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Both cases are known at or beyond NLO QCD

NLO (SUSY-)QCD corrections: Zhu, hep-ph/
0112109, Plehn, hep-ph/0206121, Berger et al, hep-
ph/0312286 (5FS); Dittmaier et al, arXiv:0906.2648 

(4FS); Flechl et al, arXiv:1409.5615 (Santander-
Martched)

EW corrections: Beccaria et al, arXiv:0908.1332 
(5FS); Nhung et al, arXiv:1210.4087 (4FS)

Threshold resummation: Kidonakis, arXiv:1005.4451 
(5FS)

Fully differential NLO+PS: Weydert et al, arXiv:
0912.3430, Klasen et al, arXiv:1203.1341 (5FS); 

Degrande et al, arXiv:1507.02549 (4FS)

Can take the Γt→0 limit

Top cross-section at NNLO QCD: Czakon et al, 
arXiv:1303.6254, arXiv:1511.00549, …

EW corrections to top cross-section: Beenakker 
et al., Nu.Ph.B.411(1994), Hollik et al., arXiv:

0708.1697, …
NNLO QCD corrections to  Γ(t→W+b): 

Czarnecki et al, hep-ph/9806244, …
NLO (SUSY-)QCD corrections to Γ(t→H+b): Reid 
et al, Z.Phys.C (1990), Li et al, Phys.Rev.D (1990), 

Czarnecki et al., Phys.Rev.D (1993), …, 
Heynemeyer et al., hep-ph/9812320

…
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How we did 
searches at the LHC

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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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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?
?
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• 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 predictions for the 
intermediate range beyond LO
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Why to care about the 
intermediate-mass region?

• Because it is there
• SUSY models where the 125 GeV Higgs is the heavy H boson can 

have the charged Higgs in the intermediate-mass region 
Bechtle, Haber, Heinemeier, Stal, Stefaniak, Weiglein, Zeune, arXiv:1608.00638

• In some of these models the light Higgs can act as a mediator to DM 
Profumo, Stefaniak, arXiv:1608.06945
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Figure 19: BR(B ! Xs�) vs. MH± (left) and µ/MS (right) for the favored points in the heavy Higgs
case in the fit without taking into account the LEOs. The green line and hatched region show the
experimental measurement and the total 1� uncertainty region, while the SM prediction is indicated
by the blue dashed line. The color coding of the displayed points is the same as in Fig. 9.
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Figure 20: BR(B ! Xs�) vs. �b for the favored points in the heavy Higgs case in the fit without
taking into account the LEOs. The green and blue line and the hatched region are the same as in
Fig. 19. The color coding of the displayed points is the same as in Fig. 9.

Fig. 19 shows BR(B ! Xs�) as a function of MH± (left plot) and µ/MS (right plot) for
the favored points of the fit to the Higgs signal rates and Higgs mass (including the exclusion
likelihood from LEP and LHC searches, but without LEOs). As discussed above the parameter
points with µ/MS ⇡ 3 � 4 feature At ⇠ µ, whereas the points with µ/MS & 6 correspond to
small and negative At values. By comparing the two plots in Fig. 19 we can also see that the
parameter points with µ/MS ⇠ At/MS ⇡ 3 � 4 have relatively light charged Higgs masses,
MH± < mt. Again we find the expected increase of BR(B ! Xs�) when going to small
charged Higgs masses. Overall, we observe surprisingly good agreement with the experimental

43

4.3.5 Phenomenology of the other Higgs states

Here we discuss the prospects for the discovery of the other Higgs bosons at the LHC in the
heavy Higgs interpretation. We start with the phenomenology of the charged Higgs boson,
which is a crucial test of this scenario. In fact, the previous benchmark scenario for the heavy
Higgs interpretation [19] has been excluded with limits that have meanwhile been obtained
from searches for charged Higgs bosons [44, 45].

In Fig. 24 we show the rate for the main production and decay channel of a light charged
Higgs boson with MH± < mt, BR(t ! H±b) ⇥ BR(H± ! ⌧⌫⌧ ), as a function of MH± . The
impact of the current limits from charged Higgs searches in this channel [44, 45] can be seen
by the gray area in Fig. 24, cutting out the region with MH± < 160 GeV and BR(t ! H±b !
⌧⌫⌧b) & (2 � 4) ⇥ 10�3. Only a few favored points (and none of the most favored points)
have MH± < mt and are therefore displayed in Fig. 24. As one can see, these points have
charged Higgs masses close to the top quark mass and thus BR(t ! H±b) ⇥ BR(H± ! ⌧⌫⌧ )
is strongly suppressed due to the limited phase space of the top quark decay. Also the decay
BR(H± ! ⌧⌫⌧ ) is suppressed by the competing decay H± ! hW±, which is open for most of
these favored points (we will discuss the mh range of the favored points below). Consequently
it is very di�cult to detect charged Higgs bosons in this mass range in the t ! H+b ! (⌧+⌫⌧ )b
channel at the LHC.

