which is also of order
otf [16,17]. At this order, oz, amounts to about 6% of the
total ZH cross section for My = 125GeV in pp collisions
at 13TeV. A full calculation of the relevant NLO correc-
tions, i.e. (’)(ozf), is not yet available. However, assuming

that it depends only weakly on the top-quark mass, as it is
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the case for the gluon-fusion process gg — H, the NLO cor-
rection factor has been found to be of the order of two, which
increases the gg — ZH contribution to the total cross section
accordingly [18,19]. Higher order terms in 1/M; were evalu-
ated in Ref. [20], but their validity is restricted to an invariant
mass Mzy of the ZH system of Mzy < 2M;. Concerning
differential distributions, the amplitudes for 2- and 3-parton
final states including the full quark-mass dependence have
been merged in order to obtain a reliable prediction at large
transverse momenta of the Higgs boson[21,22]. For o}/,
also electro-weak corrections are known [23-25], while they
are unavailable for o at the time of this writing. As a conse-
quence, the estimated theoretical accuracy due to scale vari-
ation for the DY-like component is at the sub-percent level,
while it reaches up to about 25% for 0,4, at NLO. Includ-
ing NLL resummation, this reduces to about 7% [19]. The
PDF uncertainties' are at the 2% and 4% level for the DY
and the gg component, respectively. NNLO+PS implemen-
tations of the WH and the ZH process have been presented
in Refs. [27,28].

2.2 New-physics effects

The gluon-initiated component reveals some interesting fea-
tures which predestines it as a probe for new physics. First
of all, it is loop-induced, which means that it is particularly
sensitive to as-of-yet unknown particles which might couple
the initial-state gluons to the ZH final state. Second, the dom-
inant contribution in the SM is due to top-quark loops, which
lead to a characteristic threshold-structure in various kine-
matical distributions of the cross section. The application
of appropriate cuts thus allows for enriching the ZH sam-
ple with gluon-initiated events, as pointed out in Ref.[10].
Through the box diagrams, Fig. 1b, the cross section also
receives a dependence on the top-quark Yukawa coupling,
which is amplified by the fact that the box diagrams inter-
fere destructively with the triangle diagrams, Fig. 1b. Another
interesting feature which appears in many BSM models are
s-channel contributions due to additional Higgs bosons [9].
They either add to the triangle-component of ogg, or they
occur in the process bb — ZH. For future reference, we
refer to the latter contribution as o5, distinguishing it from
the bb-contribution to Ggg by requiring that 0;; = 0 in the
limit of a vanishing bottom-quark Yukawa coupling. In the
SM, this contribution amounts to less than 0.1% of the DY
term.

Many of such New-Physics effects on oz, as well as
op; can be investigated with the help of the program
vhennlo[29,30].

Deviations from the SM, like modified Yukawa couplings,
new colored particles, or an extended Higgs sector, are thus

! Using PDF4LHC15_nnlo_100[26].

likely to manifest themselves in the ZH final state through
the gluon- or bb-initiated component of the cross section,
given that one considers a suitable observable. In Sect. 3 we
will argue that the DY and the non-DY ZH contribution can
be isolated to a high degree by considering the ratio?

oZH
REY =~ @)
DY
An obvious kinematical parameter to consider would be the
transverse momentum of the Higgs boson. Indeed, as shown
in Fig.2, the pr distribution of the Higgs boson produced in
non-DY processes exhibits a significant dependence on new
physics (a non-SM Yukawa coupling in this case).

In this paper, however, we want to focus on the invari-
ant mass distribution Mzy of the ZH system, since we find
that it reveals particularly distinct features that allow to iden-
tify various New-Physics models, especially when normal-
ized to the DY-like ZH contribution. Examples are shown
in Fig.3, which include the effect of both gg — ZH and
bb — ZH , the latter of which becomes relevant in scenarios
with enhanced bottom-quark Yukawa coupling. Experimen-
tally, the invariant mass for the Myg system may be difficult
to access, and other observables such as the pr spectrum
may be more advantageous. The optimal observable is best
determined within an experimental analysis where all the sys-
tematic uncertainties are available. The reconstruction of the
WH invariant mass for our numerical simulation is outlined
in Sect.4. The general idea of the current paper is indepen-
dent of the observable under consideration.

