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Charged Higgs production  
in the (type II) 2HDM

• In the 2HDM, the dominant production channel depends on the 
Charged Higgs mass 

2
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Intermediate 
region

H± mostly produced in t t ̄events. 
Depending on BR(t→H±b) also  

H±t can become important.  
At NLO one has to subtract on-

shell tops  
(see Plehn, hep-ph/0206121)

The full pp→H±W∓bb ̄
process has to be 

simulated. 
Computationally very 

demanding, but feasible

H± mostly produced in 
association with a top quark
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Searches at the LHC

• LHC experiments tend to 
exclude a light charged Higgs	

• For a heavy charged Higgs, 
only very large values of tanβ 
are excluded	

• Missing mass window due to 
non-existence of NLO 
predictions for the 
intermediate range

Marco Zaro, 15-12-2015

Searches at the LHC

• CMS experiments tend to 
exclude a rather light 
charged Higgs.	

• For a heavy charged Higgs, 
only very large values of tan 
are excluded 	

• Missing mass window due to 
non-existence of NLO 
simulations in the 
intermediate range
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h scenario, high-mass H+ selection
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scenario, low-mass H+ selection
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scenario, high-mass H+ selection
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scenario, low-mass H+ selection
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Figure 8. The 95% CL exclusion limits on tanβ as a function of mH+ . Results are shown in the
context of different benchmark scenarios of the MSSM for the regions in which reliable theoretical
predictions exist. Results are shown for (low-mass, high-mass) H+ search in the (a, b) mmax

h
, (c,

d) mmod+
h

and (e, f) mmod−
h

scenarios in the left (right) column.
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Figure 10: Exclusion region in the MSSM mH+-tan b parameter space for (a,c,e) mH+ = 80–
160 GeV and for (b,d,f) mH+ = 180–600 GeV in the H+ ! t+nt search with fully hadronic final
state in the (a,b) MSSM m mod+

h , (c,d) m mod-
h , and the (e,f) light stop scenarios [30, 31]. The ±1s

and ±2s bands around the expected limit are also shown. The light grey region is excluded.
The red lines depict the allowed parameter space for the assumption that the discovered scalar
boson is the lightest CP even MSSM Higgs boson with a mass mh = 125.0 ± 3.0 GeV.

ATLAS, arXiv:1412.6663

CMS, PAS HIG-14-020
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Heavy charged Higgs production

• Production mechanism features b quarks in the initial state: can 
be described either with 4- or 5-flavour scheme

4

H�

tb

5FS
mb ⌧ Q

✔Simpler process; computing HO is easier	
✔b-PDF resums log(mb/Q) at all orders	
✘b-quark observables enter at higher orders	
✘Matching to PS requires some care (gluon 

splitting, momentum reshuffling, …)

Two schemes are equivalent if all orders were known	
4FS believed to be superior for fully differential studies

H�

t

b̄

4FS
mb ' Q

✘Higher multiplicity process; computing 
HO more involved	

✘Cross section can be affected by large 
log(mb/Q) 	

✔Accounts for b-mass effects and better 
descriptions of b-quark observables	

✔Less ambiguities when matched to PS 
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Higher order results:	
• NLO (SUSY-)QCD corrections	

Zhu, hep-ph/0112109, Plehn, hep-ph/0206121, Berger et al, hep-ph/0312286	
Dittmaier et al, arXiv:0906.2648	

• EW corrections 
Beccaria et al, arXiv:0908.1332  
Nhung et al, arXiv:1210.4087	

• Threshold resummation	
Kidonakis, arXiv:1005.4451	

• Fully differential NLO+PS  
Weydert et al, arXiv:0912.3430, Klasen et al, arXiv:1203.1341  
Degrande, Ubiali, Wiesemann, MZ, arXiv:1507.02549;  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• Use modern automated tool chains to generate the code, 
starting from the model Lagrangian	
• Generate UV/R2 counterterms for the evaluation of loops 

with NLOCT Degrande arXiv:1406.3030	
• Use MadGraph5_aMC@NLO to generate the code for event 

generation Alwall et al. arXiv:1405.0301	
• MSbar renormalisation to be preferred for yb: logs of μR/mb  

resummed.  Add mb(μR) dependence as in Wiesemann et al. arXiv:1409.5301	
• b-initiated processes typically prefer scales lower than ŝ.  

