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Outline

• Hbb ̄production in the SM and the insensitivity to yb

• yt-induced Hbb ̄@NLO+PS as a background to HH


• On a possible source of double counting in 5FS simulations
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Hbb ̄production in the SM 

and the insensitivity to yb
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• Hbb ̄has been thought as a clean access to yb. Is it 
really the case?


• Can other channel pollute the extraction of yb?

• Consider the Hbb ̄final state. Which processes can 

contribute? b
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Remember: Higgs couplings ~ mass 


yb2 contribution most studied: 35+ references in our paper
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yt-induced Hbb̄

Deutschmann, Maltoni, Wiesemann, MZ, arXiv:1808.01660

• Let us compare the yb and yt induced diagrams

• The latter formally enters NLO (ybyt) and NNLO (yt2) 
corrections of the former
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yt-induced Hbb̄

Deutschmann, Maltoni, Wiesemann, MZ, arXiv:1808.01660

• Let us compare the yb and yt induced diagrams

• The latter formally enters NLO (ybyt) and NNLO (yt2) 
corrections of the former

• yt2 contribution is actually larger than yb2
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yt-induced Hbb̄

Deutschmann, Maltoni, Wiesemann, MZ, arXiv:1808.01660

• Let us compare the yb and yt induced diagrams

• The latter formally enters NLO (ybyt) and NNLO (yt2) 
corrections of the former

• yt2 contribution is actually larger than yb2

• NLO corrections to both terms (and to the interference, 
negligible) are computed with MG5_aMC in the Born-improved 
HEFT
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yt-induced Hbb̄

Deutschmann, Maltoni, Wiesemann, MZ, arXiv:1808.01660

• Let us compare the yb and yt induced diagrams

• The latter formally enters NLO (ybyt) and NNLO (yt2) 
corrections of the former

• yt2 contribution is actually larger than yb2

• NLO corrections to both terms (and to the interference, 
negligible) are computed with MG5_aMC in the Born-improved 
HEFT

• At NLO (including terms ~yt2 formally N3LO for the yb2 piece), 
the situation gets even worse
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gHZZ-induced Hbb ̄
Pagani, Shao, MZ, arXiv:2005.10277
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gHZZ-induced Hbb ̄
Pagani, Shao, MZ, arXiv:2005.10277

• Let us go beyond QCD-effects, and consider the Complete-NLO 
corrections to Hbb ̄

1

1 2

LO

NLO
ααs3

ααs2 α2αs

α2αs2

α3

α3αs α4
3 4

2 3

QCD EW



Marco Zaro, 01-12-2023 5

gHZZ-induced Hbb ̄
Pagani, Shao, MZ, arXiv:2005.10277

• Let us go beyond QCD-effects, and consider the Complete-NLO 
corrections to Hbb ̄

1

1 2

LO

NLO
ααs3

ααs2 α2αs

α2αs2

α3

α3αs α4
3 4

2 3

QCD EW

NLO QCD 

corr. to Hbb ̄

NLO EW 

corr. to Hbb ̄

yb



Marco Zaro, 01-12-2023 5

gHZZ-induced Hbb ̄
Pagani, Shao, MZ, arXiv:2005.10277

• Let us go beyond QCD-effects, and consider the Complete-NLO 
corrections to Hbb ̄

1

1 2

LO

NLO
ααs3

ααs2 α2αs

α2αs2

α3

α3αs α4
3 4

2 3

QCD EW

NLO QCD 

corr. to Hbb ̄

NLO EW 

corr. to Hbb ̄

yb gHZZ



Marco Zaro, 01-12-2023 5

gHZZ-induced Hbb ̄
Pagani, Shao, MZ, arXiv:2005.10277

• Let us go beyond QCD-effects, and consider the Complete-NLO 
corrections to Hbb ̄

• Complete-NLO corrections computed with MG5_aMC, first 
process in the 4FS
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gHZZ-induced Hbb ̄
Pagani, Shao, MZ, arXiv:2005.10277

• Let us go beyond QCD-effects, and consider the Complete-NLO 
corrections to Hbb ̄

• Complete-NLO corrections computed with MG5_aMC, first 
process in the 4FS

• The α/αs suppression is compensated by gHZZ/yb
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gHZZ-induced Hbb ̄
Pagani, Shao, MZ, arXiv:2005.10277

