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Motivations for bb̄H

Measurement of bottom Yukawa yb from H → bb̄ decay tough experimentally: Higgs
width extremely small and huge QCD background.

Processes featuring bb̄H vertex are a viable alternative.

I Largest contribution: interference of bottom and top loops in gg → H.

I Second largest: associated bb̄H production.

I bb̄H rate much smaller than gluon fusion, but it emerges after b tagging.

Beyond the SM, coupling of scalars to b’s may be highly enhanced by factors of tanβ.

Detailed study of the bb̄H mode may help constraining the scalar sector in BSM models.
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Two ways of computing bb̄H: 4- and 5-flavour schemes

5-flavour scheme (5FS)
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Figure 4. A sample of Feynman diagrams for bb̄H production in the five-flavour scheme: (a) LO;
(b) one-loop; (c-d) real emission.

ref. [35] for further details), and by including the relevant routines that perform the running

of mb(µ). There is only one extra complication, due to the fact that the MS Yukawa intro-

duces in the cross section an extra µR dependence w.r.t. those taken explicitly into account

in ref. [60], which are used by the code for the definition of scale- and PDF-independent

coefficients that are exploited for the a-posteriori computation of scale and PDF uncertain-

ties by means of reweighting. Furthermore, such a dependence is different in the σy2b and

σybyt terms introduced in eq. (2.1), owing to the different powers of yb that appear in those

terms. Although this complication will become recurrent in a mixed-coupling expansion

scenario, at the moment it does not warrant a completely general and automated solution.

Therefore, we have treated bb̄H production as a special case, by integrating separately the

σy2b and σybyt terms, which necessitate loop-content filtering operations (see section 2.4.2 of

ref. [35]) in order to exclude, or to include only, top-quark loops in the virtuals. For each of

these two terms, we have manually performed the modifications in the definition of the co-

efficients, mentioned above, that serve to compute the theoretical systematics. Apart from

these manipulations, the generation and subsequent computation of the bb̄H 4FS cross

section proceed exactly with the same general steps as those described in ref. [35], namely:

MG5 aMC> import model loop sm MSbar yb

MG5 aMC> generate p p > h b b~ [QCD]

followed by the standard output and launch commands, and where loop sm MSbar yb

is the name of the UFO model that includes the appropriate UV counterterms for the

renormalisation of the bottom Yukawa in the MS scheme.

Given that the few manual operations mentioned above are necessary on top of the

commands just listed, the user interested in the simulation of bb̄H production with Mad-

Graph5 aMC@NLO is strongly encouraged to contact us.
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I Simple 2→ 1 process at LO: b massless, associated PDF.

I Partonic cross section does not depend on mb.

I Dependence introduced through threshold conditions; logarithms of mb/Q
resummed through DGLAP evolution of the b PDF.

I Important when dominated by large log(mb/Q).

I Less so for ones exclusive in b’s.

I Matching to showers improves the b-kinematics description.
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Two ways of computing bb̄H: 4- and 5-flavour schemes

4-flavour scheme (4FS)
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Figure 1. Sample of LO Feynman diagrams for bb̄H production in the four-flavour scheme, for the
two relevant classes of partonic subprocesses: (a) gg → bb̄H; (b) qq̄ → bb̄H.

The coupling structure becomes more involved when one considers NLO corrections.

As is well known, these can be classified as being of either virtual or real-emission origin;

sample diagrams for these two classes are displayed in figure 2 and figure 3 respectively.

Consider, in particular, the virtual diagrams of figure 2a, 2b, and 2e: when the heavy

quark that circulates in the loop is a top, the corresponding amplitude is proportional to

yt, and does not feature the bottom Yukawa yb. All of the other diagrams, as well as

those relevant to real emissions, have amplitudes proportional to yb. At the NLO, the cross

section receives contributions from the interference of the one-loop diagrams with the Born

ones, and from the squares of the real-emission diagrams. The squares of the one-loop

diagrams, in turn, will enter the NNLO result. One can thus write the bb̄H 4FS cross

section up to O(α4
S) as follows:
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(2.1)

The bb̄H NLO results presented in the literature focus on the σy2b term of eq. (2.1). We

are not aware of existing predictions for σybyt at the level of differential observables, whose

impact we shall discuss in section 3.2. Finally, all terms of O(α4
S) have been ignored here;

note that at least those proportional to y2t are usually seen as NNLO contributions to the

gluon-fusion cross section.

