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ABSTRACT: In this paper we present a Next-to-Next-to Leading Order (NNLO) calculation
of the production of a Higgs boson in association with a massive vector boson. We include
the decays of the unstable Higgs and vector bosons, resulting in a fully flexible parton-
level Monte Carlo implementation. We also include all O(a?) contributions that occur in
production for these processes: those mediated by the exchange of a single off-shell vector
boson in the s-channel, and those which arise from the coupling of the Higgs boson to a
closed loop of fermions. We study final states of interest for Run II phenomenology, namely
H — bb, vy and WW*. The treatment of the H — bb decay includes QCD corrections
at NLO. We use the recently developed N-jettiness regularization procedure, and study
its viability in the presence of a large final-state phase space by studying pp — V(H —
WW*) — leptons.
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1 Introduction

Run II of the LHC promises to shed new light on the mysteries behind the breaking of
the electroweak symmetry. The standout result from Run I of the LHC was the discovery
of a Higgs boson [1, 2]. One of the principal physics goals of Run II is to pin down the
precise nature of the Higgs boson and in particular how it interacts with the other particles
of the Standard Model (SM). In order to do this a range of Higgs production and decay
processes must be studied in greater detail than ever before. A significant improvement
that is expected in Run II analyses is their ability to study the Higgs differentially for a
wider range of processes.

One such fascinating process is the production of a Higgs boson in association with a
W or Z electroweak vector boson, i.e. pp — V H where V denotes the vector boson. At
LHC energies these processes are the third (V' = W) and fourth (V = Z) largest production
channels. V H production is somewhat special, in that it proceeds at Leading Order (LO)
through an s-channel Feynman diagram. This results in the opportunity to probe the VV H



vertex at high momentum transfer while keeping the final state vector and Higgs bosons
on-shell, for instance by looking in the region of large my . This is an interesting region
to study, since contributions arising from physics beyond the Standard Model (BSM) may
induce a momentum dependent term in the V'V H vertex [3-5]. New physics at TeV scales
would modify the SM cross-section at the level of a few percent. Accordingly, it is essential
that the SM cross-section is known at this level or better.

A second distinguishing feature of the pp — V H process is the ability to study the
decay of the Higgs boson to a pair of bottom quarks, H — bb. Such a decay is extremely
difficult to measure in inclusive Higgs boson production, given the small rate of gg —
H — bb compared to the QCD production of the same final state. It is essential that the
decay H — bb is measured experimentally since it provides a direct measurement of the
coupling of the Higgs boson to fermions. Moreover, since it dominates the total width, the
uncertainty on this branching ratio feeds into other searches, for instance, measurements
of the Higgs invisible branching ratio. The presence of the vector boson in the final state
allows experimental analyses to have manageable backgrounds, in particular when the
Higgs is highly boosted and the two b-quarks reside inside a fat jet [6]. Again it is essential
that accurate theoretical predictions are available, with the ability to apply intricate final
state phase space selection requirements.

Given its importance, the pp — V H processes have been extensively studied in the
theoretical literature. At LO the topology is essentially the same as that of Drell-Yan
(DY) production, and this was utilized to obtain the first Next-to-Next-to Leading Order
(NNLO) predictions for on-shell bosons in ref. [7]. However at O(a?) a second type of
diagram appears, in which instead of coupling to the vector boson, the Higgs is radiated

I were computed for on-shell vector

from a closed loop of heavy fermions. These “y;” pieces
bosons in ref. [8]. A fully differential calculation, including the decays of the bosons, was
presented for the DY parts (i.e. neglecting the y; terms) of WH in refs. [9, 10] and of ZH
in ref. [11]. A subset of the y; diagrams, corresponding to those which are initiated by
a pair of gluons gg — HZ, was also included in the calculation of ref. [11]. A primary
motivation of this paper is to extend the calculations of refs. [9-11] to fully account for the
contributions discussed in ref. [8] in a flexible Monte Carlo code. We will also extend the
range of Higgs boson decays beyond the two-body ones presented previously. Electroweak
corrections were calculated in ref. [12, 13] while resummation effects have been studied in
refs. [14-16]. There has also been significant progress in matching fixed order calculations
to parton shower Monte Carlos, allowing for full event simulation. An implementation of
the V H process in the POWHEG formalism was presented in [17] and extended to merge
with the V H+jet process in ref. [18]. A SHERPA implementation that merges the VH
and V H+jet processes was also presented recently in ref. [19].

The historical bottleneck for NNLO computations was in the construction of regular-
ization schemes to handle the InfraRed (IR) singularities. These singularities are ubiquitous
in a NNLO calculation, since they occur in the two-loop (double virtual), one-loop x real

"We refer to these pieces with the label y; in this paper, despite the fact that we also include the
g9 — Z* — ZH contributions (that do not go like y:) in this term.



(real-virtual) and the real-real part of the calculation. The situation is made more compli-
cated by the different dimensionality of the phase space in each part. The double-virtual
has the same dimension as the Born, and IR singularities manifest themselves as poles in
an € expansion (where d = 4 — 2¢, with € parameterizing excursions from four dimensions).
The real-virtual has one additional parton in the final state, and possesses IR singularities
which manifest themselves as € poles, and when the emitted parton becomes unresolved.
Finally the real-real piece corresponds to the emission of two additional partons and its IR
singularities correspond to when one, or both partons become unresolved. Constructing a
scheme to regulate these divergences has been a ongoing task for many years [20-22]. Re-
cently a new regularization scheme, based upon N-jettiness [23] has been proposed [24, 25].
Here the idea is similar to that used in gy subtraction [21], and a calculation of the top
quark decay at NNLO, based on Soft Collinear Effective Field Theory (SCET) methods [26].
These methods introduce a variable which separates the singly unresolved regions from the
doubly unresolved ones. If an all-orders formulation (i.e. a factorization theorem) is known
for the doubly unresolved region, then an expansion can be performed to a fixed order
in the coupling. The singly unresolved region corresponds to the NLO calculation of the
process with an additional parton, which can be evaluated using traditional means. For
qr subtraction, applicable to production of colour neutral final states, the separation is
obtained via a gp cut. If gp > qCTllt then the electroweak (EW) system recoils against a
parton, and only single unresolved limits can occur (i.e. the NLO calculation of the EW
final state together with one additional parton). For gp < ¢5** the all-orders factorization
of Collins, Soper and Sterman [27] can be used. In refs. [24, 25] N-jettiness [23] was pro-
posed as the separation-cut i.e. 7y > 7§ defines a NLO calculation. When 7n < 75
SCET [28-33] provides a factorization theorem [23, 33] that can be used to compute the
cross section. An advantage of this method is that it can be applied to coloured final states
with jets. The recent advances in (a variety of) NNLO regularization schemes has led to
a veritable explosion in the number of phenomenological predictions at NNLO for 2 — 2
scattering [24, 34-42]

The aim of this paper is twofold. Our chief goal is to provide the first NNLO calculation
including both the DY and y; contributions, with full flexibility in the boson decays for both
W H and ZH processes. Second, we will apply the recently-developed SCET formalism to
a detailed phenomenological study, including the process VH — VIWW —leptons. Such
decays have not previously been included in NNLO codes, but are studied experimentally.
Given the large and intricate final state phase space (22 dimensions for the double-real
part) this is a particularly good example to test the feasibility of the SCET regularization
to provide NNLO predictions for complicated phenomenological applications. Our results
are implemented in MCFM [43-45], and are available in MCFM 8.0 [46].

This paper proceeds as follows. In section 2 we present an overview of the component
pieces needed to complete the calculation of VH at NNLO. Phenomenological results for
the LHC Run II are then presented in section 3. We draw our conclusions in section 4. We
present a detailed discussion of the helicity amplitudes needed in the computation of the
NNLO correction in appendices A and B.



Figure 1. Drell-Yan like production modes for the associated production of a Higgs boson. Shown
are representative Feynman diagrams needed to compute the O(a2) (left) and O(ag) (center and
right) parts of the production cross-section.

2 Calculation

In this section we describe the details of our NNLO calculation for V H production and its
implementation into a fully flexible Monte Carlo code. The aim of this section is to provide
an overview of the calculation, and its subsequent implementation in MCFM. Technical
details regarding the calculation of the amplitudes are presented in appendices A-B. At

NNLO the production cross-section da]g?)L£1 0l Can be written as the sum of two terms,
(2) J— (2)7DY (2):%
dappﬁflézH - dappﬁflsz + dappﬁflsz (2.1)

Here the first term represents the contributions which have the same structure as single
vector boson production, the second term represents a new type of contribution that occurs
first at O(a?). These pieces arise from terms in which the Higgs boson couples directly
to a heavy quark (predominantly a top-quark). In the following sections we first describe
these two contributions in more detail, and then discuss our handling of the decays of the
Higgs boson.

2.1 Drell-Yan type contributions

At LO and NLO the production cross-section dU;()Q 0,0, (where i = 0,1) has the same
structure as the calculation of single vector boson production. At LO only ¢q initial
states contribute, while the NLO corrections consist of virtual (one-loop) corrections to this
process, and real-radiation in which the underlying matrix elements contain a ¢q pair and a
gluon. Representative Feynman diagrams for these pieces are illustrated in figure 1 where,
for simplicity, we have suppressed the decays of the vector and Higgs bosons. At NLO
IR singularities are isolated using dimensional regularization and handled using Catani-
Seymour dipole subtraction [47].

At NNLO the production cross-section receives contributions from the VH + 0,1 and
2 parton phase spaces. Representative Feynman diagrams for each of these terms are
presented in figure 2. Utilizing the similarities with the NNLO calculation of the Drell-
Yan process [48], cross-sections for inclusive on-shell V H production were presented at

this order in ref. [7]. At O(a?) da;i)fzz y contains UV poles which we renormalize in
2),DY

the MS scheme. In addition to the UV divergences, dapp ST

IR origin. In order to regularize these we use the recently developed N-jettiness slicing

contains singularities of



Figure 2. Drell-Yan like production modes for the associated production of a Higgs boson. Shown
are representative Feynman diagrams needed to compute the O(a%) corrections to the process.
Examples are shown for each of the 0-, 1-, and 2-parton phase space configurations.

procedure [24, 25, 37, 41]. This procedure uses the N-jettiness variable (1) to divide the
NNLO calculation into two pieces based on the value of 7. Below the 7-cutoff parameter
the technology of SCET [23, 33, 49-51] is used to provide a factorization theorem. Above
the 7n-cutoff the calculation reduces to a NLO computation of the (V H + j) process, and
can be evaluated using traditional techniques. In MCFM the IR regularization of the NLO
V Hj processes is obtained via the Catani-Seymour dipole formalism [47]. Since the SCET
formalism below the 7n-cutoff is approximate and subject to power corrections, the value
of 7 should be taken as small as possible. A check of the implementation is thus obtained
by checking the cancellation of the logarithmic pieces above and below the cut. For our
process, which does not contain any final state jets in the Born phase space, the 7-cutoff
procedure is similar to the ¢r subtraction technique [21] used in previous calculations [9].
A detailed study of the N-jettiness regularization for colour singlet final states and their
implementation in MCFM is presented in ref. [46], to which we refer the interested reader
for more details. MCFM also contains implementations of one-jet production in association
with a Higgs [37], W [24] or Z [41] boson, and diphoton production [52]. We stress that
in MCFM we only use N-jettiness slicing to calculate the coefficient of the O(a?) term in
the perturbative expansion.