• Let us go beyond QCD-effects, and consider the Complete-NLO 
corrections to Hbb ̄

• Complete-NLO corrections computed with MG5_aMC, first 
process in the 4FS

• The α/αs suppression is compensated by gHZZ/yb

• If (at least) 1 b-jet is required, the gHZZ contribution is almost 
twice as large as yb
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Goodbye yb…

• Putting all together, asking for 1 b jet (akT, R=0.4, pT>30 GeV, |𝜼|<2.5)

ytt

ggF+bb ̄

gHZZ

ZH, Z→bb ̄ VBF+b

Hbb ̄final state is only marginally sensitive to yb


This holds true in the SM, and BSM for O(1) effects on yb


If Hbb ̄is a  background, all the various channels should be taken into account

14% 25%61%
92 fb 155 fb380 fb

yb

Hbb ̄
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Deutschmann, Maltoni, Wiesemann, MZ, 

arXiv:1808.01660
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Pagani, Shao, MZ, arXiv:2005.10277

7

Or why not to use bb̄H 

as a probe of the bottom Yukawa
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Abstract: The hadroproduction of a Higgs boson in association with a bottom-quark pair
(Hbb̄) is commonly considered as the key process for directly probing the Yukawa interac-
tion between the Higgs boson and the bottom quark (yb). However, in the Standard-Model
(SM) this process is also known to suffer from very large irreducible backgrounds from
other Higgs production channels, notably gluon-fusion (ggF). In this paper we calculate
for the first time the so-called QCD and electroweak complete-NLO predictions for Hbb̄

production, using the four-flavour scheme. Our calculation shows that not only the ggF
but also the ZH and even the vector-boson-fusion channels are sizeable irreducible back-
grounds. Moreover, we demonstrate that, at the LHC, the rates of these backgrounds are
very large with respect to the “genuine” and yb-dependent Hbb̄ production mode. In par-
ticular, no suppression occurs at the differential level and therefore backgrounds survive
typical analysis cuts. This fact further jeopardises the chances of measuring at the LHC the
yb-dependent component of Hbb̄ production in the SM. Especially, unless yb is significantly
enlarged by new physics, even for beyond-the SM scenarios the direct determination of yb
via this process seems to be hopeless at the LHC.
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Long-live Hbb!̄

(as a background)

• ggF (yt-induced) Hbb ̄has a very large share of Hbb ̄production


• As a background, usually simulated via inclusive/multi-jet 
merged ggH samples (NNLOPS in ATLAS), in the 5FS, with 
100% uncertainty NNLOPS: Hamilton et al, 1501.04637

• This provided only LO-accurate predictions for Hbb ̄
production


• We performed the first simulation of yt-induced Hbb ̄ 
at NLO+PS, using the 4FS


• MG5_aMC was employed for the event generation


• The HH→bbγ̄γ phase-space was considered
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must satisfy the following relations:

105 GeV < m(�1, �2) < 160 GeV, |⌘(�i)| < 2.37,
pT (�1)

m(�1, �2)
> 0.35,

pT (�2)

m(�1, �2)
> 0.25 . (6)

In practice, since no detector e↵ects are applied and no QED shower is included, we always have

m(�1, �2) � mH = O(�H), so that the first requirement is trivially fulfilled.

Besides the above set of cuts, which we will refer to as fiducial cuts, we define the variables

m2b2� = m(b1, b2, �1, �2) , (7)

and

m?

2b2�
= m2b2� � m(b1, b2) � m(�1, �2) + 2mH , (8)

and we consider three possible categories for cuts on m?

2b2�
:

m?

2b2�
< 1, m?

2b2�
< 500 GeV, m?

2b2�
< 350 GeV . (9)

Thus, the first scenario corresponds to the fiducial cuts, and the others apply increasingly stronger

requirements on m?

2b2�
. These three regions provide complementary information on the Higgs

potential. In particular, the region close to threshold has an enhanced sensitivity to the trilinear

Higgs coupling.