Throughout the paper, we set

Vs =13TeV, M, =173GeV, My =125GeV, (5)

unless indicated otherwise. As already pointed out in
Ref.[10], the contribution of gg — ZH to the total cross sec-
tion is typically rather small in the kinematical region below
the top-quark threshold. The distribution above 2M;, on the
other hand, distinctly reflects the impact of New Physics.
Specifically, this region crucially depends on the top-quark
Yukawa coupling, both in magnitude and sign, as shown in
Fig. 3a,b. In addition, new heavy particles which contribute to
the effective ggZ H coupling might also reveal extra thresh-
old structures in the invariant mass spectrum, as shown using
the example of vector-like quarks in Fig.3c. Non-minimal
Higgs bosons which contribute through s-channel exchange
lead to yet other features in this spectrum, see Fig. 3d, which

2 Here and in what follows, we use the notation in Eq. (4) for a generic
distribution. More explicitly, we may write

do?H jdx

ZH _
Rov ) =40z 4,

3)

for a distribution in a specific kinematic variable x € {p?, Myy, ...}

@ Springer
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Fig. 2 a The pr spectrum of the Higgs boson produced through the
gg- and bb-processes for different values of the top- and bottom-quark
Yukawa couplings. b The ratio of the full ZH cross section to the
DY component. The latter was obtained at NNLO with the help of
MCFM|[15], the new-physics effects in gg — ZH were calculated at

shows REY for a 2HDM. The peak structure is dominated by
the bb — ZH process in this case (see also Ref. [30]).

3 Extracting the non-DY component from data
3.1 The double ratio

The high accuracy to which the DY component is known
theoretically suggests a simple comparison of the experi-
mentally determined VH rate to the theoretical prediction of
its DY component, and thus the extraction of the non-DY to
the DY ratio directly from RS? =c?H) oge of Eq.(4):

o ZH o ZH
non-DY _ R ZH _ 1 _ _ 1 (6)
oZH DY oZH ’
DY DY

with the DY-like cross section, agH , taken from theory, and
the full ZH cross section o ? from experiment. Such an
experiment/theory comparison suffers from potential sys-
tematic uncertainties though, due to detector simulation,
unfolding, and the like.

In this paper, we propose to analyze the data from Higgs—
Strahlung by making use of a very specific feature for this
process which has been alluded to in Sect.2.1, namely the
similarity between the ZH and the WH process.® For this
purpose, let us define the double ratio

3 We note that, at the level of the actual Drell-Yan process of virtual V
production, pp — V*, the symmetry between V = W and V = Z has
been used before as an alternative way to measure the W boson mass
at hadron colliders [31].

@ Springer

LO (ie. O(a?)) with vhennlo[29,30], using PDFALHC15_nnlo
PDFs with ag(Mz) = 0.118 in both cases [26]. The (local) minimum
at pr ~ 230GeV for y; = 2y, sm is an effect from the box—triangle
interference

RZW o ZH /O’ WH RZW D
R = = .
B 1" R

Obviously, if all quantities are evaluated theoretically, it is
RZYV = REH cf. Eq.(4). Here, however, we suggest to mea-
sure the numerator R?Y = ¢%H /o WH of the double ratio
in Eq. (7) from experimental data. Despite the different final
states for ZH and WH production, we expect that a number
of systematic experimental uncertainties cancel, in particular
if the parameters of the analyses for ZH and WH are aligned
as much as possible. A rough estimate of the experimental
uncertainty will be described below.

The denominator of Eq. (7), on the other hand, referred to
as the DY ratio in what follows, can be calculated within the
SM with rather high precision, as will be discussed below.
In addition, it can hardly be affected by any New-Physics
effects, because of the strong theoretical and experimental
constraints on the electro-weak gauge couplings, as already
discussed in Sect.2.1.

We note that the comparison of WH to ZH as a probe for
New Physics has been first suggested in Ref.[9], where the
2HDM was considered as an example at the level of total
cross sections, partly with boosted topology. In this paper
we provide a much more elaborate investigation of that pro-
posal, on the basis of differential quantities and including an
estimate of the expected experimental uncertainty through
the analysis of a simulated event sample.

