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what about higher orders?
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Comparison at NNLO

Heavy-top limit:
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)n
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Figure 1: Parton luminosities E(ω = z/x) at the LHC for Mt = 170.9 GeV at
(a) MH = 130 GeV and (b) MH = 280 GeV, plotted as functions of x = M2

H/ŝ.
The vertical line denotes the threshold ŝ = 4M2

t .

A fully general result for the partonic cross section at NNLO is as of yet unknown. In
Refs. [13, 14, 15, 16], it was evaluated in terms of an expansion of the form

∆αβ(x, τ, µF) =
∑

i≥0

(

M2
H

M2
t

)i

Ωαβ,i(x, lt, µF) , (7)

with the analogous perturbative expansion as in Eq. (6). At NNLO, the first four terms
(i ≤ 3) have been evaluated [13, 14]. The so-called EFT approach which has been used in
all higher order analyses up to now, can be derived from the leading term of this expansion:

σpp′,∞(z, lt) ≡
∑

α,β∈{q,q̄,g}

∫ 1

z
dω Eαβ(ω, µF) σ̂αβ,∞(z/ω, lt, lF) ,

σ̂αβ,∞(x, lt, lF) ≡ σ0(τ)Ωαβ,0(x, lt, lF) ,

(8)

where σ0 is given in Eq. (5).

4
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1/mt expansion at NLO
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        (σ = φ⊗φ⊗σ)ˆ

Dependence on ŝ at NLO
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Convergence of 1/mt expansion at NLO
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Figure 6: Inclusive Higgs+jet cross section at LO including terms up to 1/mk
t as

a function of pjetT,min. Dotted/dashed/dash-dotted: k = 0/2/4. (a) unmatched; (b)
matched according to Eq. (6).

the deviation between the curves relative to 1/m0
t is quite large (∼ 27%), convergence of

the asymptotic expansion is completely lost at large values of pjetT,min. Thus, we cannot use
the ordinary 1/mt expansion to determine a sensible estimate of the mass effects on the
inclusive Higgs+jet rate.

However, the same problematic effects contribute to the total inclusive cross section σtot,
as we have seen before. In this case, a matching to the high-energy limit was performed as
described in Ref. [29] to control the region

√
s > 2mt. Similarly, a matching of the inclusive

Higgs+jet cross section to the pT → ∞ limit would temper unjustified effects from high-pT
jets. Let us assume this matched cross section was known and call it σ≥1-jet,matched. Given
the fact that the total cross section can be viewed as the integral over the pT distribution
and the asymptotic expansion in the small-pT region works almost perfectly, the following
relation should be valid up to a very good precision as long as pjetT,min remains at moderate

values:13

�
σNLO

tot,matched

�
mk

t
−
�
σNLO

tot, unmatched

�
mk

t
=

�
σLO

�
≥1-jet,matched

�

mk
t

−
�
σLO

�
≥1-jet, unmatched

�

mk
t

, (5)

where the primed LO quantity is calculated with NLO parton distributions, as defined in
Section 2. This equation allows us to determine the matched inclusive Higgs+jet cross

13With ”moderate values“ we mean values at which the asymptotic expansion works well. The usual jet
definitions with pjetT,min ∼ 30GeV are well within that region.
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t cross section
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section by using LO PDFs for all quantities:

�
σLO
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m
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�
σLO
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k
t
+
�
σNLO

∗
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−
�
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∗
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m
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where we defined the starred NLO cross section to be evaluated with LO PDFs. Fig. 6 (b)
shows the matched cross section as defined in Eq. (6). It is very impressive how close all
curves are to the exact result with respect to the unmatched case in Fig. 6 (a).

In Fig. 7, the matched predictions of Fig. 6 (b) are normalized to unmatched cross section in
the heavy-top limit (dotted curve in Fig. 6 (a)). Comparing first the matched cross sections
to the exact curve, their overall agreement is remarkable (� 5% for pjet

T,min ≤ 150GeV). In
that region, they are successively closer to the exact result, as k increases. The deviation
of the EFT result from the matched curves on the other hand allows its validation at the
3 − 10% level for pjet

T,veto ∈ [30, 100]GeV. Thus, with the definition of the matched cross
section we recovered the ability to validate the heavy-top limit for the inclusive Higgs+jet
rate. This will prove useful at NLO, where the exact result is not available.