In order to implement the DY pieces in MCFM we need the two-loop virtual am-
plitude [48] interpreted in terms of the hard function of SCET [53, 54], and the NLO
implementation of VH 4 j. The results for the two-loop virtual amplitude are readily
available in the literature [48]. We have calculated the NLO corrections to the VH + j
process and implemented them in MCFM. Details of the relevant calculational ingredients
are presented in appendix A.

2.2 Top Yukawa contributions

A new type of process opens up at O(a?) and corresponds to diagrams in which the
Higgs boson does not couple directly to the vector boson, but instead couples to a massive
quark. Since the top quark has by far the largest Yukawa coupling, these contributions
are dominated by the top-quark loops. These y; diagrams further sub-divide into two
categories. Diagrams of the first kind, representatives of which are presented in figure 3,
contain a closed loop of heavy quarks which does not radiate the vector boson. The second
kind, illustrated in figure 4, contains diagrams that include a closed loop of fermions which



Figure 3. Production modes for the contributions that are proportional to the top Yukawa coupling
y; for the associated production of a Higgs boson. These topologies occur for either WH or ZH
production, and interfere with the LO amplitude.

——— 0000 -—— BOOO0D _————

Figure 4. Production modes for the contributions that are proportional to the top Yukawa coupling
y; for the associated production of a Higgs boson. These types of topology only occur for ZH
production.
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Figure 5. Representative Feynman diagrams for the self-interfering g9 — HZ contribution. Not
all of the diagrams depend on y; as can be seen from the examples on the left (y;) and right (no y;).
These topologies only occur for ZH production.

radiates both the Higgs and the vector boson. Charge conservation mandates that the
latter examples are forbidden if the radiated boson is a W. Therefore the first topologies
(figure 3) occur for both WH and ZH production and the latter topologies occur only
in the ZH case. Both sets of topologies can have two-loop ¢g topologies, which interfere
with the LO amplitude, and one-loop ¢gg topologies, which interfere with the ¢ggV H tree
amplitude. These pieces have been computed for on-shell final state particles in ref. [8] and
we follow the nomenclature introduced in that paper. We refer to the two-loop diagrams by
the label V' and the one-loop diagrams by R. The sub-topologies of these sets are further
distinguished by I (for diagrams that occur for both WH and ZH production) and I1
(ZH only). In ref. [8] these pieces were computed and found to contribute around 1-3%
of the total NNLO cross-section. Whilst this may appear to be a small contribution that
can safely be neglected, the total NNLO correction from the DY-type diagrams discussed
previously is itself of the same order. Therefore in order to obtain a reliable prediction at
O(a?) it is crucial to include both contributions. Hence a primary aim of this paper is to
implement the corrections in this way in a fully flexible Monte Carlo code.

Finally we observe that for ZH production a gluon-initiated loop arises that interferes
with itself at O(a?). Example diagrams are depicted in figure 5. Due to the enhancement



from the gluon parton distribution function (pdf) these contributions represent a large part
of the NNLO correction, particularly in the boosted regime that is defined by high vector
boson, or Higgs boson, transverse momentum [55]. Throughout this paper we include the
gg — Z H diagrams in the g; contribution. This is a slight abuse of nomenclature since, as
can be seen in figure 5, there is a triangle diagram corresponding to gg — Z2* — ZH, where
the virtual Z boson radiates a Higgs boson. The gg — HZ contribution was included in
the on-shell prediction of [7] and in the more differential calculation of ref. [11]. NLO
corrections have been considered in the heavy top limit in ref. [56] and further improved
through soft gluon resummation in ref. [57].

The one-loop processes Ry, Ry and gg — HZ can all be calculated in the full theory
in which the top mass is retained. The calculation of the two-loop V; and V;; contributions
in the full theory is much more complicated and at present, the master integrals are not
fully known. Therefore in our calculation and that of ref. [8] an asymptotic expansion in
m; is performed. Since both V' and R pieces are separately finite, there is some freedom
in how the top quark is treated in each part of the calculation. Our strategy is to include
the full top mass effects where possible and to perform an asymptotic expansion only
when needed. Finally we note that R;; was found to have a very small effect on the total
prediction in ref. [8] so we do not include it in our calculation of ZH. Technical details
regarding our implementation of these pieces in MCFM are presented in appendix B.

2.3 Decays of unstable bosons

The aim of this paper is to present a fully flexible Monte Carlo code for the associated
production of a Higgs and vector boson. A crucial element of this flexibility is to ensure that
the relevant decays of the Higgs and vector bosons are included. Decays of vector bosons
to leptons represent the cleanest experimental signature of these processes, so in this paper
we focus on the decays W — fv and Z — ¢*t¢~. For the Higgs boson the bb decay is the
most useful, primarily due to its high yield rather than its experimental cleanliness [58, 59].
However, H - WW™ decays also provide a viable experimental signature with the current
data set [60, 61]. The high luminosity runs of the LHC may also be able to study rarer
channels, such as VH — f(¢yv. These channels are much cleaner, since the dominant
irreducible backgrounds from V'~ are much smaller, but the small H — ~+ branching
ratio makes detailed studies of this process impractical at present.

The decays discussed above are easily incorporated in Monte Carlo codes. However,
when considering higher-order QCD corrections, the decay H — bb requires further dis-
cussion since radiation can occur in both production and decay stages. At NLO (O(as))
the conservation of colour ensures a complete factorization between production and decay
processes. The situation is more complicated at NNLO (O(a?)) since here contributions
exist which connect the initial- and final-state partons. It has been shown [62, 63] that
these these (non-factorizable) pieces contribute to the total rate at order I' 7 /myy; where I'gy
is the Higgs boson width. The situation for differential distributions is less precise, but it
is plausible that for distributions where b and b are not distinguished the non-factorizable
contributions should be similarly small. In our calculations we therefore neglect such effects
and follow a factorized approach in which the Higgs decay is included to NLO accuracy.



We follow the procedure outlined in refs. [10, 11] and define,

doNNLO — g NNLOGrod) NLOWee) _ gy gy ) 4, ) AUy st AT
= Y p s VH 010200 - pp—liloH r@ L p®
H—bb H—bb
dI’(O) -
(1) (2) H—bb
+ (dapp%bH + dapp_Mle) X Toﬁ, } (2.2)
H—bb

In the above equation daz();) 0,0, TePresents the O(al) term in the perturbative expansion

for the production of a Higgs boson and a pair of leptons. dFiq_}bB represents the differential

partial width at O(a!) for the H — bb decay, whilst F?{—% represents the integrated partial
width for these decays. In order to study the effect of the pure NNLO corrections it is also

useful to define,

_ ar®
d(ANVO) = Br(H — bb) x do>),, 1 X F(gffﬁbb (2.3)

H—bb
such that do™© = doNNLO — d(AgNNLO) defines the prediction that treats both radiation
in production and decay stages at the NLO level.

Radiative corrections to the decay H — bb were first computed over thirty years
ago [64]. It was shown that there are large differences between the partial width in a
“massless” theory, in which the b-quark mass is kept in the Yukawa coupling but dropped
in the matrix element and phase space, and the full theory in which a non-zero bottom
quark mass is retained throughout. These large differences are the result of logarithms
of the form log (m7/m?%) that can be absorbed into a re-definition of my in the Yukawa
coupling. As a result, if the running bottom quark mass is used then the massless and
massive predictions are very similar. In our MCFM implementation we keep the mass of
the b-quark in full, and do not run the b-quark mass in the LO partial width. In order to
ensure that the parts of the cross-section that are only exposed to a LO partial width are not
susceptible to the running mass corrections, we divide out the partial width and normalize
to the branching ratio, BR(H — bb). In this way we can also take advantage of advanced
theoretical predictions for this branching ratio, which is now known to O(a?) [65]. In our
MCFM implementation we use the value obtained from the HDECAY code [66]. We note
that, although we do not currently include effects beyond NLO in the decay, differential
calculations for these quantities have been presented in the massless theory [67, 68].

3 LHC phenomenology

In this section we study the phenomenology of the V H processes at NNLO for the LHC
Run II. For the larger rate H — bb decay we present results which can be compared to data
collected with the current operating energy of /s = 13 TeV. For the rarer H — WW™* and
H — ~~ processes we instead focus on predictions which may be compared with a larger
data set obtained in a future y/s = 14 TeV run.



Our predictions are obtained using the default MCFM EW scheme, which corre-
sponds to the following parameter choices: my = 80.398 GeV, myz = 91.1876 GeV, I'yy =
2.1054 GeV, I'y = 2.4952 GeV, G = 1.16639 x 1072 GeV~2 and m; = 172 GeV. These are
sufficient to determine the remaining EW parameters. We use my = 4.75 GeV and set the
CKM matrix elements V,q = 0.975 and V., = 0.222. Jets are clustered using the anti-kp
jet algorithm with distance parameter R = 0.4. Unless otherwise stated, we use the CT14
pdf sets [69] matched to the appropriate order in perturbation theory. Our default renor-
malization and factorization scale choice is ugp = ur = po with pg = my +mg. At NNLO
the dependence on the unphysical renormalization and factorization scales is rather mild,
especially for ¢q initiated processes such as those under consideration here. As a result
any prescription for estimating the scale uncertainty, for instance by varying both scales in
the same direction or varying them in opposite directions, yields similar results. However
since the H — bb decay is computed at NLO, a larger scale dependence for this decay is
observed, with the largest deviations at NNLO (for W H) arising from the case where the
scales are varied in opposite directions. We will therefore present results obtained with
pur = kpo and pp = po/k, with k =1/2 and k = 2.