3.2 Theory prediction for the DY ratio

At the level of the total cross section, RS@’ receives correc-
tions of only 0.2% at NLO, while the NNLO corrections on
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Fig. 3 a The ZH invariant mass spectrum in the SM: total cross sec-
tion (solid red), DY component (dashed cyan), gg — ZH compo-

nent (dash-dotted purple), bb — ZH component (dotted blue). b The

ratio qu of the full ZH cross section to the DY component in the

SM (solid red) and for modified values of the top- and bottom-quark
Yukawa coupling, including various new-physics effects. ¢ Rgg for the
SM+VLQs of mass 600GeV, and various values of the VLQ mixing

top of that are at the per-mill level. This is quite remarkable
as the NLO corrections on the numerator and denominator
in that ratio amount to 16%; the NNLO corrections on the
other hand, are less than 1% on top of that.

As a function of Myy, the NLO corrections on the DY-
ratio are at or below the 1% level, as shown in Fig.4. This
holds for both the fully inclusive as well as the “fiducial” cross
section, where the latter is evaluated according to Ref. [7] by
applying the following cuts:

ph > 15GeV, y; <2.5, 75GeV < my < 105GeV,
®)

where p‘} and yy is the transverse momentum and rapidity of
a charged lepton, respectively, and mgy is the invariant mass

— SM
30H-—- »=0 .

—- Yy = 2,1,IL,SM /
_____ Yyt = 0.5yt sm 4
25H ™ %= “Ysm

Yo = 10yp,sMm /

ZH
Rpy
N

300 400 500 600

]\/IZH / GeV
(b)
24H—— sm J
——- 2HDM, M, = 300 GeV
2.2H —-- 2HDM, M, = 400 GeV 4
..... 2HDM, M, = 500 GeV
20F " ; .
m 181 i ' ]
® i :
161 i! H 1
il P
14F [ HEY J
] N T
1.0 2HDM type II, tan 3 = 10
300 400 500 600
]VIZH / GeV
(d)

angle. d R]%{{I for the production of a light SM-like Higgs in the 2HDM
with a pseudo-scalar of different masses including bb — ZH . The DY-
like component was obtained at NNLO with the help of MCFM[15],
the New-Physics effects in gg — ZH were calculated at LO (i.e.
O(Ol%)) with vh@nnlo [29,30], using PDF4LHC15_nnlo PDFs with
as(Mz) = 0.118 in both cases [26]

of a charged lepton pair (the latter cut only applies to ZH
production, of course). Using MCFM, we have also checked
that the NNLO corrections on the DY -ratio are negligible for
all relevant values of My . For the NLO prediction, we thus
estimate the uncertainty due to uncalculated QCD corrections
to be less than 1%.

Due to the different electric charge of W and Z and their
different decay patterns, one may expect a larger sensitivity
of the ratio RS%V to electro-weak corrections in comparison to
the QCD effects. Indeed, employing HAWK [24,32] to study
these effects, we find that they amount up to about 5% on
Rgg/ when the Z decay into charged leptons is considered,*
see Fig.5. Compared to the QCD corrections, the electro-

4 We use the default setting sbarelep=1 of HAWK for the final-state
leptons, meaning that they are not re-combined with photons. For the

@ Springer
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Fig. 4 QCD corrections (including g¢ — ¢VH) to the ratio Rgg'(v
fora W = W™ and b W = W~ as a function of the VH invariant
mass, V € {Z, W}. The dashed/solid line in the upper parts of the
plots show the LO/NLO QCD result, the lower parts show the ratio
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of the two. Obtained with HAWK [24,32] (only the decays Z — [T[~
and W — [v are included) using NNPDF23_ged_nlo PDFs with
as(Mz) =0.118[39]
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Fig. 5 a, b Same as Fig.4, but for electro-weak corrections (excluding yqg — gVH)

weak effects on Rg{}(v show a stronger dependence on Myy,
albeit in a very continuous and monotonous way.