This argument holds also for the shower scale	
• Keep H- stable, decay top quark leptonically  
→One b-jet from top and one from matrix element / shower 

Fully differential comparison	
of 4 and 5FS	

Degrande, Ubiali, Wiesemann, MZ, arXiv:1507.02549
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What’s new
Implementation of charged Higgs production in the 4FS and 5FS  
Fully differential at NLO(+PS) within MadGraph5_aMC@NLO

Distribution shapes
do not depend on 

value of tan(β)!

7/13

_

m̄b(m̄b) = 4.34GeV Mb = 4.75GeV Mt = 172.5GeV

p
S = 13TeV mH = 200, 600GeV tan� = 8

µR = µF = µB = HT /3 =
X

i

p
pT (i)2 +m(i)2/3

 Computation split up in Yb2 and Yt2 terms. Maximum relative contribution of interference term 
Yb Yt assessed (5% at most for tanB = 8 and mH = 200 GeV, smaller in all other cases) 

 MS renormalised bottom Yukawa coupling to compare with existing calculations and resum 
large logs of (μR/mb). Top Yukawa coupling renormalised in the on-shell scheme.   
Added mb(μR) scale dependence as in  Wiesemann et al,  JHEP 1502 (2015) 132

 PDFs:  NNPDF23 NLO 4FS and 5FS at NLO  
           NNPDF30 LO 4FS and 5FS at LO

 Charged Higgs is stable and top decays leptonically  
⇒ one b-jet from top and one from matrix element
  Explored the dependence of distributions on μsh (largest hardness accessible to showers) 
 — Compare default shower scale (F=1) to reduced shower scale (F=4)

Degrande, Ubiali, Wiesemann,  
Zaro, arXiv:1507.02549
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• The following parameters are used	
!
!

• Owing to the structure of the H±tb coupling, the cross section will receive 
three contributions: yb2 (~tanβ2), yt2 (~1/tanβ2) and ybyt (tanβ independent). 	
• In the 5FS, the ybyt term is null (helicity conservation)	
• In the 4FS, it is proportional to mb/ŝ. Numerically it turns to be negligible 

on total rates and distributions

Setup and cross-section structure
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4FS vs 5FS

• NLO corrections improve the shape 
agreement between the two schemes	

• Very good agreement for b-inclusive 
observables (pT(t), pT(H))	

• Agreement remains quite good for 
more exclusive observables (pT(b2)), 
despite the large K-factors and 
uncertainties for 5FS	

• Very exclusive observables (pT(B2)) 
show larger discrepancies in regions 
where mass-effects are enhanced	

• Bottom line: 4FS provides a better 
description of exclusive observables
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Conclusions

• The discovery of a charged Higgs boson at the LHC would be a 
clear sign of BSM physics	

• Lot of recent and ongoing progress towards providing accurate 
predictions for cross section and realistic signal modelling	

• Fully differential predictions for charged Higgs production in the 
2HDM available for the first time in the 4FS at NLO+PS	

• Better description of b-kinematics	

• Better matching to PS, less effects due to reshuffling	

• 4FS to become reference for signal simulations at the LHC
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Thank you!
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Bakup slides
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Parton-shower dependence

• The inclusion of mb effects at the 
matrix-element level should reduce 
possible systematics due to the PS 
used	

• The largest effects should be visible 
on the most exclusive observables 
(pT(B2), η(B2))	

• Herwig++ in the 5FS produces b 
hadrons too close to the beam pipe; 
ΔR(B1,B2) is a quite spectacular case	

• Effects are mitigated for less exclusive 
observables (pT(b2), η(b2)), or when  
2 bjets are required	