In general our results will show that, once the scale uncertainties discussed above are
taken into account, the results for NNLO cross sections still do not overlap those for NLO.
This is consistent with other NNLO studies of processes that only receive contributions
through ¢g initial states at LO, since the gluon parton distribution is dominant at the
relevant partonic energy fractions of the LHC. At LO there is only a very mild scale
dependence which is completely induced by the factorization scale in the parton distribution
functions. At NLO the cross section becomes sensitive to the renormalization scale, but
typically there is an accidental cancellation between the renormalization and factorization
scales resulting in a weak scale dependence even at NLO [44]. Therefore interpreting the
scale variation as indicative of the total theoretical error is unwise at NLO. It is difficult,
without knowledge of the N3LO cross section, to predict whether the scale variation at
NNLO will incorporate higher order predictions. However there is reason to believe this
may be the case. Firstly the process has access to all initial state configurations, so there
will be no new partonic channels at N3LO. Secondly the recently-reported calculation of the
Higgs cross section at N3LO [70, 71], is within the scale variation of the NNLO cross section
for the first time in the perturbative expansion. Therefore we are reasonably confident that
our scale variation can be interpreted as an indicator of theoretical uncertainty. As we look
at more exclusive quantities, such as cross sections differential in the number of associated
jets, this argument begins to break down and scale variation should not be taken as a
rigorous estimate of the theoretical uncertainty.

A detailed study of color-singlet production (including V H processes) using N-jettiness
slicing in MCFM 8 is presented in ref. [46]. We refer the interested reader to the detailed
discussion of the methodology in that paper and instead briefly summarize the checks here.
Starting from the 0-jettiness of a parton k& with momentum py,

(o) = iy {2225 (3.1)

i=a,b E;



where E,, E} are the energies of the beams [23], we define the 0-jettiness as the sum over
all the M final state parton jettiness values,

M M 2 p
=) 7o(p) =) min {;Ek} - (3:2)
k=1 k=1 !

i=a,b

M takes the values 0, 1 and 2, depending on the particular phase space component of
the NNLO calculation. We then define the above cut region as 79 > 7°** and the below

cut

cut region as 79 < 7°**. The terms above and below the cut combine to leave a residual

dependence on 7 that takes the form,

2o = 80 4 (T Vg (T ) e (g 1o () - 63
Q Q Q Q

in the limit that 7°*/Q — 0. Here @ defines a hard scale in the LO process (for us
my + my) [46] and co and c3 are coefficients that can be fitted numerically if desired. As

a test of our implementation, we have validated our calculation in the absence of any cuts
on the final state particles by comparison with the public code vh@nnlo [7, 72]. In the
limit 7°** — 0 the two are in perfect agreement. We also note that we have checked the
calculation of the g; contributions for on-shell bosons with vh@nnlo, also finding perfect
agreement. As a detailed discussion of the vh@nnlo checks are provided in ref. [46] we
instead focus on similar fits for the phenomenologically relevant processes, in which bosonic
decays are included, in the following section. The routines for decaying the Higgs boson in
MCFM are well established and have been checked against calculations of branching ratios
available in the literature.

3.1 Results: H — bb

In this section we present our results for LHC phenomenology for the H — bb decay. We
will study a variety of phase space selection criteria, with cuts inspired by the ATLAS [58]
and CMS [59] experiments. We define the following set of basic cuts,

Jets : p]f > 25 GeV, |n;| < 2.5 (
Leptons :  pf > 25 GeV, |n] < 2.5 (
WH: Fr>20GeV, m}Y <120 GeV (
ZH : 80 < myy < 100 GeV (

Before proceeding we first examine the dependence on the 7" parameter in the context
of the cuts specified in eqgs. (3.4)—(3.7). The 7°**-dependence of the NNLO coefficient in the
expansion of the cross-section under these cuts (Ao VE9) computed for the 14 TeV LHC,
is shown in figure 6. The remaining dependence on 7°"* is a result of power corrections,
whose form is given in eq. (3.3) in the previous section. The dashed lines indicate the
fitting errors on the asymptotic result for 7** — 0. It is clear that for W H production
AcNNLO g independent of 7¢* at the level of a few percent for 7t < 0.01. For ZH

production the same value of 7% yields an accuracy of about 0.5% in the coefficient,

~10 -
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Figure 6. The 7-dependence of the NNLO coefficient for the V H processes, under the H — bb
cuts of section 3.1.

Process oro [fb] | onvo [fb] | onnro [fb] | Aonnro [fb]
WHH — (Tvbb | 19.79 20.18 20.71 0.52
W~H — (~obb | 14.14 14.24 14.57 0.33
ZH — (= (thb 5.05 5.11 5.94 0.83

Table 1. Cross-sections for V H processes, with leptonic decay of the vector bosons and H — bb,
at the 14TeV LHC. Results are presented for a single family of leptons and correspond to the
cuts described in the text. Note that, in this table, all cross-sections are computed using the CT14
NNLO pdf set.

where, as we will see shortly, the improvement is due to the fact that this process receives
a larger 4 contribution that does not depend on 7°"*. The accuracy of the prediction for the
NNLO cross-section can be assessed by combining this information with the order-by-order
results that are shown in table 1. It is thus clear that choosing 7¢** = 0.01 is sufficient

for per-mille accuracy in the full NNLO prediction for all processes. We shall make this
choice henceforth.
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Figure 7. The cross-section in femtobarns as a function of the operating energy /s of the LHC.
The basic selection cuts described in the text are applied. The right-hand plots show the size of the
NNLO coefficient, on each plot the contribution from the top induced couplings is shown in grey.
The shaded bands illustrate the scale-dependence, computed as described in the text.

In figure 7, we present the cross-section as a function of the LHC operating energy
given the basic selection cuts described above. The left-hand plot illustrates the total rate
at NLO (dashed) and NNLO (solid) for W H and ZH production. We plot the cross-section
for Wt (— ¢*v)H and W~ (— £~ v)H separately. At the LHC the production of W H is
dominant, since the ud initial state configuration has a larger flux than du for pp collisions.
The plots on the right hand side show the NNLO coefficient, AcVNEO. The upper and
middle panels present results for W+ H and W~ H production. The NNLO corrections in
both cases are similar. It is interesting to compare the size of the top induced cross-section
ag}}yt to the total NNLO coefficient. For W H production the top induced pieces, after

cuts, make up around 30-50% of the total O(a?) correction.

The Z boson has a much smaller branching ratio to a single family of leptons compared
to the W, so the cross-sections presented in figure 7 for ¢T¢~bb are smaller than the
corresponding W induced ones (for instance, compared to the inclusive results presented in
ref. [46]). The NNLO corrections are also much more important for ZH production than
for WH. This is due to the large contribution from the gg — ZH pieces. The importance
of the gluon flux at the LHC can help to offset the ag suppression, resulting in a NNLO
correction whose impact is more comparable to a NLO effect. This is clearly visible in the
lowest plot on the right-hand side of figure 7, in which only the NNLO coefficient is shown.

By far the dominant source of the correction arises from U(ZQ[){’?” and not ag}}DY. Of the

U(ZQI)j;yt contribution the dominant effect is induced by the gg diagrams, although it is not

possible to separate them from the V; and R; pieces at this order in perturbation theory.

The cuts described above result in a fairly inclusive selection. In order to reduce the
backgrounds from top, diboson and V -+ jets processes, cuts on the transverse momentum of
the vector boson are usually employed in experimental analyses. We therefore investigate
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Figure 10. The cross-section in femtobarns as a function of the number of jets (light plus b-jets)
for W+ H at 13 TeV. The solid lines represent predictions which include the H — bb decay at NLO.

the total cross section as a function of the minimum transverse momentum of the vector
boson in figures 8 (W H) and 9 (ZH). We focus on the LHC operating at /s = 13 TeV. To
produce these results we apply the basic cuts described above. The results of the previous
figures are also manifest in these plots: the initial impact of higher order corrections for
W~ H isslightly larger (at NLO), but the impact of the NNLO corrections is similar for both
charges in W*H. It is also clear that ZH has much larger NNLO corrections than W H.
Particularly rich signal bins in the experimental analysis correspond to p¥ > 120 GeV and
p¥ > 160 GeV. For these choices the signal cross-section is around 30-40% and 15 — 20%
of the p¥—inclusive result, respectively. The impact of NLO is a mild enhancement in the
tail of the p¥ distribution for all process. For WH production the NNLO corrections
are reasonably flat in p¥ , while the NNLO corrections to the ZH process become more
pronounced in the high p¥ region. This is due almost exclusively to the g correction,
which hardens the spectrum as can be clearly seen in the middle panel of figure 9.

We now turn our attention to jet-based observables. In figure 10 we present the cross-
section as a function of the total number of jets (i.e. b-jets plus light jets). The plot on the
left-hand side has only the basic lepton cuts applied, while on the right p¥ > 120 GeV is
required in addition to the basic lepton cuts. Since the Higgs boson is a resonance decaying
to massive quarks, a well-defined cross-section can be computed without any requirement
on the number of b-jets present. An N"LO prediction can then have between 0 and (n + 2)
jets in the final state, with the (n + 2)-jet bin corresponding to the LO prediction for
VH + n jets. In figure 10 we present NLO and NNLO predictions, with NLO (solid) and
LO (dashed) H — bb decays. As expected the largest scale variation occurs in the four-jet
bin (NNLO) and three-jet bin (NLO) predictions, since these are LO predictions in this
observable. Including the decay has a significant impact on the jet counting, particularly
in the two- and three-jet bins where it changes the predicted rate by O(20%). The higher
p¥ selection has relatively more three-jet events than the more inclusive selection, which
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Figure 11. The cross-section in femtobarns as a function of the number of jets (light plus b-jets)
for ZH at 13 TeV. The solid lines represent predictions which include the H — bb decay at NLO.

arises from the kinematic favorability of balancing a high pr vector boson with a jet and
the Higgs boson. The Higgs decay at LO has no dependence on «g and therefore no scale
dependence. When we introduce the decay at NLO we include ag for the first time, and
acquire a larger dependence on the choice of scale. Reducing the scale dependence further
requires consideration of NNLO effects in the decay stage [67, 68].

