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LHC observables with NNLOJET Aude Gehrmann-De Ridder

1. Introduction

The production of a Higgs boson (H) in association with either a W* or a Z boson and possible
hadronic jets — also known as Higgs Strahlung — is among the most promising class of channels
that can lead to the accurate determination of the Higgs-boson couplings. In particular, it offers
the possibility to study the decay of a Higgs boson into a pair of bottom—antibottom quarks. Such
a decay is hard to measure in inclusive Higgs production through the leading production modes
like the gluon—gluon or vector-boson-fusion channels due to the presence of enormous QCD back-
grounds. In the Higgs Strahlung process the presence of a vector boson decaying leptonically
provides a clean experimental signature and experimental analyses related to VH production have
manageable backgrounds.

In 2017, the LHC experiments [1, 2] announced the observation of a SM Higgs-like particle
decaying to a pair of bottom—antibottom quarks precisely through this Higgs Strahlung production
channel with a significance of 5.6 and 5.3 standard deviations for CMS and ATLAS respectively.
Most recently, the ATLAS collaboration reported first differential measurements considering a sim-
plified template cross section as a function of the transverse momentum of the vector boson, [3].

In view of prospective measurements of Higgs Strahlung final states including data from Run II
and III at the LHC, it is of crucial importance to have precise theoretical predictions for cross
sections and differential distributions in the kinematic regions probed by the experiments. This
includes in particular QCD effects in both the production and in the decay of the Higgs boson into a
bottom-quark pair and critically relies on the tagging of bottom jets in order to isolate the candidate
pairs associated to the Higgs boson. It is the aim of this report to present a computation of VH
observables for all three processes (V = Z, W*) including NNLO corrections to both production
and decay sub-processes retaining a fully differential description of the final state including off-
shell propagators of the Higgs and vector boson. Those results have been described in [4].

In this talk, we first describe how flavour-dependent observables are computed at fixed-order
accuracy within the parton level event generator NNLOIJET before presenting the different ingredi-
ents appearing in production and decay sub-processes up to NNLO level of the associated Higgs
production processes. Results for fiducial cross sections and distributions are then presented for
the LHC at /s = 13TeV. Those include, for the first time, scale uncertainty estimations related to
the separate variation of production and decay scales at each order in 0.

Besides this computation fully differential NNLO predictions for VH observables obtained via
the combination of Higgs production and decay to bottom—antibottom processes have been presen-
ted in ref. [5] (for V =Z,W™) and in ref. [6] (for V = W ™). Unlike the computation presented here
and in [4], a scaling procedure to a fixed branching ratio is used in these aforementioned computa-
tions to define the cross section expressions at each perturbative order. By explicitly comparing the
fiducial cross sections in these two frameworks, we argue furthermore in this work, that starting
from NNLO the latter scaling procedure could be inadequate in estimating missing higher-order
effects through scale variations.

2. Flavour sensitive jet observables at NNLO

The presence of two identified b-jets with a combined invariant mass consistent with my al-
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lows us to associate this final state with the underlying process pp — VH + X — ¢/ bb + X. The
identification of jet flavour is an essential component of any experimental analysis of this process,
which is required to reduce otherwise overwhelming background processes. It is therefore also an
integral part of the requirements needed to obtain the corresponding theoretical predictions.

The computation of such observables at fixed order requires the application of a flavour-
sensitive jet algorithm that — besides reconstructing flavour-insensitive properties such as four-
momenta — identifies the flavour of the reconstructed jets based on some well-defined (infrared-
safe) criteria [7]. The application of such an algorithm which will be given below requires a track-
ing of the flavour of individual partons, which appear in the partonic cross section at each perturb-
ative order beforehand. In the following, we provide a description of how this is achieved within
the parton-level event generator NNLOJET. It is worth mentioning, that the following flavour tag-
ging procedure is general: it is not restricted to the VH processes with the Higgs boson decaying
into flavoured b-jets but could be applied on top of any existing flavour-blind computations already
present in the NNLOJET framework to generate flavour sensitive observables.

2.1 Flavour dressing in NNLOJET

The first step towards computing flavour-dependent jet observables is to ensure that the jet
algorithm has access to both momentum and flavour information when evaluating the contributions
from matrix elements and subtraction terms. To address this issue within NNLOJET, an additional
“flavour-dressing” layer that tracks the flavours of all amplitudes as well as reduced matrix elements
appearing in subtraction terms has been implemented.