(Footnote 4 continued)
Z decay into neutrinos, which is not considered in our analysis, the
electro-weak corrections amount to about 10%.

@ Springer

A particularly subtle electro-weak contribution is due to
the photon-induced process yg — ¢ VH, referred to as oy,
in what follows. Despite the fact that o7, amounts to at most
about 7% to the inclusive VH production cross section, its
effect on the Myy distribution of the ZH / WH ratio reaches
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Fig. 6 Same as Fig. 5, but for photon-induced corrections o, i.e. yg — ¢ VH, and using LUXged_plus_PDF4LHC15 PDFs with as(Mz) =

0.118[26,33]

the 20% level at Myy = 600 GeV, as illustrated in Fig. 6.5 In
Ref.[7], an O(100%) uncertainty on o, was estimated due
to its strong dependence on the available PDF sets, implying
a percent-level uncertainty on the total inclusive VH produc-
tion cross section. Due to recent theoretical progress in the
determination of the photon PDFs[33], this source of uncer-
tainty on VH production has been significantly reduced to
a level which allows us to neglect it in our analysis[34]. A
variation of the electro-weak factorization scale by a fac-
tor of two around the central value of My 4+ My changes the
electro-weak correction factor (including the photon-induced
corrections) by less than 4% and would thus be invisible in
Figs.5 and 6.

Let us next consider the uncertainties induced on RS{)(V
by the PDFs. While they amount to 2-4% on the cross sec-
tions themselves, they largely cancel in RI%%/ when assum-
ing that they are fully correlated between these two pro-
cesses as demonstrated in Fig. 7. The uncertainties in this case
have been calculated using MadGraph5_aMC@NLO [35,
36] MC@NLO events with one emission added through
the HERWIG 7 parton shower [37,38]. The single parton-
shower emission re-introduces the NLO terms subtracted
during the construction of the MC@NLO events, and hence
this treatment is formally equivalent to an NLO calculation.
The plot also includes the renormalization/factorization scale
uncertainty, obtained by varying these scales by a factor of

5 Recall again that we only consider leptonic Z decays; for Z — v,
the effect of o), on the DY-ratio is even larger. Fig. 6 has been evaluated
using the PDFs described in Ref. [33].

0.08 —— pp>ZH PDF
_ 0.06 o pOF
= 0.04f__ o
[ ———
= 0.02t
§ 0.00}
S —00f o = ===
—0.04f
0.08 : : :
) 0.06| - - R,?\"" SCALE |
S5 0.04] — T
= 002} 1
SR i===-=--c------=-c-c--=--c-c=c==-c-=--
£ -o0.02}
—0.04} ‘ ‘ ‘ ]
300 400 500 600

Fig. 7 PDF uncertainty from the Monte-Carlo replicas (using the
PDF4LHC15_nlo_mc PDFsetwitha,(Mz) = 0.118[26]) and renor-
malization/factorization scale uncertainty (ur = uR varied by a factor
of two around Myy ), evaluated assuming full correlation between WH
and ZH, and using MC@NLO events with one emission added from the
parton shower. This treatment is formally equivalent to an NLO calcu-
lation (see main text)

two around the central scale, where the latter is defined as
half the sum of the transverse masses of all final state parti-
cles (including partons). We assume that these uncertainties
are fully correlated between the ZH and the WH process,
which is justified from the identical form of the DY-like
QCD corrections for these two processess. The size of the
scale variation on the ratio corroborates the observations from
above about the uncertainties due to uncalculated higher-
order QCD corrections. The PDF uncertainties for the set
PDF4LHC15_nlo_mc [26] were calculated using the asso-
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ciated Monte-Carlo replicas. In our analysis below, we com-
bine these uncertainties in quadrature.

3.3 Estimate of the experimental uncertainty

In this section, we will provide a rough estimate of the uncer-
tainty on the double ratio by combining the theoretical uncer-
tainty on RSVYV with the experimental one on R“Y through

<5R,§W>2 <8R§{,V)2 +<6sz>2 o
RI%W R]%y th RAW exp

where the subscripts indicate that the first term is obtained
through a theoretical calculation and the second through an
experimental measurement. The quadratic sum of theoret-
ical and experimental uncertainties is justified by the low
level of correlation between the two. We assume total inte-
grated luminosities for pp collisions at 13 TeV center-of-
mass energy of (a) £ = 36.1 fb~!, (b) £ = 300 fb~!, and
(c) £ = 3000 fb~!, corresponding to (a) the ATLAS lumi-
nosity underlying the analysis of Ref.[40], (b) the end of
LHC Run 3, and (c) the future high-luminosity LHC run.

