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Higgs boson production and decays

2

✦ The tiny width (Γ/M~3×10-5) and 0-spin of the Higgs boson ensure a simple factorization of production 
and decay of the Higgs boson in most theory calculations

M. Spira

Table B.12.1: Estimated theoretical uncertainties from missing higher orders and the perturb-
ative orders (QCD/elw) of the results included in the analysis.

Partial width QCD Electroweak Total On-shell Higgs
(%) (%) (%)

H æ bb̄/cc̄ ≥0.2 ≥0.5 ≥0.5 N4LO / NLO
H æ t+t≠/µ+µ≠ — ≥0.5 ≥0.5 — / NLO
H æ gg ≥3 ≥1 ≥3 N3LO / NLO
H æ gg <1 <1 ≥1 NLO / NLO
H æ Zg <1 ≥5 ≥5 LO / LO
H æ WW/ZZ æ 4f <0.5 ≥0.5 ≥0.5 NLO/NLO

Fig. B.12.3: Higgs boson branching ratios and their uncertainties for Higgs masses around
125 GeV. Figure courtesy ref. [11].
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Figure 2: Γ(H → hadrons)/Abb̄(µ = MH) as a function of the renormalization scale µ.

(short-dashed) curve we have Γ(H → hadrons)/Abb̄(µ = MH) = 1 for µ = MH . The six
curves represent (from bottom to top, i.e. from the short-dashed to the solid curve) the
predictions of order α0

s, . . . , α
5
s, where α5

s terms are only included for ∆mb=0
gg . µ is varied

between 10 GeV and 500 GeV which is significantly larger than the usual range spanned
between MH/2 and 2MH . Nevertheless, one observes a steady flattening of the curves
when including higher order corrections; the result represented by solid line is almost
µ-independent.

4 Conclusions

We complete the corrections of order α4
s to the hadronic decay rate of the Standard Model

Higgs boson by computing the top quark–induced contributions in an effective field-theory
framework. This requires the calculation of four-loop propagator-type integrals. Our
new corrections are numerically of the same order of magnitude as the purely massless
contribution [8], however they have an opposite sign. We provide all analytic results
presented in this paper in a computer-readable format [41], making it straightforward
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known to O(αs4) neglecting certain mass corrections 
from Higgs effective theory in heavy top limit

hadronic width of the Higgs boson vs QCD scaledecay branching ratios vs. mass

[Davies, Steinhauser, Wellmann, 2017]

[Herzog, Ruijl, Ueda, Vermaseren, Vogt, 2017][LHCHXSWG]



Hadronic decays of the Higgs boson

3

✦ The Higgs effective theory works well in calculations of hadronic decays of the Higgs boson due to the 
smaller Higgs mass comparing to the top quark 

1 Introduction

In particle physics, one of the most important tasks in the coming years is the precise
measurement of the couplings of the Higgs boson to fermions and bosons. An important
ingredient in this context is the decay rate of the Higgs boson into bottom quarks, which
has the by far largest branching ratio. Together with the decay rate into gluons it con-
stitutes almost 70% of the hadronic decay width and it thus has a major influence on all
Higgs boson branching ratios.

One-loop1 QCD corrections to Γ(H → bb̄) have been known for a long time, including
the full bottom quark–mass dependence [1]. The massless approximation2 at order α2

s

has been computed in Ref. [2] and the full bottom quark–mass dependence is known from
Ref. [3–5]. Three- and four-loop corrections, of order α3

s and α4
s, have been computed in

the massless limit in Refs. [6–8]. A summary of further corrections, including top quark–
mass-suppressed terms and electroweak effects can be found in recent review articles [9,10]
(see also the program HDECAY [11]).

The main aim of this paper is to complete the corrections of order α4
s to the total decay

rate of the Higgs boson into hadrons. In Ref. [8] only the contribution involving the
bottom quark Yukawa coupling was considered. We compute the contributions induced
by effective Higgs–bottom quark and Higgs–gluon couplings. The corresponding three-
loop calculation, which was performed in Ref. [7], produces a similarly-sized contribution
to the α3

s coefficient as that of the purely massless contribution. It is therefore necessary
also to evaluate the top quark–induced contributions at order α4

s.

For the calculation performed in this paper the relevant part the Standard Model (SM)
Lagrange density is given by the Yukawa terms supplemented by the strong interaction
terms. For the production and decay of the SM Higgs boson it turns out that the effective
theory in which the top quark is integrated out provides a good approximation to the full
theory. This leads to the following effective Lagrangian [12–14]3

Leff = −
H0

v0
(C1[O′

1] + C2[O′

2]) + L′

QCD , (1)

where the primed quantities are defined in the five-flavour theory. H0 and v0 are the
bare Higgs boson field and vacuum expectation value which can be identified with their
renormalized counterparts if, as in this paper, electroweak effects are neglected. In Eq. (1)
all dependence on the top quark is contained in the coefficient functions (or effective
couplings) C1 and C2. [O′

1] and [O′

2] are renormalized effective operators constructed
from the light degrees of freedom. Their bare versions read

O′

1 =
(

G0′
a,µν

)2
,

1In the following we count the number of loops needed for the virtual corrections
2Here “massless” refers to the bottom quark mass in the propagators; the bottom quark Yukawa coupling
remains non-zero.

3We follow the notation of Ref. [7].
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Figure 1: Sample Feynman diagrams contributing to Π11, Π12 and Π22. The curly and
straight lines represent gluons and quarks, respectively. The blobs stand for the effective
operators O′

1 and O′

2.

O′

2 = m0′
b b̄

0′b0′ , (2)

where G0′
a,µν is the bare gluon field strength tensor and b̄0′ is the bare bottom quark field.

Further corrections to Leff are suppressed by the inverse top quark mass, contributing
terms of order M 2

H/M
2
t to the decay rate. These terms are available to order α3

s [15–17]
and are known to be small. For example, at order α2

s the M 2
H/M

2
t term changes the

coefficient by less than 1% and thus induces a correction which is of the same order of
magnitude as non-suppressed contributions of order α4

s. We also restrict ourselves to
the leading m 2

b term and neglect higher powers in the bottom quark mass which are
numerically even smaller than the 1/Mt terms.

On the basis of the Lagrange density of Eq. (1) we define correlators formed by the
operators O′

1 and O′

2,

Πij(q
2) = i

∫

dxeiqx〈0|T [O′

i,O′

j]|0〉.

(3)

Sample Feynman diagrams contributing to Π11, Π12 and Π22 are shown in Fig. 1.

Using the optical theorem, the total decay rate can be obtained from the imaginary part
of Πij . In this context it is convenient to introduce the quantities

∆ii = Kii Im
[

Πii(M
2
H )

]

,

∆12 = K12 Im
[

Π12(M
2
H) + Π21(M

2
H )

]

, (4)

3

with 1/K11 = 32πM 4
H and 1/K12 = 1/K22 = 6πM 2

Hm
2
b . Note that Π12(M 2

H ) = Π21(M 2
H).

The total decay width is then given by

Γ(H → hadrons) = Abb̄

[

(C2)
2 (1 +∆22) + C1C2∆12

]

+ Agg (C1)
2∆11 , (5)

where

Abb̄ =
3GFMHm 2

b (µ)

4π
√
2

,

Agg =
4GFM 3

H

π
√
2

. (6)

Note that for clarity, we restrict ourselves in Eq. (5) to the QCD corrections that we
compute in this paper; we neglect both electroweak effects and power corrections sup-
pressed by M 2

H/M
2
t . Furthermore, we concentrate on the decay of the Higgs boson only

to bottom quarks and to gluons. The results can easily be extended to include the decay
to additional light quark flavours, if necessary. A more complete formula can be found
in Eq. (10) of Ref. [7]. Note that in Eq. (6), mb(µ) refers to the MS bottom quark mass
evaluated at the renormalization scale µ.

In Ref. [8] Π22 has been computed to five-loop order, yielding order α4
s corrections to the

Higgs boson decay. For these corrections we have that C2 = 1 and therefore refer to them
in the following as “massless contributions”, despite the fact that there is an overall factor
of m 2

b from the bottom quark Yukawa coupling.

The leading-order term of Π11 describes the decay of the Higgs boson into gluons. Starting
from next-to-leading order (two loops) the gluonic and fermionic decay cannot be sepa-
rated in the approach based on the optical theorem, since there are diagrams containing
both purely gluonic cuts and cuts involving both gluons and quark–antiquark pairs.

The main result of this paper is the extension of [7]. We compute the four-loop correction
to Π12 which contributes to the hadronic Higgs boson decay at order α4

s, along with the
five-loop calculation of Ref. [8]. This is because the leading term of C1 contains a factor
αs.

Note that Π22 has an overall prefactor m 2
b , which comes from the two operators O′

2. Π12

is also proportional to m 2
b ; one factor arises from O′

2 the other from the trace of the
bottom quark loop. In the limit mb → 0 the correlator Π11 has a non-zero contribution.
Terms proportional to m 2

b appear for the first time at two-loop order, due to the presence
of closed bottom quark loops. We compute such terms up to three loops, which give
rise to order α4

s corrections to the Higgs boson decay. We want to remark that the mb-
independent terms of Π11 have been computed to four-loop order in Ref. [18] leading to
corrections of order α5

s to the hadronic Higgs boson decay.

In the next section we provide several technical details of our calculation. In particular,
we discuss the computation of the four-loop integrals and explain the operator mixing and
renormalization. We additionally provide explicit expressions for the effective couplings
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Higgs effective theory by integrating out top quarks

t

1

t

1

Figure 1: Representative top-quark loop contributions for the matching of the HqLq̄R
amplitude.

It is easy to demonstrate the above fact at the two-loop order (where the e↵ect first

appears). Consider the matching procedure for the HqLq̄R amplitude. The matching

coe�cient comes from 3 contributions in the full theory with a closed top-quark loop:

1) diagrams where the external Higgs field is attached to the top-quark loop, e.g., the

first diagram in fig. 1; 2) diagrams where the Higgs filed is attached to the light quark

propagator, e.g., the second diagram in fig. 1; and 3) top-quark loop contributions to the

renormalization of yq and  q. The second and third contributions cancel each other if the

renormalization constants for Yukawa coupling and quark field, Zy and Z , are chosen

in the 5-flavor scheme. This cancellation is in fact the very definition of the “5-flavor

scheme”, which is obvious if we perform the matching with the external quarks on-shell

and the Higgs momentum set to zero. As for the first contribution, it can be immediately

seen that the first diagram in fig. 1 vanishes in the massless limit. The absence of the first

contribution can be formally proven to all orders, since it is related to the on-shell matrix

element hqLq̄R| ̄t t|0i. Such an amplitude must have the form Fµ(p1, p2) ū(p1)�µv(p2)

which is zero due to the equation-of-motion.

In summary, in the limit mq ! 0, the hadronic decay of the Higgs boson can be clas-

sified at the parton level into two categories, induced by the gluon operator and the quark

operator in eq. (2.1), respectively. These two operators do not mix under renormalization.

In the following, we will denote the partonic processes induced by the gluon operator as

the Hgg channel, and those induced by the quark operator as the Hqq̄ channel. The names

might sometimes be misleading, since the two channels can have the same final state par-

ticles. For example, the two operators can both induce the H ! qq̄g process. However,

according to the discussions around eq. (2.4), these two amplitudes do not interfere with

each other. As a result, from the computational point of view, we can strictly separate the

Hgg channel and the Hqq̄ channel, and calculate higher order QCD corrections for them

independently.

3 The leading order and next-to-leading order results

For the thrust distribution, at LO in ↵s, the Hgg channel contains two partonic subpro-

cesses H ! ggg and H ! qq̄g, while the Hqq̄ channel has only one subprocess H ! qq̄g.

The representative Feynman diagrams are depicted in figure 2. The LO result for the

– 5 –

operator mixing at higher-orders in perturbation theory

as a results the separation of bb/cc and gg channels/
couplings is not uniquely defined

when referring H->light quarks (s/u/d), assuming enhanced 
Yukawa (>>mq/v); mixing with O1 can be neglected



Theory uncertainty on Hadronic width

4

✦ Theory uncertainty can be under CEPC/FCC-ee precision goal, giving the projected improvement on SM 
input parameters and some straight forward works on the perturbative calculations

intrinsic/perturbative uncertainty on partial width vs. exp. precision

due to current available (not complete) 
QCD and EW corrections

only a few channels need some 
additional works 

[FCC-ee theory, 1906.05379]

decay intrinsic para. mq para. αs para. MH FCC-ee prec. on g2HXX

H → bb̄ ∼ 0.2% 0.6% < 0.1% – ∼ 0.8%
H → cc̄ ∼ 0.2% ∼ 1% < 0.1% – ∼ 1.4%

H → τ+τ− < 0.1% – – – ∼ 1.1%
H → µ+µ− < 0.1% – – – ∼ 12%
H → gg ∼ 1% 0.5% (0.3%) – ∼ 1.6%

H → γγ < 1% – – – ∼ 3.0%
H → Zγ ∼ 1% – – ∼ 0.1%

H → WW ! 0.3% – – ∼ 0.1% ∼ 0.4%
H → ZZ ! 0.3%† – – ∼ 0.1% ∼ 0.3%

Γtot ∼ 0.3% ∼ 0.4% < 0.1% < 0.1% ∼ 1%
† From e+e− → HZ production

Table 5: Projected intrinsic and parametric uncertainties for the partial and total Higgs-
boson decay width predictions (see text). The last column shows the target of FCC-ee
precisions on the respective coupling squared.

less than 0.1%. Similarly, the complete NLO corrections to H → Zγ can be carried out
with existing methods, resulting in an estimated precision of about 1% (see above for our
estimate on the Dalitz decays).