• 4FS more resilient against shower 
effects

� 
pe

r b
in

H-bt production at the 13 TeV LHC
NLO+Pythia8/Herwig++, F=4
mH-=200 GeV, tan�=8

5FS yb
2, PY8

5FS yt
2 (x0.1), PY8
4FS yb

2, PY8
4FS yt

2 (x0.1), PY8
5FS yb

2, HW++
5FS yt

2 (x0.1), HW++
4FS yb

2, HW++
4FS yt

2 (x0.1), HW++

10-6

10-5

10-4

10-3

10-2

Ma
dG
ra

ph
5_
aM
C@

NL
O

 0.6
 0.8

 1
 1.2 yb

2: Ratio over NLO+PY8, 5F 

pT(B2) [GeV]

 0.6
 0.8

 1
 1.2

 0  20  40  60  80  100  120

yt
2: Ratio over NLO+PY8, 5F 



Marco Zaro, 27-01-2016 11

Parton-shower dependence

• The inclusion of mb effects at the 
matrix-element level should reduce 
possible systematics due to the PS 
used	

• The largest effects should be visible 
on the most exclusive observables 
(pT(B2), η(B2))	

• Herwig++ in the 5FS produces b 
hadrons too close to the beam pipe; 
ΔR(B1,B2) is a quite spectacular case	

• Effects are mitigated for less exclusive 
observables (pT(b2), η(b2)), or when  
2 bjets are required	

• 4FS more resilient against shower 
effects

� 
pe

r b
in

H-bt production at the 13 TeV LHC
NLO+Pythia8/Herwig++, F=4
mH-=200 GeV, tan�=8

5FS yb
2, PY8

5FS yt
2 (x0.1), PY8
4FS yb

2, PY8
4FS yt

2 (x0.1), PY8

5FS yb
2, HW++

5FS yt
2 (x0.1), HW++
4FS yb

2, HW++
4FS yt

2 (x0.1), HW++

10-5

10-4

10-3

10-2

Ma
dG
ra

ph
5_
aM
C@

NL
O

 0.6
 0.8

 1
 1.2 yb

2: Ratio over NLO+PY8, 5F 

�(B2)

 0.6
 0.8

 1
 1.2

-4 -2  0  2  4

yt
2: Ratio over NLO+PY8, 5F 



Marco Zaro, 27-01-2016 11

Parton-shower dependence

• The inclusion of mb effects at the 
matrix-element level should reduce 
possible systematics due to the PS 
used	

• The largest effects should be visible 
on the most exclusive observables 
(pT(B2), η(B2))	

• Herwig++ in the 5FS produces b 
hadrons too close to the beam pipe; 
ΔR(B1,B2) is a quite spectacular case	

• Effects are mitigated for less exclusive 
observables (pT(b2), η(b2)), or when  
2 bjets are required	

• 4FS more resilient against shower 
effects

� 
pe

r b
in

H-bt production at the 13 TeV LHC
NLO+Pythia8/Herwig++, F=4
mH-=200 GeV, tan�=8

5FS yb
2, PY8

5FS yt
2 (x0.1), PY8
4FS yb

2, PY8
4FS yt

2 (x0.1), PY8
5FS yb

2, HW++
5FS yt

2 (x0.1), HW++
4FS yb

2, HW++
4FS yt

2 (x0.1), HW++

10-5

10-4

10-3

10-2

Ma
dG
ra

ph
5_
aM
C@

NL
O

 0.6
 0.8

 1
 1.2 yb

2: Ratio over NLO+PY8, 5F 

�R(B1,B2)

 0.6
 0.8

 1
 1.2

 0  1  2  3  4  5  6  7  8

yt
2: Ratio over NLO+PY8, 5F 



Marco Zaro, 27-01-2016 11

Parton-shower dependence

• The inclusion of mb effects at the 
matrix-element level should reduce 
possible systematics due to the PS 
used	

• The largest effects should be visible 
on the most exclusive observables 
(pT(B2), η(B2))	

• Herwig++ in the 5FS produces b 
hadrons too close to the beam pipe; 
ΔR(B1,B2) is a quite spectacular case	

• Effects are mitigated for less exclusive 
observables (pT(b2), η(b2)), or when  
2 bjets are required	