3.3.1 Details of the simulated analysis

We construct a hadron-level analysis, including decays of
the vector bosons and the Higgs boson. The parton-level
events for signal and backgrounds are generated at NLO
using MadGraph5_aMC@NLO for all samples, except for
g8 — ZH which is generated at leading order. For all
samples, we employed the PDF4LHC15_nlo_mc PDF set.
Parton showering as well as hadronization and modeling
of the underlying event is performed within the general-
purpose Monte-Carlo event generator HERWIG 7. To take
into account the higher-order corrections on gg — ZH, we
apply a global K -factor of K = 2[18,20]. Electro-weak cor-
rections largely cancel in the double ratio R,%W and can thus
be neglected in our event simulation. We consider leptonic
decays of the vector bosons, wE - Eivz and Z — ¢+,
where £ = (e, i), and Higgs—Boson decays to bb pairs. As
background processes we consider pp — 7, pp — W*bb,
pp — Zbb and single top production. In this simplified phe-
nomenological analysis, we do not consider any backgrounds
coming from light jets which are mis-identified as b-jets, nor
those coming from mis-identified leptons.® To approximately
take into account the NNLO corrections on the pp — tf
background, we apply a global K -factor of K = 1.2[41].
Jets are reconstructed using the anti-k7 algorithm, imple-
mented in the FastJet package [42,43] with parameter
R = 0.4. The jet transverse momentum is required to be

6 These are expected to be sub-dominant with respect to the ‘irre-
ducible’ backgrounds, as is indeed the case in e.g. Ref. [40].

@ Springer

greater than 20 GeV for ‘central jets’ (|| < 2.5) and greater
than 30 GeV for ‘forward jets’ (2.5 < |n| < 5). Selected cen-
tral jets are labeled as ‘b-tagged’ if a b-hadron is found within
the jet. A b-tagging efficiency of 70% is considered, flat over
the transverse momentum of the jets, to reproduce the effi-
ciency of the experimental b-tagging algorithm of Ref. [40].
The leading b-jet is required to have a transverse momentum
larger than 45 GeV. The missing transverse energy is taken
as the negative sum of transverse momenta of all visible par-
ticles. Electrons and muons are subject to isolation criteria
by requiring the scalar sum of the transverse momenta of
tracks in R = 0.2 around them to be less than 1/10" of their
transverse momentum: » . p _g o ptf“ks < 0.1 x p‘}.
3.3.2 Analysis strategy

The 13 TeV ATLAS analysis of Ref.[40] considered three
event selections, corresponding tothe Z — vv,the W — £v,
and the Z — ¢/ channels. Here we only consider the latter
two and refer to them as 1- and 2-lepton channel, respectively.
All selections require exactly two b-tagged central jets, used
to define the invariant mass m,z. For the W — £v selec-
tions, events with more than three central and forward jets
are discarded.

In the W — {£v analysis, the neutrino four-momentum
is reconstructed by assuming that its transverse component
is equal to the missing transverse momentum, p;. = E?iss,
and solving the quadratic equation (p" + p*)*> = M\z,V for the
z-component p!. The two resulting solutions can be used to
construct two possible W four-momenta.” These two W four-
momenta are then combined with the b-jet candidates’ four-
momentum, and the combination with invariant mass closest
to the top mass is selected. This invariant mass, denoted by
Miop, is used to suppress top quark-related backgrounds (see
last cut below).

Further details on the 1-lepton and 2-lepton channels are
as follows:

Z — {{ -channel:

e cxactly two same-flavor leptons (for muons: of oppo-
site charge) with pr > 7 GeV and || < 2.5, of
which at least one has pr > 25 GeV;

e lepton invariant mass 81 GeV < my, < 101 GeV;

° p% > 150 GeV.