More theoretical work is needed for H → WW,ZZ, gg, which are currently limited
by QCD uncertainties. For H → WW,ZZ, the required QCD corrections are essentially
identical to those for e+e− → WW , and as explained on page 10 it is straightforward to
improve them to a practically negligible level. Further significant progress would require the
calculation of two-loop electroweak corrections, which for a 1 → 4 process is beyond reach
for the forseeable future.

Note, however, that the HZZ coupling will be mostly constrained by the measurement of
the e+e− → HZ production process at FCC-ee with

√
s = 240 GeV, rather than the decay

H → ZZ∗. As discussed in section 4.3.1, it may be assumed that full two-loop corrections
(for on-shell Z and H bosons) will eventually be carried out for this process, leading to a
remaining intrinsic uncertainty of less than 0.3%.

For H → gg, the NNLO QCD corrections [65] and N3LO QCD corrections in the large-
mt limit [58] are currently available. The leading uncertainty stems from the missing N4LO
corrections in the large-mt limit. These require the calculation of massless four-loop QCD
diagrams, which may be within reach [54, 66]. If these contributions become available,
together with three-loop corrections involving bottom loops, the intrinsic uncertainty for
H → gg is expected to be reduced to the level of about 1%.

Also shown in Tab. 5 are the projected parametric uncertainties, assuming FCC-ee pre-
cisions, see Tab. 1. For inputs, we use δαs = 0.0002 and δmt = 50 MeV from eq. (1),
δMH ∼ 10 MeV [67], and δmb ∼ 13 MeV and δmc ∼ 7 MeV [19].

The corresponding uncertainties (intrinsic, parametric from quark masses, αs and MH)
for the total width are shown in the last line of Tab. 5. They are obtained by adding the
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~13% for CEPC

Partial width QCD electroweak total

H → bb̄/cc̄ ∼ 0.2% < 0.3% < 0.4%
H → τ+τ−/µ+µ− – < 0.3% < 0.3%

H → gg ∼ 3% ∼ 1% ∼ 3.2%
H → γγ < 0.1% < 1% <1%
H → Zγ ! 0.1% ∼ 5% ∼ 5%

H → WW/ZZ → 4f < 0.5% < 0.3% ∼ 0.5%

Table 3: Current intrinsinc uncertainties in the various Higgs-boson decay width calcula-
tions, see text and Refs. [19, 53].

(e.g. in H → WW → 2#2ν) Higgs off-shell contributions have to be taken into account
(which is straightforward at NLO).

At FCC-ee with
√
s = 240 GeV (or other e+e− machines near this center-of-mass energy),

the Higgs-boson production cross-section is strongly dominated by e+e− → ZH , and e+e− →
νν̄H contributes less than 20% [1, 5]. For these two processes full one-loop corrections in
the SM are available [50, 51]. For the dominating ZH production mode they are found at
the level of ∼ 5−10%. It can be expected that missing two-loop corrections in the SM lead
to an intrinsic uncertainty of O(1%)7. This number has to be compared to the anticipated
experimental accuracy of 0.4% [1,2]. It becomes clear that with a full two-loop calculation of
e+e− → ZH the intrinsic uncertainty will be sufficiently small. Calculational techniques for
2 → 2 processes at the two-loop level exist, and it is reasonable to assume that, if required,
this calculation within the SM can be incorporated for the FCC-ee Higgs precision studies.

For WBF production, the calculation of the full two-loop corrections will be significantly
more difficult, since this is a 2 → 3 process. However, one may assume that a partial
result based on diagrams with closed light-fermion loops and top-quark loops (in a large-
mt approximation) can be achieved, which should reduce the intrinsic theory uncertainty to
below the 1% level. Given the fact that the WBF process is less crucial than the HZ channel
for the Higgs physics program FCC-ee with

√
s = 240 GeV, this will probably be adequate

for most practical purposes.

4.3.2 Higgs-boson decays

The current intrinsic uncertainties for the various Higgs-boson decay widths are given in
Tab. 3. They have been evaluated as follows [19]:

The QCD uncertainty for H → qq̄ is assumed to be equal to the magnitude of the O(α4
s)

corrections [54]. The uncertainty due to missing O(α2) contributions is estimated to be
smaller than the known one-loop corrections [55], which themselves are unusually small due
to accidental cancellations. Two-loop corrections of O(ααs) are also available [56] and the
uncertainty from 3-loop mixed QCD-weak corrections is estimated to be of similar size as

7This estimate is corroborated by the recent calculation of the two-loop O(ααs) corrections to ZH cross-
section [52], which were found to amount to 1.3%.
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Table B.12.1: Estimated theoretical uncertainties from missing higher orders and the perturb-
ative orders (QCD/elw) of the results included in the analysis.

Partial width QCD Electroweak Total On-shell Higgs
(%) (%) (%)

H æ bb̄/cc̄ ≥0.2 ≥0.5 ≥0.5 N4LO / NLO
H æ t+t≠/µ+µ≠ — ≥0.5 ≥0.5 — / NLO
H æ gg ≥3 ≥1 ≥3 N3LO / NLO
H æ gg <1 <1 ≥1 NLO / NLO
H æ Zg <1 ≥5 ≥5 LO / LO
H æ WW/ZZ æ 4f <0.5 ≥0.5 ≥0.5 NLO/NLO

Fig. B.12.3: Higgs boson branching ratios and their uncertainties for Higgs masses around
125 GeV. Figure courtesy ref. [11].
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✦ Theory uncertainty can be under CEPC/FCC-ee precision goal, giving the projected improvement on SM 
input parameters and some straight forward works on the perturbative calculations

decay para. mq para. αs para. MH

H → bb̄ 1.4% 0.4% –
H → cc̄ 4.0% 0.4% –

H → τ+τ− – – –
H → µ+µ− – – –
H → gg < 0.2% 3.7% –

H → γγ < 0.2% – –
H → Zγ – – 2.1%

H → WW – – 2.6%
H → ZZ – – 3.0%

Table 4: Current parametric uncertainties in the various Higgs-boson decay width predic-
tions [19] (see text). “–” indicates a negligible source of uncertainty.

the partial result in Ref. [57].
For H → gg, the QCD uncertainty is estimated from the scale variation of the available

N3LO corrections [58]. The electroweak uncertainty for this channel is estimated based on
the observation that the NLO result [59] is dominated by light-fermion loops, and thus the
NNLO contribution is expected to be suppressed by a factor Nlfα ∼ 0.1−0.2. The same
procedure has been employed for H → γγ, using the results from Ref. [60]. Based on
the experience from existing results for H → gg and H → γγ, the currently unavailable
electroweak NLO corrections to H → Zγ are estimated to be less than 5%. Off-shell effects
for H → Z∗γ are known at the LO one-loop level [61] and the NLO corrections are expected
to be small compared to the experimental uncertainty.8

The uncertainty due to the missing QCD and electroweak two-loop corrections for h →
WW,ZZ is estimated by (i) taking square of the known one-loop corrections [62] and, alter-
natively, (ii) doubling the numerical result of the known leading two-loop corrections in the
large-mt limit [63].

Also the parametric uncertainties can play a non-negligible role for the evaluation of the
partial widths. The most important parameters are the bottom quark mass and the strong
coupling constant. In Ref. [53] the current uncertainties of αs and mb have been assumed
to be δαs = 0.0015 and δmb = 0.03 GeV. Additionally, we consider δmc = 0.025 GeV,
δmt = 0.85 GeV and δMH = 0.24 GeV [64]. The effect on the various partial widths has
been evaluated as in Ref. [19] and is shown in Tab. 4.

When comparing the combined intrinsic and parametric uncertainties with the target
precision of FCC-ee [1,2], see Tab. 5, it is clear that improvements are necessary. Concerning
the intrinsic theory uncertainty, the available predictions for the f f̄ and γγ channels are
already sufficiently precise to match the expected FCC-ee experimental uncertainty. With
available calculational techniques, the evaluation of complete two-loop corrections to H →
f f̄ can be achieved. This would reduce the uncertainty of the electroweak contributions to

8 We assume that a proper experimental definition of this decay mode w.r.t. Dalitz decays [61] will be
agreed upon.
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the partial result in Ref. [57].
For H → gg, the QCD uncertainty is estimated from the scale variation of the available

N3LO corrections [58]. The electroweak uncertainty for this channel is estimated based on
the observation that the NLO result [59] is dominated by light-fermion loops, and thus the
NNLO contribution is expected to be suppressed by a factor Nlfα ∼ 0.1−0.2. The same
procedure has been employed for H → γγ, using the results from Ref. [60]. Based on
the experience from existing results for H → gg and H → γγ, the currently unavailable
electroweak NLO corrections to H → Zγ are estimated to be less than 5%. Off-shell effects
for H → Z∗γ are known at the LO one-loop level [61] and the NLO corrections are expected
to be small compared to the experimental uncertainty.8

The uncertainty due to the missing QCD and electroweak two-loop corrections for h →
WW,ZZ is estimated by (i) taking square of the known one-loop corrections [62] and, alter-
natively, (ii) doubling the numerical result of the known leading two-loop corrections in the
large-mt limit [63].

Also the parametric uncertainties can play a non-negligible role for the evaluation of the
partial widths. The most important parameters are the bottom quark mass and the strong
coupling constant. In Ref. [53] the current uncertainties of αs and mb have been assumed
to be δαs = 0.0015 and δmb = 0.03 GeV. Additionally, we consider δmc = 0.025 GeV,
δmt = 0.85 GeV and δMH = 0.24 GeV [64]. The effect on the various partial widths has
been evaluated as in Ref. [19] and is shown in Tab. 4.

When comparing the combined intrinsic and parametric uncertainties with the target
precision of FCC-ee [1,2], see Tab. 5, it is clear that improvements are necessary. Concerning
the intrinsic theory uncertainty, the available predictions for the f f̄ and γγ channels are
already sufficiently precise to match the expected FCC-ee experimental uncertainty. With
available calculational techniques, the evaluation of complete two-loop corrections to H →
f f̄ can be achieved. This would reduce the uncertainty of the electroweak contributions to

8 We assume that a proper experimental definition of this decay mode w.r.t. Dalitz decays [61] will be
agreed upon.
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H → bb̄ ∼ 0.2% 0.6% < 0.1% – ∼ 0.8%
H → cc̄ ∼ 0.2% ∼ 1% < 0.1% – ∼ 1.4%

H → τ+τ− < 0.1% – – – ∼ 1.1%
H → µ+µ− < 0.1% – – – ∼ 12%
H → gg ∼ 1% 0.5% (0.3%) – ∼ 1.6%

H → γγ < 1% – – – ∼ 3.0%
H → Zγ ∼ 1% – – ∼ 0.1%

H → WW ! 0.3% – – ∼ 0.1% ∼ 0.4%
H → ZZ ! 0.3%† – – ∼ 0.1% ∼ 0.3%

Γtot ∼ 0.3% ∼ 0.4% < 0.1% < 0.1% ∼ 1%
† From e+e− → HZ production

Table 5: Projected intrinsic and parametric uncertainties for the partial and total Higgs-
boson decay width predictions (see text). The last column shows the target of FCC-ee
precisions on the respective coupling squared.

less than 0.1%. Similarly, the complete NLO corrections to H → Zγ can be carried out
with existing methods, resulting in an estimated precision of about 1% (see above for our
estimate on the Dalitz decays).

More theoretical work is needed for H → WW,ZZ, gg, which are currently limited
by QCD uncertainties. For H → WW,ZZ, the required QCD corrections are essentially
identical to those for e+e− → WW , and as explained on page 10 it is straightforward to
improve them to a practically negligible level. Further significant progress would require the
calculation of two-loop electroweak corrections, which for a 1 → 4 process is beyond reach
for the forseeable future.