• 4FS more resilient against shower 
effects

� 
pe

r b
in

H-bt production at the 13 TeV LHC
NLO+Pythia8/Herwig++, F=4
mH-=200 GeV, tan�=8

anti-kT R=0.4 pT>25GeV |�|<2.5

5FS yb
2, PY8

5FS yt
2 (x0.1), PY8
4FS yb

2, PY8
4FS yt

2 (x0.1), PY8
5FS yb

2, HW++
5FS yt

2 (x0.1), HW++
4FS yb

2, HW++
4FS yt

2 (x0.1), HW++

10-6

10-5

10-4

10-3

10-2

Ma
dG
ra

ph
5_
aM
C@

NL
O

 0.6
 0.8

 1
 1.2 yb

2: Ratio over NLO+PY8, 5F 

pT(b2) [GeV]

 0.6
 0.8

 1
 1.2

 0  20  40  60  80  100  120

yt
2: Ratio over NLO+PY8, 5F 



Marco Zaro, 27-01-2016 11

Parton-shower dependence

• The inclusion of mb effects at the 
matrix-element level should reduce 
possible systematics due to the PS 
used	

• The largest effects should be visible 
on the most exclusive observables 
(pT(B2), η(B2))	

• Herwig++ in the 5FS produces b 
hadrons too close to the beam pipe; 
ΔR(B1,B2) is a quite spectacular case	

• Effects are mitigated for less exclusive 
observables (pT(b2), η(b2)), or when  
2 bjets are required	

• 4FS more resilient against shower 
effects

� 
pe

r b
in

H-bt production at the 13 TeV LHC
NLO+Pythia8/Herwig++, F=4
mH-=200 GeV, tan�=8
anti-kT R=0.4 pT>25GeV |�|<2.5

5FS yb
2, PY8

5FS yt
2 (x0.3), PY8
4FS yb

2, PY8
4FS yt

2 (x0.3), PY8
5FS yb

2, HW++
5FS yt

2 (x0.3), HW++
4FS yb

2, HW++
4FS yt

2 (x0.3), HW++

10-5

10-4

10-3

Ma
dG
ra

ph
5_
aM
C@

NL
O

 0.6
 0.8

 1
 1.2 yb

2: Ratio over NLO+PY8, 5F 

�(b2)

 0.6
 0.8

 1
 1.2

-2 -1  0  1  2

yt
2: Ratio over NLO+PY8, 5F 



Marco Zaro, 27-01-2016 11

Parton-shower dependence

• The inclusion of mb effects at the 
matrix-element level should reduce 
possible systematics due to the PS 
used	

• The largest effects should be visible 
on the most exclusive observables 
(pT(B2), η(B2))	

• Herwig++ in the 5FS produces b 
hadrons too close to the beam pipe; 
ΔR(B1,B2) is a quite spectacular case	

• Effects are mitigated for less exclusive 
observables (pT(b2), η(b2)), or when  
2 bjets are required	

• 4FS more resilient against shower 
effects

� 
pe

r b
in

H-bt production at the 13 TeV LHC
NLO+Pythia8/Herwig++, F=4
mH-=200 GeV, tan�=8
�2b-jet selection

5FS yb
2, PY8

5FS yt
2 (x0.1), PY8
4FS yb

2, PY8
4FS yt

2 (x0.1), PY8
5FS yb

2, HW++
5FS yt

2 (x0.1), HW++
4FS yb

2, HW++
4FS yt

2 (x0.1), HW++

10-6

10-5

10-4

10-3

10-2

Ma
dG
ra

ph
5_
aM
C@

NL
O

 0.6
 0.8

 1
 1.2
 1.4 yb

2: Ratio over NLO+PY8, 5F 

�R(B1,B2)

 0.6
 0.8

 1
 1.2
 1.4

 0  1  2  3  4  5

yt
2: Ratio over NLO+PY8, 5F 



Marco Zaro, 27-01-2016

What’s (relatively) new

 Recent comparison and matching of state-of-
the-art 4FS and 5FS total xsec calculations  
  Flechl, Klees, Kramer, Spira, Ubiali,  Phys.Rev. D91 (2015) 