There are cases in our analysis where the reliability of the 1/mt expansion appears to
be exceptionally good. This happens when the 1/m4

t corrections become negligible and,
consequently, the expansions up to 1/m2

t and up to 1/m4
t almost coincide. We already

observed this twice: In Fig. 4 (b) around mH = 125GeV and in Fig. 7 for pjet
T,veto � 90GeV.

In both cases, the dashed curve (contributions up to 1/m2
t ) and the dash-dotted curve

10
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a function of pjetT,min. Dotted/dashed/dash-dotted: k = 0/2/4. (a) unmatched; (b)
matched according to Eq. (6).

the deviation between the curves relative to 1/m0
t is quite large (∼ 27%), convergence of

the asymptotic expansion is completely lost at large values of pjetT,min. Thus, we cannot use
the ordinary 1/mt expansion to determine a sensible estimate of the mass effects on the
inclusive Higgs+jet rate.

However, the same problematic effects contribute to the total inclusive cross section σtot,
as we have seen before. In this case, a matching to the high-energy limit was performed as
described in Ref. [29] to control the region

√
s > 2mt. Similarly, a matching of the inclusive

Higgs+jet cross section to the pT → ∞ limit would temper unjustified effects from high-pT
jets. Let us assume this matched cross section was known and call it σ≥1-jet,matched. Given
the fact that the total cross section can be viewed as the integral over the pT distribution
and the asymptotic expansion in the small-pT region works almost perfectly, the following
relation should be valid up to a very good precision as long as pjetT,min remains at moderate

values:13
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where the primed LO quantity is calculated with NLO parton distributions, as defined in
Section 2. This equation allows us to determine the matched inclusive Higgs+jet cross

13With ”moderate values“ we mean values at which the asymptotic expansion works well. The usual jet
definitions with pjetT,min ∼ 30GeV are well within that region.
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Figure 10: Inclusive Higgs+jet cross section at NLO including terms up to 1/mk
t

as a function of pjetT,min. Dotted/dashed/dash-dotted: k = 0/2/4. (a) matched
according to Eq. (7); (b) unmatched.

emissions is predominantly described by process independent QCD effects.

3.5 Inclusive Higgs+jet rate at NLO

For the LO Higgs+jet cross section, the 1/mt expansion provides no proper approximation
of the top-mass effects, as we have seen in Section 3.3. The reason for this are unjustified
large contributions from high-pT jets at higher orders in 1/mt. In order to obtain a reliable
estimate of the mass effects on the LO Higgs+jet rate, we defined the matched cross section
in Eq. (6). Moving to α4

s, we encounter the same problems, which can be seen from the
dash-dotted curve (expansion up to 1/m4

t ) in Fig. 8 (a) at pjetT � 400GeV, for example.
Consequently, not only the Higgs+jet cross section at LO is affected, but also at NLO. This
is why we define the matched inclusive Higgs+jet rate at NLO accordingly:

�
σNLO

≥1-jet,matched

�
mk

t
≡

�
σNLO

≥1-jet, unmatched

�
mk

t
+
�
σNNLO

∗
tot,matched

�

mk
t

−
�
σNNLO

∗
tot, unmatched

�

mk
t

, (7)

where the starred NNLO cross section is calculated with NLO PDFs.

The matched cross section expanded up to different orders in 1/mk
t is shown in Fig. 10 (a)

(k = 0/2/4). All three curves are very close, extending the validity of the asymptotic
expansion to significantly larger values of pjetT,min than in the unmatched case, see Fig. 10 (b).
Fig. 11 shows the improved matched predictions of Fig. 10 (a) normalized to unmatched
cross section in the heavy-top limit (dotted curve of Fig. 10 (b)). The 1/m4

t term yields a
very small correction for pjetT,min ∈ [30, 100]GeV. In this case, we trust the dashed (expansion

13

@ NLO
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expansion to significantly larger values of pjetT,min than in the unmatched case, see Fig. 10 (b).
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Consider extreme case:

• Higgs does not couple to top quark
• gluon-Higgs coupling mediated by Λ >> MH

invariant way. We also briefly describe some technical issues of our study. Section 3 presents
distributions of H+1-jet and H+2-jets observables as induced by the formally leading and sub-
leading terms in the effective theory. The SM case is reproduced for comparison. In section 4,
we also consider terms that are formally suppressed by higher powers of the “new physics
scale” Λ which occurs in the effective theory. In Section 5 we present our conclusions.