In the presentation of our phenomenological results we will compare to reference predictions

for both the y2

t
bb̄H background and the HH signal. The former is obtained from the NNLOPS

generator for inclusive Higgs boson production [68, 69], which is currently used to model the y2

t

bb̄H background by the experiments, and it is formally LO+PS accurate for that contribution. To

this end, we have followed closely the corresponding simulation employed by ATLAS [87]. The

NNLOPS generator merges 0 and 1-jet multiplicities at NLO QCD using the MiNLO0 [68] method

and then reaches NNLO QCD accuracy through reweighting to NNLO rapidity distribution. In

addition, the sample is normalized to the reference gluon-fusion Higgs production cross section [82],

which includes the N3LO corrections [88–91]. The renormalisation and factorisation scales in the

NNLOPS calculation are set to µR = µF = mH/2, the PDF4LHC15 [92] parton densities are used,

and Pythia8 [93] is employed to perform the parton showering and to include the decay of the

Higgs boson to two photons.

The HH signal is simulated at NLO QCD including the full top mass e↵ects [94], using as

reference value for the renormalisation and factorisation scales µR = µF = mHH/2 and PDF4LHC15

as parton densities. The calculation is matched to Pythia8 to include parton showering and to

include the decay of the two Higgs bosons to bottom quarks and photons. The HH signal cross

section is normalized to the value �SM

ggF
(pp ! HH) = 31.0+2.1

�7.2
fb from Ref. [21], which is obtained

by combining the full NLO QCD calculation with the NNLO corrections obtained in the heavy-top

limit and improved by including partial finite top mass e↵ects via a suitable reweighting of the

scattering amplitudes.
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Contr. LO �µR,F NLO �µR,F

y2

b
247 +54%

�33%
374 +18%

�20%

y2

t
289 +69%

�38%
689 +61%

�35%

sum 536 +62%

�35%
1064 +46%

�29%

Table 1: Inclusive cross section for pp ! bb̄H. Numbers are in fb.

shower scale is chosen with a lower reference value Qsh = HT
4

than the default one in Mad-

Graph5 aMC@NLO,1 as suggested in Ref. [47]. Here, we also study shower-scale variations

around the central value by a factor of two up and down, which are quoted separately from those

associated to the renormalization and factorization scales.

We have generated separately the contributions proportional to y2

b
and y2

t
, while, as pointed out

before, we neglect the yb yt interference, which has a subleading numerical impact, well within the

scale uncertainties. For reference, we quote the total inclusive cross section in Table 1 separated

by y2

b
, y2

t
and their sum. As already observed in Ref. [31], the NLO QCD corrections in all cases

are substantial, and they lead to a reduction of the scale uncertainties. For the y2

b
contribution the

correction amounts to more than +50%, while for the y2

t
contributions we observe e↵ects as large

as +140% at NLO QCD, rendering LO predictions completely unreliable.2

As a representative case of HH searches, we consider here one of the most sensitive search

channels, where one Higgs boson decays into bottom quarks and the other decays into photons,

assuming a H ! �� branching ratio of BR(H ! ��) = 0.227% [84]. As far as the fiducial setup is

concerned, throughout this paper, we consider selection cuts motivated by a recent HH search

by the ATLAS collaboration [70]. In particular, we select anti-kT [85] jets as implemented in

FastJet [86] with R = 0.4 and define bottom-flavoured jets (short b-jets) as those containing at

least one B hadron with the requirements

pT (j) > 25 GeV and |⌘(j)| < 2.5 , (4)

assuming a b-tagging e�ciency of 100% and without mistagging for our theoretical study. The

HH signal region is defined by requiring (exactly) two b-jets and two photons (the QED shower is

disabled in our simulations). The invariant mass of the b-jet pair is required to be within

80 GeV < m(b1, b2) < 140 GeV .3 (5)

Notice that for the distribution in the number of b-jets this requirement is lifted. The two photons

1The setup employed in this paper corresponds to setting shower scale factor=0.5 in the run card.
2We note that, while the same setup as Ref. [31] was employed in our work, the quoted numbers are di↵erent,

because of an update of the 4-flavour NNPDF3.1 set [83], see also footnote 6 on page 11 in Ref. [31].
3We have applied this cut instead of the full discriminant employed by the analysis of Ref. [70], since this

invariant-mass region provides the highest score for the HH signal.
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concerned, throughout this paper, we consider selection cuts motivated by a recent HH search
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FastJet [86] with R = 0.4 and define bottom-flavoured jets (short b-jets) as those containing at
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assuming a b-tagging e�ciency of 100% and without mistagging for our theoretical study. The
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Notice that for the distribution in the number of b-jets this requirement is lifted. The two photons
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similar cuts as in ATLAS HH search, 2112.11876 

ytt

5FS: b’s from ME or PS

4FS: b’s (mostly) from ME
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Some results