Note, however, that the HZZ coupling will be mostly constrained by the measurement of
the e+e− → HZ production process at FCC-ee with

√
s = 240 GeV, rather than the decay

H → ZZ∗. As discussed in section 4.3.1, it may be assumed that full two-loop corrections
(for on-shell Z and H bosons) will eventually be carried out for this process, leading to a
remaining intrinsic uncertainty of less than 0.3%.

For H → gg, the NNLO QCD corrections [65] and N3LO QCD corrections in the large-
mt limit [58] are currently available. The leading uncertainty stems from the missing N4LO
corrections in the large-mt limit. These require the calculation of massless four-loop QCD
diagrams, which may be within reach [54, 66]. If these contributions become available,
together with three-loop corrections involving bottom loops, the intrinsic uncertainty for
H → gg is expected to be reduced to the level of about 1%.

Also shown in Tab. 5 are the projected parametric uncertainties, assuming FCC-ee pre-
cisions, see Tab. 1. For inputs, we use δαs = 0.0002 and δmt = 50 MeV from eq. (1),
δMH ∼ 10 MeV [67], and δmb ∼ 13 MeV and δmc ∼ 7 MeV [19].

The corresponding uncertainties (intrinsic, parametric from quark masses, αs and MH)
for the total width are shown in the last line of Tab. 5. They are obtained by adding the
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H → γγ < 0.2% – –
H → Zγ – – 2.1%
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Table 4: Current parametric uncertainties in the various Higgs-boson decay width predic-
tions [19] (see text). “–” indicates a negligible source of uncertainty.

the partial result in Ref. [57].
For H → gg, the QCD uncertainty is estimated from the scale variation of the available

N3LO corrections [58]. The electroweak uncertainty for this channel is estimated based on
the observation that the NLO result [59] is dominated by light-fermion loops, and thus the
NNLO contribution is expected to be suppressed by a factor Nlfα ∼ 0.1−0.2. The same
procedure has been employed for H → γγ, using the results from Ref. [60]. Based on
the experience from existing results for H → gg and H → γγ, the currently unavailable
electroweak NLO corrections to H → Zγ are estimated to be less than 5%. Off-shell effects
for H → Z∗γ are known at the LO one-loop level [61] and the NLO corrections are expected
to be small compared to the experimental uncertainty.8

The uncertainty due to the missing QCD and electroweak two-loop corrections for h →
WW,ZZ is estimated by (i) taking square of the known one-loop corrections [62] and, alter-
natively, (ii) doubling the numerical result of the known leading two-loop corrections in the
large-mt limit [63].

Also the parametric uncertainties can play a non-negligible role for the evaluation of the
partial widths. The most important parameters are the bottom quark mass and the strong
coupling constant. In Ref. [53] the current uncertainties of αs and mb have been assumed
to be δαs = 0.0015 and δmb = 0.03 GeV. Additionally, we consider δmc = 0.025 GeV,
δmt = 0.85 GeV and δMH = 0.24 GeV [64]. The effect on the various partial widths has
been evaluated as in Ref. [19] and is shown in Tab. 4.

When comparing the combined intrinsic and parametric uncertainties with the target
precision of FCC-ee [1,2], see Tab. 5, it is clear that improvements are necessary. Concerning
the intrinsic theory uncertainty, the available predictions for the f f̄ and γγ channels are
already sufficiently precise to match the expected FCC-ee experimental uncertainty. With
available calculational techniques, the evaluation of complete two-loop corrections to H →
f f̄ can be achieved. This would reduce the uncertainty of the electroweak contributions to

8 We assume that a proper experimental definition of this decay mode w.r.t. Dalitz decays [61] will be
agreed upon.
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boson decay width predictions (see text). The last column shows the target of FCC-ee
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less than 0.1%. Similarly, the complete NLO corrections to H → Zγ can be carried out
with existing methods, resulting in an estimated precision of about 1% (see above for our
estimate on the Dalitz decays).

More theoretical work is needed for H → WW,ZZ, gg, which are currently limited
by QCD uncertainties. For H → WW,ZZ, the required QCD corrections are essentially
identical to those for e+e− → WW , and as explained on page 10 it is straightforward to
improve them to a practically negligible level. Further significant progress would require the
calculation of two-loop electroweak corrections, which for a 1 → 4 process is beyond reach
for the forseeable future.

Note, however, that the HZZ coupling will be mostly constrained by the measurement of
the e+e− → HZ production process at FCC-ee with

√
s = 240 GeV, rather than the decay

H → ZZ∗. As discussed in section 4.3.1, it may be assumed that full two-loop corrections
(for on-shell Z and H bosons) will eventually be carried out for this process, leading to a
remaining intrinsic uncertainty of less than 0.3%.

For H → gg, the NNLO QCD corrections [65] and N3LO QCD corrections in the large-
mt limit [58] are currently available. The leading uncertainty stems from the missing N4LO
corrections in the large-mt limit. These require the calculation of massless four-loop QCD
diagrams, which may be within reach [54, 66]. If these contributions become available,
together with three-loop corrections involving bottom loops, the intrinsic uncertainty for
H → gg is expected to be reduced to the level of about 1%.

Also shown in Tab. 5 are the projected parametric uncertainties, assuming FCC-ee pre-
cisions, see Tab. 1. For inputs, we use δαs = 0.0002 and δmt = 50 MeV from eq. (1),
δMH ∼ 10 MeV [67], and δmb ∼ 13 MeV and δmc ∼ 7 MeV [19].

The corresponding uncertainties (intrinsic, parametric from quark masses, αs and MH)
for the total width are shown in the last line of Tab. 5. They are obtained by adding the
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Table 4: Current parametric uncertainties in the various Higgs-boson decay width predic-
tions [19] (see text). “–” indicates a negligible source of uncertainty.

the partial result in Ref. [57].
For H → gg, the QCD uncertainty is estimated from the scale variation of the available

N3LO corrections [58]. The electroweak uncertainty for this channel is estimated based on
the observation that the NLO result [59] is dominated by light-fermion loops, and thus the
NNLO contribution is expected to be suppressed by a factor Nlfα ∼ 0.1−0.2. The same
procedure has been employed for H → γγ, using the results from Ref. [60]. Based on
the experience from existing results for H → gg and H → γγ, the currently unavailable
electroweak NLO corrections to H → Zγ are estimated to be less than 5%. Off-shell effects
for H → Z∗γ are known at the LO one-loop level [61] and the NLO corrections are expected
to be small compared to the experimental uncertainty.8

The uncertainty due to the missing QCD and electroweak two-loop corrections for h →
WW,ZZ is estimated by (i) taking square of the known one-loop corrections [62] and, alter-
natively, (ii) doubling the numerical result of the known leading two-loop corrections in the
large-mt limit [63].

Also the parametric uncertainties can play a non-negligible role for the evaluation of the
partial widths. The most important parameters are the bottom quark mass and the strong
coupling constant. In Ref. [53] the current uncertainties of αs and mb have been assumed
to be δαs = 0.0015 and δmb = 0.03 GeV. Additionally, we consider δmc = 0.025 GeV,
δmt = 0.85 GeV and δMH = 0.24 GeV [64]. The effect on the various partial widths has
been evaluated as in Ref. [19] and is shown in Tab. 4.

When comparing the combined intrinsic and parametric uncertainties with the target
precision of FCC-ee [1,2], see Tab. 5, it is clear that improvements are necessary. Concerning
the intrinsic theory uncertainty, the available predictions for the f f̄ and γγ channels are
already sufficiently precise to match the expected FCC-ee experimental uncertainty. With
available calculational techniques, the evaluation of complete two-loop corrections to H →
f f̄ can be achieved. This would reduce the uncertainty of the electroweak contributions to

8 We assume that a proper experimental definition of this decay mode w.r.t. Dalitz decays [61] will be
agreed upon.
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less than 0.1%. Similarly, the complete NLO corrections to H → Zγ can be carried out
with existing methods, resulting in an estimated precision of about 1% (see above for our
estimate on the Dalitz decays).

More theoretical work is needed for H → WW,ZZ, gg, which are currently limited
by QCD uncertainties. For H → WW,ZZ, the required QCD corrections are essentially
identical to those for e+e− → WW , and as explained on page 10 it is straightforward to
improve them to a practically negligible level. Further significant progress would require the
calculation of two-loop electroweak corrections, which for a 1 → 4 process is beyond reach
for the forseeable future.

Note, however, that the HZZ coupling will be mostly constrained by the measurement of
the e+e− → HZ production process at FCC-ee with

√
s = 240 GeV, rather than the decay

H → ZZ∗. As discussed in section 4.3.1, it may be assumed that full two-loop corrections
(for on-shell Z and H bosons) will eventually be carried out for this process, leading to a
remaining intrinsic uncertainty of less than 0.3%.

For H → gg, the NNLO QCD corrections [65] and N3LO QCD corrections in the large-
mt limit [58] are currently available. The leading uncertainty stems from the missing N4LO
corrections in the large-mt limit. These require the calculation of massless four-loop QCD
diagrams, which may be within reach [54, 66]. If these contributions become available,
together with three-loop corrections involving bottom loops, the intrinsic uncertainty for
H → gg is expected to be reduced to the level of about 1%.

Also shown in Tab. 5 are the projected parametric uncertainties, assuming FCC-ee pre-
cisions, see Tab. 1. For inputs, we use δαs = 0.0002 and δmt = 50 MeV from eq. (1),
δMH ∼ 10 MeV [67], and δmb ∼ 13 MeV and δmc ∼ 7 MeV [19].

The corresponding uncertainties (intrinsic, parametric from quark masses, αs and MH)
for the total width are shown in the last line of Tab. 5. They are obtained by adding the
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the partial result in Ref. [57].
For H → gg, the QCD uncertainty is estimated from the scale variation of the available

N3LO corrections [58]. The electroweak uncertainty for this channel is estimated based on
the observation that the NLO result [59] is dominated by light-fermion loops, and thus the
NNLO contribution is expected to be suppressed by a factor Nlfα ∼ 0.1−0.2. The same
procedure has been employed for H → γγ, using the results from Ref. [60]. Based on
the experience from existing results for H → gg and H → γγ, the currently unavailable
electroweak NLO corrections to H → Zγ are estimated to be less than 5%. Off-shell effects
for H → Z∗γ are known at the LO one-loop level [61] and the NLO corrections are expected
to be small compared to the experimental uncertainty.8

The uncertainty due to the missing QCD and electroweak two-loop corrections for h →
WW,ZZ is estimated by (i) taking square of the known one-loop corrections [62] and, alter-
natively, (ii) doubling the numerical result of the known leading two-loop corrections in the
large-mt limit [63].

Also the parametric uncertainties can play a non-negligible role for the evaluation of the
partial widths. The most important parameters are the bottom quark mass and the strong
coupling constant. In Ref. [53] the current uncertainties of αs and mb have been assumed
to be δαs = 0.0015 and δmb = 0.03 GeV. Additionally, we consider δmc = 0.025 GeV,
δmt = 0.85 GeV and δMH = 0.24 GeV [64]. The effect on the various partial widths has
been evaluated as in Ref. [19] and is shown in Tab. 4.

When comparing the combined intrinsic and parametric uncertainties with the target
precision of FCC-ee [1,2], see Tab. 5, it is clear that improvements are necessary. Concerning
the intrinsic theory uncertainty, the available predictions for the f f̄ and γγ channels are
already sufficiently precise to match the expected FCC-ee experimental uncertainty. With
available calculational techniques, the evaluation of complete two-loop corrections to H →
f f̄ can be achieved. This would reduce the uncertainty of the electroweak contributions to

8 We assume that a proper experimental definition of this decay mode w.r.t. Dalitz decays [61] will be
agreed upon.
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less than 0.1%. Similarly, the complete NLO corrections to H → Zγ can be carried out
with existing methods, resulting in an estimated precision of about 1% (see above for our
estimate on the Dalitz decays).

More theoretical work is needed for H → WW,ZZ, gg, which are currently limited
by QCD uncertainties. For H → WW,ZZ, the required QCD corrections are essentially
identical to those for e+e− → WW , and as explained on page 10 it is straightforward to
improve them to a practically negligible level. Further significant progress would require the
calculation of two-loop electroweak corrections, which for a 1 → 4 process is beyond reach
for the forseeable future.

Note, however, that the HZZ coupling will be mostly constrained by the measurement of
the e+e− → HZ production process at FCC-ee with

√
s = 240 GeV, rather than the decay

H → ZZ∗. As discussed in section 4.3.1, it may be assumed that full two-loop corrections
(for on-shell Z and H bosons) will eventually be carried out for this process, leading to a
remaining intrinsic uncertainty of less than 0.3%.