The impact of including the NLO decay is shown differentially in figures 12 (W H) and
figures 13 (ZH). We present differential distributions for the hardest b-jet (left) and p%g
(right), applying the basic lepton cuts, demanding two b-jets and enforcing p¥ > 120 GeV.
The general impact of including the higher order corrections in the decay is immediately
apparent as a general softening of both spectra. This is easily understood from the decay
kinematics. The invariant mass of the system is constrained to be very close to m%[. When
there are three particles present in the decay to share the energy, the result is a softer
spectrum. For pl}g the impact of higher order corrections in production and decay are
particularly important. At LO, pi}g = p¥ so that the cut on the vector boson momentum is
also a cut on pﬁ}g . At NLO this is no longer necessarily the case, since the real corrections
allow for an unclustered parton to balance the total momentum. Therefore the region
pgg < 120 GeV is first accessible at NLO. Since in this region of phase space the total
transverse momentum of the bb is by definition relatively small, the resulting transverse
momentum of the b-quark pair is also relatively soft. As a result the region of phase space
where pr(hard) < 120GeV also has large higher order corrections. This is highlighted
in the middle panel of the figures which presents the impact of higher order corrections
in production (for NLO decays). Going from LO to NLO there are large corrections to
the pr spectrum of the hardest b quark, however the NNLO prediction is relatively stable
illustrating that the perturbative expansion is well-behaved beyond LO.

For p%g there is a strong feature at the edge of the phase space for the NLO decays
that is not present for the LO decay option. This is due to the phase space boundary at
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Figure 12. Differential predictions for the transverse momenta of the hardest b (left) and the bb
system (right) for WTH at the LHC. Predictions at NNLO in production with NLO decays are
denoted by solid lines, while those with LO decays are illustrated with dashed curves.

the LO threshold in the decay phase space [73]. The virtual decay corrections reside in the
pgﬂg > 120 GeV region of phase space, whilst the real corrections H — bbg can fill the region
both above and below this value. However in the real phase space when p%g = 120 GeV
there is a restriction on the phase space for soft gluon emission and a large logarithm arises.
Boundary problems such as these occur frequently in perturbation theory [73] and have
been observed for this specific process in previous calculations [10, 11]. For ZH production
the spectrum is smoothed-out somewhat by the turn-on of the gg — ZH contribution,
which resides in the Born phase space.

3.2 Results: H > WW* > ¢tuve—o

The decay H — WW™ represents a significant fraction, about 20%, of the total decay rate.
Although requiring leptonic decays of the W bosons reduces the rate further, the signal
cross sections are large enough to have warranted experimental investigation in Run I of the
LHC [74]. Going forward into Run II, triboson signatures represent a fresh environment in
which to search for new physics. From the technical point of view the 2 — 8 phase space is
large, corresponding to a 22-dimensional Monte Carlo integration in the double-real part
of the calculation. This therefore represents a demanding application of the N-jettiness
slicing technique that tests its suitability for complex phenomenological studies at NNLO.
We study the production of VH(— WW™*) at the 14 TeV LHC with the following simple
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Figure 13. Differential predictions for the transverse momenta of the hardest b (left) and the bb
system (right) for ZH at the LHC. Predictions at NNLO in production plus NLO decay are denoted
by the solid lines, while NNLO in production plus LO decays are shown with dashed curves.

phase space selection criteria,

Jets : pjf > 25 GeV, |n;| <25
Leptons:  pf > 25 GeV, |n] < 2.5
MET:  Fp > 20 GeV (3.10)

Results for the cross-sections obtained under these cuts are presented in table 2. We present
results for a single family of leptons for each V' decay. Including all possibilities of electron
and muon configurations would thus increase the total rates presented in the table by a
factor of eight. We do not consider any interference between the leptons arising from the
decay of the associated vector boson and those arising from the Higgs boson decay. The
primary aim of this section is to address the feasibility of producing NNLO results using the
N-jettiness slicing method for a high-dimensional final state configuration. We therefore
postpone the treatment of interference effects for a future study.

An important variable when considering the decay H — WW™ is the transverse mass
of the electroweak final state. For the W H process it is defined by,

mit =\t B ¥+ ExP (3.11)
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Process a]‘{é’ [fb] UKI{JO [fb] UKI{IILO [tb]
WHH — 6f 05 + By | 002934090 | 0.0394723% | 0.04127 1%

W—H — {70505 + Fr

0.018013-0%

—3.8%

+1.6%
0.025071 6%

+0.6%
0.026170-6%

ZH — (fe7e55 + By

0.0063424%

—3.3%

+2.7%
0.00854+27%

+2.1%
0.010421%

Table 2. Cross-sections for VH — VIWWW™* — leptons at the 14 TeV LHC. Results are presented
for a single family of leptons.
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Figure 14. Differential predictions for the transverse mass of the lepton- £ system for W+ H (left)
and ZH (right) production at the 14 TeV LHC.

where

(3.12)

3¢ 2
Ep =y p¥|” +m3, .

The equivalent definition for ZH production (m%H ) is obtained by making the replacement
3¢ — 44. The transverse mass is important since it can be used as a proxy for my g, which
The study of this variable is
interesting due to its sensitivity to high-energy structures that may be present in the HVV

is not experimentally observable for H — WW™ decays.

vertex in BSM scenarios. For instance, treating the SM as an EFT introduces six- (and
higher-) dimensional operators that induce momentum dependent couplings between the
Higgs and the vector bosons.? In general these operators will induce small deviations in the
tails of the transverse mass distribution, so it is crucial to have control over percent-level
effects from the SM in this region.

Our predictions for this observable are presented in figure 14 for W H (left) and
ZH (right). The difference in shape between mW (W*H left) and m4H (ZH right) is

2A study of these operators at NLO (+PS) in the MCFM framework was presented recently in ref. [75].
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Figure 15. The cross-section as a function of the number of jets, n;, for WHH (left) and ZH
(right) with H — WW* decays at the 14 TeV LHC.

Process agg [fb] Ul‘\I/IfIO [fb] UKIJ\LIILO [b] Uggfknw

+3.0% +2.2% +0.2% +1.9%
Croyy | 0.0686+3:9% | 0.0860122% | 0.0891792% | 0.0459+19%

oy | 0.0448732% 1 0.0579723% | 0.0603T0-2% | 0.0324 727

—-3.9% —2.4% 1.0% —-3.9%
— +3.1% +2.2% +2.0% +1.6%
CHeyy | 0.0177T3 % | 00224122 | 0.0256720% | 0.0555T 5%

Table 3. Cross-sections for Vv production at the 14 TeV LHC, for a single family of leptons. The
corresponding phase space selection criteria are described in the text.

apparent. Since the transverse mass for ZH is closer in definition to my g, it has a much
harder spectrum, whereas ij H is much softer. The higher-order corrections for ZH are
much larger, primarily due to the significant g¢g — ZH contribution. These pieces are
sensitive to the 2m; thresholds present in the loop integrals, and as a result turn on at
m%H ~ 300 GeV. In this region the NNLO corrections are much larger and the shape of
m%H is significantly altered. It is therefore essential to include NNLO predictions for this
observable in order to avoid attributing any observed change in shape to the presence of
BSM physics.

Finally in figure 15 we present the cross-section as a function of the number of addi-
tional jets, where the basic jet definition is used from the previous section, p]f > 25 GeV
and |n;| < 2.5. The n; distribution for these decays are different from those studied pre-
viously in the H — bb section, since now the jets are only produced through initial state
radiation, with no contamination from jets arising from the decay. For the W H process,
around 40% of the events have one or more jets in the final state. For ZH production the
percentage drops to around 35% due to the presence of the gg — ZH contribution that

only populates the 0-jet bin.

3.3 Results: H — v~

The decay H — 7 provides a relatively clean experimental signature, at the cost of
a very small branching ratio. However during Run II enough data should be collected
to allow experimental studies of this channel. In table 3 we collect cross-sections for

~19 —



VH(— 77) processes at the LHC operating at 14 TeV, after application of the following
basic selection criteria:

Photons:  pJ > 40 GeV, p7? > 25 GeV, |n,] < 2.5
R,,>04 Ry,;>04 R,>04 (3.13)

Jets:  p}>25GeV, |n;| <2.5 (3.14)
Leptons :  ph > 25 GeV, || < 2.5 (3.15)
MET :  Fp > 20 GeV (3.16)

We set the central renormalization and factorization scale as p19 = my, 4,4, and, as in the
previous section, vary the central scale by a factor of two in opposite directions. Although
the cross-sections for this process are rather small, around 0.05fb, the advantage they
possess over H — bb decays is a much smaller irreducible background. We illustrate
this by including in table 3 the background cross-sections in the Higgs resonance region
(Jgg‘ilfnw) that is defined by,

120 GeV < m, < 130 GeV (3.17)

These cross-sections are for illustration only and are therefore evaluated at LO. The results
of table 3 clearly demonstrate the potential for an excellent signal-to-background ratio
in this channel, although we note that experimental analyses would also have to cope
with a large reducible background from V+jets that may contaminate this significantly.
Unsurprisingly the impact of the NNLO corrections for this decay channel are essentially
the same as those discussed in detail in the previous sections. We demonstrate the impact
on a canonical differential observables in figure 16, which depicts the pJ spectrum for both
WTH and ZH production at the 14 TeV LHC.

4 Conclusions

In this paper we have presented a NNLO calculation of V H production and its implemen-
tation into a fully flexible Monte Carlo code. These processes can provide a useful handle
on the coupling of the Higgs boson to bottom quarks, in addition to serving as sensitive
probes of anomalous interactions between the Higgs, W and Z bosons. At NNLO the cal-
culation of these processes includes both Drell-Yan-like contributions and corrections where
the Higgs boson is radiated from a heavy quark loop rather than from the vector boson.
These two contributions are comparable in size for W H production. For the ZH process
the latter corrections involve gg-initiated diagrams that dominate the NNLO correction.
Including both contributions is therefore imperative and our calculation enables the com-
bined effects to be studied in a differential manner for the first time. Analytic results for
these amplitudes can be found in the appendix and the distributed MCFM code.

The V H processes are among the most interesting Higgs production modes for phe-
nomenological studies in Run II. We have therefore studied a number of decay modes of the
Higgs boson in some detail. In the case of the decay to a pair of bottom quarks, H — bb,
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Figure 16. Differential predictions for the transverse momenta of the photon pair for W H (left)
and ZH (right) at the LHC.

we have also included the effect of radiation in the decay at NLO accuracy. This has a
considerable impact on, for instance, the transverse momentum of the bb pair. Our results
suggest that including QCD corrections in the decay to NNLO is important, although it is
beyond the scope of this paper. We have investigated the phenomenology of other Higgs
decay channels that might be explored more fully in Run II of the LHC, namely the decays
H — WW?* — leptons and H — v7.