2 Basis of dimension-7 operators and their implementation

This section describes the operator basis used in our calculation. We start with the effective
Lagrangian for the coupling of a scalar boson to gluons, and generalize the discussion to
pseudo-scalar bosons in the subsequent section.

2.1 Scalar Higgs boson

The effective Lagrangian involving operators through mass dimension-7 which couple a scalar
Higgs boson H to gluons can be written as [8, 9]

L =
C1

Λ
O1 +

5�

n=2

Cn

Λ3
On (2.1)

O1 = HF
a
µνF

aµν
, O2 = HDαF

a
µνD

α
F

aµν
, O3 = HF

aµ
ν F

b ν
σ F

cσ
µ f

abc
,

O4 = HD
α
F

a
ανDβF

aβν
, O5 = HF

a
ανD

ν
D

β
F

aα
β ,

(2.2)

where

F
a
µν = ∂µA

a
ν − ∂νA

a
µ − gsf

abc
A

b
µA

c
ν , DµA

a
ν = ∂µA

a
ν − gsf

abc
A

b
µA

c
ν , (2.3)

with the gluon field A
a
µ. The strong coupling is denoted by gs, and f

abc are the SU(3) structure
constants. Λ is an undetermined mass parameter; in the SM, it is the top-quark mass mt,
for example. Matching the effective Lagrangian of Eq. (2.1) to the SM allows one to derive
perturbative expressions C

SM
i for the Wilson coefficients Ci. For example, C

SM
1 is known

through N4LO [10, 11]; explicit expressions for the C
SM
n (n ∈ {2, . . . , 5}), on the other hand,

– 3 –
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measurement of total cross section
  ⇒  at least one of the Cn must be large!

expect very different pT spectrum
RH, Neumann ’13
Banfi, Martin, Sanz ’14
Azatov, Paul ’14

see also:

Grojean, Salvioni, Schlaffer, Weiler ’14
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contributes to the qq channel. For the gq-channel, O3 does not contribute because its Feynman

rules involve at least three gluons.

All distributions are generated for a Higgs mass of MH = 125GeV and a center of mass

energy of
√
s = 13TeV. For the H+1-jet pT-distributions, the choice of renormalization

scale is µ =
�

M
2
H
+ p

2
T and in case of H+2-jet cross sections the jet-pT geometric mean

µ =
�

pT(j1) pT(j2). Due to the taken normalization we are largely unaffected by changes of

MH and
√
s

3.1 H+1-jet cross sections

First we consider the Higgs transverse momentum (pT) distribution in H+1-jet production

for scalar and pseudo-scalar Higgs bosons in figure 1 and 2. In both cases, one observes large

differences in the pT shape of the individual terms. All the distributions are significantly

harder than the SM curve which we included for comparison (denoted “SM” and “top-loop”).

The panel named “sum” in figure 1 and 2 shows the sum over the partonic channels for fixed

ij. The respective inclusive cross sections to which these curves are normalized are listed in

table 1 and table 2.

As a check, we used these results and combined them with the SM Wilson coefficients of

Eq. (2.4) in order to reproduce the first two non-vanishing terms in the 1/mt expansion for

the pT-distribution. The results are shown in figure 3. They give some deeper insight into

the observations of Ref. [19]. For the gg channel, the interference terms of O1 with the higher

order operators have a very similar shape as the dominant O1O
†
1 contribution. The effective

theory approach to Higgs production in the SM therefore works extremely well for the gg

gg gq qq sum
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pT [GeV]

1
"

i,j
#$
"

i,j
$

p T
 [1

/G
eV

]

Operator O1
2 O1O2 O1O3 O1O5 SM

Figure 1. Normalized Higgs transverse momentum distributions for scalar coupling operators.

– 6 –

pT-shape for higher operators:

RH, Neumann ’13

Dawson, Lewis, Zeng ’14NLO:
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rescaled couplings
new Higgs bosons

BSM particle effects
new processes
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Rescaling of couplings:
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Rescaling of couplings:

sin(β−α)

cos(β−α)
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Effects due to new Higgs bosons:
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new s-channel contribution!

Effects due to new Higgs bosons:

small, but: 
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new s-channel contribution!