For H → gg, the NNLO QCD corrections [65] and N3LO QCD corrections in the large-
mt limit [58] are currently available. The leading uncertainty stems from the missing N4LO
corrections in the large-mt limit. These require the calculation of massless four-loop QCD
diagrams, which may be within reach [54, 66]. If these contributions become available,
together with three-loop corrections involving bottom loops, the intrinsic uncertainty for
H → gg is expected to be reduced to the level of about 1%.

Also shown in Tab. 5 are the projected parametric uncertainties, assuming FCC-ee pre-
cisions, see Tab. 1. For inputs, we use δαs = 0.0002 and δmt = 50 MeV from eq. (1),
δMH ∼ 10 MeV [67], and δmb ∼ 13 MeV and δmc ∼ 7 MeV [19].

The corresponding uncertainties (intrinsic, parametric from quark masses, αs and MH)
for the total width are shown in the last line of Tab. 5. They are obtained by adding the
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less than 0.1%. Similarly, the complete NLO corrections to H → Zγ can be carried out
with existing methods, resulting in an estimated precision of about 1% (see above for our
estimate on the Dalitz decays).

More theoretical work is needed for H → WW,ZZ, gg, which are currently limited
by QCD uncertainties. For H → WW,ZZ, the required QCD corrections are essentially
identical to those for e+e− → WW , and as explained on page 10 it is straightforward to
improve them to a practically negligible level. Further significant progress would require the
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the e+e− → HZ production process at FCC-ee with

√
s = 240 GeV, rather than the decay
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(for on-shell Z and H bosons) will eventually be carried out for this process, leading to a
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for the total width are shown in the last line of Tab. 5. They are obtained by adding the
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decay intrinsic para. mq para. αs para. MH FCC-ee prec. on g2HXX
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H → γγ < 1% – – – ∼ 3.0%
H → Zγ ∼ 1% – – ∼ 0.1%

H → WW ! 0.3% – – ∼ 0.1% ∼ 0.4%
H → ZZ ! 0.3%† – – ∼ 0.1% ∼ 0.3%

Γtot ∼ 0.3% ∼ 0.4% < 0.1% < 0.1% ∼ 1%
† From e+e− → HZ production

Table 5: Projected intrinsic and parametric uncertainties for the partial and total Higgs-
boson decay width predictions (see text). The last column shows the target of FCC-ee
precisions on the respective coupling squared.
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kinematics and various NP QCD effects are mandatory for precision measurement of hadronic channels  
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(a) (b)

(c) (d)

Fig. 11. ZH production with H ! bb̄/cc̄/gg: the recoil mass distributions of (a) Z ! e
+
e
� and (b) Z ! µ

+
µ
�;

the dijet mass distributions of Higgs boson candidates for (c) Z ! qq̄ and (d) Z ! ⌫⌫̄. The markers and their
uncertainties represent expectations from a CEPC dataset of 5.6ab�1 whereas the solid blue curves are the fit
results. The dashed curves are the signal and background components. Contributions from other decays of the
Higgs boson are included in the background.

Combining all Z boson decay modes studied, a rela-
tive statistical precision for �(ZH)⇥BR of 0.3%, 3.3%
and 1.3% can be achieved for the H ! bb̄, cc̄ and gg
decays, respectively.

5.2 H !WW ⇤

For a 125 GeV SM Higgs boson, the H !WW ⇤ de-
cay has the second largest branching ratio of 21.5% [33].
The sensitivity of the �(ZH)⇥BR(H !WW ⇤) measure-
ment is estimated by combining results from the studies
of a few selected final states (Table 7) of the H !WW ⇤

decay of ZH production. SM diboson production is the
main background source in all cases.

For Z ! `+`�, the H ! WW ⇤ decay final states

studied are `⌫`0⌫ and `⌫qq̄. The ZH candidate events
are selected by requiring the dilepton invariant mass in
the range of 80–100 GeV and their recoil mass in 120–
150 GeV. For Z ! ⌫⌫̄, the `⌫qq̄ and qq̄qq̄ final states
are considered for the H ! WW ⇤ decay. The presence
of neutrinos in the event results in large missing mass,
which is required to be in the range of 75–140 (75–150)
GeV for the `⌫qq̄ (qq̄qq̄) final state. The total visible
mass of the event must be in the range of 100–150 GeV
for both `⌫qq̄ and qq̄qq̄ final states. In addition, the total
transverse momentum of the visible particles must be in
the range of 20–80 GeV. Additional requirements are ap-
plied to improve the signal-background separations. For
Z ! qq̄, the H ! WW ⇤

! qq̄qq̄ decay is studied. Can-
didate events are reconstructed into 6 jets. Jets from

043002-14

bb cc gg

heavy-flavor tagging all hadronic channels and multi-
jets final state

[Bai+, 1905.12903]

charm-quark tagging di-jet invariant mass
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Fig. 1. 3D-fit result projected on three dimension: (a) fit result projected on recoil mass distribution in µ
+
µ
�
H

channel, (b) fit result projected on recoil mass distribution in e
+
e
�
H channel, (c) fit result projected on B-likeness

distribution in µ
+
µ
�
H channel, (d) fit result projected on B-likeness distribution in e

+
e
�
H channel, (e) fit result

projected on C-likeness distribution in µ
+
µ
�
H channel, (f) fit result projected on C-likeness distribution in e

+
e
�
H

channel.
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Fig. 16. Contours of confidence level for simultaneous measure-
ments of αs and α0 (ellipses) compared to the combined mea-
surement of αs using Monte Carlo corrections (shaded band)

The total correlation is modified by systematic effects, and
the correlation coefficients are obtained by constructing a
total covariance matrix which includes experimental and
theoretical uncertainties. The correlation coefficient for ex-
perimental systematic effects is also large and negative,
typically −60%, but the correlation of theoretical uncer-
tainties is weak and about −10% to −30%.

In Fig. 16 the results of measurements ofαs(MZ) andα0
using power corrections are compared to the average value
of αs obtained with the standard method based on Monte
Carlo corrections in Table 9. The measurements of αs and
α0 from the different variables are combined using weighted
averages as outlined in Sect. 8. The total correlation be-
tween the weighted averages of αs and α0 is obtained using
the total covariance matrix of the combined measurement.
The results are given in Table 14. The value ofαs is found to
be significantly lower than that obtained with Monte Carlo

Table 14. Combined results of simultaneous fits of αs and
α0(2 GeV) using weighted averages

parameter αs(MZ) α0(2 GeV)
central result 0.1112 0.496
stat. error 0.0006 0.006
exp. error 0.0014 0.026
pert. error 0.0050 0.069
non pert. error 0.0001 0.068
total error 0.0053 0.101
correlation −48%

corrections (Table 13) and the values of α0 are universal
only within about two standard deviations. A large spread
is observed between results using different variables. The
determination of α0 using BW , ρ and to a lesser extent BT

is affected by large non-perturbative uncertainties, which
indicate that missing higher order corrections to the Milan
factor may significantly change the value of α0.

Other groups have investigated power corrections to
event-shape distributions [42,47]. The results in this paper
are in agreement with the measurements presented in [47]
which use a variety of e+e− data. In contrast, the determi-
nations of [42] are consistent with the present measurement
only at the level of two to three standard deviations of the
uncorrelated statistical and experimental uncertainties; the
theoretical uncertainties are determined in s similar way
and highly correlated. In particular the value of α0 using
BT found in [42] is significantly lower.

Mean values of event-shape variables have been studied
both in e+e− annihilation [42,43,47] and deep inelastic ep
scattering [45, 48]. A good overall agreement is observed
with the results of [42,47], whereas the values ofα0 reported
in [43] are marginally consistent with the findings of this
paper. The determinations from deep inelastic scattering
yield generally larger values of αs and lower values of α0,
but these are generally compatible with results from e+e−

data within the total uncertainties; here the theoretical
uncertainties are expected to be less correlated [49] and
should be included in the comparison with measurements
from e+e−. The largest deviation in results from differ-
ent groups is observed for the jet broadening variables.
Because of the apparent inconsistencies mentioned above,
the numbers of αs given in this section are not consid-
ered as a measurement, but as a test, of power corrections.
The discrepancy between αs using Monte Carlo corrections
and 1/Q corrections and the universality of α0 needs to be
investigated further.

10 Conclusions

Newresults have beenpresented for observables determined
from hadronic final states in the data recorded by ALEPH
at centre-of-mass energies between 91.2 GeV and 209 GeV.
The variables have been treated in a consistent way at
all energies.

Inclusive charged particle spectra have been found to be
in good agreement with predictions from QCD generators,
as is shown in Figs. 1 and 2, except for pout

⊥ . The energy
evolution of the mean charged particle multiplicity and
the peak position of the scaled momentum spectrum are
illustrated in Figs. 3 and 5 and have been observed to
be consistent with MLLA predictions. The evolution of xE

distributions has been compared to global parametrisations
of fragmentation functions in Fig. 6.

Measurements of jet rates and various event-shape vari-
ables have been carried out and are shown in Figs. 7, 8 and 9.
The distributions of thrust, C-parameter, heavy jet mass,
− ln y3, wide and total jet broadening have been compared
to calculations of perturbative QCD in Figs. 10 and 11,
and the strong coupling constant has been measured at

[ALEPH, 2004]

extracted strong couplingfrom NP models based on 
dispersion approach
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The Milan factor M includes two-loop corrections and
its value is 1.49 for nf = 3 [54]. The power correction
term for the wide and total jet broadenings receives an
additional skew

fBW =
π

2
√

2CFαCMW
+

3
4

− β0

12CF
+ η0 , (A4.4)

fBT =
π

2
√

2CFαCMW
+

3
4

− β0

6CF
+ η0 , (A4.5)

where η0 = −0.6137056 and αCMW is to be evaluated at
the scale Q′ = Qe−3/4 according to

αCMW = αs(Q′)
(

1 + K
αs(Q′)

2π

)
.

A4.2 Distributions

In event-shape distributions the effect of power corrections
is to shift the perturbative spectra by the same amount as
the correction to mean values

1
σ

dσ(y)
dy

corrected =
1
σ

dσ(y −∆y)
dy

pert , ∆y = ayP .

(A4.6)
The concept of a constant shift ∆y does not apply not
to jet broadenings [55], where the shift is B-dependent
(B = BW , BT ) and acts on the cumulative cross section

R(B) =
1
σ

∫ B

0

dσ

dB
db = Rpert (B − aBPfB(B)) . (A4.7)

For the wide jet broadening the BW -dependent shift reads
as follows

fBW = ln
1

BW
+η0 −2−ρ(R′)+χ(R′)+ψ(1+R′)−ψ(1)

(A4.8)
where ψ(x) is the derivative of the logarithm of Γ (x) and

R′ = 2CF
αs(BW Q)

π

(
ln

1
BW

− 3
4

)
, (A4.9)

and

ρ(x) =
∫ 1

0
dz

(
1 + z

2zλ(x)

)−x

ln z(1 + z) ,

χ(x) =
2
x

([λ(x)]x − 1) (A4.10)

with

[λ(x)]−x =
∫ 1

0
dz

(
1 + z

2z

)−x

. (A4.11)

For the wide jet broadening the BT -dependent shift is
given by

fBT = fBW (BT ) + ψ(1 + 2R′) − ψ(1 + R′)

+
1
2

H(B−1) , (A4.12)

H(x) =
∫ z0

x

dz

z
eR(x)−R(z) Γ [1 + 2R′]

Γ [1 + R′ + R′(z)]
,

B =
2BT

eγEλ(R′)
,

R(x) = − 4CF

β0

[(
L − 3

4

)
ln
(

1 − lnx

L

)
+ lnx

]
,

where z0 corresponds to the Landau pole in R(z) when the
integrand vanishes and L is defined as

L = 2π/(β0 αCMW(Q)).

In order to fulfil the kinematic constraint of (A3.7) for
vanishing predictions at ymax for the modified matching
schemes, the power correction is modified as well accord-
ing to

∆y → ∆̃y = ayP
(

1 − y

ymax

)np

, (A4.13)

with np=2 as suggested in [39].
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R

(

N0

N
,αs

)

= RPT

(

N0

N
,αs

)

+RNP

(

N0

N
,αs

)

. (33)

RPT(N0

N ,αs) is the full perturbative radiator (29) that
we recast as

RPT

(

N0

N
,αs

)

= − lnNh1(αs lnN)− h2(αs lnN)

−
αs

π
β0h3(αs lnN) +O(αn

s lnn−2 N),

(34)

where the functions hi(αs lnN) are reported in Ap-
pendix A. The second term in the r.h.s. of Eq. (33)
RNP(N0

N ,αs) is the non-perturbative component, given
by

RNP

(

N0

N
,αs

)

= −
2CF

π

∫ 1

0

du

u
(e−N u − 1)

×
∫ ∞

0

dm2

m2
αNP
eff (m2)Θ(m2 − u2Q2)Θ(uQ2 −m2).