As an example of the flavour-dressing procedure for the amplitudes, we consider in a gen-
eric NLO-type cross section for an n-body final state initiated by the two partons i and j, the
construction of the real-emission cross section (omitting the sum over potential colour orderings).
Following the notation of ref. [8], it reads:

A 1
dO-iI;',NLO = J’f\llio dd, 4 ({P3, ooy Pnt3) §P1,P2) Spit
x (M2 (Lonisd s s ) ) o} S D] @1

In this equation, we denote the final-state symmetry factor by S,,+1, the normalisation factor (which
includes constants, couplings, colour factors) by e/if\fio, the 2 — n+ 1 particle phase space by
d®, ., and the momentum of the partons 7, j by pi>. The partial squared amplitude M,? 43 18
evaluated with the momentum set {p,3} and a corresponding flavour set { f,13}. The flavour-

sensitive jet algorithm J,(lnﬂ)

builds 7 jets from n+ 1 final-state partons which carry momentum
and flavour labelled by the sets {p,1} and { f,+1} respectively.

The real subtraction cross section can be written in a similar fashion:

A 1
dGisji,NLO :‘/1{\11{O Zd(l)n+l ({P3>"'7Pn+3}21717p2) St
k n
X (X9 k) MOy ({Busad {2 d) 7 (B} A7) (22)

where the index k runs over all possible unresolved partons in déiI;.NLO and X30(‘, k,-) denotes the
three-parton antenna function that factorises from the associated reduced squared matrix-element
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MS - In this case, the jet algorithm acts upon mapped final-state momentum and flavour sets {Pn}
and {f, } associated with the reduced squared matrix element M° 2~ As the total subtraction cross
section must take into account all possible unresolved limits of parton k, this cross section may be
composed of multiple flavour structures. The subtraction method is only effective if the evaluation
of flavour-dependent observables in both the real and real-subtraction cross sections match in all
possible unresolved limits. This is only ensured if an infrared-safe flavour-sensitive jet algorithm
is applied.

To construct the NLO cross section, a similar procedure must also be applied to both virtual
and virtual-subtraction (in the antenna formalism, these include integrated subtraction and mass-
factorisation contributions) cross sections. To allow the computation of flavour-dependent jet ob-
servables at NNLO, the same ideas extend to one order higher and this flavour-dressing procedure
is applied to all NNLO-type parton level contributions and their corresponding subtraction terms.

2.2 Flavour-aware jet algorithm

Throughout this work jets are reconstructed with the flavour-k, algorithm, which provides an
infrared-safe definition of jet flavour. The main difference with respect to a native jet algorithm
is that the clustering of particles relies on both momentum and flavour information of the input
pseudo-jets. The essential steps of the algorithm for hadron—hadron collisions originally presented
in ref. [7] (also summarised in ref. [9]) can be sketched as follows:

The algorithm proceeds by assigning a net flavour to all pseudo-jets or jets based on their
quark flavour content, attributing +1 (—1) if a quark (antiquark) of the flavour under consideration
is present. In an experimental context, the presence of a quark flavour could be inferred from a
fully/partially reconstructed hadron. A criterion is then applied to these objects to determine if they
carry flavour, possible examples being: the net flavour (sum of quarks and antiquarks); or the net
flavour modulo two. Objects are considered to carry flavour if they carry non-zero values of this
criterion. The algorithm then proceeds by constructing distance measures for pairs of all final-state
pseudo-jets i and j (d;;) as well as beam distances (d;p and d;3) as described explicitly in [4] . In
particular, the (flavour-dependent) distance (d;;) for all final-state pseudo-jets i and j are defined as

(2.3)

Ay,»zj +A izj {max(k,i,ktj)“min(k,i,k,j)2“ softer of i, j is flavoured,
i e
R

min(ky;, k; ) softer of i, j is unflavoured,

In these definitions, k;; and k;; are the transverse momentum of the pseudo-jets i and j, and the
rapidity difference and azimuthal angular separation between these pseudo-jets is given by Ay;;
and A¢;;, respectively. The parameters R and « define a class of measures for the algorithm.

While this flavour-aware jet algorithm is substantially more complex than the flavour-blind
anti-k, algorithm [10], its use is unavoidable in fixed-order computations based on massless quarks.
At NNLO in particular, the flavour-dependent distance measure in eq. (2.3) ensures that a pair of
flavoured quarks originating from a wide-angle gluon splitting is clustered into a pseudo-jet before
being combined with any other (harder) pseudo-jets. This avoids the situation where one of these
soft quarks may be clustered with a hard pseudo-jet that carries zero flavour, which would lead to
a definition of jet flavour sensitive to soft physics.