From the theoretical point of view, presenting a NNLO calculation for the 2 — 6
process, pp — VH — VW W* — leptons+F is technically challenging due to the large
final state phase space. In the double-real part of the calculation the phase space is 22-
dimensional, and provides a challenging environment in which to test the jettiness-based
approach to NNLO calculations. The H — v~ decay results in very small cross-sections,
but has the advantage that the irreducible background in the neighborhood of the Higgs
boson mass is also small, resulting in comparable signal and background rates.

The results of this paper have been implemented into MCFM, and are publicly
available.
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A Amplitudes for DY contributions

In this appendix we present analytic expressions for the parts of the calculation that are
closely-related to the Drell-Yan process. We present results for contributions above and
below 7¢"* separately. Since the Higgs boson is a scalar particle the decay amplitude
factorizes from the production amplitude, modulo O(a?) corrections that we neglect in
our calculation. Therefore the results in this section are presented for an on-shell Higgs
boson and a V' boson that decays to leptons are included. We have used the Mathematica
package S@QM [76] frequently in our calculations.

A.1 Below 7"t

Below 7" the calculation requires the soft, beam, and hard functions of the SCET for-
malism. The necessary two-loop soft and beam functions were computed in refs. [49, 50]
and [51] respectively. The process-dependent hard-function can be extracted from the
two-loop virtual form-factor as in refs [53, 54]. We have repeated the calculation and for
completeness we reproduce the 1- and 2—loop results below,

(MY = O (52) (~12+3L -8+ &) M) (A1)
M) = () er (52 - an s - ap
n (;’ 126+ 24<3> L~ £+ 296 — 306 - 45443)
+CFNf< — §L3 + 1—991;2 - <22079 + g@) L+ 430% + ?CQ + 343)
+CpCa <191L3 + <2§2 — 25’;) L + <2§i5 + 23—2@ — 26(3) L
—% — G2 (31387 - 4;@) + 3?(3)] ‘M(O)> (A.2)

where L = log (—312 / ,u2) and ‘M (0)> represents the LO amplitude. Note that the above
amplitudes are defined in four-dimensions and as such the LO amplitude (for W H produc-
tion) can be defined in terms of helicity amplitudes as follows,

MO = g P (s AV (273547 o) (A-3)

In the above equation P represents the propagator function,

S

Px(s) = (A.4)

s — 'm%( +imxTx
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The tree-level helicity amplitude is then defined as follows,?
(14)[32]
534512

A1, 2, 3% 47 pr) =

It is instructive to re-write this amplitude as,

_ _ 1 (14>  (14)(1pul3]
AO) (1 28,35 ,4, . pm) = "o <<12><34> + (12) 55, > (A.6)

Modulo the overall factor of sja, which is a result of the internal W propagator function,
the holomorphic piece of the above expression (the first term) corresponds exactly to the
MHYV tree-level amplitude for ¢g¢w. The second, non-holomorphic, term is a correction that
vanishes in the soft Higgs boson limit. Since the amplitudes for W + 3 and W + 4 partons
have been calculated analytically [78, 79] the above decomposition provides a useful check
of all of our calculated amplitudes.

The helicity breakdown for the ZH process requires a summation over the left and
right-handed couplings

2
0 _ o 9we G
‘M( )>ZH = 20082 o mw P (51234)Pz(534) Z vivi Ay (A7)
1j=L,R
The fermionic (quark or lepton) coupling to the Z boson is given by v}(Lq’é):
¢ —1-20Q sin? Oy ) 20 sin® Oy
UL = N ’UR e S reae
sin 260y sin 20y
Uq = =1 - 2Qq Sin2 HW 'Uq — _M (AS)
r sin 26w R sin 26y

The sign in the v term is determined by whether the quark is up (+) or down (—) type.
The helicity amplitudes are then obtained from the equivalent amplitudes for the WH
process, by applying line reversal symmetries as necessary.

A.2 Above T

Above 7" the calculation corresponds to a NLO one for the VH+ jet process. We have
calculated helicity amplitudes for this process which, to the best of our knowledge, have
not been presented in the literature before. The LO amplitude for W Hj can be written

as follows,
|M(O)>WH] = ﬁgsg%{/mW(Tgs );; PH(812345)PW(834) Z A(O)(lga 2q_7 327 4%—1 5357pH)
hs=+1
(A.9)
The tree-level MHV helicity amplitude is defined as,
_ _ 13) (1] P54]
AO (= 2t 37 4F 5+ pyy) = — S P A.10
4 ( q q YA 7 g pH) 8125534<15><25> ( )

3We refer readers unfamiliar with spinor-helicity notation to one of the many comprehensive reviews,
for instance ref. [77].
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where Pos = ps + p5. The helicity amplitude for hs = —1 can be readily obtained from the
above by the conjugation operation. At NLO we require the one-loop amplitude for W Hj
and the tree-level amplitudes for W Hjj. The one-loop amplitude for W Hj can be written

as follows,
MO = V20508 mw Ne(T9)': Pr(s12315) Py (534) (A.11)
(1) 1- - Lo@q- -
X Z <"41 (1q 722{735 a4g>5;7pH) + WAQ (1q >2;73@ 742_75;_71711))
hs==+1 c

As discussed in the previous subsection, the amplitudes for V Hj can be decomposed in
terms of those for Vj and a piece which vanishes in the soft limit (where it is understood
that momentum conservation is altered accordingly in the Vj amplitude). We use this
decomposition on our one-loop amplitudes, defining,

AD ZyA® 4 g sH (A.12)

where A© is understood to be given by eq. (A.10). V; and F; then correspond exactly to
the amplitudes obtained in the calculation of the W + 3 parton one-loop amplitude, and
SzH corresponds to the missing piece which vanishes in the soft Higgs limit. For brevity we
do not reproduce the results for V; and F; here, they can be found in the literature [79] or in
the distributed MCFM code. The leading colour contribution S{{ has the following form,

~ 3(21)(3|P125]4][52]

SH —
! 23%25@5)

Lo(—s25, —5125) (A.13)

while the subleading colour contribution 5’?{ is

(12) (3] P1a54]

H 1
Sy = FiF (—s12, —525; —5125)

8125<15>2

(12)[51](3| P25 4] (Lo(—8125,—825) B Lo(—8125,—812))
$125(15) 525 512

[51] (3| Pr254]

e (15)21] A1

Here F}f}? represents the finite part of the one-mass box integral and is given by,

2 2 2
Fim(s, t; P?) = —2 <L12<1 - i) + Li2<1 = i) + %mg? (‘i) + 7;) (A.15)

and the auxiliary function Ly(s,t) is,

_ logs/t
11— s/t

Lo(s,t) (A.16)

The amplitudes for ZH production can be obtained in similar fashion to the tree-level
discussion in the previous sub-section, i.e. by appropriate dressing of the helicity am-
plitudes by the left- and right-handed couplings and modification of the electroweak
pre-factor accordingly.
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B Amplitudes for O(a?) y; contributions

In this section we present formulae for some of the amplitudes that contribute to the term
do ¥t There are in principle five such terms, labelled in ref. [8] as Vi, Vi, Ry, Ry; and
gg-initiated pieces. In this section we follow closely the formalism and nomenclature used
in that reference, which presents these contributions for on-shell bosons. Here we do not
include any results for Ry since its effects are tiny and not accounted-for in our calculation.
We also do not present our analytic results for the gg — ZH contribution, which are too
lengthy to include here but may be inspected in the distributed MCFM code.

B.1 Vj pieces

We begin by considering the V7 pieces, which occur for both W and Z associated production
(cf. figure 3, right). Using the method of asymptotic expansions® it was shown in ref. [8]
that the leading terms in the expansion correspond to replacing the top quark loop by the
effective ggH vertex. Therefore we can obtain V; by calculating the results in the effective
field theory. We write the one-loop amplitude as follows,

2
O[
M )i = ~Crgl g5 Pw(saa) Ay (15, 24 . 37 4 pa) (B.1)
where
1) 1+ + _ 1 41]2 2me .
"4 (1q a2q 73[ 542 )pH) — 5 < 21][43] F ( 5134, —S5234; —S34, *81234)

_l’_

{ (12)(34)[41]? — 834
<2<1\P34\1 4(1] P3q|1]2 >log <—8134>

@341 (23)°21)43) iy
* < 2|P34|2 2Py |2 )1"g (—m)
(12)[41]?

(34><2|P34\2} 4(1| Py |1][43]

The finite part of the two-mass easy box is defined as

FiRe(s,t; P?,Q%) = _2[Liz<1 - T) —I—Lig<1 — P:) +L12<1 - Qj)
+L12<1—%2>—L12<1 PZ?2> 71 2<t>] (B.3)

Next we consider the V;; diagrams, in which the vector boson also couples to the closed

B.2 Vjr pieces

fermion loop. (cf. figure 4, left). These contributions therefore only exist for ZH produc-
tion. The results of ref. [8] show that the leading terms in the m; asymptotic expansion
correspond to the qgZ H effective vertex multiplying a two-loop massless tadpole diagram.
The leading term in the expansion thus has the form of a tree-level amplitude

«
MY gy = 164—7:2Gpemw(vtL —vk) > w AVH(1;,2q 3,47 pr) (B.4)
i=L,R

4See, for example, the discussion in refs. [80, 81].
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where
[14](32)

534

0 _ _
Ag/}l(lga 2q 735 74Z+apH) =

(B.5)

The (vtL — U%) factor arises since only the axial part of the two-loop massive tadpole
contributes to the amplitude.