(35)

The non-perturbative term requires some more atten-
tion. We first recall that we are working in the approx-
imation µI/Q # τ , which allows one to expand the
exponential function as e−N u $ 1 − Nu + ..., neglect-
ing subleading terms since they give rise to O(1/Q2)
corrections. It is then straightforward to perform the
integral over u, obtaining

RNP

(

N0

N
,αs

)

= N
2CF

π

∫ ∞

0

dm2

m2
αNP
eff (m2)

(

m

Q
−

m2

Q2

)

.

(36)

The term proportional to m2 in the round brackets
leads to a vanishing contribution because of Eq. (24).
Making use of Eq. (26) we end up with

RNP

(

N0

N
,αs

)

=
N

Q

8CF

π2

∫ µI

0
dk⊥α

NP
s (k2⊥). (37)

To evaluate Eq. (37) we replace αNP
s = α̃s−αPT

s . Intro-
ducing the mean value of the physical coupling below
µI

α0(µI) =
1

µI

∫ µI

0
dk⊥α̃s(k

2
⊥), (38)
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Note that the NNLO contribution A(3) in Eq. (40)
is found to be different from what obtained in [12]
and [23], where two different assumptions for this new
term were made. The final expression for A(3) [28] is
reported in Appendix A and it consists of the sum
of two contributions: the observable-independent three-
loop cusp anomalous dimension computed in [47] and
an observable-dependent term proportional to the two-
loop soft anomalous dimension obtained from theO(α2

s)
soft contribution to the thrust cross section [27, 28, 48,
49]. The latter turns out to give the leading numerical
contribution to A(3).
Using Eq. (40) in Eq. (11) results in a shift of the cross
section by an amount∆τ . This shift encodes the leading
non-perturbative correction to the thrust cross section.
The result in Eq. (40) is not yet complete. So far we
have considered the dispersive model in its inclusive
form. The non-perturbative effect of the thrust’s non-
inclusiveness can be accounted for using perturbation
theory by computing the correction to the form re-
ported in Eq. (37). Since the physical coupling is de-
fined as the soft emission probability, one can compute
the corrections due to incomplete cancellations between
real and virtual contributions as well as to scenarios in
which the progeny of the massive gluon goes into oppo-
site hemispheres. These corrections were computed up
to O(α2

s) in [50] where it was shown that they amount
to a multiplicative (Milan) factor M
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(41)

where we set the number of active flavours to 3 since it is
only sensitive to low energy soft radiation. In particular,
the nF factor in (41) is due to a soft gluon splitting into
a qq̄ pair of light quarks. It is difficult to estimate the
uncertainty on M. It can not be excluded that higher
order O(α3

s) corrections to the Milan factor could be
as large as 20% [51]. We use this value as uncertainty
on M in our analysis. Since the matched distribution
is given in terms of a binned histogram, the shift (40)

[Dokshitzer+, hep-ph/9512336]

power suppressed NP

✦ A QCD MC event generator requires ingredients from both perturbative calculations (fixed-order and 
resummation) and non-perturbative modeling (tunned to data), and a consistent matching of the two 
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Figure 10: Hadronisation corrections (ratio of hadron to parton level predictions) obtained from
different Monte Carlo generators.

• The matching of NLLA+NNLO introduces a mismatch in the cancellation of renor-

malisation scale logarithms, since the NNLO expansion fully compensates the renor-

malisation scale dependence up to two loops, while NLLA only compensates it up to

one loop. In order to assess the impact of this mismatch, we introduced the lnR(µ)

matching scheme, which retains the two-loop renormalisation terms in the resummed

expressions and the matching coefficients. In this scheme, a substantial reduction of

the perturbative uncertainty from ±0.0035 (obtained in the default lnR-scheme) to

– 22 –
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✦ Positive Weight Hardest Emission Generator for matching NLO QCD fixed-order predictions with parton 
shower MC [Nason 2004],  one of the two mostly used schemes at the LHC (POWHEG&MC@NLO) 

by reweighting the fixed-order distributions in Eq. (2.9),
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!
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similar to that used in the MiNLO method [57]. It is not di�cult to show that above

integration can reproduce the partial width up to NNLO. We point out that even though

we write Eq. (2.12) as an explicit integration over x the reweighting can be applied at

the exclusive level for the full phase space of three-jet production, where x can be recon-

structed on the event-by-event basis. We use a slightly modified version of the damped

three-jet distributions as the matrix element inputs for POWHEG matching. As shown in

Appendix B such a distribution agrees with the conventional NLO result in the resolved

three-jet region while being normalized to the exact NNLO partial width upon integration

over the full three-jet phase space.

2.3 Parton shower matching

The POWHEG method has been widely used for matching NLO computations with parton

showers. The basic idea is to single out all di↵erent singular regions in the real emissions

and to parametrize the phase space with the so-called underlying Born phase space and

additional radiation variables. A probability distribution fully di↵erential in the Born

phase space is calculated. Meanwhile a Sudakov factor that describes the no radiation

probability as a function of radiation kT at each configuration of the Born phase space is

also constructed. The Sudakov factor is calculated based on the exact matrix elements at

NLO. With the two successive probability distributions, a first hard emission is generated

by POWHEG from the Born phase space, and later emissions as handled by parton shower

can only be allowed for kT lower than that of the first emission. Here we reproduce the

POWHEG formula for the case where only final state emissions are presented [42],

d� = B̄(�n)d�n

⇣
�(�n, p

min
T ) +�(�n, kT (�n+1))

R(�n+1)

B(�n)
d�rad

⌘
, (2.13)

where �n and �rad are the Born phase space and the radiation phase space respectively,

pmin
T is a small cuto↵ for the transverse momentum of the POWHEG hard emission. The

B̄(�n) can be thought as projection of the NLO distributions on to the Born phase space

and is given by

B̄(�n) = [B(�n) + V (�n)]

+

Z
d�rad[R(�n+1)� C(�n+1)], (2.14)

for a typical subtraction method at NLO like FKS method [96], with R and C being the

QCD corrections from real emissions and the counterterms respectively. Precise definition

of the Sudakov form factor is given by

�(�n, pT ) = exp
⇣
�

Z
[d�radR(�n+1)✓(kT (�n+1)� pT )]�̄n=�n

B(�n)

⌘
. (2.15)
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generation of first/hard radiation

later passed to kT ordered (or vetoed) shower program (SMC) for subsequent emissions below the first 
hard scale; not SMC specific, negligible fraction of events with negative weights; accuracy NLO+(N’)LL   
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Appendix B such a distribution agrees with the conventional NLO result in the resolved

three-jet region while being normalized to the exact NNLO partial width upon integration

over the full three-jet phase space.

2.3 Parton shower matching

The POWHEG method has been widely used for matching NLO computations with parton

showers. The basic idea is to single out all di↵erent singular regions in the real emissions

and to parametrize the phase space with the so-called underlying Born phase space and

additional radiation variables. A probability distribution fully di↵erential in the Born

phase space is calculated. Meanwhile a Sudakov factor that describes the no radiation

probability as a function of radiation kT at each configuration of the Born phase space is

also constructed. The Sudakov factor is calculated based on the exact matrix elements at

NLO. With the two successive probability distributions, a first hard emission is generated

by POWHEG from the Born phase space, and later emissions as handled by parton shower

can only be allowed for kT lower than that of the first emission. Here we reproduce the

POWHEG formula for the case where only final state emissions are presented [42],

d� = B̄(�n)d�n

⇣
�(�n, p

min
T ) +�(�n, kT (�n+1))

R(�n+1)

B(�n)
d�rad

⌘
, (2.13)

where �n and �rad are the Born phase space and the radiation phase space respectively,

pmin
T is a small cuto↵ for the transverse momentum of the POWHEG hard emission. The

B̄(�n) can be thought as projection of the NLO distributions on to the Born phase space

and is given by

B̄(�n) = [B(�n) + V (�n)]

+

Z
d�rad[R(�n+1)� C(�n+1)], (2.14)

for a typical subtraction method at NLO like FKS method [96], with R and C being the

QCD corrections from real emissions and the counterterms respectively. Precise definition

of the Sudakov form factor is given by

�(�n, pT ) = exp
⇣
�

Z
[d�radR(�n+1)✓(kT (�n+1)� pT )]�̄n=�n

B(�n)

⌘
. (2.15)
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NLO cross sections projected 
onto Born phase space

generation of first/hard radiation

Our work: NNLO+PS based on POWHEG method and an unitarized merging of different multiplicities

later passed to kT ordered (or vetoed) shower program (SMC) for subsequent emissions below the first 
hard scale; not SMC specific, negligible fraction of events with negative weights; accuracy NLO+(N’)LL   
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✦ A NNLO calculation of the hadronic decays requires inputs of decays to 3-jets at NLO and the singular 
terms in the 2-jets limit up to NNLO; reproducing the known NNLO total partial widths of H->bb, gg, qq  
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with Lt = ln(µ2/m2
t ).

For hadronic decays of the Higgs boson, one usually distinguishes between decaying

into bottom quarks and into gluons. Such a separation is only apparent at leading order.

In the following when we refer to the bottom-quark channel or gluon channel we mean

decays initiated by the coupling C2 or C1 respectively. We have not included the cross

terms of C1 and C2 which are formally of order ↵2
S comparing with the decay at leading

order [12, 13]. In the calculation of decaying into bottom quarks we keep full dependence

on the bottom-quark mass in the matrix elements. For the calculation of the gluon channel

we set the bottom-quark mass to zero. Alternatively for decaying into bottom quarks one

may also set the bottom-quark mass in the matrix elements to zero thus neglect associated

power corrections. We refer such a calculation as for decays to massless or light quarks in

the sense that it can be applied directly to light-quark decay channels induced by various

new physics beyond the standard model.

2.2 QCD factorization and fixed-order calculation

The starting point of our calculation is to reproduce the partial width at NNLO in QCD.

We rely on the QCD factorization formulas as derived in either heavy-quark e↵ective theory

(HQEF) or soft-collinear e↵ective theory (SCET). For instance, in the case where the Higgs

boson decays into massive bottom quarks, we choose a principal variable that is the total

radiation-energy, EX , in the rest frame of the Higgs boson. In the soft limit, EX ⌧ mb,

the partial width can be factorized as [70, 71],

1

�0

d�

dEX
= H(Q2,m2

b , µ)

Z
dkS(k, µ)�(EX � k), (2.5)

where µ is the renormalization scale, mb is the bottom quark mass, and Q = mH is the

typical hard scale of the process. The soft function for radiation o↵massive quarks has been

calculated to two-loop level [72]. The hard function at NNLO can be extracted from the

two-loop form factors calculated in Refs. [73] and [74]. We have used results of both groups

and find full agreement on the hard function. For completeness we include the analytic

expressions of the hard function and the soft function at one-loop level in Appendix A.

The two-loop results are lengthy and are not shown for simplicity.

In the cases where the Higgs boson decaying into massless quarks or gluons we use ⌧

variable, ⌘ 1� T , with the event shape variable thrust defined as

T = max
n

P
i |Pi ·n|P
i |Pi|

, (2.6)

and Pi are three-momentum of final state partons, the unit vector n is selected to maximize

the projections. Based on SCET, a factorization formula is derived for ⌧ in the two-jet
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region [75],

1

�0

d�

d⌧
= H(Q2, µ)

Z
dp2Ldp

2
RdkJ(p

2
L, µ)J(p

2
R, µ)ST (k, µ)�(⌧ �

p2L + p2R
Q2

�
k

Q
), (2.7)

where H(Q2, µ) is the hard function, J(p2, µ) is the jet function and ST (k, µ) is the soft

function for thrust. Q is the center-of-mass energy, µ is the renormalization scale and �0 is

the partial width at tree-level. The NNLO soft function for thrust is calculated in [76–78].

The N3LO jet functions are calculated in [79–82]. The hard function can be extracted from

the calculations in [83–87]. All these perturbative ingredients have been summarized in

Ref. [36].

From the factorization formula and the ingredients up to NNLO one can derive the

cumulant of the singular distributions at NNLO as

�s(x) ⌘

Z x

0
dx

d�s

dx
= �0(1 + �(1)

s (x) + �(2)
s (x)), (2.8)

where x ⌘ ⌧ or EX/2mb are the principal variables defined above, and �(i)
s denotes pertur-

bative expansions of the partial width to the i-th power of the QCD coupling ↵S . �
(i)
s are

polynomials of lnx up to order of i for massive bottom quarks and order of 2i for the mass-

less cases. We have exchanged the total radiation energies with a dimensionless variable

by taking ratio to twice of the bottom quark mass. Details on derivations of the singular

distributions can be found in Ref. [88]. On the other hand from conventional fixed-order

calculations we can derive the exact distribution in the three-jet region as

d�3j(x)

dx
= �0

 
d�(1)

3j (x)

dx
+

d�(2)
3j (x)

dx

!
. (2.9)

In a phase space slicing method, one can obtain the NNLO partial width as

�NNLO = �s(�) +

Z

�
dx

d�3j(x)

dx
, (2.10)

given that the cuto↵ parameter � is su�ciently small and the power corrections not ac-

counted for can be safely neglected. In calculating NLO corrections to the three-jet rate,

we use one-loop results of three-body decays in Ref. [89] for the Higgs boson decaying

into massless bottom quarks, and results in Ref. [90] for decaying into gluons. In the case

of decaying into massive bottom quarks, we use GoSam 2.0 [91] to generate the one-loop

virtual corrections for the three-body decay. Reduction of loop integrals is performed with

Ninja [92, 93] and scalar integrals are calculated with OneLOop [94, 95].