10

10�1

101

103

�
p
er

b
in

[a
b
]

No cut

y2
t , PY8

y2
t , HW7

y2
b , PY8

y2
b , HW7

0.5

1.0

1.5 y
2
t , µR,F var. LO/NLO+PY8

0.5

1.0

1.5 y
2
b , µR,F var. LO/NLO+PY8

0.75

1.00

1.25

ra
ti
o

/P
Y

8

y
2
t , Qsh var. PY8-�

fNLO

0 1 2 3 4
N(b jet)

0.75

1.00

1.25

ra
ti
o

/P
Y

8

y
2
b , Qsh var. PY8-�

fNLO

pp ! bb̄H, H ! ��, LHC 13 TeV, NLO+PS

Figure 2: Distribution in the number of b-jets without further cuts (left) and in the m?

2b2�
variable

defined in Eq. (8) with fiducial baseline selection cuts applied (right).

underlines again the crucial importance of NLO QCD corrections for bb̄H production, especially in

the case of the component originating from the gluon-fusion process proportional to y2

t
. Looking

at the last two ratio panels, it is clear that up to Nb-jet = 2, i.e. the multiplicities described at

NLO+PS accuracy, shower-scale uncertainties are subleading. Only at higher multiplicities, which

are e↵ectively described only by the parton shower for Nb-jet > 3, the dependence on the shower

scale becomes significantly larger, as expected. Comparing the di↵erent NLO-matched predictions

in these two ratio panels, we observe di↵erences that increase with the b-jet multiplicity, both

for the y2

b
and the y2

t
contributions, with Pythia8 in conjunction with MC@NLO-� displaying

the hardest spectra, while Herwig7 shows the softest ones, with the latter also being closer to

the fixed-order predictions. However, di↵erences are rather mild: if we consider the bin with

Nb-jet = 2, which is the one relevant for the fiducial cuts employed, they amount to about 20% for

both the y2

t
and the y2

b
contribution (being slightly larger for the latter) when the most di↵erent

predictions are considered. Indeed, the results in the fiducial phase space in Table 2 display a very

similar pattern. Similar results have been observed for other processes featuring bottom quarks

and heavier objects [47, 97, 98]. Considering the relatively large perturbative scale variations, the

predictions from Pythia8 (standard and MC@NLO-�) and Herwig7 are compatible within their

respective uncertainties, at least in the NLO+PS accurate multiplicities Nb-jet  2.
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yt

yb

Total rates: dominated by yt, 

with exceptions at very low scales


yt shows much harder spectra

NLO corrections to yt part:

>100% increase on top of LO


Still sizeable scale uncertainty (30-50%)

Rather small matching/shower uncertainties

O(10-20%) between different PS: HW7 vs PY8

and matching schemes: 

standard MC@NLO vs MC@NLO-Δ*

Bands are due to shower-scale variations only

*Frederix et al, arXiv:2002.12716
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Figure 3: Distribution in the transverse momentum of the Higgs boson reconstructed from the two
photons (left) and of the leading b-jet (right), with the fiducial baseline selection cuts applied.

Next, we consider the m?

2b2�
distribution in Figure 2 (right) in the fiducial phase space.4 Also

here we can appreciate from the main frame that the y2

b
contribution is strongly suppressed with

increasing m?

2b2�
, while it becomes similarly large as the y2

t
one for m?

2b2�
. 300 GeV. This behaviour

is also confirmed by the rates quoted in Table 2, where the relative size of the y2

b
contribution

is largest in the last category with m?

2b2�
< 350GeV. This behaviour (reappearing in various

kinematical distributions) originates from di↵erent features of the y2

b
contribution: firstly, the

two bottom quarks are in general less correlated; secondly, the bottom quarks are predominantly

generated from initial-state splittings; thirdly, radiation o↵ bottom quarks tends to be soft. Instead,

for the y2

t
contribution the bottom quarks are dominantly produced by a hard gluon which recoils

against the Higgs boson. Indeed, we can observe the suppression of the y2

b
contribution also at

large transverse momenta of the Higgs boson pT (H) and of the hardest b-jet pT (b1), shown in

Figure 3. As far as the scale variations and NLO QCD corrections visible in the first two ratio

panels is concerned, we find very similar results as before for the number of b-jet also for m?