The fully automated MadGraph5 aMC@NLO [35] program can handle 4FS bb̄H pro-

duction rather straightforwardly — the calculation is of a complexity similar to that of Zbb̄

production, which could be studied [57] even with a version of the code much less powerful

than the present one. However, the default treatment of Yukawa couplings in the code is

that of an on-shell scheme renormalisation, which is not optimal in the case of bb̄H produc-

tion, where the MS scheme has to be preferred [58]. Such a scheme is indeed what has been

employed in previous NLO 4FS computations [32, 33], since the use of an MS renormalized

Yukawa yb(µR) has the advantage of resumming to all orders potentially large logarithms

of mH/mb, when µR ∼ mH is chosen. A change in the renormalisation scheme, and the

UV counterterms it entails, is simply dealt with at the level of the UFO model [59] that

MadGraph5 aMC@NLO has to import prior to generating a process (see appendix B.1 of

– 7 –

J
H
E
P
0
2
(
2
0
1
5
)
1
3
2

(a) (b) (c)

(d) (e) (f)

Figure 2. Sample of one-loop Feynman diagrams for bb̄H production in the four-flavour scheme.
All diagrams contribute to the y2b term when the Higgs is radiated off a bottom quark, while
diagrams (a), (b), and (e) with a top-quark loop contribute to the ybyt term.

(a) (b)

(c) (d)

Figure 3. Sample of real-emission Feynman diagrams for bb̄H production in the four-flavour
scheme.
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I More complex 2→ 3 process at LO: b massive.

I Partonic cross section depends on mb; it contains mb/Q power terms and the first
few logarithms of the tower.

I Important for b observables; realistic b tags already at LO.

I Top loops generate α3
Sybyt terms: interference between bb̄H and gluon fusion.
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Status of the computations (in the SM)

I 5FS
Inclusive NNLO [Harlander, Kilgore ’03]

N3LO matrix elements [Ahmed, Mandal, Rana, Ravindran ’14], [Gehrmann, Kara ’14]

Exclusive H + b at NLO [Campbell, Ellis, Maltoni, Willenbrock ’03]

Exclusive NNLO [Buehler, Herzog, Lazopoulos, Mueller ’12]

NNLO+NNLL for pH
t [Harlander, Tripathi, Wiesemann ’14]

NLO+PS [Wiesemann, Frederix, Hirschi, Maltoni, PT ’14]: this talk

I 4FS
Inclusive (exclusive) NLO [Dittmaier, Kramer, Spira ’04]

NLO+PS [Wiesemann, Frederix, Hirschi, Maltoni, PT ’14], [Jaeger, Reina, Wackeroth ’15]: this talk

I Matched 4FS-5FS
NLO+NLL cross section [Forte, Napoletano, Ubiali ’16], [Bonvini, Papanastasiou, Tackmann ’16]
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Matching systematics

I In MC@NLO one can choose Qsh, the upper bound for shower hardness.

I Qsh bounds the region where the PS resummation extends, similar in spirit to a
resummation scale.

I Dependence on Qsh beyond formal accuracy.

I Default in the MadGraph5 aMC@NLO code is to chose Qsh dynamically in the range
0.1α
√
s0 < Qsh < α

√
s0, with α = 1 and

√
s0 = Born CM energy.

I But these are just default values: one should always check if they are sensible for the
process at hand.
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Matching systematics in the 4FS
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Figure 5. Transverse momentum of the bb̄H or BBH system, in the 4FS at fNLO (black solid),
and at NLO+PS with α = 1 (red dotted), α = 1/2 (blue dot-dashed), and α = 1/4 (green dash-
double-dotted). Left panel: Herwig++; right panel: Pythia8.

