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This is a brief review of the theoretical status of Higgs production at
the LHC in the Standard Model, with an emphasis on the recent devel-
opments and computations. In particular, I focus on both inclusive and
differential cross sections for the dominant production mode in the Stan-
dard Model, where the theoretical uncertainties induced by the different
interplays between top- and bottom-quark effects in the gluon-fusion scat-
tering amplitude are discussed.
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1. Introduction

The discovery of a scalar particle |1, 2| is already considered as the legacy
of the LHC Run 1. Several studies have analyzed the properties of this
resonance (see, e.g., Refs. [3, 4]), all of which are fully consistent with the
Standard Model (SM) picture. Such studies rely heavily on the precise
theoretical understanding of the Higgs production and decay mechanisms.

Already with Run 1, but even more with the start of Run 2, the LHC is
entering precision physics, in particular for Higgs related observables. This
accuracy enables the measurement of differential distributions of the Higgs
boson. First differential results were recently published in Refs. [5, 6]. With
the additional precision expected from Run 2, such measurements will allow
for the determination of small deviations from the SM picture in order to test
the nature of the Higgs couplings. Therefore, accurate theoretical predictions
are required not only for the total rate, but also for differential cross sections.

This contribution reviews the state-of-the-art predictions in the SM for
the dominant gluon-induced Higgs production mode, where the total inclu-
sive cross section as well as fully exclusive observables will be discussed.
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2. Higgs production through gluon fusion

Standard Model Higgs production proceeds predominantly via gluon fu-
sion, where the Higgs—gluon coupling is mediated by a quark loop. Its cross
section is roughly one order of magnitude larger than the sum of all other
production modes. In the past years, gluon-induced Higgs production has
become the theoretically best studied process at hadron colliders, which lead
to a significant decrease of the related theoretical uncertainties.

An effective field theory approach, where the top quark is assumed to be
infinitely heavy (also known as heavy-top limit), allows to determine higher
order corrections roughly one perturbative order higher than in the full the-
ory. One must bear in mind, however, that this approximation is strictly
valid only when all scales remain below twice the top-quark mass. There-
fore, care must be taken for the total inclusive cross section by estimating
the effect of missing quark-mass contributions and for kinematical distribu-
tions outside the validity range of the approximation. In the latter case, the
full theory must be employed at the cost of lower perturbative accuracy.

2.1. Total inclusive cross section

For a long time, the highest perturbative accuracy available for the total
inclusive Higgs cross section in the infinite top-mass approximation was next-
to-next-to-leading order (NNLO) [7-9]. Very recently, a milestone in per-
turbative computations was reached, when the first next-to-NNLO (N3LO)
result at hadron colliders was computed [10] for this process. Similar to the
NNLO result of Ref. [7], the computation of Ref. [7] employs a threshold
expansion (including the first 39 terms) in 7 = m?% /s around 7 = 1, where
my is the mass of the Higgs boson and s the partonic center-of-mass energy.
While the leading terms of this expansion [11, 12| do actually not yet capture
the dominant contribution of the N3LO corrections, the expansion stabilizes
after ~ 10 terms [10]. This is indeed very similar to what was observed at
NNLO [7], which later turned out to be in excellent agreement with the full
result. There are essentially two reasons why the expansion works so well:
soft-gluon effects close to the threshold are important, which are captured
by this approach, and the gluon luminosities strongly suppress the region
z < 1, where the expansion looses its validity. Hence, the computation of
Ref. [10] can be safely considered to be the full N3LO result for all practical
purposes.

The size of the N3LO corrections remains rather small (< 1%), once a
judicious choice for the renormalization and factorization scales of mp /2 at
NNLO is made. This scale choice was motivated already by the good agree-
ment with the soft gluon resummed result at NNLO+NNLL [13]. The actual
benefit of the N3LO corrections is a significant reduction of the residual un-
certainties leading to a prediction with a precision at the level of 2-3%.
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Consequently, at N3LO the result is perturbatively highly stable, while
all other uncertainties require now a careful estimate: PDF uncertainties are
already of similar size at next-to-leading order (NLO) and at NNLO, which
should not change at N3LO, since no dedicated N3LO PDF sets exist. They
amount to typically ~ 5% and have, therefore, become one of the major
uncertainties on the cross section prediction for hadronic Higgs production
at N3LO. Electroweak effects have been evaluated, for example, in Refs.
[14-17]. The uncertainty induced by neglecting finite top-mass effects on the
radiative corrections in the heavy-top approximation has been estimated to
be below 1% for the total cross sections at NNLO by studying the asymptotic
expansion in inverse powers of the top-quark mass (1/ mfop) [18, 19]. One
should bear in mind, however, that top mass effects must be fully accounted
for at leading order and can then be supplemented by radiative corrections
computed in the heavy-top approximation in terms of K-factors. For the
partonic cross section, the 1/ m%op expansion reads

=1
s ~ (k) 1
6 kZ:Om%o- , (1)

top

which is strictly valid only for /s < 2myep. Since the coefficients of this
expansion actually diverge as /s — oo [18], a matching of the partonic
cross section to the high-energy limit 6(1/s — o00) [18, 20] was introduced in
Ref. [18]'. The dependence of the estimated top-mass effects on the precise
details of the matching procedure is negligible.