It is worth mentioning that, in our computation, we have chosen to define the flavour of pseudo-
jets to be the net-flavour of its constituents modulo two, which means that all pseudo-jets which
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contain an even flavour content are considered to have zero net-flavour. The motivation for this
choice is that, in our opinion, it is the most feasible realisation of the flavour-k; algorithm ex-
perimentally: Focussing on the case of b-jets, the main consideration is that most experimental
approaches to flavour tagging are sensitive only to the absolute flavour [11-13] (and do not addi-
tionally charge tag the jets). All implementations of the algorithm must consider the combination of
a bb-quark pair (or equivalently a BB-hadron pair) as carrying zero flavour, as required to guarantee
its infrared safety as discussed above. Therefore, in the absence of charge tagging, any (pseudo)-jet
which contains the presence of an even number of b (B) and/or b (B) quarks (hadrons) should also
be considered to carry zero flavour, as experimentally these signatures are indistinguishable.

3. Ingredients of the computation

In this section we present the main ingredients that enter the calculation of the Higgs Strahlung
process at NNLO. We establish how those building blocks are assembled to express the cross
section in a factorised form in terms of production and decay sub-processes.

3.1 General framework

We consider the process pp — VH + X — ££bb + X where the vector boson (V) decays lepton-
ically and the Higgs boson (H) decays into a pair of bottom quarks bb. We compute NNLO QCD
observables related to these reactions by including corrections up to order &2 in both production
and decay sub-processes. This enables us to express the fully differential cross section at the kth
order in a factorised form given as

k
NFLO _ (i) ()
do™O = Z,"O do,y xdo,” .. 3.1
iljkjj_ik

The term dc‘%, which corresponds to the production part, comprises the vector propagator and the

leptonic decay V — ¢Z, including spin correlations between the initial-state partons and the final-
state leptons. The term denoted by dG}(I]lbB corresponds to the decay part and includes the Higgs
propagator and its subsequent decay to a bottom—antibottom quark pair. We treat all light quarks
as massless including the bottom quark with the exception of the Yukawa coupling mediating the
H — bb decay. In the decay the bottom quark Yukawa coupling to the Higgs boson is renormalised
in the MS scheme at the scale 9, taken to be proportional to the Higgs-boson mass my. !

At order O(a?), the cross section may then be written as

NNLO _ 4(0) (0) ) 2)
do = doyy x (dGHebB - dGH%bB + do_HﬁbB)
(1) (0) (1)
+doyy x (dGHabB + dGH%bB)
+doj x (dog’5) (3.2)

Tt is known from the computation of the inclusive cross section that this choice of regularisation scheme leads to a
reduction of the size of the QCD corrections.
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Based on this master formula (3.2) for the VH process at NNLO, we next specify the individual
ingredients of the production and decay parts in the following and describe how they are assembled
to the final prediction for the Higgs Strahlung process.

3.2 Production parts

Up to order ¢, only one type of contribution enters the associated Higgs production cross sec-
tion, which is given by Drell-Yan-like diagrams with a subsequent Higgs emission from the gauge-
boson leg. Starting from &(a2), additional quark-loop induced contributions arise. These can be
treated independently from the aforementioned Drell-Yan-type ones as the relevant Feynman amp-
litudes are individually gauge invariant. In the following, we describe these two production modes
one after the other.

Drell-Yan-type: These contributions arise from the Drell-Yan-like production of a virtual W=
or Z boson, which then splits into a real vector boson and a Higgs particle. In our calculation
we include them up to &(o2) using off-shell amplitudes that effectively treat both the directly
produced vector boson and the vector boson that decays leptonically as virtual particles. These
contributions only involve the square of Drell-Yan-like amplitudes and the infrared singularities
are dealt with using the NNLO antenna subtraction formalism [14]. The subtraction terms can
be readily constructed based on the NNLO calculation for the Drell-Yan processes, which are
available within the NNLOJET framework.

Top-quark-loop induced: Starting from &(a?), new types of diagrams induced by quark loops
must be taken into account for the VH production process. The contribution to the cross section
either arises through the square of these loop-amplitudes or though the interference with Drell-Yan-
type amplitudes. Those included in our calculation are mentioned explicitly in [4]. We include
in particular the amplitudes induced by gluon-gluon initial states, which are exclusively present
in ZH production. Phenomenologically, they represent the dominant component among the top-
loop-induced contributions due to the large gluon luminosity at the LHC and were also considered
in the previous calculations at NNLO. Note that all quark-loop-induced contributions are both
infrared and ultraviolet finite and thus no subtraction procedure is needed in their evaluation. The
heavy-quark-loop-induced contributions included in our calculation have been either independently
rederived or implemented using known results. A validation of the implementation was performed
against OpenLoops amplitudes [15] and full agreement was found in all cases.