The results are presented in figure 5, for both Herwig++ (left panel) and Pythia8

(right panel); the fNLO prediction is shown as well. The insets display the ratio of the

NLO+PS results over the fNLO one. Only the y2b terms (σy2b in eq. (2.1)) are considered

here. We remind the reader that at sufficiently large transverse momentum the NLO+PS

results (obtained with the MC@NLO method) will coincide by construction with the fNLO

result (in the case of psystT , up to small effects due to the fact that the hadron- and parton-

level observables are not exactly the same). The main message one derives from figure 5

is that shower (i.e. resummation) effects, measured by the distance between the NLO+PS

and fNLO predictions, extend much farther than one would naively expect if “large” values

of α are chosen. Furthermore, the dependence on α at large psystT is extremely significant

which, as explained above, is exceedingly rare for MC@NLO results. On the other hand,

the NLO+PS curves do behave as expected: their shapes show no dependence on α at

small psystT , and their total integrals are equal at the level of the statistical integration error

(i.e. 0.5%), and equal to the fNLO rate. These observations apply to both Herwig++ and

Pythia8, which follow a rather similar pattern. What one sees, thus, is an extremely large

matching systematics in certain corners of the phase space. On the one hand, this effect

is enhanced by the fact that the tail of the psystT distribution is extremely steep. On the

other hand, the dynamics of the process is such that the condition of eq. (3.4) appears to

be significantly violated. In particular, with α = 1 the distribution of Qsh peaks at around

180GeV; this value decreases to 90GeV and 45GeV when setting α = 1/2 and α = 1/4

respectively. Therefore, with α = 1/4 one induces shower scales which are closer to the

values taken by the hard scales, defined as in eq. (3.1).

At this point, there are two things which must be stressed. Firstly, by choosing α = 1

and µ as in eq. (3.1) one does not really introduce large logarithms in the computation.

Rather, if the “small” value of µ is dictated by arguments of collinear dominance, the same

– 13 –

I pt of the Born ’system’: an observable to expose Qsh dependence.

I α = 1 corresponds in this setup to 〈Qsh〉 ∼ 180 GeV, way too large for bb̄H, where
scales ∼ mH/4 are sensible.

I We use α = 1/4 as baseline for the 4FS results.

I Confirmed by the largely improved agreement between different showers.
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Matching systematics in MC@NLO: more in general
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I Here for example bb̄Z 4FS
production.

I Green=fixed NLO (fNLO),
solid (non green)=
NLO+PS, dashed=LO+PS.

I Good practice for getting sensible shower scales: compare LO+PS with fixed NLO.

I With too large shower scales LO+PS overshoots fNLO at medium-high pt : parton
shower stretched out of its defining approximations.

I Shower scales that dampen LO+PS at pt lower than the fNLO get matching
systematics under control at NLO+PS (warning: too low scales are dangerous too).

I In POWHEG analogous systematics due to the hdamp parameter.
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Setup

1409.5301: MadGraph5 aMC@NLO

I Automated NLO+PS with the MC@NLO method at the 13 TeV LHC.

I yb renormalised in the MS scheme.

I Showering with Pythia8 and Herwig++.

I Central value for scales µR,F = 1
4

∑
i=final mt,i .

I Results in the 4FS with α = 1/4 from here on.

I Results in the 5FS with α = 1, as there
√
s0 = mH induces small scales: small

matching systematics in that case.

I Results shown for the y 2
b term only, if not stated otherwise.

I Uncertainty band from independent 9-point µR and µF variation.

1509.05843: POWHEG-BOX

I Very similar setup.

I Showering with Pythia6.
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Differential distributions
Inclusive Higgs pt in the 4FS, MadGraph5 aMC@NLO
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Figure 6. Higgs transverse momentum. See the text for details.

its LO+PS counterpart (red dotted), and the fNLO (blue dot-dashed) and fLO (green

dash-double-dotted) predictions. In the upper inset, on top of the ratios of the curves that

appear in the main frame we also display the ratio of the NLO+PS Pythia8 result (orange

solid with full boxes) over the Herwig++ one. In the region pT (H) ! 20GeV, all results are

within 25% of each other. The agreement between the NLO+PS Herwig++ and Pythia8

predictions is excellent (they are essentially identical up to statistics); the fNLO result is

slightly harder than its showered counterparts, and it gets closer to them with increasing

pT (H). The LO+PS Herwig++ prediction is within 10% of the NLO+PS one in the whole

pT (H) range. Pythia8 differs visibly from Herwig++ at the NLO+PS only in the small

pT (H) region, where the difference is however 20% at most; on the other hand, in that region

it is the fixed-order results which display the largest discrepancies w.r.t. our Herwig++

NLO+PS reference curve. From the lower inset one sees the very significant reduction of the

scale dependence at the NLO w.r.t. the one at the LO, analogous to that already observed

in table 1 for total cross sections. The uncertainty bands of the NLO predictions almost

completely overlap, and they are by and large contained within those relevant at the LO.

