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Associated bbH production
The focus of the talk is on the theoretical aspects of bbH production. More on the experimental 
side can be found in the last bbH report from Asawatangtrakuldee.
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Why bbH? Higgs production via bottom fusion is a rare but crucial channel. It is a background of 
HH searches, mainly in ,  and  channels.4b bb̄γγ bb̄ττ̄

section can be written as
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It is trivial to see that eq. (2.1) and eq. (2.2) feature exactly the same terms. In this formula-

tion QCD corrections to y2
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2.2 HEFT approximation in bb̄H production

NLO corrections to the contributions proportional to the top-quark Yukawa coupling require

the computation of two-loop 2 ! 3 amplitudes with internal massive fermion lines, see fig-

ure 2a. The evaluation of such diagrams is beyond current technology. Hence, in this section,

we introduce the heavy top-mass approximation that can be employed for the computation

of these amplitudes, and we rearrange the SM cross section discussed in section 2.1 in the

HEFT.

In this e↵ective theory, the top quark is integrated out and yields e↵ective point-like

interactions between the Higgs boson and gluons, described by the e↵ective Lagrangian

L = �
1

4v
C1 H Ga

µ⌫ Ga,µ⌫ , (2.3)

where H denotes the field associated to the physical Higgs boson, v is the vacuum expectation

value of the Higgs field, Ga
µ⌫ is the gluon field strength tensor and C1 is the Wilson coe�cient

that can be expressed in terms of SM parameters. The HEFT Lagrangian yields a point-like

interaction for both Hgg and Hggg vertices. At leading order in the strong coupling, we have

C1 =
↵s

3⇡
, (2.4)

where the dependence on the top Yukawa coupling, which is explicit in the SM, is cancelled

by the power supression of the loop integral. By matching the amplitude for the process

H ! bb̄ in the HEFT and the SM at higher orders in perturbation theory, the expansion

of C1 in ↵s can be determined [60], which will then depend on the renormalization schemes

adopted in the HEFT and in the SM. We discuss the details of the renormalization procedure

in Appendix B.

The HEFT approximation has been used successfully to compute a number of observables

in the Higgs sector, with the gluon-fusion cross section through N3LO as the most notable

example [59, 61, 62]. By substituting top loops with a point-like coupling, the HEFT allows
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) are implicitly included in the computation of gluon–gluon fusion at NNLO

(N3LO) in the 5FS [58, 59]. These calculations, however, cannot provide information on final states specifically

containing b quarks.
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See Marco Zaro’s talk on  
bbH -induced contributionsyt

https://indico.cern.ch/event/1169286/contributions/5126698/attachments/2555387/4403647/bbHresults_28Nov2022_CA.pdf
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Why theoretically interesting?

• It does not resum possibly large collinear logs

• Computing higher orders is more difficult due to higher 

multiplicity


✓ Mass effects  appear order by order in 
perturbative QCD

O(mb/mH)

✓ DGLAP evolution resums initial-state logs into 

✓ Low multiplicity at Born level


• Neglecting  yields less accurate description 
of bottom kinematic distribution

fb

O(mb/mH)

massless scheme

decoupling/massive scheme

5F
S

4F
S
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A long-standing theoretical issue
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Maltoni, Sullivan, Willenbrock [hep-ph/0301033]

Tevatron Higgs working group, 1998

NLO 5FS vs LO 4FS  with mh = 100 GeV

5FS  10  4FS= ⋅

Significant differences between the 4FS and 5FS have been 
observed, often amounting to an order-of-magnitude 
discrepancy in the cross-section.

The effect of the collinear logarithms is huge!

The discrepancy has been mitigated by tuning the 
renormalisation and, notably, the factorisation scales. 