2b2�
,

pT (H) and pT (b1): the size of both the uncertainties and of the NLO corrections is larger for the y2

t

contribution. We also notice that the relative behaviour of the various parton-shower predictions

and the fixed order prediction is in general not the same for the y2

b
and y2

t
contributions.

4Because of the much steeper decrease of the di↵erential cross section in the y
2
b contribution, we show it only in

a subset of the plotting range, up to m
?
2b2� = 500 GeV.
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2b2�
variable

defined in Eq. (8) with fiducial baseline selection cuts applied (right).

underlines again the crucial importance of NLO QCD corrections for bb̄H production, especially in

the case of the component originating from the gluon-fusion process proportional to y2

t
. Looking

at the last two ratio panels, it is clear that up to Nb-jet = 2, i.e. the multiplicities described at

NLO+PS accuracy, shower-scale uncertainties are subleading. Only at higher multiplicities, which

are e↵ectively described only by the parton shower for Nb-jet > 3, the dependence on the shower

scale becomes significantly larger, as expected. Comparing the di↵erent NLO-matched predictions

in these two ratio panels, we observe di↵erences that increase with the b-jet multiplicity, both

for the y2

b
and the y2

t
contributions, with Pythia8 in conjunction with MC@NLO-� displaying

the hardest spectra, while Herwig7 shows the softest ones, with the latter also being closer to

the fixed-order predictions. However, di↵erences are rather mild: if we consider the bin with

Nb-jet = 2, which is the one relevant for the fiducial cuts employed, they amount to about 20% for

both the y2

t
and the y2

b
contribution (being slightly larger for the latter) when the most di↵erent

predictions are considered. Indeed, the results in the fiducial phase space in Table 2 display a very

similar pattern. Similar results have been observed for other processes featuring bottom quarks

and heavier objects [47, 97, 98]. Considering the relatively large perturbative scale variations, the

predictions from Pythia8 (standard and MC@NLO-�) and Herwig7 are compatible within their

respective uncertainties, at least in the NLO+PS accurate multiplicities Nb-jet  2.
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t
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generator for inclusive Higgs boson production [68, 69], which is currently used to model the y2
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bb̄H background by the experiments, and it is formally LO+PS accurate for that contribution. To

this end, we have followed closely the corresponding simulation employed by ATLAS [87]. The

NNLOPS generator merges 0 and 1-jet multiplicities at NLO QCD using the MiNLO0 [68] method

and then reaches NNLO QCD accuracy through reweighting to NNLO rapidity distribution. In

addition, the sample is normalized to the reference gluon-fusion Higgs production cross section [82],

which includes the N3LO corrections [88–91]. The renormalisation and factorisation scales in the

NNLOPS calculation are set to µR = µF = mH/2, the PDF4LHC15 [92] parton densities are used,

and Pythia8 [93] is employed to perform the parton showering and to include the decay of the
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as parton densities. The calculation is matched to Pythia8 to include parton showering and to
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by combining the full NLO QCD calculation with the NNLO corrections obtained in the heavy-top
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scattering amplitudes.
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On a possible source of double counting 
in 5FS simulations
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Comparison with the 5FS 

• In a 4FS simulation, two b-quarks are always present at the matrix-
element level


• In a 5FS simulation stemming from an inclusive prediction (like 
NNLOPS, used by ATLAS) , b-quarks can either be generated by the 
PS or at the ME-level


• Given the hierarchy between ggH (50 pb) and Hbb ̄(0.5 pb), assuming 
O(1%) of events with b quarks from the PS, the two effects are of the 
same order


• Ideally, the two kinds should fill different regions of phase-space
13

Cut Contr. Run LO NLO �µR,F �Qsh
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t
LO)