The Herwig++ and Pythia8 NLO+PS results, and the fNLO one, are also shown

in the right panel of figure 6, with the same patterns as those employed in the left panel

of that figure; on top of these, we also present the Herwig++ (red dotted) and Pythia8

(green dash-double-dotted with open boxes) NLO+PS predictions obtained with α = 1.

Although the effects due to the change of α are not as large as those affecting psystT (see

figure 5), they are very significant in the large-pT (H) region, where the two NLO+PS

results obtained with the same MC have non-overlapping scale-uncertainty bands (the

more so for Pythia8). Furthermore, while when α = 1/4 Herwig++ and Pythia8 agree

perfectly with each other, this is not the case when α = 1 (although their uncertainty

– 16 –

I Good agreement overall,
especially at pH

t > 20 GeV
shape wise.

I Uncertainty reduction from
LO to NLO.

I Still sizeable ∼ ±20%.
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FIG. 10: The pT (left) and ⌘ (right) distributions of the Higgs boson in H + 1b-jet production as

obtained with POWHEG+PYTHIA6 for di↵erent values of the fixed (fix) and dynamical (dyn) renor-

malization/factorization scales, µ = ⇠µ0 with ⇠ = (0.5; 2). The lower panels show the respective

ratios R = d�(⇠µ0)/d�(µ0).
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Differential distributions

Higgs pt : 4FS vs 5FS requiring at least a b-jet (pt(jb) > 25 GeV, |η(jb)| < 2.5).
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Figure 14. Higgs transverse momentum in the presence of at least one b-jet; we compare NLO+PS
4FS and 5FS predictions.

being the lowest (highest). Starting from about pT (H) ∼ 60GeV, the NLO+PS results are

closer to the NNLO+NNLL curve than to the NLO+NLL one (which however is within

the scale uncertainty bands of the former), the agreement being particularly good in the

case of Pythia8. Note that at large pT the NNLO and NLO predictions are quite close

to each other; this is analogous to what has been observed in ref. [53] for the transverse

momentum of the hardest jet, and is a consequence of using µR = µF = mT (H)/4. In

the right panel of figure 13 we compare the most accurate 5FS prediction, namely the

analytically-resummed NNLO+NNLL, with the NLO+PS Herwig++ and Pythia8 ones

in the four-flavour scheme, which have already appeared in figure 6. As we know from that

figure, the agreement between the two NLO+PS results is excellent; what one sees from

figure 13 is that these NLO+PS predictions also agree rather well with the NNLO+NNLL

one (and in an excellent manner shape-wise), except when very close to pT (H) = 0, with

fully overlapping uncertainty bands. In terms of shape, the NLO+PS 5FS results also

show a comparable level of agreement for pT ! 20GeV, while being noticeably worse at

lower transverse momentum values. However, one must bear in mind that the NLO+PS

matching systematics (see eq. (3.5)) is much larger in the 4FS than in the 5FS. Conversely,

– 24 –

I Reasonable agreement at
pH

t > 40 GeV.

I Differences between 4FS
and 5FS at small pH

t , and
between different showers in
the same scheme.