Lower scales have also improved the convergence of 
the perturbative series.
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4FS+5FS combination
• Santander matching 

• ad-hoc combination as weighted average

• no longer in use


• FONLL matching 

• alternative implementation used to cross-checks


• now applied @ 


• NLO+NNLLpart+  matching 
 

• cross-section grids available

• current bbH reference prediction

N3LO5FS + NLO4FS

ybyt
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Duhr, Dulat, Hirschi, Mistlberger [2004.04752]

4+5FS combination: Comparison of matching approaches

M. Wiesemann (University of Zürich) bb̄H report and future plans October 13, 2016 8 / 16
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– yb yt included in all predictions
– all predictions in agreement
consistently matched approaches:
(FONLL-B and NLO+NNLLpartial)

– perfect agreement among them
– decent agreement with Santander
– large mH : tendency towards 5FS
– small mH : no breakdown,

closer to 4FS
– Santander now empirical
New recommendations
uncertainties:
envelope of FONLL-B and
NLO+NNLLpartial bands
central prediction:
central values of that envelope

Forte, Napoletano, Ubiali  
[1508.01529, 1607.00389]

Bonvini, Papanastasiou, Tackmann  
[1508.03288, 1605.01733]

Harlander, Kramer, Schumacher [1112.3478]
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Updated cross-sections from the bbH subgroup
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Duhr, Dulat, Hirschi, Mistlberger [2004.04752]

Forte, Napoletano, Ubiali  
[1508.01529, 1607.00389]

Bonvini, Papanastasiou, Tackmann  
[1508.03288, 1605.01733]

Harlander, Kramer, Schumacher [1112.3478]

Updated YR4 tables in Twiki (13 TeV & 14 TeV)

• Santander matching 

• ad-hoc combination as weighted avarage

• now outdated


• FONLL matching 

• alternative implementation used to cross-checks


• now applied @ 


• NLO+NNLLpart+  matching 
 

• cross-section grids available

• current bbH reference prediction

N3LO5FS + NLO4FS

ybyt
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt14TeV#bbH_Process


• Santander matching 

• ad-hoc combination as weighted avarage

• now outdated


• FONLL matching 

• alternative implementation used to cross-checks


• now applied @ 


• NLO+NNLLpart+  matching 
 

• cross-section grids available

• current bbH reference prediction

N3LO5FS + NLO4FS

ybyt

Updated cross-sections from the bbH subgroup
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Duhr, Dulat, Hirschi, Mistlberger [2004.04752]

Forte, Napoletano, Ubiali  
[1508.01529, 1607.00389]

Bonvini, Papanastasiou, Tackmann  
[1508.03288, 1605.01733]

Harlander, Kramer, Schumacher [1112.3478]

Updated YR4 tables in Twiki (13 TeV & 14 TeV)

The bbH subgroup has provided the interpolated predictions for 13.6 TeV

• Linear interpolations of existing matched numbers for the 4FS and 5FS at 13 TeV (13.5 TeV) and 14 TeV


Given the significant uncertainties, dedicated runs at 13.6 TeV are not necessary

σ(13.6 TeV) = 0.8 σ(13.5 TeV) + 0.2 σ(14.0 TeV)
σ(13.6 TeV) = 0.4 σ(13.0 TeV) + 0.6 σ(14.0 TeV)
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5F
S
• Cross-section FO @ 


• Merged 0,1,2-jet at NLO and 3-jet at LO 


•  

N3LO

NNLOQCD + PS

Duhr, Dulat, Mistlberger [1904.09990]

Fixed order + parton shower state-of-the-art

CB, Sankar, Wiesemann, Zanderighi [2402.04025]

Krauss, Napoletano, Schumann [1612.04640]

NEW
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•  NNLOQCD + PS

5F
S

4F
S

• Cross-section FO @ 


• Merged 0,1,2-jet at NLO and 3-jet at LO 


•  

N3LO

NNLOQCD + PS

• Cross-section FO @ 


•  
 

•  combined with 

NLO

NLOQCD + PS

NLOQCD + PS NLOEW

Wiesemann, Frederix, Frixione, Hirschi, Maltoni, 
Torrielli [1409.5301]