B.3 Rj pieces

Finally we present the results for the R; contribution (cf. figure 3, left). These contributions
are universal and occur for either WH or ZH production. They correspond to one-loop
calculations and can be performed either including the top quark mass in full, or in the
effective field theory. The general structure of the result is as follows,

2
|MRI>WH=%PW<534>JFT/EFT S AV, 2 37,485, ) TFTPFT (BL6)
hs==+1

The helicity amplitude is universal,

(3 Poa 5] (1| P234]5][42]
512345234534
| (13)[52]((12) [41][52] — (23)[43][52] + s134[54])

512345134534

0 _ _
Ag%l)(lq ’2;>3g 74%75;_7]911) =

(B.7)

but the prefactor J depends on whether one is in the full or the effective field theory,

2
FT Qs My
= B.
J A7 2mpy O (B8)
JEFT 30‘8 (B.9)
™V

Finally, the function Z is either equal to unity in the effective field theory or is a combination
of scalar loop integrals in the full theory,

TP — 1 (B.10)
1 4m?
ZFT = 8(2 <1 — t> I5(s12345, 51234, M7) (B.11)
812345 — S1234
81234 2 2 1 )
+ I>(s1234,m7) — I2(s ,m;)) — ——
(s12345 — S1234)2 ( 2(s1280,m1) = (12305 t)) 812345 — $1234

Here I3(s,t,m?) and I5(s, m?) represent the triangle with two massive external legs and the
bubble integral, respectively; in both cases the internal propagators have a common mass,
my. In the notation of the QCDLoop library [82], which we use to evaluate the integrals,

I3(s,t,m?) = I3(s,t,0;m?,m?,m?) and Iy(s,m?) = Iy(s;m?,m?). (B.12)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

— 96 —


http://creativecommons.org/licenses/by/4.0/

References

1]

[10]

[11]

[12]

[13]

[14]

[15]

ATLAS collaboration, Observation of a new particle in the search for the standard model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].

CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [InSPIRE].

W. Buchmiiller and D. Wyler, Effective lagrangian analysis of new interactions and flavor
conservation, Nucl. Phys. B 268 (1986) 621 [nSPIRE].

K. Hagiwara, S. Ishihara, R. Szalapski and D. Zeppenfeld, Low-energy effects of new
interactions in the electroweak boson sector, Phys. Rev. D 48 (1993) 2182 [INSPIRE].

R. Contino, M. Ghezzi, C. Grojean, M. Muhlleitner and M. Spira, Effective Lagrangian for a
light Higgs-like scalar, JHEP 07 (2013) 035 [arXiv:1303.3876] [INSPIRE].

J.M. Butterworth, A.R. Davison, M. Rubin and G.P. Salam, Jet substructure as a new Higgs
search channel at the LHC, Phys. Rev. Lett. 100 (2008) 242001 [arXiv:0802.2470]
[INSPIRE].

O. Brein, A. Djouadi and R. Harlander, NNLO QCD corrections to the Higgs-strahlung
processes at hadron colliders, Phys. Lett. B 579 (2004) 149 [hep-ph/0307206] [INSPIRE].

O. Brein, R. Harlander, M. Wiesemann and T. Zirke, Top-quark mediated effects in hadronic
Higgs-strahlung, Fur. Phys. J. C 72 (2012) 1868 [arXiv:1111.0761] [INSPIRE].

G. Ferrera, M. Grazzini and F. Tramontano, Associated WH production at hadron colliders:
a fully exclusive QCD calculation at NNLO, Phys. Rev. Lett. 107 (2011) 152003
[arXiv:1107.1164] [INSPIRE].

G. Ferrera, M. Grazzini and F. Tramontano, Higher-order QCD effects for associated WH
production and decay at the LHC, JHEP 04 (2014) 039 [arXiv:1312.1669] InSPIRE].

G. Ferrera, M. Grazzini and F. Tramontano, Associated ZH production at hadron colliders:
the fully differential NNLO QCD calculation, Phys. Lett. B 740 (2015) 51
[arXiv:1407.4747] [IxSPIRE].

M.L. Ciccolini, S. Dittmaier and M. Kramer, Electroweak radiative corrections to associated
WH and ZH production at hadron colliders, Phys. Rev. D 68 (2003) 073003
[hep-ph/0306234] [INSPIRE].

A. Denner, S. Dittmaier, S. Kallweit and A. Muck, FElectroweak corrections to
Higgs-strahlung off W/Z bosons at the Tevatron and the LHC with HAWK, JHEP 03 (2012)
075 [arXiv:1112.5142] [INSPIRE].

S. Dawson, T. Han, W.K. Lai, A.K. Leibovich and I. Lewis, Resummation effects in
vector-boson and Higgs associated production, Phys. Rev. D 86 (2012) 074007
[arXiv:1207.4207] [INSPIRE].

D.Y. Shao, C.S. Li and H.T. Li, Resummation Prediction on Higgs and Vector Boson
Associated Production with a Jet Veto at the LHC, JHEP 02 (2014) 117 [arXiv:1309.5015]
[INSPIRE].

Y. Li and X. Liu, High precision predictions for exclusive VH production at the LHC, JHEP
06 (2014) 028 [arXiv:1401.2149] [NSPIRE].

K. Hamilton, P. Richardson and J. Tully, A positive-weight next-to-leading order Monte Carlo
simulation for Higgs boson production, JHEP 04 (2009) 116 [arXiv:0903.4345] [INSPIRE].

— 97 -


http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7235
http://dx.doi.org/10.1016/0550-3213(86)90262-2
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B268,621%22
http://dx.doi.org/10.1103/PhysRevD.48.2182
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D48,2182%22
http://dx.doi.org/10.1007/JHEP07(2013)035
http://arxiv.org/abs/1303.3876
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.3876
http://dx.doi.org/10.1103/PhysRevLett.100.242001
http://arxiv.org/abs/0802.2470
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.2470
http://dx.doi.org/10.1016/j.physletb.2003.10.112
http://arxiv.org/abs/hep-ph/0307206
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0307206
http://dx.doi.org/10.1140/epjc/s10052-012-1868-6
http://arxiv.org/abs/1111.0761
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.0761
http://dx.doi.org/10.1103/PhysRevLett.107.152003
http://arxiv.org/abs/1107.1164
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.1164
http://dx.doi.org/10.1007/JHEP04(2014)039
http://arxiv.org/abs/1312.1669
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.1669
http://dx.doi.org/10.1016/j.physletb.2014.11.040
http://arxiv.org/abs/1407.4747
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.4747
http://dx.doi.org/10.1103/PhysRevD.68.073003
http://arxiv.org/abs/hep-ph/0306234
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0306234
http://dx.doi.org/10.1007/JHEP03(2012)075
http://dx.doi.org/10.1007/JHEP03(2012)075
http://arxiv.org/abs/1112.5142
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.5142
http://dx.doi.org/10.1103/PhysRevD.86.074007
http://arxiv.org/abs/1207.4207
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.4207
http://dx.doi.org/10.1007/JHEP02(2014)117
http://arxiv.org/abs/1309.5015
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.5015
http://dx.doi.org/10.1007/JHEP06(2014)028
http://dx.doi.org/10.1007/JHEP06(2014)028
http://arxiv.org/abs/1401.2149
http://inspirehep.net/search?p=find+EPRINT+arXiv:1401.2149
http://dx.doi.org/10.1088/1126-6708/2009/04/116
http://arxiv.org/abs/0903.4345
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.4345

[18]

[19]

[20]

[21]

[30]
[31]

[32]

G. Luisoni, P. Nason, C. Oleari and F. Tramontano, HW*/HZ + 0 and 1 jet at NLO with
the POWHEG BOX interfaced to GoSam and their merging within MiNLO, JHEP 10 (2013)
083 [arXiv:1306.2542] [INSPIRE].

D. Goncalves, F. Krauss, S. Kuttimalai and P. Maierhofer, Higgs-Strahlung: merging the
NLO Drell-Yan and loop-induced 0 + 1 jet multiplicities, Phys. Rev. D 92 (2015) 073006
[arXiv:1509.01597] [INSPIRE].

A. Gehrmann-De Ridder, T. Gehrmann and E.W.N. Glover, Antenna subtraction at NNLO,
JHEP 09 (2005) 056 [hep-ph/0505111] [INSPIRE].

S. Catani and M. Grazzini, An NNLO subtraction formalism in hadron collisions and its
application to Higgs boson production at the LHC, Phys. Rev. Lett. 98 (2007) 222002
[hep-ph/0703012] [INSPIRE].

M. Czakon, A nowvel subtraction scheme for double-real radiation at NNLO, Phys. Lett. B
693 (2010) 259 [arXiv:1005.0274] [INSPIRE].

LW. Stewart, F.J. Tackmann and W.J. Waalewijn, N-jettiness: an inclusive event shape to
veto jets, Phys. Rev. Lett. 105 (2010) 092002 [arXiv:1004.2489] [INSPIRE].

R. Boughezal, C. Focke, X. Liu and F. Petriello, W -boson production in association with a
jet at next-to-next-to-leading order in perturbative QCD, Phys. Rev. Lett. 115 (2015) 062002
[arXiv:1504.02131] INSPIRE].

J. Gaunt, M. Stahlhofen, F.J. Tackmann and J.R. Walsh, N -jettiness subtractions for NNLO
QCD calculations, JHEP 09 (2015) 058 [arXiv:1505.04794] [INSPIRE].

J. Gao, C.S. Li and H.X. Zhu, Top quark decay at next-to-nezt-to leading order in QCD,
Phys. Rev. Lett. 110 (2013) 042001 [arXiv:1210.2808] [iNSPIRE].

J.C. Collins, D.E. Soper and G.F. Sterman, Transverse momentum distribution in Drell-Yan
pair and W and Z boson production, Nucl. Phys. B 250 (1985) 199 [INSPIRE].

C.W. Bauer, S. Fleming and M.E. Luke, Summing Sudakov logarithms in B — X (sgamma)
in effective field theory, Phys. Rev. D 63 (2000) 014006 [hep-ph/0005275] [INSPIRE].

C.W. Bauer, S. Fleming, D. Pirjol and I.W. Stewart, An effective field theory for collinear
and soft gluons: heavy to light decays, Phys. Rev. D 63 (2001) 114020 [hep-ph/0011336]
[INSPIRE].

C.W. Bauer, D. Pirjol and I.W. Stewart, Soft collinear factorization in effective field theory,
Phys. Rev. D 65 (2002) 054022 [hep-ph/0109045] [INSPIRE].

C.W. Bauer and I.W. Stewart, Invariant operators in collinear effective theory, Phys. Lett. B
516 (2001) 134 [hep-ph/0107001] [INSPIRE].

C.W. Bauer, S. Fleming, D. Pirjol, I.Z. Rothstein and I.W. Stewart, Hard scattering
factorization from effective field theory, Phys. Rev. D 66 (2002) 014017 [hep-ph/0202088|
[INSPIRE].