3.3 Decay parts

For the decay sub-process H — bb, we required the corrections up to &'(e2) as indicated in
our master formula (3.2). The corresponding amplitudes at one- and two-loop level were obtained
from the analytic expressions of refs. [16,17] and were decomposed into different colour levels ac-
cording to antenna formalism conventions. A validation of all one-loop amplitudes was performed
against the OpenLoops library [15], yielding full agreement. In addition, subtraction terms captur-
ing the infrared singularities are required. Those have been constructed for the Higgs decay up to
order & (a?) for the present computation. Checks for the correct divergent behaviour in all single-
and double-unresolved limits have been performed in order to ensure the proper cancellation of
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singularities in the real-emission corrections as well as the cancellation of poles against the virtual
amplitudes. The decay sub-process up to NNLO only enters in eq. (3.2) when combined with the
Drell-Yan-type production parts. For the top-quark-loop induced contributions, which are already
of &(a?), the decay only needs to be considered at tree level.

4. Numerical results

It is the purpose of this section to present some of the main phenomenological results related
to the computation of the Higgsstrahlung process at order o> and presented in [4].

4.1 General setup

We provide predictions for proton—proton collisions at /s = 13TeV using the parton distri-
bution function NNPDF31_nnlo_as_0118 provided via the LHAPDF library [18]. Each event
is required to contain at least two b-jets with transverse momentum p , > 25GeV and rapidity
lyp| < 2.5. Charged leptons are required to have a transverse momentum above p | ;> 15GeV and
for their rapidity to satisfy |y;| < 2.5. For the W*H processes, we additionally demand a minimum
missing transverse energy of E| nyiss > 15GeV to identify the neutrino in the final state. We use the
flavour-k; algorithm with an even-tag exclusion to cluster b-jets with the parameters R = 0.5 and
o =2.

For the unphysical scales appearing in the calculation, we choose to set and vary them inde-
pendently for the production and decay parts. The central factorisation and renormalisation scales
of the production sub-processes are chosen to be the invariant mass of the VH system My, whereas
the central renormalisation scale of the decay are set to the Higgs-boson mass my. We evaluate the
differential cross section for a total of 21 different scale settings that are obtained from all possible
combinations of

.uF:MVH [17%72]7 .Ugmd':MVH [17%72]7 ngec':mH [17%72]7 (41)

with the additional constraint 3 < g/ ul‘{md' < 2 following the conventional 7-point scale variation

for the production sub-process.

4.2 Scale variations

L d./dec. ..
The dependence on the renormalisation scales uf{m /de¢ can serve as a non-trivial check of

the final results obtained from the numerical computation. To this end, we ensure that the dif-
ferent scale settings of eq. (4.1) are correctly reproduced by the analytic renormalisation-group
running starting from the central scale choice.? This is of particular importance for the calculation
at hand, as the independent variation of scales for the different sub-processes was for the first time
implemented in the NNLOJET framework for the present work.

4.3 Fiducial cross sections

In Table 1, we present the predictions including fiducial cuts for the different VH processes at
the various orders in o and using two different formulations of the cross section.

2For processes involving just a production part, the analytic expressions have been explicitly given in ref. [19].
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The first part of this table contains the cross section, denoted as unscaled and given as in
eq. 3.1, while in the second half of this table a scaled variant of the cross section incorporating the
Higgs-boson branching ratio at a fixed value and thus not subject to an ¢ expansion is tabulated.
Up to NNLO, the cross section in this latter formulation is assembled as follows:

dopsled — da‘(,(l){) X (doﬁibt—)) x K, (4.2)

scaled __ (0)
doxio =dopy X

(0) (1) 1
doy s+ dGH—>bE) x KW

T~ —

+do) x (do® ) « K©), 4.3)

H—bb

scaled __ (0)
doxnro = doyy ¥

+ dcr‘(,lH) X

(0
dGHeb

(0) (1)
dGHabB + dGHﬁbB) x KW

/N

1) 2 2
A0y 5t dGHHbB) x K

/N

+dol3) % (dc(o) 5) x K©. 4.4

H—b
Here, the scaling factors K() contain the branching ratio and are given by
) Br(H— bﬁ) Tn

K" = 6
| J
lj:() l—‘HabE

4.5)