 All sources of uncertainties included, scale 
settings for the 5FS motivated by  
   Maltoni, Ridolfi, Ubiali, JHEP 1207 (2012) 022

5/13

  [GeV]±Hm
200 250 300 350 400 450 500 550 600

 [p
b]

-
 tH

→
pp

 
σ

-210

-110

=8 TeVs
=30βtan 

NLO, matched

matched
4FS
5FS

  [GeV]±Hm
200 250 300 350 400 450 500 550 600

 [p
b]

-
 tH

→
pp

 
σ

-110

1 =14 TeVs
=30βtan 

NLO, matched

matched
4FS
5FS

Figure 8: Santander-matched cross section and uncertainties for pp ! tH� + X at the
LHC for 8 and 14TeV. The four- and five-flavor scheme results as well as the combined
values are shown, together with their total uncertainties.

overall theoretical uncertainty of the matched NLO prediction is about 20–30%, very close
to the 5F uncertainty that, for the considered range of masses, has a larger weight.

A much better agreement than in earlier comparisons [12] is observed. There, the
choice for the factorization scale in the 5FS was µf = (mt +mH±) /3. The dynamical
choice for µf used here significantly improves the agreement between the predictions in
the two schemes. In addition the improved treatment of heavy quark threshold e↵ects in
the modern PDF sets employed here has lead to a decrease of the bottom PDFs compared
to previous analyses, and has thus moved the 5FS calculation closer to the 4FS cross
section prediction.

6 Varying the parameter tan �

The cross section for charged Higgs boson production in association with a top quark and
a bottom quark depends on the ratio of the vacuum expectation values of the two Higgs
doublets, tan� = v2/v1, through the Yukawa coupling, see Eq. (2). The Yukawa coupling
consists of two pieces which scale as tan� and cot�, respectively. Thus changing tan�
induces a non-trivial change in the cross section, but also in the theoretical uncertainty.
First, the scale dependence as a function of tan� is considered for two values of the charged
Higgs boson mass and the center-of-mass energies 8 and 14TeV in Fig. 9. A relatively
uniform behavior is observed where the scale dependence decreases with decreasing tan�
from about 20% to 15% and 10% to 5% for the four- and five-flavor scheme calculations,
respectively. This is caused by the decreasing relevance of the running bottom Yukawa
coupling, which is proportional to tan� and which adds about 5 percentage points to the
overall scale uncertainty for large tan�.

The NLO cross sections in the four- and five-flavor schemes and in the Santander-
matched calculation are displayed in Fig. 10 for the LHC at

p
s = 14TeV. The total cross

section is essentially proportional to the size of the tbH± coupling which has a minimum
for tan� ⇡ 8. Comparing the four- andfive-flavor scheme calculations, both agree over the
whole range of tan� although the di↵erence in the central values is slightly larger for small
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The renormalization scale is set to the average final state mass µr = (mH± +mt)/2.
As previously discussed, the factorization scale is set according to the method proposed
in Ref. [17]. There, a simple analytic formula is provided, which enables a quantitative
assessment of the size of the collinear logarithms resummed in a 5FS computation. Hence,
a factorization scale can be chosen to optimally perform comparisons between calculations
in the four- and five-flavor schemes. For processes at the LHC this scale is typically smaller
than the hard scale, since the e↵ective scale entering the initial-state collinear logarithms
is damped by a kinematic factor which depends on the final-state phase space. For charged
Higgs boson production, the scale associated to the gluon splitting into bottom quarks is