Effects due to new Higgs bosons:

small, but: 

only for ZH, not WH!
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Fig. 8: Cross section for the sum ofW+H andW−H production for 7 TeV and 14 TeV at (a) NLO and (b) NNLO
QCD, including NLO EW effects in both cases.
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Fig. 9: K-factors (ratio to LO prediction) for the NLO and NNLO cross sections of Fig. 8.
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Fig. 10: Cross section for ZH production for 7 TeV and 14 TeV at (a) NLO and (b) NNLO QCD, including NLO
EW effects in both cases.
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Fig. 11: K-factors (ratio to LO prediction) for the NLO and NNLO cross sections of Fig. 10.
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Fig. 8: Cross section for the sum ofW+H andW−H production for 7 TeV and 14 TeV at (a) NLO and (b) NNLO
QCD, including NLO EW effects in both cases.
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Fig. 9: K-factors (ratio to LO prediction) for the NLO and NNLO cross sections of Fig. 8.
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Fig. 10: Cross section for ZH production for 7 TeV and 14 TeV at (a) NLO and (b) NNLO QCD, including NLO
EW effects in both cases.
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Fig. 11: K-factors (ratio to LO prediction) for the NLO and NNLO cross sections of Fig. 10.

33

WH  vs.   ZH  in the SM:

Monday, November 10, 2014



at NLO:

NLO:  Altenkamp, Dittmaier, RH, Rzehak, Zirke ’12

Monday, November 10, 2014



at NLO:

NLO:  Altenkamp, Dittmaier, RH, Rzehak, Zirke ’12

NLO+NLL:
RH, Kulesza, Theeuwes, Zirke ’14

p
r
o
o
f
s
 
J
H
E
P
_
0
1
9
P
_
1
0
1
4

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

0.2 0.5 1 2 5
µ/µ0

σ(gg → HZ +X)[fb]
√
S = 8 TeV

µ2
0 = (pH + pZ)2mH = 125 GeV

LO

NLO

NLO+NLL

0.00

20.00

40.00

60.00

80.00

100.00

0.2 0.5 1 2 5
µ/µ0

σ(gg → HZ +X)[fb]
√
S = 8 TeV

µ0 = (mH +mZ)mH = 125 GeV

LO

NLO

NLO+NLL (M-approach)

NLO+NLL (Q-approach)

(a) (b)

Figure 2. Total inclusive cross section at
√
s = 8TeV due to gluon-induced ZH production at LO

(lower dashed; gray), NLO (upper dashed; black), and NLO+NLL (solid; red). (a) Q-approach with
central scale choice µ2

0 = Q2, (b) M -approach with central scale choice µ2
0 = M2. Also shown in (b)

is the NLO+NLL result from the Q-approach for the central scale choice µ2
0 = M2 (dotted; blue).
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Figure 3. Same as figure 2, but for
√
s = 14TeV.

with this scale choice. This is not unexpected, since when µ0 = M is chosen, the decisive

logarithms of the ratio W 2/µ2 (cf. eq. (2.6)) can get significantly larger for W 2 = Q2 than

for W 2 = M2. Correspondingly, as the absolute threshold region gets emphasized relative

to configurations with larger invariant mass by the choice µ0 = MH + MZ , the effect of

resummation in the M -approach is more enhanced than in the Q-approach.
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• very weak dependence on PDFs
• very weak dependence on αS

• reduced experimental uncertainties
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• full MSSM @ NLO
• SM @ NNLO
• 2HDM
• bbh
• various ren. schemes
• link to FeynHiggs
• link to LHAPDF
• link to 2HDMC
• ...

RH, Liebler, Mantler ’12
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where the resummed logarithmic contributions in pT are contained in the first term on the

r.h.s., while the second term remains finite as pT → 0. Working at finite orders, the cross

section can be cast into the following form:
[
dσ

dp2T

]

f.o.+l.a.

=

[
dσ(res)

dp2T

]

l.a.

+

[
dσ

dp2T

]

f.o.

−
[
dσ(res)

dp2T

]

f.o.

. (2.2)

where “f.o.”(=fixed order) denotes the perturbative, and “l.a.” the logarithmic accuracy

(to be defined below) under consideration. The imposed matching condition
[[

dσ(res)

dp2T

]

l.a.

]

f.o

=

[
dσ(res)

dp2T

]

f.o.

, (2.3)

defines the logarithmic accuracy needed at a specific perturbative order, and vice versa.

In eq. (2.2), all terms ∼ δ(pT ) are contained in the first term of the r.h.s.; in practical

calculations, one can therefore disregard such terms in the second and third term since

they will cancel among each other.