It is worth mentioning that this scaled variant of the cross section was essential in describ-
ing the data using fixed-order predictions at LO and NLO levels. With this formulation, the LO
predictions have the correct normalisation; NLO corrections are kept small and have a small re-
sidual theoretical uncertainty. If computed up to order o2, we here argue that the need of such
scaling factors in the formulation of the cross section becomes questionable. Indeed, focussing on
the NNLO results, we here see that both prescriptions agree well in their respective central values,
however, sizeable differences can be seen in their associated uncertainties. The scaled predictions
at NNLO show almost no reduction in scale uncertainties — even increasing for ZH — compared
to the respective NLO number, whereas our formulation given in eq. 3.1 exhibits a substantial re-
duction in scale uncertainties when going from NLO to NNLO. This difference can be attributed to
the compensation of scale dependences in the latter case, which is spoiled in the scaled formulation
of this rate, by the different rescaling factors used in eq. (4.4) among different terms.

We therefore, find that a consistent treatment of theoretical uncertainties outweighs the preci-
sion gain that one might obtain by scaling the cross section to a fixed branching ratio, if the cross
section is computed including NNLO corrections in both production and decay parts. This further
motivates the simpler formulation of the cross section given above in eq. (3.2) where no scaling
factors are applied. This set up has been used to present the results for distributions in [4] and in
the present report in section 4.4.

4.4 Distributions

In [4] we present differential distributions of flavour-sensitive observables for the three dif-
ferent associated Higgs boson production processes WHH, W™ H, and ZH. Those are: (a) the
transverse momentum p | 1, of the leading b-jet, (b) the transverse momentum p | py, of the pair of



LHC observables with NNLOJET Aude Gehrmann-De Ridder

naive (unscaled) scaled

WH W H ZH WHH W H ZH

orolfb] | 18.0673% 11.96710 4.837071 | 22527085 1491108 6.0270)]

ontol[fb] | 21527988 1421703 5717032 | 22.877015 15117038 6.06703

onnLo[fb] | 20.687016 13.64 704 5927043 1 20,9308 13.80704)  6.107531

two b-jets, (c) the angular separation AR, = 4 /Angb —|—A¢€b of two b-jets, and the invariant mass
myy, of two b-jets, where in (b—d) the two b-jets are selected whose invariant mass is closest to my
in order to identify the candidate pair that is most likely to originate from the Higgs decay.

In this talk, we focus on presenting results concerning the transverse momentum p | y, of the
pair of two b-jets for WTH and ZH processes. We choose to show this distribution since it is one
of the distribution where at NNLO the phenomenological differences between these two processes
are the most pronounced. The results are given in Figure 1.

As can be seen, NNLO corrections to the WHH case lead to a substantial stabilisation of the
prediction. Size and shape are only slightly modified at NNLO compared to the NLO predictions;
the scale-variation bands, however, are reduced considerably. In contrast, the ZH distribution show
an excess of events in the central region. This behaviour is attributed to top-quark-loop threshold
effects in the dominant top-quark loop gluon—gluon-induced ZH-exclusive amplitudes. As men-
tioned earlier, these channels first contributed at NNLO, which also explains the widening of the
theoretical uncertainty bands around the threshold regions of these distributions.

5. Conclusions and outlook

In this talk, we summarised the main outcomes related to the computation of NNLO correc-
tions to associated Higgs production observables presented in [4].

A detailed account was given on the residual theory uncertainties by allowing the scales in the
production and decay sub-processes to vary independently. The NNLO corrections to the fiducial
cross section were found to exhibit a good perturbative convergence with residual uncertainties at
the percent level. We contrasted our naive perturbative expansion of the cross section with a com-
monly employed rescaling procedure using the branching ratio BR(H — bb), where we observed
that the residual scale uncertainties did not get considerably reduced, instead.

Flavour-sensitive observables were studied by investigating differential distributions where
a similar stabilisation of the perturbative series was found as in the cross sections. A comparison
between the W*H and ZH processes emphasised the phenomenologically sizeable impact that arise
from the gluon—gluon-induced top-quark loop amplitudes.

The study of flavour-sensitive jet observables with fixed-order predictions, must be performed
in an infrared-safe way. For calculations based on massless QCD this can only be achieved with a
flavour-aware jet algorithm (such as flavour-k;). Future comparisons to measurements are only vi-
able if a similar prescription is also employed in the experiment, and the application of the even-tag
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Figure 1: Flavour-sensitive jet distributions for the (a) WTH and (b) ZH processes showing the
transverse momentum of the b-jet pair. The upper panel contains the absolute values while the
lower panel shows the bin-by-bin ratios with respect to the previous order evaluated at the central
scale.

exclusion here was mainly motivated to facilitate the experimental implementation. Such studies
are left for future work.
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