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Motivation

• Discovery of a charged Higgs boson would be a clear 
sign of BSM physics	



• Experimentalists push for having accurate fully 
differential predictions	



• Testing ground for the MG5_aMC@NLO + NLOCT 
machinery	



• 4FS and 5FS description possible: nice QCD exercise 	


• First NLO+PS computation of charged Higgs 

production in the 4FS
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Charged Higgs production at Colliders
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4FS and 5FS description

• Study the charged Higgs production in the 2HDM, for a 
heavy (mH>200 GeV) Higgs boson pp→H- t + X 	



• Two possible schemes:	


• 5F (include b in proton, mb=0): gb→H- t	


• Simpler process (lesser multiplicity)	


• No b mass effects	


• Worse description of b-related observables	


• Resum logs(mb/Q)	



• 4F (keep mb≠0, no b in proton): qq/̄gg→H- t b	


• b mass effects included in the matrix-element	


• Can be spoiled by large logs(mb/Q)	


• Better description of b-related observables
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Cross-section

• Structure of the H-tb vertex:	


!

• Cross-section will receive 3 
contributions:	


• yt2 ~ 1/tan2β	


• yb2 ~ tan2β	


• ytyb, independent on β, vanishes in the 

5FS	


• ytyb term has maximum impact at 

tanβ~7-8 (5% of total xsect for 
mH=200, <1% for mH=600)	



• In practice, it can be neglected
5

add ref for private code and agree within the numerical uncertainty.

2.1 Implementation

We have used the implementation of the generic 2HDM in FeynRules detailed in [28]. This model
has been converted in a type-II 2HDM by adding � as an external parameter and by restricting
accordingly the Yukawa couplings. If the top and the bottom quarks are assumed to be the only
massive fermions, the only non-zero entries of the Yukawa coupling matrices to the doublet without
vacuum expectation value in the Higgs basis for the type-II 2HDM are given by

Gu
3,3 = �

p
2
my

t

v
cot� and Gd

3,3 =
p
2
my

b

v
tan�, (1)

where my
t/b are the Yukawa masses of the top and bottom quark, the parameter tan� = v2/v1 is

the ratio of the vacuum expectation values v1 and v2 of the two Higgs doublets and v ⌘ v21 + v22 =
(
p
2GF )�

1
2 is the Higgs vacuum expectation value in the Standard Model, with the Fermi constant

GF = 1.16637⇥ 10�5 GeV�2 [49]. With those restrictions, the H�tb̄ vertex is given by

Vtb̄H� = �i (ytPR cot� + ybPL tan�) , (2)

where PR/L = (1 ± �5)/2 are the chirality projectors and yt/b ⌘
p
2
my

t/b

v . Yukawa masses are
used only in the expressions of the couplings between the fermions and the scalars while the
pole masses are used everywhere else 1. This distinction allows to keep a non-vanishing bottom
Yukawa in those couplings in the five flavour scheme and provides the leading term in the small
mb expansion [8, 50]. Furthermore it allows us to choose di↵erent renormalisation scheme for the
bottom mass and Yukawa in the four flavour scheme as discussed latter. From Eq. (2), the charged
higgs production is expected to have three contributions proportional respectively to y2t cot

2 �,
y2b tan

2 � and ytyb. In the 5FS, the ytyb term vanishes because of the conservation of the bottom
quark chirality.

The model R2 and UV vertices required for NLO computations in MadGraph5 aMC@NLO
have been computed using NLOCT [28]. The masses and the wave function are renormalised in
the on-shell scheme to avoid the computation of the loops on the external legs. The strong coupling
constant is renormalised in the MS scheme with the massive quarks contribution subtracted from
the gluon self-energy at the zero-momentum transfer. Therefore, only the massless modes a↵ect the
running of ↵s. The renormalisation of the masses should in principle also fix the renormalisation
of the top and bottom Yukawa since

�yt/b =
p
2
�mt/b

v
(3)

with

�mt/b = � g2s
12⇡2

mt/b

✓
3

✏̄
+ 4� 6 log

mt/b

µR

◆
. (4)

in the on-shell scheme. This is the default renormalisation used in NLOCT and it would ensure
that nothing else than the strong coupling constant will depends on the renormalisation scale. The
top mass and Yukawa are always renormalised in this way throughout this paper except in the
comparison with the other code in the appendix ??. Therefore its Yukawa mass is set to the same
value as the pole mass. However, the bottom quark Yukawa has been renormalised in the MS
scheme instead, i.e.

�yb = �
p
2

v

g2sm
y
b

4⇡2✏̄
, (5)

1They appear respectively in the YUKAWA and MASS block in the LHE cards
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Figure 8: Santander-matched cross section and uncertainties for pp ! tH± + X at the
LHC for 8 and 14TeV. The 4F and 5F scheme results as well as the combined values are
shown, together with their total uncertainties.