The matching procedure as proposed in ref. [43] induces a unitarity constraint on the

matched cross section which implies that the integral over p2T reproduces the total cross

section σtot at fixed order:
∫

dp2T

[
dσ

dp2T

]

f.o.+l.a.

≡ [σtot]f.o. . (2.4)

In the next section, we will address the evaluation of dσ(res)/dp2T .

2.2 The resummed cross section

The resummation of large logarithmic contributions is performed in the impact parameter

or b space, given by the Fourier transform w.r.t. the transverse momentum:6[72, 73]

dσF,(res)

dp2T
= τ

∫ ∞

0
db

b

2
J0(b pT )

∑

c∈{g,q,q̄}

σ̂F,(0)
cc̄ HF

c (αs)Sc(M, b)

×
∑

i,j∈{g,q,q̄}

[Cci(αs(b0/b))⊗ Cc̄j(αs(b0/b))⊗ fi (b0/b)⊗ fj (b0/b)] (τ) ,

(2.5)

with q ∈ {u, d, s, c, b}, a numerical constant7 b0 = 2 exp(−γE) = 1.12292 . . ., and the Bessel

function of the first kind J0(x) with J0(0) = 1. Here and in what follows, the superscript F

is attached to process specific quantities in order to distinguish them from universal ones.

The symbol ⊗ indicates the convolution in the following sense:

[Cci(αs(b0/b))⊗ fj(b0/b)] (z3) ≡
∫ 1

0
dz1

∫ 1

0
dz2 δ(z3 − z1z2)Cci(αs(b0/b), z1) fj(z2, b0/b),

(2.6)

6Throughout this paper, parameters that are not crucial for the discussion will be suppressed in function

arguments. Note that we refrain from including the spin correlation functions G introduced in ref. [71] here

and in what follows, since they are not required at the order considered in this paper.
7γE = −Γ′(1) is the Euler constant.

– 4 –
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where the resummed logarithmic contributions in pT are contained in the first term on the

r.h.s., while the second term remains finite as pT → 0. Working at finite orders, the cross

section can be cast into the following form:
[
dσ

dp2T

]

f.o.+l.a.

=

[
dσ(res)

dp2T

]

l.a.

+

[
dσ

dp2T

]

f.o.

−
[
dσ(res)

dp2T

]

f.o.

. (2.2)

where “f.o.”(=fixed order) denotes the perturbative, and “l.a.” the logarithmic accuracy

(to be defined below) under consideration. The imposed matching condition
[[

dσ(res)

dp2T

]

l.a.

]

f.o

=

[
dσ(res)

dp2T

]

f.o.

, (2.3)

defines the logarithmic accuracy needed at a specific perturbative order, and vice versa.

In eq. (2.2), all terms ∼ δ(pT ) are contained in the first term of the r.h.s.; in practical

calculations, one can therefore disregard such terms in the second and third term since

they will cancel among each other.

The matching procedure as proposed in ref. [43] induces a unitarity constraint on the

matched cross section which implies that the integral over p2T reproduces the total cross

section σtot at fixed order:
∫

dp2T

[
dσ

dp2T

]

f.o.+l.a.

≡ [σtot]f.o. . (2.4)

In the next section, we will address the evaluation of dσ(res)/dp2T .

2.2 The resummed cross section

The resummation of large logarithmic contributions is performed in the impact parameter

or b space, given by the Fourier transform w.r.t. the transverse momentum:6[72, 73]

dσF,(res)

dp2T
= τ

∫ ∞

0
db

b

2
J0(b pT )

∑

c∈{g,q,q̄}

σ̂F,(0)
cc̄ HF

c (αs)Sc(M, b)

×
∑

i,j∈{g,q,q̄}

[Cci(αs(b0/b))⊗ Cc̄j(αs(b0/b))⊗ fi (b0/b)⊗ fj (b0/b)] (τ) ,

(2.5)

with q ∈ {u, d, s, c, b}, a numerical constant7 b0 = 2 exp(−γE) = 1.12292 . . ., and the Bessel

function of the first kind J0(x) with J0(0) = 1. Here and in what follows, the superscript F

is attached to process specific quantities in order to distinguish them from universal ones.