Jäger, Reina, Wackeroth [1509.05843]

Pagani, Shao, Zaro [2005.10277]

Dittmaier, Krämer, Spira [hep-ph/0309204]

Duhr, Dulat, Mistlberger [1904.09990]

Fixed order + parton shower state-of-the-art

CB, Sankar, Wiesemann, Zanderighi [2402.04025]

CB, Mazzitelli, Sankar, Wiesemann, Zanderighi [to appear]

Krauss, Napoletano, Schumann [1612.04640]

NEW

NEW  terms with approximate two-loopy2
b
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Flavour-scheme comparison

NNLO corrections solve 
the FS issue.

At NNLO QCD, the two 
predictions agree within 
the scale variation when 
using the most natural 
choice ( ) as the 
central scale, without 
the need for artificial 
factors to improve the 
comparison. 

mH
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CB, Mazzitelli, Sankar, Wiesemann, Zanderighi [to appear]

HT = ∑
i=b,b̄,H

m2(i) + p2
T(i)

dσ/dyH [fb] bbH̅@LHC 13 TeV
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Flavour-scheme comparison
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Properties of b-jet observables are investigated using the 4FS and 5FS generators with IR-safe    
b-tagging (IFN).

Higher-order five-FS 
corrections bring the 
shape closer to that of 
the 4FS, while NNLO 
4FS corrections further 
enhance compatibility.

IFN: Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler [2306.07314] 
User-friendly plug-in available in FASTJET

CB, Mazzitelli, Sankar, Wiesemann, Zanderighi [to appear]

dσ/dΔRH,bj1 [fb] bbH̅@LHC 13 TeV
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Comparison with analytic results
The two MiNNLOPS 
results are compared 
with the NNLO+NNLL 
and NNLO predictions.

4FS and 5FS results 
show a similar shape in 
the Higgs transverse 
momentum spectrum 
with different scale 
variations.

We observe a very 
good agreement in the 
rapidity spectrum.
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N
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F4
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C
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NNLO+NNLL (5FS) Harlander, Tripathi, Wiesemann [1403.7196]

NNLO (5FS) Mondini, Williams [2102.05487]


CB, Sankar, Wiesemann, Zanderighi [2402.04025] MiNNLOPS (5FS) 
CB, Mazzitelli, Sankar, Wiesemann, Zanderighi [to appear] MiNNLOPS (4FS) 


dσ/dpT,H [fb/GeV] bbH@LHC 13 TeV
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We require two b-jets satisfying 
experimental b-tagging criteria, 
along with


,



and two photons with 

 
 

 
 

 
 

pT(bi) > 25 GeV |η(bj) | < 2.5
80 GeV < m(b1, b2) < 140 GeV

pT(γ1) > 0.35 m(γ1, γ2)
pT(γ2) > 0.25 m(γ1, γ2)

|η(γi) | < 2.37
105 GeV < m(γ1, γ2) < 160 GeV
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A phenomenological 
application: bb̄γγ

m*2b2γ = m(b1, b2, γ1, γ2) − m(b1, b2) − m(γ1, γ2) + 2mH

The NNLO corrections are 
positive and associated with a 
reduced scale uncertainty.

CB, Mazzitelli, Sankar, Wiesemann, Zanderighi [to appear]

dσ/dm*2b2γ [fb/GeV] pp→Hbb, H→γγ@LHC 13 TeV
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Summary and outlooks

5FS application. Higgs production via light-quark Yukawa 
interaction through parton fusion.
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4FS outlook. H+charm production. This process can be 
numerically challenging.