Concerning other quarks as mediators of the gluon-Higgs coupling, the
effect of the four lightest quarks is < 1%. The bottom quark, on the other
hand, contributes ~ 5-10% to the total cross section at NLO [21]. Due to
the small value of the bottom mass, a heavy-quark approximation as used for
the top-quark contributions is not suitable in this case. Therefore, bottom-
quark effects must be included solely at the perturbative order, where the
full quark-mass dependence on the cross section is known. Nevertheless, the
uncertainty induced by the missing bottom-quark contributions at N3LO
can simply be estimated by assuming their K-factor to be not larger than
the one used for the top-quark contribution®. This leads to an estimate of
at most +2-3% missing bottom-quark effects at N3LO.

In conclusion, the prediction for the total inclusive cross section for Higgs
production through gluon fusion is under excellent theoretical control, which
allows for actual precision physics at the LHC Run 2.

! Note that the region /s > 2myop is strongly suppressed by the gluon luminosities.
2 Radiative corrections to the bottom loop are assumed to be smaller than for the top
loop due to the softer spectrum. At NLO, this already turned out to be true.
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2.2. Differential cross sections at fized order

Kinematical distributions in hadronic Higgs production provide an im-
portant handle on the determination of Higgs properties. Among the most
relevant observables in this respect is the Higgs transverse momentum (pr)
spectrum. The NLO transverse momentum distribution of the Higgs bo-
son in gluon fusion at pr > 0 has been known for some time in the limit
of heavy top quarks [22, 23]. Recently, NNLO corrections to this observ-
able were determined in a fully differential computation of the Higgs+jet
rate [24-28]. Perturbative effects on the pr spectrum at NNLO turn out to
be quite sizable; they amount to ~ 20% in the tail of the distribution.

A careful assessment of the validity of the heavy-top approximation be-
comes even more important for differential observables, where the hierarchy
of different scales is more involved. Subleading top-mass effects on the differ-
ential Higgs+jet cross section at NLO have been considered in Refs. [29, 30].
Figure 1 shows the differential K-factor for the Higgs pr distribution?®

KR (pr) = [do™ fdpr] ./ [do™ Jdpr] . (2)

as an expansion up to 1 /mfop, where £ = 0 (dotted/green curve) corre-
sponds to the heavy-top limit, & = 2 (dashed/blue curve) involves terms
up to 1/mg,, and k = 4 (dash-dotted/yellow curve) includes the 1 /m?Op

Top-Expansion
1.2 - o(1/m)
» +O(1/mt2)
+O(1/mf)

50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300
H
p; [GeV]

[ Js=13TeV

Fig.1. K-factors for the Higgs pr distribution as defined in Eq. (2), i.e.
K = KNYO(pr). Left/center/right plot: only gg/only gg/sum of gg and qg.
Dotted/dashed/dash-dotted: k = 0/2/4.

5.0 mk denotes the truncation of the asymptotic expansion at 1/mf,,.
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term in addition. The factorization and renormalization scales are set to the
transverse mass of the Higgs boson ,u% = ,u%{ = m%{ + pgf. The left panel of
Fig. 1 shows the purely gluon-induced subchannel, where the convergence
of the asymptotic expansion is close to excellent at least for pp < 150 GeV.
This consistent picture deteriorates to some extent for the gluon—quark in-
duced channel (central panel), but leads in the sum of both channels (right
panel) to an overall reasonable convergence of the asymptotic series as long
as pr S Myiop- In that region, the uncertainty associated with missing top-
mass effects in the heavy-top limit can be estimated to be below 2-3%, when
taking the spread of the different curves as a measure of the size of the top-
quark effects. At pr = 300 GeV, the uncertainty is already at the level of
10% and the heavy-top limit starts to become unreliable.

It is obvious already from Fig. 1 that in the low-pr region, the asymptotic
expansion is well-behaved, while the convergence successively deteriorates as
pr (and therefore all associated scales) increases. Formally, any event with
a hardness that exceeds the 2mygp, threshold is outside the validity range
of the top-mass expansion. Considering the inclusive Higgs+jet cross sec-
tion, where at least one hard jet is required®, the bulk of the well-behaved
soft region is removed, and the problematic high-scale events are fully inte-
grated over. For this observable, one, therefore, expects a badly converging
asymptotic series, as can be seen from Fig. 2 (a). Indeed, none of the approx-
imations agrees with the exact LO result (solid/red curve) and the ordinary
1/myop expansion, including the heavy-top limit, loses its predictive power.