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 Equation (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 centre-of-mass energies 8 and 14TeV in
Figure 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 4F and 5F 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 4F and 5F schemes and in the Santander-matched
calculation are displayed in Figure 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 4F and 5F scheme calculations, both agree over the whole
range of tan� although the di↵erence in the central values is slightly larger for small tan�.
In this region, the results become sensitive to the top-bottom-Yukawa interference term
/ mtmb, which is absent in the 5FS calculation.

In a type-I 2HDM all quarks couple to only one of the Higgs doublets. In such models,
the Yukawa coupling of the charged Higgs boson H� to a top quark and bottom antiquark
is given by

gtb̄H� |type�I =
p
2
⇣mt

v
PR cot� � mb

v
PL cot�

⌘
. (9)

In contrast to the type-II 2HDM, for type-I the bottom Yukawa coupling is not enhanced by
tan�, so that gtb̄H� |type�I =

p
2mt/v PR cot�+O(mb/mt). Up to corrections suppressed

by O(mb/mt), the cross section for heavy charged Higgs boson production in the type-I
2HDM, �|type�I / g2

tb̄H� |type�I / 2(mt/v)2 cot2 �+O(mb/mt), can thus be obtained from

19

Total cross-section agreement 	


4FS vs 5FS

• Nice agreement obtained at total xsect level, thanks to: 
Flechl, Klees, Kramer, Spira, Ubiali arXiv:1409.5615	



• Modern 4F/5F PDFs	


• Using MSbar bottom Yukawa: resum logs(mH/mb) 	


• Suitable (low) value for μR/F Maltoni, Ridolfi, Ubiali arXiv:1203.6393
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• Large discrepancies observed by ATLAS between the 
two schemes	


!

!

!

!

!

!

• Discrepancies can be reduced by	


• Using MSbar bottom Yukawa: resum logs(mH/mb) 	


• μF/R choice: HT/3	


• Choose a reduced shower scale (factor F in the plots)

7

4/5FS 
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Powheg/Madgraph 5FS looks pretty close 
NJets

Plot by Liron Barak ~
m

id 2014

Out of the box results	


for distributions
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Settings for the calculation

• Type II 2HDM @NLO generated with NLOCT  
                                                                                                                            Degrande, arXiv:1406.3030	



• LHC Run II, 13TeV	


• NNPDF2.3(3.0) 4FS/5FS at NLO(LO)	


• μF/R=HT/3	


• mH=200, 600GeV;     mt=172.5GeV; 	


• mbpole=4.75 GeV;      mb(mb)=4.33 GeV	


• Jets clustering: anti-kT, R=0.4, pT>25Gev, |η|<2.5	


• Higgs stable; leptonic top decay	


• 1b-jet from top + 1 from matrix-element (shower)	



• Default shower scale (F=1) and shower scale reduced 
by F=4

8
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Shower scale effects in 	


the matching

• Matching at high pT much improved for F=4
9
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Shower scale effects 	


and 5F vs 4F comparison

10

• Reduced shower scale (F=4) improves shape agreement 
between 4FS and 5FS
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5FS and 4FS comparison: NLO effects

• NLO corrections crucial for shape agreement	


• Residual ~20% normalisation difference
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5FS and 4FS comparison: NLO effects

• Larger K-factors in 5FS for b-jets	


• Still, remarkable agreement between 5FS, 4FS
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5FS and 4FS comparison: NLO effects

• A heavier Higgs seems to stabilise jet K-factors	


• Smaller phase-space for radiation, shower approx. ~OK
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MC comparison

14
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• 4FS stabilizes MC predictions	


• Very different shapes in 5FS for HW++ and PY8
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MC comparison
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• HW++ produces many B’s close to the beam line 	


• Effect mitigated when 2 b-jets are required; still some 

differences at large ΔR in 4FS
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Past vs present

• Quite better agreement found (still, not really 🍏 to🍏)
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Next: no man’s land

17

INTERMEDIATE 
REGION

HEAVY HIGGSLIGHT HIGGS

2HDMS
CHARGED HIGGS PRODUCTION AT COLLIDERS

+ suppressed
   productions
   channels

M. Ubiali, “Charged Higgs production 4FS versus 5FS”



Marco Zaro, 15-06-2015

Next: no man’s land

• No NLO prediction available (not even for total xsect) 
in the intermediate region	



• The full pp→WbHb computation is needed	


• Technical difficulties:	


• High multiplicity process	


• Non trivial phase space (waiting for new PS 

parameterization at NLO to account for radiation off 
resonances)	



• ybyt term might be non-negligible here
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Conclusions & Outlook

• Predictions for heavy charged Higgs have been 
presented for the first time at NLO+PS in the 4FS	



• Scale tuning gives better agreement between 5 and 4FS	


• 4FS gives better description of differential distributions, 

in particular related to b-kinematics	


• 4FS reduces systematics due to MCs	


• Gearing up for the intermediate region…
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