Q2
tHb = M2 (1� z)2

z with z = M2

ŝ
, (5)

where M2 = (mH± + mt)2 and ŝ is the partonic center-of-mass energy. By weighting
this event-by-event logarithmic factor with the hard matrix element and the luminosity, a
constant scale µ̃f can be estimated which only depends on mH± , mt and on the collider
center-of-mass energy

p
s. At this scale, the 5FS prediction can be meaningfully compared

to the one in the 4FS [17]. The factorization scale µ̃f is presented in Table Table 1 for
the full range of Higgs boson masses considered, for center-of-mass energies of

p
s = 8 and

14TeV.
The dependence of the total cross section on the renormalization and factorization

scales is illustrated in Fig. 1, for the largest and smallest mH± values considered in this
analysis. For the sake of illustration, the same value is used for both scales. This com-
parison, analogously to the one shown in Refs. [17, 62], is meant to illustrate the overall
dependence of the total cross section on the scales that enter the computation. It is not
meant to provide an exact estimate of the scale uncertainty. Both renormalization and
factorization scales are varied between µ/10 and 2µ around (mH± + mt), which is the
natural hard scale of the process. For comparison, in Fig. 1 the NLO scale dependence
of the 4FS calculation described in Sec. 4 is shown. The scale dependence of the 5FS
calculation is milder than that of the 4FS calculation. The two calculations approach each
other for scales smaller than (mH±+mt). Note that the choice of scale µ̃f is not motivated
by the argument illustrated in Fig. 1, but the latter rather confirms the findings of the
kinematical study that led to identify µf with µ̃f .

In the 5FS computation the three GM-VFNS PDF sets mentioned in Sec. 2 are used:
the CT10 NLO set [44] and the corresponding set with ↵s variation, the MSTW2008
NLO set [45] and the corresponding sets with ↵s and mb variations, the NNPDF2.3 NLO
set [46] and the corresponding sets needed to compute the ↵s and mb variations. To
illustrate the PDF uncertainty expected in the 5FS, the bottom-gluon luminosities for
the three PDF sets, computed with ↵s(MZ) = 0.118 and the default bottom quark mass
mb = 4.75GeV, are compared in Fig. 2 for the LHC at

p
s = 8TeV and 14TeV. At a scale

MX = mH± = 200GeV the 1� error bands of the NNPDF2.3 and CT10 luminosities do
not overlap, due to the harder gluon fitted by the NNPDF collaboration in the medium-
to-large x region. At larger values of mH± they tend to overlap, while at the same time
the uncertainties become larger, driven by a larger gluon uncertainty at large values of x.

For each PDF set ↵s(MZ) is varied by 0.0012 around its central value [6]. The uncer-
tainty due to the variation of ↵s(MZ) turns out to be negligible, its size being about a
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Figure 7: 4FS cross section and uncertainties for pp ! tH�+X for the LHC at
p
s = 8TeV

(left) and 14TeV (right). Shown is the combined central value and the total uncertainty,
split up into PDF+↵s+mb and scale uncertainties.

section. For realistic Higgs boson masses in the range from 200GeV to 600GeV considered
here, both schemes contribute with a given finite weight which depends on the charged
Higgs boson mass [30]. The di↵erence between the two approaches is formally logarithmic,
and thus the dependence of their relative importance on the Higgs boson is determined
by a logarithmic term, i.e.

�matched =
�4F + w�5F

1 + w
, (6)

with the weight w defined as

w = log
mH±

mb
� 2 . (7)

This yields a weight of 100% for the 5FS cross section �5F in the limit of mH±/mb ! 1
as desired. A weight of 50% is given to both cross sections for mH± around 100GeV, to
reflect the observation that predictions for both schemes agree well in this region. The
theoretical uncertainties are combined as

��±
tot,matched =

��±
tot,4F + w��±

tot,5F

1 + w
. (8)

The Santander-matching scheme is a pragmatic and simple approach to derive a unique
prediction from the four- and five-flavor scheme results, and not based on a thorough
field-theoretic analysis. However, the Santander-matched results encompass the essential
features of the two schemes. The corresponding matched predictions and uncertainty
estimates are expected to be close to the true cross section, in particular as the four-
and five-flavor scheme calculations for heavy charged Higgs boson production with the
improved scale setting prescription are in good mutual agreement.