W — [v -channel:

e exactly 1 lepton with pr > 25 GeV and || < 2.5;
e p}Y > 150 GeV;

7 In the case of a negative discriminant in the quadratic equation, the
E'™ vector is rescaled such that the discriminant becomes zero. The
rescaling factor on the two EJ"S vector components is chosen to be the
same.
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Fig. 8 Comparison of the hadron-level prediction of the ratio of DY-
like ZH -production to WH -production, RS{’{V , to the partonic prediction.
(The curves in this plot include the branching ratios of the Z and the W
boson.)

o F 7“3155 > 30 GeV in the electron sub-channel;
o myp > 75 GeV or myop < 225 GeV.

The events passing the selection cuts are subject to a “dijet-
mass analysis”, following closely that of Ref. [40], where the
BDTyg discriminant of the multivariate analysis is replaced
by the invariant mass of the b-tagged jets, m,;. This results
in ten signal regions, shown in the second and third rows
of Table 12 in Ref.[40]. In the present analysis, we have
only included signal regions with p‘T/ > 150 GeV. We have
further applied the requirement m,; € [110, 140] GeV which
efficiently selects events containing H — bb. The expected
number of events predicted by the Monte-Carlo level analysis
at the selection level are similar to those of Ref. [40].
Figure 8 compares the hadron-level prediction, after anal-
ysis cuts, of the ratio ng to the parton-level prediction.
The parton-level prediction was constructed from the truth-
level W and Higgs boson momenta, whereas the hadron-level
curve was constructed through the combination of the recon-
structed four-momenta of the W boson and the Higgs boson.
For the W boson, arandom choice was made between the two
solutions for the z-component of the neutrino momentum.
Figure 8 shows that this ratio is only moderately affected by
the analysis and thus can be calculated fairly reliably within
perturbation theory for the inclusive cross section. It is con-
ceivable that the analysis could be modified appropriately to
preserve more closely the parton-level form of RSX(V .

4 Numerical results
4.1 Calculation of experimental uncertainties

The experimental ratio RV is evaluated from

v ANZH dANTC—dNG
R = ——wm = ¢ . (10)
dN ANt —dNg,

where dNX and ngf(g, with X € {¢, £¢}, represent the total
number of events and the number of background events per
bin, with Xbb final state, respectively. The uncertainty due
to background subtraction will be included in the estimate of
the overall systematic uncertainty. The uncertainty on R“Y
originating from the size of the total event samples expected
to be collected is given by:

SRZW 2 aRZW 2
(— = ———) s@AN*)?
R ) . \O(AN)

2
IRV
——— ) 8NH~ 11
+(a(dN£)) (ANY) (1)
If we assume the expected number of events in each bin
to be large enough, then dN X is Gaussian-distributed with
uncertainty §(dNX) = v/ dN¥X, giving:

( SRZV )2 _oavt
RV ). @N® —dN§)?  ANC—dNj )2
(12)

We define the systematic uncertainty on R%Y to include all
uncertainties which contribute to its experimental measure-
ment. A precise determination of these systematics would
require a full-fledged experimental analysis that would take
into account all the correlations between the different con-
tributing components. For the purpose of this paper, we con-
tent ourselves with an estimate of the uncertainty derived
from the separate ZH and WH signal strengths of Eq. (13),
presented in the ATLAS analysis of Ref. [40]:

HzH = 1.12f8:§§(stat.)fg%(syst.),

pwa = 1357030 (stat.) TO33 (syst.). (4

The systematic uncertainty of these results includes all
sources of experimental nature, related to the background
and signal Monte-Carlo simulation and data driven estimates,
and to the finite size of the simulated samples.