Many of our favored and most favored points have MH± > mt (and are thus not visible
in Fig. 24). Charged Higgs bosons with masses above the top quark mass are searched for in
the pp ! tH± production channel with H± ! ⌧⌫⌧ [44, 45, 170] or H± ! tb [45, 171]. These
searches, although concentrating on the charged Higgs mass region that is relevant for the
heavy Higgs interpretation, are not yet sensitive to constrain the favored parameter space.
However, they will become more sensitive with increasing integrated luminosity. Furthermore,
we emphasize again that the decay H± ! hW± is possible and unsuppressed in large parts of

Figure 24: Branching ratio of the top quark decay into a charged Higgs boson and a bottom quark,
with the successive decay of the charged Higgs boson into a tau lepton and neutrino, in the heavy
Higgs case. The color coding is the same as in Fig. 16.

47
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Getting ready to sail
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Getting accurate predictions for the 
intermediate-mass region 
Degrande, Frederix, Hirschi, Ubiali, Wiesemann, MZ, arXiv:1607.05291

• The full process pp→H±W∓bb ̄has to be simulated, consistently 
including the top quark width. Γt=Γt(mH±, tanβ)

• Diagrams with 0, 1 and 2 resonant tops contribute to the total 
cross-section, as well as diagrams with neutral Higgs bosons 
 

• Cross-section for mH±>mt (mH±<mt) will get the dominant 
contribution from single- (double)-resonant diagrams

• LO total cross section has large (30-50%) theoretical errors. For 
accurate predictions one needs to compute NLO corrections
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Effect of neutral Higgs bosons

• Diagrams with neutral Higgs bosons introduce 
additional dependence on the h/H/A masses and 
on the neutral Higgs mixing α.

• Assuming h to be the SM Higgs (mh=125 GeV and 
cos(β-α)≃0), for non-resonant configurations  
(mh/H/A<mW+mH±) the contribution to the total 
cross section is small (≲7%)

• In practice, these diagrams will be neglected
• Cross section will just depend on mH± and tanβ 

(same as the heavy/light case)
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Calculation setup

• Computation carried out with MadGraph5_aMC@NLO, improved with 
resonance-aware FKS subtraction Frederix et al. arXiv:1603:01178

• Focus on type-II 2HDM (extension to MSSM and other 2HDMs will be 
discussed)

• Use massive bottom quarks (4FS). Use PDF4LHC_nlo_nf4 PDFs
• Complex top-mass (and Yukawa) scheme to include the top width in a gauge-

invariant way. Γt computed at NLO for every (mH±, tanβ) point
• Use a fixed central scale, μR/F=125 GeV

• Matches scales used in the light- and heavy-Higgs regions
• Scale uncertainties obtained by varying independently up/down of a factor 2

• Use the M̄S ̄scheme for yb renormalisation (introduces extra μR dependence)
• Scan 145 GeV < mH± < 200 GeV
• Three values of tanβ will be considered (tanβ =1, 8, 30)
• Other input parameters follow the recommendation of the LHC HXSWG 
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Results
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contributions  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factor ~ 1.5-1.6, with 

small tanβ dependence

Scale uncertainties 
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Extension to other values of tanβ  
or different 2HDMs

• The charged Higgs cross section receives contributions proportional to yb2 
(~tanβ2), yt2(~1/tanβ2) and ybyt (constant). 

• MadGraph5_aMC@NLO has been extended in order to return the 
three individual contributions

• The cross section at any value of tanβ can be computed as

• Cross-checked by recomputing our results at  tanβ=1 and tanβ=30, 
starting from tanβ=8. Agreement below 1% was found

• Can be extended to obtain the charged Higgs cross section in other 
2HDM scenarios (e.g. type 1 or MSSM with Δb corrections)

• (mH±, tanβ) grids for type-I and II 2HDM available at  
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMCharged
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This also shows that e↵ects due to the width-dependent complex phase of yt are very small. Concerning how
to extend our results in a type-I 2HDM, we first point out that for tan� = 1, the cross-section is identical
to the type-II case. Then, the cross-section for any other value of tan� can be simply obtained as

�
t�I(tan�0) =

�
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⇥
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Exploiting Eqs. (1) and (2) we produced cross section tables for tan� 2 [0.1, 60], both for a type-II and
a type-I 2HDM, which are publicly available 4. Finally, Eq. (1) can also be used to include the dominant
supersymmetric corrections, in particular those which modify the relation between the bottom-quark mass
and its Yukawa coupling. These corrections are enhanced at large tan� and can be resummed to all orders
by modifying the bottom-quark Yukawa coupling [29].