However, one may recover the convergence of the asymptotic expansion,
by introducing the matched Higgs+jet cross section as follows:

matched — unmatched matched
|:0-21—jet } . = [UZI—jet } . +[Utot } .

unmatched
- [Utot } - (3)
mtop mtop mtop

k
mtop

As can be seen from Fig. 2 (b), the 1/ mfop series of the matched cross section
is nicely convergent and in good agreement with the exact LO result at least
for pit . <150 GeV.

T,min ~

Equation (3) stems from the following observation: the total inclusive
cross section oy is integrated over the same problematic high-pt region
as the Higgs+jet cross section. As stated before, a matching to the high-
energy limit allows to control the region /s > 2mygp, in the case of the

total cross section [18] (referred to omatched) ~ Assuming a similar matching

for the inclusive Higgs+jet rate (a@f_tj‘gged), the difference between matched
and unmatched cross sections for the total and the inclusive Higgs+jet rate

should be the same up to a very good precision, as long as p]Tetmin is chosen

4 In this contribution, jets are defined using the anti-kt algorithm [31] with jet radius
jet

R = 0.5 and a requirement on the minimal jet transverse momentum of pjTet > D omin
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at values below which the asymptotic expansion works well. This equality
allows us to actually define the matched Higgs+jet cross section as done in
Eq. (3). One must be careful, however, to combine the same orders in ag
with a consistent set for the PDFs in that equation.

100 unmatched 100+ matched
5ot s =13TeV 59- /5 =13TeV
g 30 g s0-
— 20 — 20+
E iE“
~ 10— . — 10
o2 - | Top—Expansion Py I | Top-Expansion
L g5t o] olm) B gsr o] om)
03+ || - |[+o(a/m?) 03+ || - |+o(a/m?)
0.2 |- |+o(1/mf) 02+ || - |[+o(1/mf)
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(a) (b)
15.0 15.0
- LN
00= ey unmatched 00 N matched
- = F ~ =
5ot G V5 =13TeV 5oL ' V§ =13TeV
— 40 S — 4ol S
8 s0- hEH 2 30+t “
. 207 S — 20+ S
E S £ el
c,)_‘l 1.0+ M ﬁ 1.0+ RO
2 L ~ L S~
2}0% 05 L |Top-Expansion . E'bﬂ 05~ |Top-Expansion R T
= 02t o(1/m° s = 04+ o(1/m° ' =
e et = 2 et
- - N . -]
0.2 m . : 02+ 14
- +o(/mf) N -~ +o(/m?)
01+ s 01+
30 50 100 150 200 250 300 30 50 100 150 200 250 300
e e et [Gev
pT,mln [ eV] pT,min [ e ]
(c) (d)

Fig. 2. Inclusive Higgs-+jet rate at (a), (b) LO and (c), (d) NLO including terms up
to 1/mf,, as a function of pﬁ?fmin. Dotted/dashed/dash-dotted: k = 0/2/4, solid:
exact. (a), (¢) unmatched; (b), (d) matched according to Eq. (3).

While at LO the exact result is known, the matched cross section proves
particularly useful for the NLO Higgs-jet rate: Fig. 2 (c) shows a similarly
bad convergence of the unmatched NLO Higgs+jet cross section as observed
at LO. With the corresponding matching at o, shown in Fig. 2 (d), one ob-

tains a nicely behaved asymptotic convergence at least for pJTetmin < 150 GeV.

~

In conclusion, the definition of the matched cross section enables a reliable
prediction of the NLO Higgs+jet rate for standard experimental pil‘ftmin cuts.
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2.3. Differential cross sections with resummation

It is well known that the perturbative ordering in ag breaks down in kine-
matical regions where logarithmically enhanced terms become large. One of
such regions is pp < @, where Q ~ my is the typical hard scale of the
Higgs production process. Only a resummation of logarithms in pr/Q to all
orders in « provides a proper theoretical prediction. Such resummation can
be performed analytically or by means of a parton shower (PS) approach.

Analytical transverse momentum resummation for the fusion process was
calculated in the heavy-top approximation at next-to-next-to-leading loga-
rithmic (NNLL) accuracy and consistently matched to the NNLO fixed-order
cross section [32]. This computation is implemented in the publicly available
programs HqT [32] and HRes [33, 34|, where the latter is based on a Monte
Carlo approach that allows for decays of the Higgs boson.