We assume that the (symmetrized) systematic uncertain-
ties (8 Ly )syst. can be propagated directly to the experimen-
tal ratio defined by Eq.(10), and thus to the double ratio:

7w\ 2
SRy —(s 2 s 2
RZW - ( /“LZH)Syst. + ( I'LWH)syst.
R syst. (14)
—2pzw (B zr )syst. (S ewH )syst.
=0.112 +0.250 — 0.335 pzw.

where pzwy parameterizes the correlation of the system-
atic uncertainties between ZH and WH production. Table 1
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Table 1 Numerical results for the double ratio RI%W and the asso-
ciated statistical and systematic uncertainties, obtained by mimick-
ing the analysis of Ref.[40]. The statistical uncertainty is evaluated
for three values of the integrated luminosity (£ = 36.1, 300, and
3000 fb~1). The systematic uncertainty is shown by assuming the indi-

vidual systematic uncertainties of ZH and WH to be fully uncorre-
lated, moderately-correlated, and fully correlated, respectively (pzw =
(0, 0.5, 1.0)). In the second line, the VH invariant mass was restricted
to Myy € (350, 650) GeV. The systematic uncertainties are assumed
to be unchanged by this restriction

RZY Stat. (£/fb~1) Syst. (pzw)
36.1 300 3000 0 0.5 1
All Myy 1.49 +0.90 + 031 +0.10 +0.90 +0.66 +0.25
Restricted My 1.55 +1.08 +0.38 +0.12 +0.90 +0.66 +0.25

shows the results for three different degrees of correlation:
pzw = 0 (no correlation), pzw = 1/2 (50% correlation),
and pzw = 1 (full correlation).8

4.2 Results semi-inclusive in Myg

Let us first consider integrated quantities before turning to
a more differential analysis below. From the hadron-level
selection described in Sect.3.3.1, it has been found that the
analysis of Ref.[40] favors events with Myy = 350 GeV.
Furthermore, we find that, in the present analysis, the gg —
ZH process contributes substantially up to Myg ~ 650 GeV.
Therefore, we also present results where the events are
restricted to 350 GeV < Myy < 650 GeV. Note that only
the signal regions with p‘T/ > 150 GeV are included.’

Due to the present rudimentary treatment of systematic
uncertainties, these are only considered inclusively, and thus
assumed unchanged by this restriction on the Myy range.
Future experimental analyses, possessing information on the
intricate correlations between systematics should be able to
provide a more differential assessment. We present the results
for the statistical and systematic uncertainties expected at
integrated luminosities of £ = 36.1/300/3000 fb~! in
Table 1. From these numbers, one may evaluate the signif-
icance s to which the non-DY component can be observed
through

ZH W
s)o = Thon-DY _ RR -1
ZH VA4
5Gn0n»DY SRR (15)
VA4
Rg" —1

\/(SRI%W)gtat. + (8R1%W)gyst.

For £ = 3000fb~!, we thus find that the gluon-initiated
component for ZH production as predicted by the SM gives

8 An earlier version of these results, based on lower statistics of our
simulation, has been presented in Ref. [44].

9 Beyond enhancing the gg — ZH process contribution, this also
ensures that the 1-lepton and 2-lepton analyses select similar phase
space regions so as to facilitate cancellation of systematic uncertain-
ties.
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only a 20 effect for the “restricted Myy” sample assum-
ing full correlation of the systematic errors between ZH and
WH production. In case the systematic uncertainties can be
decreased down to half the current value, the significance
increases to 3.20. Considering the fact that New-Physics
models typically enhance the gluon-initiated component, a
dedicated experimental analysis which is tailored to isolate
this component and optimized for the ZH / WH ratio mea-
surement therefore seems appealing.

Let us take a moment to compare these results to the
direct extraction of the non-DY component from Rgﬁ,’ as
sketched at the beginning of Sect.3.1. In this case, we find
a statistical error of (§REH ). = 0.14 (RZZ — 1) in the
restricted-Myg region, while the systematic error is given
by SRE)sys. = REH(S1azm)syst. if we follow the anal-
ogous reasoning as above. Using our central value for the
double ratio in the restricted-Myy region for Rgg , this leads
to a signal significance of 1o. Assuming that the systematic
uncertainty can be reduced by a factor of two, the signifi-
cance for RZ # 1 increases to 20 Comparing this to R%"
we find that the direct measurement of RS{{' is competitive
as long as the correlation between the systematic ZH and
WH uncertainties is smaller than about 75%, i.e. roughly the
value of pzw where the correlation term in Eq. (14) cancels
(814 wH )syst.. At this point it is important to keep in mind that,
as argued at the beginning of Sect.3.1, we also expect sig-
nificant contributions to the uncertainty from the theoretical
input to RS@’ , while they should be negligible for R I%H . This
means that already a significantly lower ZH/WH correla-
tion should lead to an improved extraction of the non-DY
contribution by using the double ratio RI%W .