HH
signal

No cut

y2

b

PY8 561 849 +18%

�20%

+0%

+0%

4867

⇠⇠⇠⇠g ! bb̄:
2140

82.1

PY8-� 848 +0%

+0%

HW7 561 851 +0%

+0%

y2

t

PY8 655 1565 +61%

�35%

+0%

+0%

PY8-� 1595 +0%

+0%

HW7 655 1578 +0%

+0%

sum
PY8 1217 2414 +46%

�29%

+0%

+0%

PY8-� 2443 +0%

+0%

HW7 1216 2429 +0%

+0%

Fid. cuts

y2

b

PY8 3.15 4.22 +15%

�15%

+10%

�4%

29.9

⇠⇠⇠⇠g ! bb̄:
17.2

22.7

PY8-� 4.75 +0%

�2%

HW7 2.59 4.08 +8%

�12%

y2

t

PY8 8.24 18.1 +58%

�34%

+10%

�7%

PY8-� 19.2 +3%

�1%

HW7 6.83 16.6 +4%

�5%

sum
PY8 11.4 22.3 +50%

�30%

+10%

�6%

PY8-� 23.9 +2%

�1%

HW7 9.42 20.7 +4%

�6%

Fid. cuts
+ m?

2b2�
< 500 GeV

y2

b

PY8 3.11 4.15 +15%

�15%

+11%

�4%

22.3

⇠⇠⇠⇠g ! bb̄:
13.3

15.7

PY8-� 4.69 +0%

�2%

HW7 2.56 4.02 +8%

�13%

y2

t

PY8 5.33 12.3 +60%

�34%

+12%

�8%

PY8-� 12.8 +2%

�1%

HW7 4.31 11.3 +5%

�5%

sum
PY8 8.44 16.5 +49%

�29%

+12%

�7%

PY8-� 17.5 +1%

�1%

HW7 6.86 15.3 +6%

�7%

Fid. cuts
+ m?

2b2�
< 350 GeV

y2

b

PY8 2.71 3.65 +15%

�16%

+9%

�4%

11.5

⇠⇠⇠⇠g ! bb̄:
6.82

2.84

PY8-� 4.11 +0%

�2%

HW7 2.22 3.54 +8%

�15%

y2

t

PY8 2.32 5.78 +61%

�34%

+13%

�9%

PY8-� 6.05 +1%

+0%

HW7 1.88 5.43 +5%

�3%

sum
PY8 5.03 9.43 +44%

�27%

+12%

�7%

PY8-� 10.2 +0%

+0%

HW7 4.10 8.97 +6%

�8%

Table 2: Rates for the process pp ! bb̄H with H ! �� decay. Numbers are in ab.
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Comparison with the 5FS 

• At the level of cross sections and distributions, the following trend 
seems to hold: 4FS ~ 5FS (ME-only) ~0.5 5FS (ME+PS)


•
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Figure 4: Distribution in m?

2b2�
with fiducial selection cuts, for the y2

t
contribution. Predictions at

LO and NLO in the 4FS are shown, as well as 5FS results, the latter with and without contributions
from g ! bb̄ splittings in the shower.

3.4 Comparison and combination with the NNLOPS prediction

We now come back to the comparison of our 4FS NLO+PS predictions with results from the 5FS

NNLOPS generator used so far to model the y2

t
-induced bb̄H background in HH measurements.

In Figure 4 we consider the m?

2b2�
distribution, which is used to define di↵erent fiducial categories

by the experiments, and show the NNLOPS prediction with (blue solid curve) and without g ! bb̄

splittings in the PS (blue dotted curve) together with our LO+PS (orange dashed curve) and

NLO+PS (orange solid curve with orange band) predictions in the 4FS. We immediately notice

that the NNLOPS prediction is substantially larger than the 4FS prediction, especially at low m?

2b2�

where it is even outside the orange uncertainty band. Moreover, the NNLOPS prediction reduces

drastically and becomes more compatible with the NLO+PS 4FS prediction when secondary

g ! bb̄ splittings generated by the PS are turned o↵. This is in line without our findings for

the fiducial cross section in Table 2. Still, it is somewhat surprising that the LO-accurate 5FS

result is as large as the NLO-accurate 4FS prediction (at low m?

2b2�
even larger), when the NLO

corrections are of the order of 100%. One should bear in mind, however, that the scale setting of

the NNLOPS prediction is quite di↵erent. Since it is the typical scale for the inclusive production

of a Higgs boson (not exclusive in the two bottom quarks), µR = µF = mH/2 is used for the NNLO

prediction. We also observe that the 5FS predictions tend more towards small m?