The cross section and uncertainty for the results of the four- and five-flavor scheme
calculations and their combination for

p
s = 8 and 14TeV are presented in Fig. 8. The

predictions from both schemes agree well within their uncertainties, with di↵erences of
at most 10%. The prediction [17] that the impact of the resummation of the collinear
logarithms decreases for higher masses of the produced heavy particle is confirmed. The
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Figure 8: Santander-matched cross section and uncertainties for pp ! tH� + X at the
LHC for 8 and 14TeV. The four- and five-flavor scheme results as well as the combined
values are shown, together with their total uncertainties.

overall theoretical uncertainty of the matched NLO prediction is about 20–30%, very close
to the 5F uncertainty that, for the considered range of masses, has a larger weight.

A much better agreement than in earlier comparisons [12] is observed. There, the
choice for the factorization scale in the 5FS was µf = (mt +mH±) /3. The dynamical
choice for µf used here significantly improves the agreement between the predictions in
the two schemes. In addition the improved treatment of heavy quark threshold e↵ects in
the modern PDF sets employed here has lead to a decrease of the bottom PDFs compared
to previous analyses, and has thus moved the 5FS calculation closer to the 4FS cross
section prediction.

6 Varying the parameter tan �

The cross section for charged Higgs boson production in association with a top quark and
a bottom quark depends on the ratio of the vacuum expectation values of the two Higgs
doublets, tan� = v2/v1, through the Yukawa coupling, see Eq. (2). The Yukawa coupling
consists of two pieces which scale as tan� and cot�, respectively. Thus changing tan�
induces a non-trivial change in the cross section, but also in the theoretical uncertainty.
First, the scale dependence as a function of tan� is considered for two values of the charged
Higgs boson mass and the center-of-mass energies 8 and 14TeV in Fig. 9. A relatively
uniform behavior is observed where the scale dependence decreases with decreasing tan�
from about 20% to 15% and 10% to 5% for the four- and five-flavor scheme calculations,
respectively. This is caused by the decreasing relevance of the running bottom Yukawa
coupling, which is proportional to tan� and which adds about 5 percentage points to the
overall scale uncertainty for large tan�.

The NLO cross sections in the four- and five-flavor schemes and in the Santander-
matched calculation are displayed in Fig. 10 for the LHC at
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section is essentially proportional to the size of the tbH± coupling which has a minimum
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• The scale in the logs resumed in the 
5FS is typically much smaller than the 
hard scale of the process (phase-space 
suppression) Maltoni, Ridolfi, Ubiali, arXiv:1203.6393	

!

• Set μF=μ ̃in the 5FS	
• Include all sources of uncertainties	
• scale, PDF (PDF4LHC), mb, αs	

• Compare 5FS, 4FS @NLO and 
Santander-matched prediction
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The renormalization scale is set to the average final state mass µr = (mH± +mt)/2.
As previously discussed, the factorization scale is set according to the method proposed
in Ref. [17]. There, a simple analytic formula is provided, which enables a quantitative
assessment of the size of the collinear logarithms resummed in a 5FS computation. Hence,
a factorization scale can be chosen to optimally perform comparisons between calculations
in the four- and five-flavor schemes. For processes at the LHC this scale is typically smaller
than the hard scale, since the e↵ective scale entering the initial-state collinear logarithms
is damped by a kinematic factor which depends on the final-state phase space. For charged
Higgs boson production, the scale associated to the gluon splitting into bottom quarks is

Q2
tHb = M2 (1� z)2

z with z = M2

ŝ
, (5)

where M2 = (mH± + mt)2 and ŝ is the partonic center-of-mass energy. By weighting
this event-by-event logarithmic factor with the hard matrix element and the luminosity, a
constant scale µ̃f can be estimated which only depends on mH± , mt and on the collider
center-of-mass energy

p
s. At this scale, the 5FS prediction can be meaningfully compared

to the one in the 4FS [17]. The factorization scale µ̃f is presented in Table Table 1 for
the full range of Higgs boson masses considered, for center-of-mass energies of

p
s = 8 and

14TeV.
The dependence of the total cross section on the renormalization and factorization