4.3 Results differential in My

We now turn to the Myy distribution. Figure9 shows the
resulting fractional uncertainties coming from theory or data
statistics as a function of the VH system invariant mass.
The upper panel shows the “theoretical” uncertainty, i.e. the
first term in Eq. (9), obtained by considering the scale and
PDF variations after applying the hadron-level analysis. In
the lower panel, the error bars show the total uncertainty
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Fig. 9 The upper panel shows the “theoretical” uncertainty, i.e. the
first term in Eq. (9). In the lower panel, the green error bars show the
total relative uncertainty as dictated by Eq.(9). The SM gg — ZH
(with K = 2) has been included in the “experimental” uncertainty. The
invariant mass in the case of the WH channel was constructed through
the combination of the reconstructed four-momenta of the W boson and
the Higgs boson. For the W boson, a random choice was made between
the two solutions for the z component of the neutrino momentum
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Fig. 10 The double ratio R,%W is shown in green error bars, assuming
SM gg — ZH (where we have applied a global K -factorof K = 2). The
size of error bars indicates the total theoretical and statistical uncertainty
as given by Eq. (9). The red dashed line shows the inclusive double ratio
at parton level, including the parton shower

as dictated by Eq.(9), i.e. the combination of the theoreti-
cal and statistical uncertainties for an integrated luminosity
of £ = 3000 fb~!, but excluding experimental systematic
uncertainties. We refrain from assessing the latter as their
differential behavior would be challenging to predict at this
stage. It is evident that the statistical uncertainty originat-
ing from the equivalent data sample size for an integrated
luminosity of £ = 3000 b=, dNX, dominates over the the-
oretical uncertainty.

Figure 10 demonstrates how an experimental measure-
ment would look like, assuming thata gg — ZH component

exists in the sample at the level of the central SM prediction. '
The double ratio R I%W is then given by:

dNZH
REV =1+ 2. 16

Figure 10 also shows the theoretical parton-level distri-
bution as red dashes (with no cuts applied). The theoretical
prediction and experimental expectation are in good agree-
ment in this range of the VH invariant mass. Note that the
ATLAS analysis of Ref. [40] was not constructed to detect the
gg — ZH component. It is thus conceivable that an analysis
can be devised to increase its contribution to the total ZH
production with respect to the parton-level prediction.

5 Conclusions

We have investigated New-Physics effects in the gluon-
initiated Higgs-Strahlung process gg — ZH and have shown
that the ZH invariant mass distribution provides a particu-
larly sensitive probe for physics beyond the SM. While the
distribution below the t7 threshold, Mzy < 2M,, remains
rather unperturbed and thus may serve as a gauge for the
experimental data, all New-Physics effects studied here can
be clearly identified and to a large extent even distinguished
by the kinematic region above that threshold. Recall that the
low-M zg region is also under fairly good theoretical control
due to existing higher-order perturbative calculations in the
large- M, limit [20]. Applying a phenomenological analysis at
the hadronic level in order to estimate the expected theoret-
ical uncertainty, we find that the SM gg¢ — ZH component
can be established at the ~ 3.2¢0-level at the HL-LHC by
comparing the experimental data to the theory prediction for
the ratio of DY-like ZH production to WH production in the
one- or two-lepton channels. Adding the zero-lepton channel
and optimizing the current analyses for the gg — ZH pro-
cess (or other non-DY processes) would most likely allow to
reveal an O(50)-level signal.

In order to uniquely establish New-Physics effects from
this method, the theoretical control of the gg — ZH com-
ponent needs to be further increased, for example by includ-
ing SM top-mass effects at NLO. Considering the steady
improvement of theoretical methods and existing calcula-
tions for very similar processes (see Ref. [45]), it is beyond
doubt that this can be achieved in time for the analysis of
HL-LHC data.
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