IL.W. Stewart, F.J. Tackmann and W.J. Waalewijn, Factorization at the LHC: from PDFs to
initial state jets, Phys. Rev. D 81 (2010) 094035 [arXiv:0910.0467] [INSPIRE].

J. Currie, A. Gehrmann-De Ridder, E.-W.N. Glover and J. Pires, NNLO QCD corrections to
jet production at hadron colliders from gluon scattering, JHEP 01 (2014) 110
[arXiv:1310.3993] [INSPIRE].

X. Chen, T. Gehrmann, E.W.N. Glover and M. Jaquier, Precise QCD predictions for the
production of Higgs + jet final states, Phys. Lett. B 740 (2015) 147 [arXiv:1408.5325]
[INSPIRE].

~ 98 —


http://dx.doi.org/10.1007/JHEP10(2013)083
http://dx.doi.org/10.1007/JHEP10(2013)083
http://arxiv.org/abs/1306.2542
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.2542
http://dx.doi.org/10.1103/PhysRevD.92.073006
http://arxiv.org/abs/1509.01597
http://inspirehep.net/search?p=find+EPRINT+arXiv:1509.01597
http://dx.doi.org/10.1088/1126-6708/2005/09/056
http://arxiv.org/abs/hep-ph/0505111
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0505111
http://dx.doi.org/10.1103/PhysRevLett.98.222002
http://arxiv.org/abs/hep-ph/0703012
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0703012
http://dx.doi.org/10.1016/j.physletb.2010.08.036
http://dx.doi.org/10.1016/j.physletb.2010.08.036
http://arxiv.org/abs/1005.0274
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.0274
http://dx.doi.org/10.1103/PhysRevLett.105.092002
http://arxiv.org/abs/1004.2489
http://inspirehep.net/search?p=find+EPRINT+arXiv:1004.2489
http://dx.doi.org/10.1103/PhysRevLett.115.062002
http://arxiv.org/abs/1504.02131
http://inspirehep.net/search?p=find+EPRINT+arXiv:1504.02131
http://dx.doi.org/10.1007/JHEP09(2015)058
http://arxiv.org/abs/1505.04794
http://inspirehep.net/search?p=find+EPRINT+arXiv:1505.04794
http://dx.doi.org/10.1103/PhysRevLett.110.042001
http://arxiv.org/abs/1210.2808
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.2808
http://dx.doi.org/10.1016/0550-3213(85)90479-1
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B250,199%22
http://dx.doi.org/10.1103/PhysRevD.63.014006
http://arxiv.org/abs/hep-ph/0005275
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0005275
http://dx.doi.org/10.1103/PhysRevD.63.114020
http://arxiv.org/abs/hep-ph/0011336
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0011336
http://dx.doi.org/10.1103/PhysRevD.65.054022
http://arxiv.org/abs/hep-ph/0109045
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0109045
http://dx.doi.org/10.1016/S0370-2693(01)00902-9
http://dx.doi.org/10.1016/S0370-2693(01)00902-9
http://arxiv.org/abs/hep-ph/0107001
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0107001
http://dx.doi.org/10.1103/PhysRevD.66.014017
http://arxiv.org/abs/hep-ph/0202088
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0202088
http://dx.doi.org/10.1103/PhysRevD.81.094035
http://arxiv.org/abs/0910.0467
http://inspirehep.net/search?p=find+EPRINT+arXiv:0910.0467
http://dx.doi.org/10.1007/JHEP01(2014)110
http://arxiv.org/abs/1310.3993
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.3993
http://dx.doi.org/10.1016/j.physletb.2014.11.021
http://arxiv.org/abs/1408.5325
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.5325

[36]

[37]

[41]

[42]

[49]

[50]

[51]

[52]

[53]

M. Brucherseifer, F. Caola and K. Melnikov, On the NNLO QCD corrections to single-top
production at the LHC, Phys. Lett. B 736 (2014) 58 [arXiv:1404.7116] [InSPIRE].

R. Boughezal, C. Focke, W. Giele, X. Liu and F. Petriello, Higgs boson production in
association with a jet at NNLO using jettiness subtraction, Phys. Lett. B 748 (2015) 5
[arXiv:1505.03893] [iNSPIRE].

R. Boughezal, F. Caola, K. Melnikov, F. Petriello and M. Schulze, Higgs boson production in
association with a jet at next-to-next-to-leading order, Phys. Rev. Lett. 115 (2015) 082003
[arXiv:1504.07922] [INSPIRE].

M. Czakon, D. Heymes and A. Mitov, High-precision differential predictions for top-quark
pairs at the LHC, Phys. Rev. Lett. 116 (2016) 082003 [arXiv:1511.00549] [INSPIRE].

A. Gehrmann-De Ridder, T. Gehrmann, E.-W.N. Glover, A. Huss and T.A. Morgan, Precise
QCD predictions for the production of a Z boson in association with a hadronic jet,
arXiv:1507.02850 [INSPIRE].

R. Boughezal et al., Z-boson production in association with a jet at next-to-nezt-to-leading
order in perturbative QCD, Phys. Rev. Lett. 116 (2016) 152001 [arXiv:1512.01291]
[INSPIRE].

M. Cacciari, F.A. Dreyer, A. Karlberg, G.P. Salam and G. Zanderighi, Fully differential
vector-boson-fusion Higgs production at next-to-next-to-leading order, Phys. Rev. Lett. 115
(2015) 082002 [arXiv:1506.02660] INSPIRE].

J.M. Campbell and R.K. Ellis, An update on vector boson pair production at hadron
colliders, Phys. Rev. D 60 (1999) 113006 [hep-ph/9905386] [INSPIRE].

J.M. Campbell, R.K. Ellis and C. Williams, Vector boson pair production at the LHC, JHEP
07 (2011) 018 [arXiv:1105.0020] [INSPIRE].

J.M. Campbell, R.K. Ellis and W.T. Giele, A multi-threaded version of MCFM, Eur. Phys.
J. C 75 (2015) 246 [arXiv:1503.06182] [INSPIRE].

R. Boughezal et al., Color singlet production at NNLO in MCFM, arXiv:1605.08011
[INSPIRE].

S. Catani and M.H. Seymour, A general algorithm for calculating jet cross-sections in NLO
QCD, Nucl. Phys. B 485 (1997) 291 [hep-ph/9605323] [INSPIRE].

R. Hamberg, W.L. van Neerven and T. Matsuura, A complete calculation of the order a?
correction to the Drell-Yan K factor, Nucl. Phys. B 359 (1991) 343 [Erratum ibid. B 644
(2002) 403] [INSPIRE].

R. Kelley, M.D. Schwartz, R.M. Schabinger and H.X. Zhu, The two-loop hemisphere soft
function, Phys. Rev. D 84 (2011) 045022 [arXiv:1105.3676] [INSPIRE].

P.F. Monni, T. Gehrmann and G. Luisoni, Two-loop soft corrections and resummation of the
thrust distribution in the dijet region, JHEP 08 (2011) 010 [arXiv:1105.4560] [INSPIRE].

J.R. Gaunt, M. Stahlhofen and F.J. Tackmann, The quark beam function at two loops, JHEP
04 (2014) 113 [arXiv:1401.5478] [INSPIRE].

J.M. Campbell, R.K. Ellis, Y. Li and C. Williams, Predictions for diphoton production at the
LHC through NNLO in QCD, arXiv:1603.02663 [INSPIRE].

A. Idilbi, X.-d. Ji and F. Yuan, Resummation of threshold logarithms in effective field theory
for DIS, Drell-Yan and Higgs production, Nucl. Phys. B 753 (2006) 42 [hep-ph/0605068]
[INSPIRE].

~ 99 —


http://dx.doi.org/10.1016/j.physletb.2014.06.075
http://arxiv.org/abs/1404.7116
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.7116
http://dx.doi.org/10.1016/j.physletb.2015.06.055
http://arxiv.org/abs/1505.03893
http://inspirehep.net/search?p=find+EPRINT+arXiv:1505.03893
http://dx.doi.org/10.1103/PhysRevLett.115.082003
http://arxiv.org/abs/1504.07922
http://inspirehep.net/search?p=find+EPRINT+arXiv:1504.07922
http://dx.doi.org/10.1103/PhysRevLett.116.082003
http://arxiv.org/abs/1511.00549
http://inspirehep.net/search?p=find+EPRINT+arXiv:1511.00549
http://arxiv.org/abs/1507.02850
http://inspirehep.net/search?p=find+EPRINT+arXiv:1507.02850
http://dx.doi.org/10.1103/PhysRevLett.116.152001
http://arxiv.org/abs/1512.01291
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.01291
http://dx.doi.org/10.1103/PhysRevLett.115.082002
http://dx.doi.org/10.1103/PhysRevLett.115.082002
http://arxiv.org/abs/1506.02660
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.02660
http://dx.doi.org/10.1103/PhysRevD.60.113006
http://arxiv.org/abs/hep-ph/9905386
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9905386
http://dx.doi.org/10.1007/JHEP07(2011)018
http://dx.doi.org/10.1007/JHEP07(2011)018
http://arxiv.org/abs/1105.0020
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.0020
http://dx.doi.org/10.1140/epjc/s10052-015-3461-2
http://dx.doi.org/10.1140/epjc/s10052-015-3461-2
http://arxiv.org/abs/1503.06182
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.06182
http://arxiv.org/abs/1605.08011
http://inspirehep.net/search?p=find+EPRINT+arXiv:1605.08011
http://dx.doi.org/10.1016/S0550-3213(96)00589-5
http://arxiv.org/abs/hep-ph/9605323
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9605323
http://dx.doi.org/10.1016/S0550-3213(02)00814-3
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B359,343%22
http://dx.doi.org/10.1103/PhysRevD.84.045022
http://arxiv.org/abs/1105.3676
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.3676
http://dx.doi.org/10.1007/JHEP08(2011)010
http://arxiv.org/abs/1105.4560
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.4560
http://dx.doi.org/10.1007/JHEP04(2014)113
http://dx.doi.org/10.1007/JHEP04(2014)113
http://arxiv.org/abs/1401.5478
http://inspirehep.net/search?p=find+EPRINT+arXiv:1401.5478
http://arxiv.org/abs/1603.02663
http://inspirehep.net/search?p=find+EPRINT+arXiv:1603.02663
http://dx.doi.org/10.1016/j.nuclphysb.2006.07.002
http://arxiv.org/abs/hep-ph/0605068
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0605068

[54]

[55]

[56]

T. Becher, M. Neubert and B.D. Pecjak, Factorization and momentum-space resummation in
deep-inelastic scattering, JHEP 01 (2007) 076 [hep-ph/0607228] INSPIRE].