4FS+5FS NNLO+PS. We plan to consistently combine the two 
NNLO+PS predictions, avoiding double counting.
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• We have provided the updates from the bbH subgroup


• Updated cross-section tables using NLO+NNLLpart+  matching


• The subgroup has provided the  interpolated cross-sections


• We have presented two NNLO+PS generators in the 5FS and 4FS for the  contribution

ybyt

s = 13.6 TeV
y2

b
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Summary and outlooks

5FS application. Higgs production via light-quark Yukawa 
interaction through parton fusion.
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4FS outlook. H+charm production. This process can be 
numerically challenging.

4FS+5FS NNLO+PS. We plan to consistently combine the two 
NNLO+PS predictions, avoiding double counting.
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• We have provided the updates from the bbH subgroup


• Updated cross-section tables using NLO+NNLLpart+  matching


• The subgroup has provided the  interpolated cross-sections


• We have presented two NNLO+PS generators in the 5FS and 4FS for the  contribution

ybyt

s = 13.6 TeV
y2
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Thank you for your attention!
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Backup slides:  
flavour-scheme matching



Historical LO comparisons: addendum
Large differences in the predictions were first observed at the leading order: the effect of 
collinear resummation is extremely large. 

For , FO computations in the different schemes 
become compatible. It turned out that the collinear logs have 
a small effect at this scale.

Focusing on the 5FS predictions, if we add the logarithmic 
corrections from  to  and also the log-
enhanced terms from , the effect is small for 

.

μF = mH /4

bg → bh bb̄ → h
gg → bb̄H

μF = mH /4M
al

to
ni

, S
ul

liv
an

, W
ille

nb
ro

ck
[h

ep
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h/
03

01
03

3]

The improvement of the compatibility opens the possibility of matching together the 
predictions at least at the inclusive level (Santander matching, FONLL, NLO+NNLLpart+ybyt)
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Differences between schemes
A lot of progress in understanding the origin of the differences has been made in the 
past years. The predictions can be merged into a consistent picture by considering two 
main results.

Maltoni, Ridolfi, Ubiali [1203.6393]

Thorne [1402.3536]


Olness, Schienbein [0812.3371]

1. At NLO, the resummation effects of collinear 
logs are important only at high Bjorken- 


2. The possibly large ratios  are always 
accompanied by universal phase space factors 


x

m2
H /m2

b
f

ln2 m2
H f

m2
b

= ln2 μ̃2

m2
b

, μ̃ < mH

[1203.6393]
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FONLL

C. Biello, Backup slides

The basic FONLL idea is to expand the 5FS computation (where 
the logs are resummed with  accuracy) and replace them 
with their massive-scheme counterparts (up to the  level).


 



After expressing both the 5FS and 4FS calculations in terms of the 
same 5FS PDFs and strong couplings, we can consistently 
remove the overlap,





As a validation, for high values of the Higgs mass , 
while  is close to the 4FS prediction for soft Higgs.

FONLL has been applied at the differential level for Z production 
in association with a bottom-flavour jet


NkLL
NnLO

FONLL-A = NNLL + LO4FS
FONLL-B = NNLL + NLO4FS

σFONLL = σ5FS + σ4FS − σ4FS
mb→0

σFONLL → σ5FS
σFONLL

dσFONLL = dσ5FS + (dσ4FS
mb

− dσ4FS
mb→0)

Forte, Napoletano, Ubiali  
[1508.01529, 1607.00389]
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Forte, Napoletano, Ubiali [1607.00389]
[Gauld, Gehrmann-De Ridder, Glover, Huss, Majer, 2005.03016]
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NLO+NNLLpart+ybyt

C. Biello, Backup slides

Matching of fixed-order calculation (4FS prediction) and 
the resum result based on the  limit with 5-
flavour PDFs with a resummation scale ,





for the  contributions.