2b2�
, which is not

unexpected due to the fact that the bottom quarks are massless in the matrix elements and only

put on the mass shell through reshu✏ing of their momenta in the PS matching, which induces

some arbitrariness in their kinematics.

To further investigate why g ! bb̄ splittings in the PS lead to such a substantial and unex-

pected increase of the cross section with two hard b-jets, we will try to understand the type of
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(Non-)interplay between PS and ME

• The PS should fill soft/collinear regions, and leave the rest to the ME


• Are b quarks/hadrons from the PS soft/collinear?


• PS fills all over the mass range; it is not limited to soft-collinear
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Figure 5: Distribution in the invariant mass of the two hardest B hadrons (left) and in the number
of light jets (right) in the 5FS calculation, with and without the contributions from g ! bb̄ splittings
in the shower, in the fiducial region. The shaded area in the left-hand side plot corresponds to the
invariant-mass requirement on the b-jets employed in our fiducial cuts.

of the bb̄H background in the 4FS is to be used, replacing the NNLOPS calculation for the y2

t

contribution in this case, a consistent way of combining both simulations needs to be devised to be

able to simulate the fake component as well. The most simple and naive option, which already

provides a largely consistent prediction, can be achieved at the level of the events, without the need

of regenerating the event samples: In the 5FS NNLOPS events, all contributions with final-state

bottom quarks (irrespective whether they originate from the hard matrix element, from initial-state

splittings of bottom quarks, or final-state g ! bb̄ splittings generated by the shower) would have

to be removed from the final result. This would cancel the bb̄H background entirely from the 5FS

NNLOPS sample, and only the contributions from light jets (and potential fakes) would be kept.

On top of this, the contribution from 4FS NLO+PS bb̄H events can be added incoherently. The

same approach has been used in Ref. [98] to estimate bottom mass e↵ects in the Z-boson transverse

momemtum. The only drawback of this approach is that formally a 5FS and a 4FS calculation

are mixed. Thus, to be fully consistent, one would have to rerun the NNLOPS calculation with

4FS PDF sets and strong coupling, as well as setting the number of light flavours to nf = 4 in the

calculation. In this case, events with initial- or final-state bottom quarks (at the level of the hard

matrix element) would be removed from the calculation by construction. This can be achieved by

removing the appropriate flavour structures from the original 5FS implementation of the NNLOPS

generator. Moreover, the g ! bb̄ splittings will have to be turned o↵ when showering the NNLOPS

events, to avoid double counting with the 4FS NLO+PS bb̄H calculation. As a result, one obtains

a consistent 4FS prediction including both NNLO QCD accuracy to inclusive Higgs production

and NLO QCD accuracy for the bb̄H background, including their matching to the parton shower.

3.5 Impact of the new bb̄H modeling for the HH searches

We have estimated the impact of the NLO QCD modeling of the y2

t
contribution with respect

to previously adopted NNLOPS prediction on the current limits for the HH cross section (and
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Comments/Thoughts

(see also Davide’s talk yesterday)

• In the vast majority of events, there is only 1 bb pair


• The shower scale is typically O(mH). Is it a surprise that we see 
m(BB)~120 GeV?


• Keep in mind that b quarks are not generated in the first steps of 
the evolution, so they should naturally go at lower scales


• There may be non trivial interplay between different multiplicities 
described at different perturbative orders. What happens if also 
H+2jet is NLO-accurate?


• Also, the upper bound for m(b1b2) can have an effect


• Does the same happen for other processes with b quarks+X?
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Conclusions

• Hbb ̄production receives huge contributions insensitive to yb in the SM


• They must be accounted for whenever Hbb ̄is a background


• The yt2 contribution was never studied in the 4FS at NLO+PS


• At NLO+PS, dominant uncertainties from MHO. PS/matching uncertainties 
seem under control


• Such a description improves on the NNLOPS modelling previously used by 
experiments (with 100% uncertainty)


• Besides, the NNLOPS simulation seems affected by double counting, which 
are absent in a 4FS description


• It is possible (in principle) to improve the 4FS in the regions mostly 
sensitive to logs Hoeche et al, 1904.09382

• Studying b quarks looks easy at the beginning, but leads to many surprises 
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