C. Englert, M. McCullough and M. Spannowsky, Gluon-initiated associated production boosts
Higgs physics, Phys. Rev. D 89 (2014) 013013 [arXiv:1310.4828] [INSPIRE].

L. Altenkamp, S. Dittmaier, R.V. Harlander, H. Rzehak and T.J.E. Zirke, Gluon-induced
Higgs-strahlung at next-to-leading order QCD, JHEP 02 (2013) 078 [arXiv:1211.5015]
[INSPIRE].

R.V. Harlander, A. Kulesza, V. Theeuwes and T. Zirke, Soft gluon resummation for
gluon-induced Higgs Strahlung, JHEP 11 (2014) 082 [arXiv:1410.0217] [INSPIRE].

ATLAS collaboration, Search for the bb decay of the standard model Higgs boson in
associated (W/Z)H production with the ATLAS detector, JHEP 01 (2015) 069
[arXiv:1409.6212] [INSPIRE].

CMS collaboration, Search for the standard model Higgs boson produced in association with
a W or a Z boson and decaying to bottom quarks, Phys. Rev. D 89 (2014) 012003
[arXiv:1310.3687] [INSPIRE].

ATLAS collaboration, Study of the Higgs boson decaying to WW™* produced in association
with a weak boson with the ATLAS detector at the LHC, ATLAS-CONF-2015-005 (2015).

CMS collaboration, VH with H - WW — {vlv and V — jj, CMS-PAS-HIG-13-017 (2015).

V.S. Fadin, V.A. Khoze and A.D. Martin, How suppressed are the radiative interference
effects in heavy instable particle production?, Phys. Lett. B 320 (1994) 141
[hep-ph/9309234] [INSPIRE].

V.S. Fadin, V.A. Khoze and A.D. Martin, Interference radiative phenomena in the
production of heavy unstable particles, Phys. Rev. D 49 (1994) 2247 [INSPIRE].

E. Braaten and J.P. Leveille, Higgs boson decay and the running mass, Phys. Rev. D 22
(1980) 715 [INSPIRE].

P.A. Baikov, K.G. Chetyrkin and J.H. Kuhn, Scalar correlator at O(a?), Higgs decay into
b-quarks and bounds on the light quark masses, Phys. Rev. Lett. 96 (2006) 012003
[hep-ph/0511063] [INSPIRE].

A. Djouadi, J. Kalinowski and M. Spira, HDECAY: a program for Higgs boson decays in the
standard model and its supersymmetric extension, Comput. Phys. Commun. 108 (1998) 56
[hep-ph/9704448] [INSPIRE].

C. Anastasiou, F. Herzog and A. Lazopoulos, The fully differential decay rate of a Higgs
boson to bottom-quarks at NNLO in QCD, JHEP 03 (2012) 035 [arXiv:1110.2368]
[INSPIRE].

V. Del Duca, C. Duhr, G. Somogyi, F. Tramontano and Z. Trécsanyi, Higgs boson decay into
b-quarks at NNLO accuracy, JHEP 04 (2015) 036 [arXiv:1501.07226] [INSPIRE].

S. Dulat et al., New parton distribution functions from a global analysis of quantum
chromodynamics, Phys. Rev. D 93 (2016) 033006 [arXiv:1506.07443] [INSPIRE].

C. Anastasiou, C. Duhr, F. Dulat, F. Herzog and B. Mistlberger, Higgs boson gluon-fusion
production in QCD at three loops, Phys. Rev. Lett. 114 (2015) 212001 [arXiv:1503.06056]
[INSPIRE].

C. Anastasiou et al., High precision determination of the gluon fusion Higgs boson
cross-section at the LHC, JHEP 05 (2016) 058 [arXiv:1602.00695] [INSPIRE].

— 30 —


http://dx.doi.org/10.1088/1126-6708/2007/01/076
http://arxiv.org/abs/hep-ph/0607228
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0607228
http://dx.doi.org/10.1103/PhysRevD.89.013013
http://arxiv.org/abs/1310.4828
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.4828
http://dx.doi.org/10.1007/JHEP02(2013)078
http://arxiv.org/abs/1211.5015
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.5015
http://dx.doi.org/10.1007/JHEP11(2014)082
http://arxiv.org/abs/1410.0217
http://inspirehep.net/search?p=find+EPRINT+arXiv:1410.0217
http://dx.doi.org/10.1007/JHEP01(2015)069
http://arxiv.org/abs/1409.6212
http://inspirehep.net/search?p=find+EPRINT+arXiv:1409.6212
http://dx.doi.org/10.1103/PhysRevD.89.012003
http://arxiv.org/abs/1310.3687
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.3687
http://cds.cern.ch/record/2002123
http://cds.cern.ch/record/1560844
http://dx.doi.org/10.1016/0370-2693(94)90837-0
http://arxiv.org/abs/hep-ph/9309234
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9309234
http://dx.doi.org/10.1103/PhysRevD.49.2247
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D49,2247%22
http://dx.doi.org/10.1103/PhysRevD.22.715
http://dx.doi.org/10.1103/PhysRevD.22.715
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D22,715%22
http://dx.doi.org/10.1103/PhysRevLett.96.012003
http://arxiv.org/abs/hep-ph/0511063
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0511063
http://dx.doi.org/10.1016/S0010-4655(97)00123-9
http://arxiv.org/abs/hep-ph/9704448
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9704448
http://dx.doi.org/10.1007/JHEP03(2012)035
http://arxiv.org/abs/1110.2368
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.2368
http://dx.doi.org/10.1007/JHEP04(2015)036
http://arxiv.org/abs/1501.07226
http://inspirehep.net/search?p=find+EPRINT+arXiv:1501.07226
http://dx.doi.org/10.1103/PhysRevD.93.033006
http://arxiv.org/abs/1506.07443
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.07443
http://dx.doi.org/10.1103/PhysRevLett.114.212001
http://arxiv.org/abs/1503.06056
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.06056
http://dx.doi.org/10.1007/JHEP05(2016)058
http://arxiv.org/abs/1602.00695
http://inspirehep.net/search?p=find+EPRINT+arXiv:1602.00695

[72]
(73]

[74]

[75]
[76]

[77]

O. Brein, R.V. Harlander and T.J.E. Zirke, vh@nnlo — Higgs strahlung at hadron colliders,
Comput. Phys. Commun. 184 (2013) 998 [arXiv:1210.5347] nSPIRE].

S. Frixione and G. Ridolfi, Jet photoproduction at HERA, Nucl. Phys. B 507 (1997) 315
[hep-ph/9707345] [INSPIRE).

ATLAS collaboration, Study of (W/Z)H production and Higgs boson couplings using
H — WW?* decays with the ATLAS detector, JHEP 08 (2015) 137 [arXiv:1506.06641]
[INSPIRE].

K. Mimasu, V. Sanz and C. Williams, Higher order QCD predictions for associated Higgs
production with anomalous couplings to gauge bosons, arXiv:1512.02572 [INSPIRE].

D. Maitre and P. Mastrolia, S@M, a Mathematica implementation of the spinor-helicity
formalism, Comput. Phys. Commun. 179 (2008) 501 [arXiv:0710.5559] [INSPIRE].

L.J. Dixon, Calculating scattering amplitudes efficiently, in the proceedings QCD and
beyond. Theoretical Advanced Study Institute in Elementary Particle Physics (TASI-95),
June 4-30, Boulde U.S.A. (1995), hep-ph/9601359 [INSPIRE].

W.T. Giele and E.W.N. Glover, Higher order corrections to jet cross-sections in ete~
annihilation, Phys. Rev. D 46 (1992) 1980 [InSPIRE].

Z. Bern, L.J. Dixon and D.A. Kosower, One loop amplitudes for ete™ to four partons, Nucl.
Phys. B 513 (1998) 3 [hep-ph/9708239] [INSPIRE].

V.A. Smirnov, Asymptotic expansions in momenta and masses and calculation of Feynman
diagrams, Mod. Phys. Lett. A 10 (1995) 1485 [hep-th/9412063] INSPIRE].

R. Harlander, Asymptotic expansions: methods and applications, Acta Phys. Polon. B 30
(1999) 3443 [hep-ph/9910496] [INSPIRE].

R.K. Ellis and G. Zanderighi, Scalar one-loop integrals for QCD, JHEP 02 (2008) 002
[arXiv:0712.1851] [INSPIRE].

~ 31—


http://dx.doi.org/10.1016/j.cpc.2012.11.002
http://arxiv.org/abs/1210.5347
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.5347
http://dx.doi.org/10.1016/S0550-3213(97)00575-0
http://arxiv.org/abs/hep-ph/9707345
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9707345
http://dx.doi.org/10.1007/JHEP08(2015)137
http://arxiv.org/abs/1506.06641
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.06641
http://arxiv.org/abs/1512.02572
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.02572
http://dx.doi.org/10.1016/j.cpc.2008.05.002
http://arxiv.org/abs/0710.5559
http://inspirehep.net/search?p=find+EPRINT+arXiv:0710.5559
http://arxiv.org/abs/hep-ph/9601359
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9601359
http://dx.doi.org/10.1103/PhysRevD.46.1980
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D46,1980%22
http://dx.doi.org/10.1016/S0550-3213(97)00703-7
http://dx.doi.org/10.1016/S0550-3213(97)00703-7
http://arxiv.org/abs/hep-ph/9708239
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9708239
http://dx.doi.org/10.1142/S0217732395001617
http://arxiv.org/abs/hep-th/9412063
http://inspirehep.net/search?p=find+EPRINT+hep-th/9412063
http://arxiv.org/abs/hep-ph/9910496
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9910496
http://dx.doi.org/10.1088/1126-6708/2008/02/002
http://arxiv.org/abs/0712.1851
http://inspirehep.net/search?p=find+EPRINT+arXiv:0712.1851

	Introduction
	Calculation
	Drell-Yan type contributions
	Top Yukawa contributions
	Decays of unstable bosons

	LHC phenomenology
	Results: H to b bar-b
	Results: H to W W* to ell+ nu ell- nu
	Results: H to gamma gamma

	Conclusions
	Amplitudes for DY contributions
	Below tau(cut)
	Above tau(cut)

	Amplitudes for O(alpha(s)**2) y(t) contributions
	V(I) pieces
	V(II) pieces
	R(I) pieces