Further we can define the following damping factor,

D(x) = exp [�(1)
s (x) + �(2)

s (x)� (�(1)
s (x))2/2]

⌘ exp [D(1)(x) +D(2)(x)], (2.11)

which vanishes as x goes to zero and can be expanded perturbatively in the three-jet

region. Based on the damping factor we can construct the following damped predictions
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region [75],
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function for thrust. Q is the center-of-mass energy, µ is the renormalization scale and �0 is
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The N3LO jet functions are calculated in [79–82]. The hard function can be extracted from

the calculations in [83–87]. All these perturbative ingredients have been summarized in

Ref. [36].

From the factorization formula and the ingredients up to NNLO one can derive the

cumulant of the singular distributions at NNLO as
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Z x

0
dx
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dx
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s (x) + �(2)
s (x)), (2.8)

where x ⌘ ⌧ or EX/2mb are the principal variables defined above, and �(i)
s denotes pertur-

bative expansions of the partial width to the i-th power of the QCD coupling ↵S . �
(i)
s are

polynomials of lnx up to order of i for massive bottom quarks and order of 2i for the mass-

less cases. We have exchanged the total radiation energies with a dimensionless variable

by taking ratio to twice of the bottom quark mass. Details on derivations of the singular

distributions can be found in Ref. [88]. On the other hand from conventional fixed-order

calculations we can derive the exact distribution in the three-jet region as
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dx
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d�(1)

3j (x)

dx
+

d�(2)
3j (x)

dx

!
. (2.9)

In a phase space slicing method, one can obtain the NNLO partial width as

�NNLO = �s(�) +

Z

�
dx

d�3j(x)

dx
, (2.10)

given that the cuto↵ parameter � is su�ciently small and the power corrections not ac-

counted for can be safely neglected. In calculating NLO corrections to the three-jet rate,

we use one-loop results of three-body decays in Ref. [89] for the Higgs boson decaying

into massless bottom quarks, and results in Ref. [90] for decaying into gluons. In the case

of decaying into massive bottom quarks, we use GoSam 2.0 [91] to generate the one-loop

virtual corrections for the three-body decay. Reduction of loop integrals is performed with

Ninja [92, 93] and scalar integrals are calculated with OneLOop [94, 95].

Further we can define the following damping factor,

D(x) = exp [�(1)
s (x) + �(2)

s (x)� (�(1)
s (x))2/2]

⌘ exp [D(1)(x) +D(2)(x)], (2.11)

which vanishes as x goes to zero and can be expanded perturbatively in the three-jet

region. Based on the damping factor we can construct the following damped predictions
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Figure 1: Dependence of the total partial width calculated at NLO and NNLO on the

phase space slicing parameter for the Higgs boson decaying into bottom quarks with full

bottom-quark mass dependence. The phase space slicing variable is chosen to be the

total radiation energies normalized to twice of the Higgs boson mass. The horizontal lines

represent corresponding reference predictions from the literature, see text for details. All

predictions are normalized to the LO partial width.

Figure 2: Similar to Fig. 1 for the Higgs boson decaying into massless bottom quarks and

gluons. The phase space slicing variable is chosen to be ⌧ variable constructed from all

final state partons.

[MeV/GeV] �bb̄(mb 6= 0) �bb̄(mb = 0) �gg ↵S(µ) mb(µ)

µ = mh/2 2.314 2.320 0.3488 0.1252 2.914

µ = mh 2.293 2.302 0.3437 0.1127 2.744

µ = 2mh 2.252 2.263 0.3290 0.1025 2.601

Table 1: Partial width for the Higgs boson decaying into bottom quarks and gluons

calculated at NNLO for di↵erent choices of the renormalization scales. The last two columns

show the running QCD coupling and bottom quark mass used in the calculations.
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partial width of H->bb vs. resolution parameter  

region [75],

1
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d�

d⌧
= H(Q2, µ)

Z
dp2Ldp

2
RdkJ(p

2
L, µ)J(p

2
R, µ)ST (k, µ)�(⌧ �

p2L + p2R
Q2

�
k

Q
), (2.7)

where H(Q2, µ) is the hard function, J(p2, µ) is the jet function and ST (k, µ) is the soft

function for thrust. Q is the center-of-mass energy, µ is the renormalization scale and �0 is

the partial width at tree-level. The NNLO soft function for thrust is calculated in [76–78].

The N3LO jet functions are calculated in [79–82]. The hard function can be extracted from

the calculations in [83–87]. All these perturbative ingredients have been summarized in

Ref. [36].

From the factorization formula and the ingredients up to NNLO one can derive the

cumulant of the singular distributions at NNLO as

�s(x) ⌘

Z x

0
dx

d�s

dx
= �0(1 + �(1)

s (x) + �(2)
s (x)), (2.8)

where x ⌘ ⌧ or EX/2mb are the principal variables defined above, and �(i)
s denotes pertur-

bative expansions of the partial width to the i-th power of the QCD coupling ↵S . �
(i)
s are

polynomials of lnx up to order of i for massive bottom quarks and order of 2i for the mass-

less cases. We have exchanged the total radiation energies with a dimensionless variable

by taking ratio to twice of the bottom quark mass. Details on derivations of the singular

distributions can be found in Ref. [88]. On the other hand from conventional fixed-order

calculations we can derive the exact distribution in the three-jet region as

d�3j(x)

dx
= �0

 
d�(1)

3j (x)

dx
+

d�(2)
3j (x)

dx

!
. (2.9)

In a phase space slicing method, one can obtain the NNLO partial width as

�NNLO = �s(�) +

Z

�
dx

d�3j(x)

dx
, (2.10)

given that the cuto↵ parameter � is su�ciently small and the power corrections not ac-

counted for can be safely neglected. In calculating NLO corrections to the three-jet rate,

we use one-loop results of three-body decays in Ref. [89] for the Higgs boson decaying

into massless bottom quarks, and results in Ref. [90] for decaying into gluons. In the case

of decaying into massive bottom quarks, we use GoSam 2.0 [91] to generate the one-loop

virtual corrections for the three-body decay. Reduction of loop integrals is performed with

Ninja [92, 93] and scalar integrals are calculated with OneLOop [94, 95].

Further we can define the following damping factor,

D(x) = exp [�(1)
s (x) + �(2)

s (x)� (�(1)
s (x))2/2]

⌘ exp [D(1)(x) +D(2)(x)], (2.11)

which vanishes as x goes to zero and can be expanded perturbatively in the three-jet

region. Based on the damping factor we can construct the following damped predictions
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bottom-quark mass power corrections are 
small ~0.4% for total width

NNLO partial width of H->bb, qq, gg 

[JG+, 2021]
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✦ Matching of NNLO calculations with parton shower for hadronic decays can be done through: 1. NLOPS 
for Higgs boson decaying into 3-jets; 2. followed by an unitarized merging with 2-jets sample 

values of the running QCD coupling and the bottom quark mass at the chosen renormal-

ization scales. With the full bottom-quark mass dependence the NNLO width is reduced

by about half percent due to suppressions of the phase space. Here and below we have not

included interference contributions between the two operators in Eq. (2.1) which can be

calculated separately.

Figure 3: Validations on reproduction of the partial width at NNLO with the damping

procedure outlined, for the Higgs boson decaying into bottom quarks or gluons, with dif-

ferent choices of the damping parameter. Results with MC errors are compared to the

reference predictions from literatures for di↵erence choices of the QCD coupling and the

renormalization scale.

We move to the damped predictions from intefrating over the three-body phase space.

We demonstrate the e↵ectiveness of the procedure by comparing the damped predictions

with the exact NNLO predictions for di↵erent choices of the renormalization scale, µ =

{mh/2, mh, 2mh}, and the QCD coupling constant, ↵S(mZ) = {0.110, 0.1181, 0.130}.

Fig. 3 shows the comparison for the total partial width of the Higgs boson decaying into

bottom quarks with full mass dependence, and of the Higgs boson decauying into gluons.

We include results for three di↵erent choices of the damping parameter, x0 = {0.5, 1, 2} for

the case of massive bottom quarks with x = EX/2mb, and x0 = {0.05, 0.1, 0.2} for the case

of gluons with x = ⌧ . Precise definition of the damping parameter is given in Appendix B.

Di↵erences between the damped NNLO predictions and the exact NNLO predictions have

been normalized to the leading order width times ↵2
S . The damped calculations reproduce

the exact results to a precision of one per mille in general. In Fig. 4 we further compare the

exact and damped predictions on the distribution of radiation energies EX (⌧ variable) for

decaying into bottom quarks (gluons). We note that for a NNLO calculation of the total

partial width it only predicts above distributions at NLO. The distributions from exact

calculations diverge when EX or ⌧ goes to zero due to the soft and collinear singularities.

The damped predictions render a strong suppression in the soft and collinear region and

ensure the distributions being smoothly integrable in the full phase space.

In the following calculations when matching the NNLO calculations with parton shower

we use a damping parameter of x0 = 0.5(0.05) for the massive (massless) case. That ensures
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Further details on the POWHEG framework can be found in Ref. [42]. In standard MC

programs, like PYTHIA8 [39], there are similar approaches implementing the so-called

matrix element reweighting [97]. The di↵erence is that B̄(�n) is replaced by the tree-level

matrix element B(�n).

Our matched calculations start with the NLO calculations for three-body decays of

the Higgs boson, namely with tree-level processes being H ! bb̄g, qq̄g for decays into

bottom quarks or light quarks, and H ! ggg(qq̄) for decays into gluons. One can not

simply integrate over the full Born phase space �3 since the tree-level matrix elements

have further soft or collinear singularities. We apply the reweighting procedure designed

in Eq. (2.12) to suppress those singularities and render the B̄(�3) kernel integrable in the

full phase space, denoted as B̄⇤(�3), with the precise definition given by

B̄⇤(�3) = D̃(x(�3))[B(�3)(1� D̃(1)(x(�3))) + V (�3)]

+

Z
d�rad[D̃(x(�4))R(�4)� D̃(x(�3))C(�4)]. (2.16)

Note the principal variable used in the damping factor D̃(x) is constructed on the basis

of infrared and collinear safe observables, EX for the massive case and ⌧ for the massless

cases. We further split the Born phase space and the contributions to B̄⇤ into the resolved

three-jet region and the unresolved one using the ⌧ variable constructed from �3 for both

the massive and massless cases, and a merging parameter ⌧m,

d� = B̄⇤(�3)✓(⌧(�3)� ⌧m)d�3

⇣
�(�3, p

min
T ) +�(�3, kT (�4))

R(�4)

B(�3)
d�rad

⌘

+ B̄⇤(�3)✓(⌧m � ⌧(�3))d�3. (2.17)

We choose ⌧m to be larger than the position where the Sudakov peak locates. Based on

above distinctions we feed the POWHEG events with ⌧(�3) > ⌧m to PYTHIA8 for parton

shower as in the nominal matching calculations at NLO. That consists of our three-jet

samples. For events with ⌧(�3) < ⌧m we replace them with randomly generated events

from PYTHIA8 for the same hadronic decay channel of Higgs boson, based on parton

shower with native matrix elements reweigthing.1 In this category after parton shower we

calculate ⌧ values for splittings from the two daughters of the Higgs boson based on the

MC record. We require the larger one of the two ⌧ values is smaller than ⌧m. Otherwise

we repeat the shower. That generates our two-jet samples. With the shower veto we can

minimize the overlapping of phase space probed in the three-jet samples and the two-jet

samples. In our merging scheme the phase-space overlapping can not be avoided since

neither the parton shower nor POWHEG emissions are ordered in ⌧ . In the end we will

vary the merging scale ⌧m and count the variations as part of the perturbative uncertainties.