scales is illustrated in Fig. 1, for the largest and smallest mH± values considered in this
analysis. For the sake of illustration, the same value is used for both scales. This com-
parison, analogously to the one shown in Refs. [17, 62], is meant to illustrate the overall
dependence of the total cross section on the scales that enter the computation. It is not
meant to provide an exact estimate of the scale uncertainty. Both renormalization and
factorization scales are varied between µ/10 and 2µ around (mH± + mt), which is the
natural hard scale of the process. For comparison, in Fig. 1 the NLO scale dependence
of the 4FS calculation described in Sec. 4 is shown. The scale dependence of the 5FS
calculation is milder than that of the 4FS calculation. The two calculations approach each
other for scales smaller than (mH±+mt). Note that the choice of scale µ̃f is not motivated
by the argument illustrated in Fig. 1, but the latter rather confirms the findings of the
kinematical study that led to identify µf with µ̃f .

In the 5FS computation the three GM-VFNS PDF sets mentioned in Sec. 2 are used:
the CT10 NLO set [44] and the corresponding set with ↵s variation, the MSTW2008
NLO set [45] and the corresponding sets with ↵s and mb variations, the NNPDF2.3 NLO
set [46] and the corresponding sets needed to compute the ↵s and mb variations. To
illustrate the PDF uncertainty expected in the 5FS, the bottom-gluon luminosities for
the three PDF sets, computed with ↵s(MZ) = 0.118 and the default bottom quark mass
mb = 4.75GeV, are compared in Fig. 2 for the LHC at

p
s = 8TeV and 14TeV. At a scale

MX = mH± = 200GeV the 1� error bands of the NNPDF2.3 and CT10 luminosities do
not overlap, due to the harder gluon fitted by the NNPDF collaboration in the medium-
to-large x region. At larger values of mH± they tend to overlap, while at the same time
the uncertainties become larger, driven by a larger gluon uncertainty at large values of x.

For each PDF set ↵s(MZ) is varied by 0.0012 around its central value [6]. The uncer-
tainty due to the variation of ↵s(MZ) turns out to be negligible, its size being about a
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Figure 7: 4FS cross section and uncertainties for pp ! tH�+X for the LHC at
p
s = 8TeV

(left) and 14TeV (right). Shown is the combined central value and the total uncertainty,
split up into PDF+↵s+mb and scale uncertainties.

section. For realistic Higgs boson masses in the range from 200GeV to 600GeV considered
here, both schemes contribute with a given finite weight which depends on the charged
Higgs boson mass [30]. The di↵erence between the two approaches is formally logarithmic,
and thus the dependence of their relative importance on the Higgs boson is determined
by a logarithmic term, i.e.

�matched =
�4F + w�5F

1 + w
, (6)

with the weight w defined as

w = log
mH±

mb
� 2 . (7)

This yields a weight of 100% for the 5FS cross section �5F in the limit of mH±/mb ! 1
as desired. A weight of 50% is given to both cross sections for mH± around 100GeV, to
reflect the observation that predictions for both schemes agree well in this region. The
theoretical uncertainties are combined as

��±
tot,matched =

��±
tot,4F + w��±

tot,5F

1 + w
. (8)

The Santander-matching scheme is a pragmatic and simple approach to derive a unique
prediction from the four- and five-flavor scheme results, and not based on a thorough
field-theoretic analysis. However, the Santander-matched results encompass the essential
features of the two schemes. The corresponding matched predictions and uncertainty
estimates are expected to be close to the true cross section, in particular as the four-
and five-flavor scheme calculations for heavy charged Higgs boson production with the
improved scale setting prescription are in good mutual agreement.

The cross section and uncertainty for the results of the four- and five-flavor scheme
calculations and their combination for

p
s = 8 and 14TeV are presented in Fig. 8. The

predictions from both schemes agree well within their uncertainties, with di↵erences of
at most 10%. The prediction [17] that the impact of the resummation of the collinear
logarithms decreases for higher masses of the produced heavy particle is confirmed. The
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Choice of shower scale
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Reduced shower scale to be preferred 
improves NLO+PS/fNLO matching at high-pT

Consequence: 	
better agreement at differential level  

between the two schemes