I 4FS expected to be superior
here, but would be
interesting to investigate
using data.
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Differential distributions
Exclusive in the b’s: pt of the hardest b ‘object’ (b=b-jet, B=b-hadron)
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Figure 8. Same as in figure 7, but for Pythia8.

comparison of the two MCs for a given observable is best read from the upper insets, where

we report the ratios Pythia8/Herwig++ (figure 7) and Herwig++/Pythia8 (figure 8) as

solid orange (overlayed with boxes) and solid magenta (overlayed with stars) histograms

for B hadrons and b-jets, respectively; we limit ourselves to presenting these ratios at the

NLO+PS accuracy. For pT ’s larger than about 20GeV Herwig++ and Pythia8 agree quite

well with each other in terms of shapes; rate-wise, Pythia8’s are larger than Herwig++’s,

with the largest differences (about 30%) occurring for the second-hardest B-hadron, and

the smallest (about 10%) for b-jets. Significant differences (i.e. outside of the uncertainty

bands) are seen only in the pT ∼ 0 region for B hadrons, where Pythia8 can be up to a

factor of two smaller than Herwig++ in the first bin of the hardest-B hadron distribution.

The vast majority of the differential observables which we have investigated follow the

pattern that underpins figures 6–8: the various approximations are consistent within their

associated theoretical uncertainties, and there are small corrections due to NLO and/or

parton-shower effects and an overall agreement between the Herwig++ and Pythia8 pre-

dictions. A couple of exceptions are however notable, which we are now going to address

explicitly.

In figure 9 we present various predictions for the invariant mass of the two hardest B

hadrons at the NLO+PS (black solid) and LO+PS (red dotted) accuracy, and that of the

two b quarks at the fNLO (blue dot-dashed) and fLO (green dash-double-dotted) accuracy;

no cuts are applied, and both quantities have been labelled mBB for simplicity. The left

and right panels display the Herwig++ and Pythia8 results respectively. In the upper

insets, on top of showing the ratios of the histograms that appear in the main frames

over the relevant reference curves (Herwig++ NLO+PS and Pythia8 NLO+PS in the left

and right panels respectively), we also show the ratios Pythia8/Herwig++ (left panel) and

– 18 –

I Little NLO corrections on
shapes, but massive
uncertainty reduction.

I Agreement between showers
at medium-large pt .

I Small pt for B hadrons:
Herwig++ visibly larger.

POWHEG-BOX

 0

 0.001

 0.002

 0.003

 0.004

 0.005

 0.006

 0.007

 0  20  40  60  80  100  120  140  160  180  200

H+1b jet

d
σ

/d
p

T
(b

) 
[p

b
/G

e
V

]

POWHEG+PYTHIA 6 fix
POWHEG+PYTHIA 6 dyn

 0
 0.5

 1
 1.5

 2

 0  20  40  60  80  100  120  140  160  180  200

R

pT(b) [GeV]

 0

 0.005

 0.01

 0.015

 0.02

 0.025

 0.03

 0.035

 0.04

 0.045

 0.05

-2 -1.5 -1 -0.5  0  0.5  1  1.5  2

H+1b jet

d
σ

/η
(b

) 
[p

b
]

POWHEG+PYTHIA 6 fix
POWHEG+PYTHIA 6 dyn

 0
 0.5

 1
 1.5

 2

-2 -1.5 -1 -0.5  0  0.5  1  1.5  2

R

η(b)

FIG. 11: The pT (left) and ⌘ (right) distributions of the hardest identified b jet in H + 1b-jet

production as obtained with POWHEG+PYTHIA6 for di↵erent values of the fixed (fix) and dynamical

(dyn) renormalization/factorization scales, µ = ⇠µ0 with ⇠ = (0.5; 2). The lower panels show the

respective ratios R = d�(⇠µ0)/d�(µ0).
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Differential distributions

∆RBB in the 4FS.
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Figure 10. Same as in figure 9, for the distance in the η−ϕ plane.

The second interesting, if less spectacular, case of significant differences among pre-

dictions is presented in figure 10, where we show the distance in the η−ϕ plane between

the two hardest B hadrons (at (N)LO+PS) or the two b quarks (at f(N)LO); both are

denoted by ∆RBB for simplicity. As in the case of mBB previously discussed, no cuts are

applied. The layout of figure 10 is the same as that of figure 9. The salient feature of the

present results is to be found at large ∆RBB (which corresponds to a large separation in

pseudorapidity between the two B hadrons or b quarks). In that region, both MCs tend

to be lower than the corresponding fixed-order result; however, in the case of Pythia8 the

decrease of the cross section is dramatic (even at the NLO, where it is nonetheless smaller

than at the LO), while it is modest (and within scale uncertainty) for Herwig++. Over the

whole spectrum, NLO corrections have a large impact, depleting the cross section at small