The total normalization of our matched results is fixed to the exact NNLO partial width

by construction. Our results have the leading logarithmic accuracy same as PYTHIA8 in

the Sudakov region, and maintain the NLO matched with parton shower accuracy in region

1
The first-order matrix elements reweighting was implemented in PYTHIA8 for the Higgs boson decaying

into quarks but not for decaying into gluons.
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POWHEG implementation of NLOPS for H->3 
jets with damping on Born phase space 

region [75],

1

�0

d�
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= H(Q2, µ)

Z
dp2Ldp

2
RdkJ(p

2
L, µ)J(p

2
R, µ)ST (k, µ)�(⌧ �

p2L + p2R
Q2

�
k

Q
), (2.7)

where H(Q2, µ) is the hard function, J(p2, µ) is the jet function and ST (k, µ) is the soft

function for thrust. Q is the center-of-mass energy, µ is the renormalization scale and �0 is

the partial width at tree-level. The NNLO soft function for thrust is calculated in [76–78].

The N3LO jet functions are calculated in [79–82]. The hard function can be extracted from

the calculations in [83–87]. All these perturbative ingredients have been summarized in

Ref. [36].

From the factorization formula and the ingredients up to NNLO one can derive the

cumulant of the singular distributions at NNLO as

�s(x) ⌘

Z x

0
dx

d�s

dx
= �0(1 + �(1)

s (x) + �(2)
s (x)), (2.8)

where x ⌘ ⌧ or EX/2mb are the principal variables defined above, and �(i)
s denotes pertur-

bative expansions of the partial width to the i-th power of the QCD coupling ↵S . �
(i)
s are

polynomials of lnx up to order of i for massive bottom quarks and order of 2i for the mass-

less cases. We have exchanged the total radiation energies with a dimensionless variable

by taking ratio to twice of the bottom quark mass. Details on derivations of the singular

distributions can be found in Ref. [88]. On the other hand from conventional fixed-order

calculations we can derive the exact distribution in the three-jet region as

d�3j(x)

dx
= �0

 
d�(1)

3j (x)

dx
+

d�(2)
3j (x)

dx

!
. (2.9)

In a phase space slicing method, one can obtain the NNLO partial width as

�NNLO = �s(�) +

Z

�
dx

d�3j(x)

dx
, (2.10)

given that the cuto↵ parameter � is su�ciently small and the power corrections not ac-

counted for can be safely neglected. In calculating NLO corrections to the three-jet rate,

we use one-loop results of three-body decays in Ref. [89] for the Higgs boson decaying

into massless bottom quarks, and results in Ref. [90] for decaying into gluons. In the case

of decaying into massive bottom quarks, we use GoSam 2.0 [91] to generate the one-loop

virtual corrections for the three-body decay. Reduction of loop integrals is performed with

Ninja [92, 93] and scalar integrals are calculated with OneLOop [94, 95].

Further we can define the following damping factor,

D(x) = exp [�(1)
s (x) + �(2)

s (x)� (�(1)
s (x))2/2]

⌘ exp [D(1)(x) +D(2)(x)], (2.11)

which vanishes as x goes to zero and can be expanded perturbatively in the three-jet

region. Based on the damping factor we can construct the following damped predictions
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unitarized merging using 
thrust as the resolution 

parameter  and vetoed shower

Further details on the POWHEG framework can be found in Ref. [42]. In standard MC
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matrix element reweighting [97]. The di↵erence is that B̄(�n) is replaced by the tree-level

matrix element B(�n).

Our matched calculations start with the NLO calculations for three-body decays of

the Higgs boson, namely with tree-level processes being H ! bb̄g, qq̄g for decays into

bottom quarks or light quarks, and H ! ggg(qq̄) for decays into gluons. One can not

simply integrate over the full Born phase space �3 since the tree-level matrix elements

have further soft or collinear singularities. We apply the reweighting procedure designed

in Eq. (2.12) to suppress those singularities and render the B̄(�3) kernel integrable in the

full phase space, denoted as B̄⇤(�3), with the precise definition given by

B̄⇤(�3) = D̃(x(�3))[B(�3)(1� D̃(1)(x(�3))) + V (�3)]

+

Z
d�rad[D̃(x(�4))R(�4)� D̃(x(�3))C(�4)]. (2.16)

Note the principal variable used in the damping factor D̃(x) is constructed on the basis

of infrared and collinear safe observables, EX for the massive case and ⌧ for the massless

cases. We further split the Born phase space and the contributions to B̄⇤ into the resolved

three-jet region and the unresolved one using the ⌧ variable constructed from �3 for both

the massive and massless cases, and a merging parameter ⌧m,

d� = B̄⇤(�3)✓(⌧(�3)� ⌧m)d�3

⇣
�(�3, p

min
T ) +�(�3, kT (�4))

R(�4)

B(�3)
d�rad

⌘

+ B̄⇤(�3)✓(⌧m � ⌧(�3))d�3. (2.17)

We choose ⌧m to be larger than the position where the Sudakov peak locates. Based on

above distinctions we feed the POWHEG events with ⌧(�3) > ⌧m to PYTHIA8 for parton

shower as in the nominal matching calculations at NLO. That consists of our three-jet

samples. For events with ⌧(�3) < ⌧m we replace them with randomly generated events

from PYTHIA8 for the same hadronic decay channel of Higgs boson, based on parton

shower with native matrix elements reweigthing.1 In this category after parton shower we

calculate ⌧ values for splittings from the two daughters of the Higgs boson based on the

MC record. We require the larger one of the two ⌧ values is smaller than ⌧m. Otherwise

we repeat the shower. That generates our two-jet samples. With the shower veto we can

minimize the overlapping of phase space probed in the three-jet samples and the two-jet

samples. In our merging scheme the phase-space overlapping can not be avoided since

neither the parton shower nor POWHEG emissions are ordered in ⌧ . In the end we will

vary the merging scale ⌧m and count the variations as part of the perturbative uncertainties.

The total normalization of our matched results is fixed to the exact NNLO partial width

by construction. Our results have the leading logarithmic accuracy same as PYTHIA8 in

the Sudakov region, and maintain the NLO matched with parton shower accuracy in region

1
The first-order matrix elements reweighting was implemented in PYTHIA8 for the Higgs boson decaying

into quarks but not for decaying into gluons.

– 7 –
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✦ Perturbative uncertainties of H->bb/qq/gg can be estimated by varying the merging scale, renormalization 
scale, and QCD scale in parton showers, each responsible for its designed kinematic region  

normalized differential width vs. 1-Thrust, at parton level, for H->bb
Figure 5: ⌧ distribution calculated at parton level matched with parton shower for the

Higgs boson decaying into bottom quarks. The three plots show dependence of the pre-

dictions on the merging scale, the renormalization scale and the scale in parton shower.

In each plot the upper panel shows the normalized distribution and the lower panel shows

ratios of di↵erent predictions.

of the shower scale by a factor of two serve as an estimate of the uncertainties due to QCD

resummation in the region of ⌧ below the merging scale. We also notice a non-negligible

change of the distribution for ⌧ well above the merging scale. That is because in the

three-jet sample after the first hard emission from POWHEG the subsequent radiations

are handled by parton shower and are thus a↵ected by the choice of shower scale. The

impact of these subsequent emissions is especially pronounced in the tail region of ⌧ where

fixed-order predictions are limited due to phase space constraints.

For our NNLO calculation of the Higgs boson decaying into massless bottom quarks,

in principle we can also match it with parton shower if neglecting the mismatch of the

bottom quark mass used in matrix element calculations and that used in parton shower.

Here we instead apply our massless calculations to the Higgs boson decaying into light

quarks, for example, strange quarks or even up and down quarks. In such cases both

quark masses in the matrix element calculations and in the parton showers can be safely

neglected. We show results for the Higgs boson decaying into up quarks in below since

the matched predictions will be independent of the flavor of quarks at the parton level. In

Fig. 6 we plot the ⌧ distribution and its dependence on the three scales in a same format

as Fig. 5. The genuine feature is similar to that of the Higgs boson decaying into bottom

quarks and we only highlight a few di↵erences comparing to the case of bottom quarks.

The normalized distribution shows less dependence on the merging scale in full range of

– 12 –

merging scale renormalization scale shower scale



Perturbative uncertainties

12

normalized differential width vs. 1-Thrust, at parton level, for H->gg

Figure 6: Similar to Fig. 5 for ⌧ distributions for the Higgs boson decaying into up quarks.

⌧ . For instance, the variations are at most 10% in the merging region and are negligible

for ⌧ above the merging scales. The distribution also show a slightly smaller variation

on the renormalization scale possibly due to mass dependence in the POWHEG matching

method.

Figure 7: Similar to Fig. 5 for ⌧ distributions for the Higgs boson decaying into gluons.

– 13 –

✦ Perturbative uncertainties of H->bb/qq/gg can be estimated by varying the merging scale, renormalization 
scale, and QCD scale in parton showers, each responsible for its designed kinematic region  
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✦ Comparison of predictions at parton and hadron level with full perturbative uncertainties, also shown are 
PYTHIA 8 predictions, for all hadronic decay channels  

Figure 8: ⌧ distribution calculated at parton level matched with parton shower, and

further including hadronizations. The three plots are for the Higgs boson decaying into

bottom quarks, up quarks and gluons respectively. The colored band indicates the full

perturbative uncertainties by adding variations due to the merging scale, renormalization

scale and shower scale in quadrature. Predictions from PYTHIA8 at hadron level are also

included for comparison. In each plot the upper panel shows the normalized distributions

and the lower panel shows ratios of di↵erent predictions.

tion corrections are almost the same for the decays into bottom quarks and into up quarks

with corrections to the former being slightly smaller due to the presence of the bottom

quark mass. The size of the perturbative uncertainties are not a↵ected by hadronization.

They range between 10% to 30% from the peak region to the tail region, and are even

larger when ⌧ is to the left of the peak region. It is interesting that the native hadron-level

predictions from PYTHIA8 lie within our uncertainty bands for the full kinematic region

considered and for all three decay channels. However they show a harder spectrum in

general comparing to our nominal predictions.

In Fig. 9 we show similar results for distributions of the total hemisphere broadening

BT . The distribution peaks at a value of BT that is almost twice of the value of the ⌧

distribution for both the quark channel and the gluon channel due to di↵erent dependence

on soft and collinear emissions. In the tail region the BT distribution falls even more

rapidly than ⌧ . The overall picture on distribution of the total hemisphere broadening is

very similar to that of the ⌧ distribution including for the size of perturbative uncertainties

and the size of the hadronization corrections. One di↵erence is that the hadronization

corrections tend to decrease the distribution in the tail region which is opposite to the case

of the ⌧ distribution.

– 15 –

normalized differential width vs. 1-Thrust, at parton/hadron level, for H->bb, uu, gg
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✦ Further comparison of H->bb and H->uu, including the size of hadronization corrections, their fixed-
order predictions, and the quark-mass power corrections

Figure 9: Similar to Fig. 8 for the distributions of the total hemisphere broadening.

Figure 10: Comparison of the normalized ⌧ distributions calculated at fixed-order, match-

ing with parton shower, and further including hadronizations, for the Higgs boson decaying

to bottom quarks (top plot), to up quarks (middle plot). The fixed-order predictions have

been truncated at ⌧ = 0.1. The lower plot shows ratios between the Higgs decaying to up

quarks and to bottom quarks for the corresponding predictions.

– 16 –

ratio of normalized differential width vs. 1-Thrust

Hadronization corrections are significant 
at peak/tail region

PS matched predictions are larger by 
20% comparing to FO in the 3-jet region 

The bottom quark mass lead to a 5% 
suppression comparing to light quarks 
in the 3-jet region  
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✦ Better understanding on the perturbative uncertainties; possible improvements on various perturbative 
inputs, e.g., with N3LO matrix elements and parton shower of NLL accuracy
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Figure 4. The three-jet rate at LO, NLO, and NNLO as a function of ycut for the Durham jet
algorithm. The renormalization scale is set to µ = mH .

Figure 5. The maximum energy of the jets (divided by the Higgs mass) for different jet-clustering
options. The right-hand panel presents the ratio of the NNLO to NLO (with µ = mH) predictions
for each jet-clustering option.
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FIG. 2. Left: ratio of the cumulative y23 distribution from several showers divided by the NLL answer, as a function of
↵s ln y23/2, for ↵s ! 0. Right: summary of deviations from NLL for many shower/observable combinations (either ⌃shower(↵s !
0,↵sL = �0.5)/⌃NLL � 1 or (N subjet

shower(↵s ! 0,↵sL
2 = 5)/N subjet

NLL � 1)/
p
↵s). Red squares indicate clear NLL failure; amber

triangles indicate NLL fixed-order failure that is masked at all orders; green circles indicate that all NLL tests passed.