The symbol ⊗ indicates the convolution in the following sense:

[Cci(αs(b0/b))⊗ fj(b0/b)] (z3) ≡
∫ 1

0
dz1

∫ 1

0
dz2 δ(z3 − z1z2)Cci(αs(b0/b), z1) fj(z2, b0/b),

(2.6)

6Throughout this paper, parameters that are not crucial for the discussion will be suppressed in function

arguments. Note that we refrain from including the spin correlation functions G introduced in ref. [71] here

and in what follows, since they are not required at the order considered in this paper.
7γE = −Γ′(1) is the Euler constant.
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Figure 2. Large pT -behavior of the cross section for a CP-even Higgs boson with mh = 125.6GeV.
The different lines correspond to various choices of the resummation scale. (a) Pure top quark,
(b) pure bottom quark, and (c) top-bottom interference contribution. The vertical line marks the
value of the Higgs mass.

Higgs type mass/GeV Q0,t/GeV Q0,b/GeV Q0,int/GeV

scalar

125.6 49 23 34

300 62 41 51

800 107 77 105

pseudo-scalar
300 61 43 49

800 117 80 104

Table 1. Central resummation scales for the top-, bottom-, and their interference contribution to
the cross section for scalar and pseudo-scalar Higgs production at various Higgs masses.

the one argued for in ref. [47]. This is even more so for the interference term for which, in

our case, the central resummation scale is almost the exact average of the Q0,t and Q0,b,

while ref. [47] fully attributed this term to the bottom contribution.

Our result for Q0,int agrees very well with what was found for the case of jet-veto in

ref. [51]. By analyzing the finite remainder of the bottom contribution, which includes

– 9 –
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(a) (b)

Figure 9. Transverse momentum distribution at NLO+NLL for (a) the heavy and (b) the
pseudo-scalar MSSM Higgs boson for scenarios τ -phobic(800,16) (red, solid), τ -phobic(800,29.5)
(blue, dashed), mmod+

h (800,17) (green, dotted), mmod+
h (800,40) (magenta, dash-double dotted),

mmod−
h (800,16.5) (black, solid with dots) and mmod−

h (800,40) (brown, dash-dotted); lines: central
scale choices; bands: uncertainty due to scale variation.

For τ -phobic(800,16), we find a rather large cancellation between the positive no-b-

and pure-b-, and the negative int-b term, see figure 10 (a). It shows the importance of the

proper treatment of the int-b term in the resummation procedure and justifies a separate

resummation scale as introduced in section 3. By comparing to the pure-t contribution,

we also observe that the squark effects are of the order of the overall contribution and

therefore very relevant.

– 18 –
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not in 5FS NNLO! not in 4FS NLO!

Santander matching

RH, Krämer, Schumacher ’11

Maltoni, Ridolfi, Ubiali ’12see also: 
Wiesemann et al. ’14
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to yield larger cross sections. Note that closed top-quark loops have not been included in the NNLO
calculation of bb̄ → h [10].

To all orders in perturbation theory the four- and five-flavor number schemes are identical, but
the way of ordering the perturbative expansion is different and the results do not match exactly at finite
order. The quality of the approximations in the two calculational schemes is difficult to quantify, and
the residual uncertainty of the predictions may not be fully reflected by the scale variation displayed in
Fig. 8.

!(pp
_  
" bb

_ 
h + X) [fb]

#s = 1.96 TeV
µ = (2mb + Mh)/4

Mh [GeV]

bb
_ 

 " h (NNLO)

gg " bb
_ 

h (NLO)
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 " h (NNLO)

gg " bb
_ 

h (NLO)10

10 2

10 3
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Fig. 8: Total cross sections for pp(pp) → bbh + X at the Tevatron and the LHC as a function of the Higgs mass Mh with
no b jet identified in the final state. The error bands correspond to varying the scale from µR = µF = (2mb + Mh)/8 to
µR = µF = (2mb + Mh)/2. The NNLO curves are from Ref. [10].