One can easily add the  contribution as a fixed-
order nonsingular term. These interference effects 
vanish to all orders in the  limit.

mb ≪ mh
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y2

b

ybyt

mb → 0

light-light light-heavy heavy-heavy

g

g

b

b̄

h

q

q̄

b

b̄

h

g

g

b

b̄

h

g

g

b

b̄

h

1

b

b̄

h
b

b̄

h
b

b̄

g

h
b

bg

h

b

g b

h

b

g b

h

b

b̄

h

b

b̄

h

1

b

b̄

h
b

b̄

h
b

b̄

g

h
b

bg

h

b

g b

h

b

g b

h

b

b̄

h

b

b̄

h

1

! LO+LL
g

g

b

øb

h

q

øq

b

øb

h

g

g

b

øb

h

g

g

b

øb

h

1

b

øb

h
b

øb

h
b

øb

g

h
b

bg

h

b

g b

h

b

g b

h

b

øb

h

b

øb

h

1

b

øb

h
b

øb

h
b

øb

g

h
b

bg

h

b

g b

h

b

g b

h

b

øb

h

b

øb

h

1

! NLO+NLL

b

øb

h
b

øb

h
b

øb

g

h
b

bg

h

b

g b

h

b

g b

h

b

øb

h

b

øb

h

1

1

5F NNLO

5F LO4F LO

4F NLO

LO+LL

NLO+NLL

5F NLO

NLO+

NNLL partial

Bonvini, Papanastasiou, Tackmann  
[1508.03288, 1605.01733]

Using the fact that -PDF counts as a  term, it 
contains the complete fixed-order results at each 
perturbative order.

The explicit dependence on  enables the incorporation of 
a resummation uncertainty estimation from the 5FS 
prediction.

b 𝒪(αs)

μb

Advantages.

NLO+NNLLpart with    FONLL-Bμb = mb ↔
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NLO+NNLLpart+ybyt

C. Biello, Backup slides

Matching of fixed-order calculation (4FS prediction) and 
the resum result based on the  limit with 5-
flavour PDFs with a resummation scale ,





for the  contributions.


One can easily add the  contribution as a fixed-
order nonsingular term. These interference effects 
vanish to all orders in the  limit.

mb ≪ mh
μb

σFO+res = σres + (σFO − σres |μb=μF )
y2

b

ybyt

mb → 0
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Bonvini, Papanastasiou, Tackmann  
[1508.03288, 1605.01733]

Using the fact that -PDF counts as a  term, it 
contains the complete fixed-order results at each 
perturbative order.

The explicit dependence on  enables the incorporation of 
a resummation uncertainty estimation from the 5FS 
prediction.

b 𝒪(αs)

μb

Advantages.

NLO+NNLLpart with    FONLL-Bμb = mb ↔

This last term in NLO 
4FS is present only at 

N3LO in 5FS! 
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FONLL-C: a novel accuracy with the matching

C. Biello, Backup slides

The N3LO contributions in the massless scheme are recently computed.

This allows for an improvement in the matching, where all the NLO terms in the 4FS have a massless 
counterpart.

Duhr, Dulat, Hirschi, Mistlberger [2004.04752]
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σFONLL−B = σ5FS(NNLO) + σ4FS(NLO) − σ4FS
mb→0(NLO)

Duhr, Dulat, Mistlberger [1904.09990]

σFONLL−C = σ5FS(N3LO) + σ4FS(NLO) − σ4FS
mb→0(NLO)

FONLL-C matching provides the first consistent matching at 
. The difference between FONLL-B and FONLL-C is 

not negligible and acts as a negative effect, which reflects the 
behaviour of the N3LO bottom-initiated corrections in 5FS. 

𝒪(α3
s )
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Backup slides:  
bbH with MiNNLOPS



M
at

ch
in

g Problem: Match fixed-order predictions with Parton 
Shower avoiding an unphysical matching scale.

POWHEG idea: implement a Monte Carlo generator that 
produces just one emission (the hardest one) which alone 
gives the correct NLO result.