Fig. 1.
The left-hand plot of Fig. 1 shows the Pythia8 dipole

algorithm (not designed as NLL accurate), while the
middle plot shows our PanGlobal shower with � = 0.
The dipole result is clearly not independent of � 12

for ↵s ! 0, with over 60% discrepancies, extending the
fixed-order conclusions of Ref. [37]. The discrepancy is
only ' 30% for gg events (not shown in Fig. 1), and
the di↵erence would, e.g., skew machine learning [67] for
quark/gluon discrimination. PanGlobal is independent
of � 12. The right-hand plot shows the ↵s ! 0 limit
for multiple showers. The overall pattern is as expected:
PanLocal works for � = 0.5, but not � = 0, demon-
strating that with kt ordering it is not su�cient just to
change the dipole partition to get NLL accuracy. Pan-
Global works for � = 0 and � = 0.5. (Showers that
coincide for ↵s ! 0, e.g. Dire v1 and Pythia8, typically
di↵er at finite ↵s, reflecting NNLL di↵erences.)

Next, we consider a range of more standard observ-
ables at NLL accuracy. They include the Cambridgep
y23 resolution scale [68]; two jet broadenings, BT and

BW [69]; fractional moments, FC1��obs , of the energy-
energy correlations [47]; the thrust [70, 71], and the max-
imum ui = kti/Qe��obs|⌘i| among primary Lund declus-
terings i. Each of these is sensitive to soft-collinear ra-
diation as kt/Qe��obs|⌘|, with the �obs values shown in
Fig. 2 (right). Additionally, the scalar sum of the trans-
verse momenta in a rapidity slice [72], of full-width 2, is
useful to test non-global logarithms (NGLs). These ob-
servables all have the property that their distribution at
NLL can be written as [47, 53, 72–74]

⌃(↵s,↵sL) = exp
⇥
↵�1
s g1(↵sL) + g2(↵sL) +O

�
↵n
sL

n�1
�⇤
,

(6)
where ⌃ is the fraction of events where the observable
is smaller than eL (g1 = 0 for the rapidity slice kt).
We also consider the kt-algorithm [75] subjet multiplic-

ity [76], [51]§ 5.
Fig. 2 (left) illustrates our all-order tests of the shower

for one observable,
p
y23. It shows the ratio of the ⌃

as calculated with the shower to the NLL result, as a
function of ↵s ln

p
y23 in the limit of ↵s ! 0. The stan-

dard dipole algorithms disagree with the NLL result, by
up to 20%. This is non-negligible, though smaller than
the disagreement in Fig. 1, because of the azimuthally
averaged nature of the

p
y23 observable. In contrast the

PanGlobal and PanLocal(� = 0.5) showers agree with
the NLL result to within statistical uncertainties.
Fig. 2 (right) shows an overall summary of our

tests. The position of each point shows the result of
⌃shower(↵s ! 0,↵sL = �0.5)/⌃NLL�1 or (N subjet

shower(↵s !
0,↵sL2 = 5)/N subjet

NLL � 1)/
p
↵s. If it di↵ers from 0, the

point is shown as a red square. In some cases (amber tri-
angles) it agrees with 0, though an additional fixed-order
analysis in a fixed-coupling toy shower [37] [51]§ 2 re-
veals issues a↵ecting NLL accuracy, all involving hitherto
undiscovered spurious super-leading logarithmic terms.1

Green circles in Fig. 2 (right) indicate that the
shower/observable combination passes all of our NLL
tests, both at all orders and in fixed-order expansions.
The four shower algorithms designed to be NLL accurate
pass all the tests. These are the PanLocal shower (dipole
and antenna variants) with � = 1

2 and the PanGlobal
shower with � = 0 and � = 1

2 .

1 Such terms, (↵sL)n(↵sL2)p in ln⌃, starting typically for n = 3
(sometimes 2), p � 1, appear for traditional kt ordered dipole
showers for global (�obs > 0) and non-global observables [51]§ 3.
Terms of this kind can generically exist [77–79], but not at
leading-colour or for pure final-state processes with rIRC [47]
safe observables. In many cases, the spurious super-leading log-
arithms appear to resum to mask any disagreement with NLL.

comparison with the GENEVA generator 
(for H->gg, qq), (a NNLOPS with further 
resummed contributions from SCET)

matching with parton shower MCs at NLL 
accuracy, available in PanLocal/PanGlobal

incorporating N3LO matrix element 
corrections, exist for long times
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inputs, e.g., with N3LO matrix elements and parton shower of NLL accuracy
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Figure 4. The three-jet rate at LO, NLO, and NNLO as a function of ycut for the Durham jet
algorithm. The renormalization scale is set to µ = mH .

Figure 5. The maximum energy of the jets (divided by the Higgs mass) for different jet-clustering
options. The right-hand panel presents the ratio of the NNLO to NLO (with µ = mH) predictions
for each jet-clustering option.

– 15 –

[Mondini, Williams, 2019][Salam+, 2020]
4

FIG. 2. Left: ratio of the cumulative y23 distribution from several showers divided by the NLL answer, as a function of
↵s ln y23/2, for ↵s ! 0. Right: summary of deviations from NLL for many shower/observable combinations (either ⌃shower(↵s !
0,↵sL = �0.5)/⌃NLL � 1 or (N subjet

shower(↵s ! 0,↵sL
2 = 5)/N subjet

NLL � 1)/
p
↵s). Red squares indicate clear NLL failure; amber

triangles indicate NLL fixed-order failure that is masked at all orders; green circles indicate that all NLL tests passed.

Fig. 1.
The left-hand plot of Fig. 1 shows the Pythia8 dipole

algorithm (not designed as NLL accurate), while the
middle plot shows our PanGlobal shower with � = 0.
The dipole result is clearly not independent of � 12

for ↵s ! 0, with over 60% discrepancies, extending the
fixed-order conclusions of Ref. [37]. The discrepancy is
only ' 30% for gg events (not shown in Fig. 1), and
the di↵erence would, e.g., skew machine learning [67] for
quark/gluon discrimination. PanGlobal is independent
of � 12. The right-hand plot shows the ↵s ! 0 limit
for multiple showers. The overall pattern is as expected:
PanLocal works for � = 0.5, but not � = 0, demon-
strating that with kt ordering it is not su�cient just to
change the dipole partition to get NLL accuracy. Pan-
Global works for � = 0 and � = 0.5. (Showers that
coincide for ↵s ! 0, e.g. Dire v1 and Pythia8, typically
di↵er at finite ↵s, reflecting NNLL di↵erences.)

Next, we consider a range of more standard observ-
ables at NLL accuracy. They include the Cambridgep
y23 resolution scale [68]; two jet broadenings, BT and

BW [69]; fractional moments, FC1��obs , of the energy-
energy correlations [47]; the thrust [70, 71], and the max-
imum ui = kti/Qe��obs|⌘i| among primary Lund declus-
terings i. Each of these is sensitive to soft-collinear ra-
diation as kt/Qe��obs|⌘|, with the �obs values shown in
Fig. 2 (right). Additionally, the scalar sum of the trans-
verse momenta in a rapidity slice [72], of full-width 2, is
useful to test non-global logarithms (NGLs). These ob-
servables all have the property that their distribution at
NLL can be written as [47, 53, 72–74]

⌃(↵s,↵sL) = exp
⇥
↵�1
s g1(↵sL) + g2(↵sL) +O

�
↵n
sL

n�1
�⇤
,

(6)
where ⌃ is the fraction of events where the observable
is smaller than eL (g1 = 0 for the rapidity slice kt).
We also consider the kt-algorithm [75] subjet multiplic-

ity [76], [51]§ 5.
Fig. 2 (left) illustrates our all-order tests of the shower

for one observable,
p
y23. It shows the ratio of the ⌃

as calculated with the shower to the NLL result, as a
function of ↵s ln

p
y23 in the limit of ↵s ! 0. The stan-

dard dipole algorithms disagree with the NLL result, by
up to 20%. This is non-negligible, though smaller than
the disagreement in Fig. 1, because of the azimuthally
averaged nature of the

p
y23 observable. In contrast the

PanGlobal and PanLocal(� = 0.5) showers agree with
the NLL result to within statistical uncertainties.
Fig. 2 (right) shows an overall summary of our

tests. The position of each point shows the result of
⌃shower(↵s ! 0,↵sL = �0.5)/⌃NLL�1 or (N subjet

shower(↵s !
0,↵sL2 = 5)/N subjet

NLL � 1)/
p
↵s. If it di↵ers from 0, the

point is shown as a red square. In some cases (amber tri-
angles) it agrees with 0, though an additional fixed-order
analysis in a fixed-coupling toy shower [37] [51]§ 2 re-
veals issues a↵ecting NLL accuracy, all involving hitherto
undiscovered spurious super-leading logarithmic terms.1

Green circles in Fig. 2 (right) indicate that the
shower/observable combination passes all of our NLL
tests, both at all orders and in fixed-order expansions.
The four shower algorithms designed to be NLL accurate
pass all the tests. These are the PanLocal shower (dipole
and antenna variants) with � = 1

2 and the PanGlobal
shower with � = 0 and � = 1

2 .

1 Such terms, (↵sL)n(↵sL2)p in ln⌃, starting typically for n = 3
(sometimes 2), p � 1, appear for traditional kt ordered dipole
showers for global (�obs > 0) and non-global observables [51]§ 3.
Terms of this kind can generically exist [77–79], but not at
leading-colour or for pure final-state processes with rIRC [47]
safe observables. In many cases, the spurious super-leading log-
arithms appear to resum to mask any disagreement with NLL.

comparison with the GENEVA generator 
(for H->gg, qq), (a NNLOPS with further 
resummed contributions from SCET)

matching with parton shower MCs at NLL 
accuracy, available in PanLocal/PanGlobal

incorporating N3LO matrix element 
corrections, exist for long times

Thank you for your attention!
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✦ Also important for direct search of new physics, e.g., looking for light-quark decay modes from enhanced 
Yukawa couplings via event shapes, exotic decays into heavy quarks

discrimination of gg and qq channels

[JG, 2016]
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Figure 1: Distributions of thrust, (1−T ), at four c.m. energy points — 91 GeV, 133 GeV,
161–183 GeV (labelled 177 GeV) and 189–209 GeV (labelled 197 GeV). The latter three
have been multiplied by factors 3, 9 and 27 respectively for the sake of clarity. The inner
error bars show the statistical errors, while the total errors are indicated by the outer error
bars. The predictions of the PYTHIA, HERWIG and ARIADNE Monte Carlo models as
described in the text are indicated by curves. The lower panels of the figure show the
differences between data and Monte Carlo, divided by the total errors, at 91 and 197 GeV.
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Figure 4. Expected 95% CLs exclusion limit on r and the 1σ and 2σ fluctuations based on measure-
ments of different event shape observables and assuming a theory of the SM. Theoretical uncertainties
on the event shape distributions are not included.

larger than the qq̄ ones for a Higgs boson mass of 125 GeV. Thus, a small downward shift of

the gg induced cross sections comparing to experimental data, either due to the experimental

or theoretical uncertainties, can allow for a much larger light-quark Yukawa coupling.

We also comment on the comparison of our proposal with the possibility of using gluon/quark

jet discriminators. On the theory side, the event shape distributions can be calculated sys-

tematically in perturbative QCD, and the theoretical uncertainties are under control. Exper-

imentally, the hadronic even-shape observables have been studied extensively at LEP. The

experimental systematics are well understood. By comparing with the experimental results

on the αs(MZ) measurement [44, 45], we found the sensitivity obtained in this study is real-

istic. Even after all the experimental systematics are included, the expected exclusion limit

should not change greatly.

In summary, we have proposed a novel idea for measuring the light-quark Yukawa cou-

plings using hadronic event shape distributions in addition to the conventional measurement

of Higgs couplings at lepton colliders. We show that for a e+e− collider with a center-of-mass

energy of 250 GeV and an integrated luminosity of 5 ab−1 one can expect to exclude a decay

BR of 0.48% for the Higgs boson decay to qq̄, at 95% CLs, with q be any of the u, d, s quarks,

assuming a hypothesis of SM-like theory and only modifications to the Higgs boson couplings

to gluon and light quarks. That corresponds to an exclusion limit on a light-quark Yukawa

coupling of about 9% of the strength of the bottom quark coupling in the SM.
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✦ Comparison of predictions at parton and hadron level with full perturbative uncertainties, also shown are 
PYTHIA 8 predictions, for all hadronic decay channels  

normalized differential width vs. total jet broadening, at parton/hadron level, for H->bb, uu, gg

Figure 9: Similar to Fig. 8 for the distributions of the total hemisphere broadening.

Figure 10: Comparison of the normalized ⌧ distributions calculated at fixed-order, match-

ing with parton shower, and further including hadronizations, for the Higgs boson decaying

to bottom quarks (top plot), to up quarks (middle plot). The fixed-order predictions have

been truncated at ⌧ = 0.1. The lower plot shows ratios between the Higgs decaying to up

quarks and to bottom quarks for the corresponding predictions.
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