6. Conclusions
We investigated bb̄h production at the Tevatron and the LHC, which is an important discovery channel
for Higgs bosons at large values of tan β in the MSSM, where the bottom Yukawa coupling is strongly
enhanced [13, 14]. Results for the cross sections with two tagged b jets have been presented at NLO
including transverse-momentum and pseudorapidity cuts on the b jets which are close to the experimen-
tal requirements. The NLO corrections modify the predictions by up to 50% and reduce the theoretical
uncertainties significantly. For the cases of one and no tagged b jet in the final state we compared the
results in the four- and five-flavor-number schemes. Due to the smallness of the b quark mass, large
logarithms Lb might arise from phase space integration in the four-flavor-number scheme, which are
resummed in the five-flavor-number scheme by the introduction of evolved b parton densities. The five-
flavor-number scheme is based on the approximation that the outgoing b quarks are at small transverse
momentum. Thus the incoming b partons are given zero transverse momentum at leading order, and
acquire transverse momentum at higher order. The two calculational schemes represent different pertur-
bative expansions of the same physical process, and therefore should agree at sufficiently high order. It
is satisfying that the NLO (and NNLO) calculations presented here agree within their uncertainties. This
is a major advance over several years ago, when comparisons of bb̄ → h at NLO and gg → bb̄h at LO
were hardly encouraging [1, 16].
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Figure 5: Resummed-matched pT distribution at NLO+NLL (blue, dashed line)

and NNLO+NNLL (red, solid line); lines: central scale choices; bands: uncertainty

due to variation of all scales.

(a) (b)

Figure 6: Transverse momentum spectrum using Q0 = M/4 (red, solid line) and

Q0 = M/2 (blue, dashed line) as the central resummation scale. The bands indi-

cate the theoretical uncertainty of the prediction as in Fig. 5. (a) NNLO+NNLL;

(b) NLO+NLL.

17

pT distribution at NNLO+NNLL in 5FS:

RH, Tripathi, Wiesemann ’14

Monday, November 10, 2014



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) ∼ 60 GeV, 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. [42] for the transverse

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

right panel of fig. 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 fig. 6. As we know from that figure, the

agreement between the two NLO+PS results is excellent; what one sees from fig. 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 fact, up to an overall rescaling of the 4FS NLO+PS curves, one

may say that the agreement with the NNLO+NNLL result is better for the 4FS NLO+PS

results than for the 5FS NLO+PS ones. However, one must bear in mind that the NLO+PS
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Abstract: We study the production of a Higgs boson in association with bottom quarks

in hadronic collisions, and present phenomenological predictions relevant to the 13 TeV

LHC. Our results are accurate to the next-to-leading order in QCD, and matched to par-

ton showers through the MC@NLO method; thus, they are fully differential and based
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Figure 15: Rapidity of the hardest (left panel) and second-hardest (right panel) B hadron,

in the 4FS and 5FS at the NLO+PS accuracy, as predicted by Herwig++ and Pythia8.

All histograms have been normalised so that their integrals are equal to one.

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

note that widths of the NLO+PS 5FS uncertainty bands are larger than those relevant

to the 4FS for pT (H) ! 80 GeV, because from the perturbative viewpoint that kinematic

region is effectively described at the LO in the 5FS.

The pT (H) distribution is severely affected by the requirement that there be at least

one b-jet in the final state. In fig. 14 we present the relevant results, obtained at the

NLO+PS accuracy in the 4FS (black solid (Herwig++) and red dotted (Pythia8)) and

in the 5FS (blue dot-dashed (Herwig++) and green dash-double-dotted (Pythia8)). For

pT (H) ! 50 GeV all predictions are within 30% of each other, the agreement among the

two 4FS results and the 5FS Herwig++ one being particularly good. Below 50 GeV more

significant deviations (especially in shape) start to appear, which increase with decreasing

pT (H). The pattern of the comparison between the two MCs is the same in the two schemes:

namely, the Pythia8 cross section is larger than the corresponding Herwig++ one. The

two 4FS results are larger than the two 5FS ones. Below pT (H) ∼ 10 GeV, the uncertainty

bands of the 4FS results do not overlap any longer with those of the 5FS ones; within a

given scheme, the bands do overlap, but the central predictions show differences at the

level of 30% and 20% in the 4FS and 5FS respectively. In conclusion, although the overall

agreement between the 4FS and 5FS results is reasonable, shape-wise visible discrepancies

do appear, which would thus be interesting to investigate using data, especially in view

of the fact that theoretically, for an observable that features a tagged b-jet, the 4FS is

expected to be superior to the 5FS.
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Conclusions

• SM results often allow trivial estimate of BSM effects
• dedicated BSM cross section predictions
   require fast and flexible tools
       ➜ SusHi  for gluon fusion for SUSY
• Higgs Strahlung: high potential due to WH vs. ZH
• 4FS vs. 5FS (6FS??) may become very relevant
• very promising: differential quantities
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