Nason [hep-ph/0409146]


C. Biello, Backup slides

M
er

gi
ng
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Hamilton, Nason, Zanderighi [1206.3572]

Hamilton, Nason, Oleari, Zanderighi [1212.4504]

Problem: Merge different multijet calculations 
without any unphysical merging scale.

MiNLO’ idea: Start from a FO X+1jet prediction 
matched with PS and obtain inclusive predictions 
through particular scale choices and inclusion of a 
Sudakov form factor.
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MiNNLOPS in a nutshell
MiNNLOPS is an extension of MiNLO’ to achieve NNLO+PS accuracy for inclusive 
observables.  
 

The modified POWHEG function is





The QCD scales must be  in the singular region.

B̄(ΦXJ) = e−S̃(pT)
{

B (1 − αs(pT) S̃(1)) + V +
!

dϕrad R + [D(3)(pT)] × Fcorr
}

μF ∼ μR ∼ pT

Monni, Nason, Re, Wiesemann, Zanderighi [1908.06987]

C. Biello, Backup slides

MiNLO’ structure Extra term:  
it ensures NNLO accuracy.


 encodes the spreading upon the full .Fcorr ΦXJ
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Yukawa in MiNNLOPS







H(1) ⊃ single log(μ(0),y
R )

H(2) ⊃ single and double log(μ(0),y
R ) and mixed terms ∼ nBmB log μ(0),α

R log μ(0),y
R

B̃(2) ⊃ H(1) ⊃ single log(μ(0),y
R )

The  running of these Born couplings





requires some adaptations.

MS

σLO ∼ αnB
s (μ(0),α

R ) ymB(μ(0),y
R )

(nB = 0, mB = 2) (nB = 2, mB = 2)

The Yukawa scale has an interplay with the renormalisation and resummation scale factors


                                               H(2) ⊃ log KR log μ(0),y
R  and  log KQ log μ(0),y

R
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Two-loop approximation in NNLO-4FS
The double virtual correction for massive bottoms is not known.

Approximation by retaining all the log-enhanced contributions through the 
massification procedure.





MiNNLOPS with only logarithmic contributions in the VV predicts a total cross-
section bigger than the NLO+PS one.


|𝒜(2)⟩ = log(mb)-terms + const. + 𝒪
(

mb

Q )

ℱ(2) |𝒜(0)
mb=0⟩ + ℱ(1) |𝒜(1)

mb=0⟩ + ℱ(0) |𝒜(2)
mb=0⟩
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4FS massless two-loop library
We used analytic two-loop amplitudes for massless bottoms 
computed in the leading colour approximation.


For fast numerical evaluation, we derived a mapping for the MIs in 
order to use the PentagonFunctions library [2009.07803, 
2110.10111]


 

C++ code interfaced with POWHEG: 
 for each PS point in double precision


Cross-checked with an independent implementation from UZH

∼ 3 sec

Badger, Hartanto, Kryś, Zoia [2107.14733]

Devoto, Grazzini, Kallweit, Mazzitelli, Savoini [2411.15340]
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Original massification for bbH-4FS
First two-loop massification in Bhabha scattering

Extension for non-abelian theories from factorisation principles


 preserves the total momentum of 

 avoids a collinear singularity

ηqq̄ bb̄
ηgg

Penin [hep-ph/0508127]

Mapping  η : PSmb
↦ PSm=0

Mitov, Moch [hep-ph/0612149]

First check in 

Czakon, Mitov, Moch [0705.1975] 

qq̄ → QQ̄
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Generalised massification
First massification of internal loops in Bhabha using the SCET formalism


Recent application for QCD amplitudes


QCD  with massive loops

Effects of the Soft function


We applied decoupling relations for  and  Yukawa

Z − factors

αs MS

y(n+1)
b (μ) = y(n)

b (μ)(1 + α2
s (μ) ⋅ logs) ℱ̄(2) → ℱ̄(2) + logs

Becher, Melnikov [0704.3582]

Wang, Xia, Yang, Ye [2312.12242]
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