Finite top- and bottom-mass effects on the resummed p1 spectrum were
discussed in Ref. [35] for the POWHEG [36] method at NLO+PS, in Refs.
[34, 37, 38| for analytic resummation through NLO-+NLL and for MCONLO
[39] in Ref. [40]. While top-mass effects are moderate at small transverse
momenta, sizable differences were originally observed between the POWHEG
prediction for the combined top- and bottom-mass effects on the SM pr
spectrum and the other two approaches [35, 37, 40].

Common to these three approaches (analytic resummation, MCONLO,
POWHEG) is an effective scale (resummation scale, shower scale, hg,et) that
separates the soft/collinear from the hard region; referred to as matching
scale in the following. Although the dependence on the matching scales is
of higher logarithmic order, inadequate values may deteriorate the pertur-
bative convergence due to large logarithms, which makes a careful choice
necessary. The matching scale is set usually to the characteristic scale of the
hard scattering process. However, if a process involves two or more different
mass scales, as in the case of the bottom loop in Higgs production (my, and
myr), this choice is not at all obvious. Recently, two proposals were made for
the algorithmic determination of suitable matching scales separately for the
top, the bottom and the top—bottom interference contribution to the cross
section [41, 42]. Indeed, for these matching scale choices, the differences
observed in the three resummation/matching approaches at small pt when
including top- and bottom-mass effects are strongly reduced and the predic-
tions become compatible within uncertainties (estimated from variations of
the central matching scales by a factor of two) [43]. This is true not only
in the SM, where the uncertainty induced by the bottom loop would not
become too severe due to the small bottom Yukawa coupling, but also in
extended models, where the coupling of the Higgs to bottom quarks can be
significantly enhanced, and a careful choice of the matching scales becomes
absolutely crucial [43].
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Considering large transverse momenta, MCONLO and analytic resum-
mation are in good agreement due to their transition to the fixed-order
prediction at high pp, while POWHEG develops a considerably larger cross
section. The source of this enhanced tail is the particular treatment of mul-
tiple parton emissions by the PS, which acts on all transverse momenta in
the ordinary POWHEG approach. However, it was shown [43] that a simple
but powerful modification of the way POWHEG is interfaced to the PS leads
to a consistent merging with the fixed-order prediction in the tail of the
distribution and agreement with the other two approaches.

Regarding fully differential Monte Carlo predictions for hadronic Higgs
production in the SM, a new generation of Monte Carlo tools has been
developed in the recent past. These computations employ the highest per-
turbative information available in the heavy-top approximation and combine
them with finite quark-mass effects. They can be divided into two classes:
so-called NNLO+PS approaches [44-46|, which merge Higgs plus zero and
one jets at NLO+PS, while including NNLO corrections to the inclusive
Higgs cross section and rapidity distribution; and NLO+PS merged compu-
tations of Higgs plus zero, one and two jets [47-50].

Higgs pt Higgs y

Higgs pt, MBOEFT012 #1 —— | Higgs y, MIOEFTO12 #1 —
MQOEFTO12 #1 scale variation 10 E MGOEFTO12 #1 scale variation

N3OMFTO12 72 — MSOMFTOT2 72 —
riaion ~-- M3OMFTO12 #2 scale variation -

MBOMFTO12 #2 scale var

per bin [pb]
3
per bin [pb]

aMCENLO
aMCENLO

MadGraphs,
MadGraph5

M30EFTO12 #1 rel.unc.
M30EFTO12 #1 relunc.

(2)/M3OEFTO12 #1

(2)/M3OEFTO12 #1

04 [ (2/M30EFTO12 #1
L

L L L
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Fig.3. (a) Higgs transverse momentum and (b) rapidity distribution in a merged
NLO-+PS Higgs plus zero, one, two jet computation. Solid light (green) curve:
heavy-top limit; solid dark (blue) curve: including mass effects as described in the
text.
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The currently most complete computation [48] in terms of heavy-quark
mass effects employing all available exact matrix elements up to Higgs plus
three jets, has been implemented by means of FxFx merging [47] in the
MadGraph5 aMC@NLO framework [51]. The only approximated matrix el-
ements are the two-loop virtuals for Higgs plus one and two jets, which are
computed in the heavy-top limit and improved by reweighting them with the
born amplitude in the full theory. Figure 3 compares the transverse momen-
tum distribution (left panel) and rapidity distribution (right panel) of the
Higgs boson in the heavy-top approximation (solid light (green) curve) to
the prediction including top-mass effects (solid dark (blue) curve). From the
ratio between the solid dark (blue) and the solid light (green) curve in the
second inset, it is obvious that top-mass effects become particularly relevant
at large transverse momentum scales and have a significant impact on the
pr shape, while for the rapidity distribution they essentially only affect the
normalization. Bottom-mass effects can be added solely for Higgs plus zero
jets at NLO+PS;, since the heavy-quark approximation provides no adequate
description in that case.
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