∆RBB and enhancing it at large ∆RBB. This pattern is independent of whether parton

showers are included; note that in some regions the LO and NLO uncertainty bands do not

overlap. Up to ∆RBB ∼ 6 and ∆RBB ∼ 7.5 (at the LO and NLO, respectively), the mutual

agreement between MCs and with fixed-order results is quite good, but it rapidly degrades

above those values as was already discussed; for all ∆RBB, however, the agreement at the

NLO is better than that at the LO. We finally remark that, in terms of the comparison of

the MC predictions with the fixed-order ones, the situation at large ∆RBB is the opposite

as that for mBB at threshold, with Pythia8 (N)LO+PS being farther away from f(N)LO

than Herwig++ for the former observable, and closer for the latter. While, as was stressed

before, the level of agreement with f(N)LO results cannot be used as a discriminant for

MCs, this fact underlines the different characteristics of different MCs, and the necessity

of a conservative estimate of MC systematics.

– 20 –

I B = b quarks at f(N)LO,
B = hardest b-hadrons at
(N)LO+PS.

I Huge consistency
improvement from LO+PS
to NLO+PS at small ∆RBB .

I Stil sizeable shower
dependence at large ∆RBB .

I Comparison of different PS:
powerful handle on
systematics of the shower
modelling.
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Differential distributions
Effect of the ybyt term on mBB .
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Figure 11. Invariant mass of the two hardest B hadrons, with or without the ybyt contribution.
The left panel presents the fully-inclusive case, while in the right panel the presence of at least one
b-jet is required. See the text for details.

We now turn to discussing the impact of the ybyt term (i.e. the σybyt contribution to the

NLO cross section in eq. (2.1)). We have investigated a rather large number of observables,

and generally found such a term to be flat at the level of 5%–20% (this fraction is measured

by evaluating the ratio of the ybyt over the y2b contribution, and by taking its distance from

a horizontal line); we remind the reader (see table 1) that the ybyt term gives a negative

contribution of the order of 10% at the level of total rates. Therefore, although there is

no reason to neglect the ybyt contribution, an overall rescaling is a decent approximation

(also in view of the large scale uncertainties that affect the y2b bb̄H cross section) for most

observables. There are two counterexamples, one of which is particularly spectacular,

which we present below; perhaps not surprisingly, they coincide with the mBB and ∆RBB

observables which we have just discussed.

The results for mBB are displayed in figure 11, at the NLO+PS accuracy with Her-

wig++. The black solid histogram is the result for σy2b , and the red dotted histogram the

result for σy2b + σybyt . The left panel presents the inclusive case, while in the right panel

we have required the presence of at least one b-jet. We start by commenting the inclusive

case: as one can see, the two predictions are in very good agreement at large mBB (up to

a rescaling), and in violent disagreement close to threshold, where the striking feature is

a sharp peak which originates from the ybyt contribution. Given the situation of figure 9,

and in particular the large differences between Herwig++ and Pythia8 there, in the upper

inset we report the ratio (σy2b + σybyt)/σy2b not only for Herwig++ (i.e. the ratio of the two

curves displayed in the main frame; red dotted), but also for Pythia8 (blue dot-dashed).

As one can see, the two ratios are in rather good agreement with each other; in other words,

– 21 –

I ybyt term gives a flat contribution ∼ −10% to most of the observables.
I Striking counter-example: peak structure at small mBB , due to nearly collinear

g → bb̄ splitting from diagrams with yt (left).
I Requiring one b-tag washes most of the effect away (right).
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Conclusions

I bb̄H useful for probing yb. Necessary to have accurate differential predictions for
this process.

I NLO+PS predictions in the 4FS significant for giving a reliable description and for
reducing theoretical uncertainties.

I In general, good agreement between different showers, with exceptions that could be
used to improve the shower modelling.

I Matching systematics under control but necessary to choose reasonable starting
conditions. Comparing LO+PS and fNLO gives some suggestion on how to do it in
general in MC@NLO.

Thank you for your attention
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