In conclusion, we have presented predictions for the production of an intermediate-mass charged Higgs
boson. While we have focused on the case of a type-II 2HDM, our results can be easily extended to other
scenarios, such as a type-I 2HDM or supersymmetry. For the first time theoretically consistent predictions
at NLO QCD accuracy have been made available in this mass range. To this end, we have studied the
pp ! H

±
W

⌥
bb̄ process in the complex-mass scheme, including finite top-width e↵ects and contributions

with resonant top quarks. Our results provide a reliable interpolation of low- and high-mass regions and
make it possible to finally extend direct searches for charged Higgs bosons to the mH± ⇠ mt region, so far
unexplored by LHC experiments. The central value of the NLO total cross section is well-approximated by
a factor of about 1.5 � 1.6 times the LO cross section, with only a very mild dependence on the charged
Higgs mass and tan�. The results presented in paper constitute an important step in filling a gap in
the available theoretical predictions for charged Higgs boson production at next-to-leading order in QCD.
Current results could be further improved by including model-dependent sub-leading contributions that
may become dominant in case of large width of heavy neutral Higgses, and by considering di↵erential
distributions. We leave it to future work to study if this factorisation of the NLO corrections also holds at
the same level for di↵erential distributions, employing modern techniques developed to take into account
internal resonances when matching NLO computations with parton showers [74, 57, 75].
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2. SUSY QCD NLO corrections 

•  The leading SUSY QCD corrections can be added as usual for the 
heavy H+ case 
•  Δb corrections 
•  Same simple arithmetic trick to fold them in without knowledge of the 

three individual terms [from the LHC H XS WG twiki] 
•  Find the delta_b value corresponding to tb 
•  Calculate tbeff = tb/sqrt{1 + delta_b} 
•  Using the cross sections without SUSY-QCD NLO corrections, get the 

cross section which corresponds to tbeff (!) 
•  Multiply the result from the previous bullet with 1/(1 + delta_b) => this is 

your cross section 
 

•  Note that for tan β<10, non-factorizable corrections can become 
significant – O(10%) 

Martin Flechl, cHarged 2016
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Recommendations for signal simulation 
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/chargedHiggs

• Since a fully-differential NLO computation does not exist, 
current recommendations for signal simulation rely on LO 
events, normalised to NLO cross section

• This makes it possible also to add contributions with the extra 
scalars (h/H/A), which can be evaluated at LO

• More refined approaches can also be performed (reweight jet 
multiplicity, …)

• Questions for our experimental colleagues:
• Is this enough? 
• What is on your wish-list?
• Any other obstacle that us (theorists) should help removing?
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First steps in a new land

• Very recently, ATLAS published updated searches for H±→τν 
including the intermediate-mass range  
(arXiv:1807.07915, see Blake Oliver Burghgrave’s talk this morning)

• Charged Higgses below 160 GeV are excluded for all tanβ
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Figure 8: Observed and expected 95% CL exclusion limits on (a) �(pp ! tbH+) ⇥ B(H+ ! ⌧⌫) and (b)
B(t ! bH+) ⇥ B(H+ ! ⌧⌫) as a function of the charged Higgs boson mass in 36.1 fb�1 of pp collision data atp

s = 13 TeV, after combination of the ⌧had-vis+jets and ⌧had-vis+lepton channels. In the case of the expected limits,
one- and two-standard-deviation uncertainty bands are also shown. As a comparison, the observed exclusion limits on
B(t ! bH+)⇥B(H+ ! ⌧⌫) obtained with the Run-1 data at

p
s = 8 TeV [16] and on�(pp ! tbH+)⇥B(H+ ! ⌧⌫)

obtained with the dataset collected in 2015 at
p

s = 13 TeV [22] are also shown.

Table 4: Impact of systematic uncertainties on the expected 95% CL limit on�(pp ! tbH+)⇥B(H+ ! ⌧⌫), for two
H+ mass hypotheses: 170 GeV and 1000 GeV. The impact is obtained by comparing the expected limit considering
only statistical uncertainties (stat. only) with the expected limit when a certain set of systematic uncertainties is added
in the limit-setting procedure. In the absence of correlations and assuming Gaussian uncertainties, the row “All”
would be obtained by summing in quadrature (linearly) the individual contributions of the systematic uncertainties
if these were much larger (smaller) than the statistical uncertainties.

Source of systematic Impact on the expected limit (stat. only) in %
uncertainty mH+ = 170 GeV mH+ = 1000 GeV
Experimental

luminosity 2.9 0.2
trigger 1.3 <0.1
⌧had-vis 14.6 0.3
jet 16.9 0.2
electron 10.1 0.1
muon 1.1 <0.1
Emiss

T 9.9 <0.1
Fake-factor method 20.3 2.7
⌥ modelling 0.8 �
Signal and background models

tt̄ modelling 6.3 0.1
W/Z+jets modelling 1.1 <0.1
cross-sections (W/Z/VV/t) 9.6 0.4
H+ signal modelling 2.5 6.4

All 52.1 13.8
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8 Conclusion

A search for charged Higgs bosons produced either in top-quark decays or in association with a top-quark,
and subsequently decaying via H+ ! ⌧⌫, is performed in the ⌧+jets and ⌧+lepton channels, according
to the hadronic or semileptonic decay of the top quark produced together with H+. The dataset contains
36.1 fb�1 of pp collisions at

p
s = 13 TeV, recorded with the ATLAS detector at the LHC. The data

are found to be in agreement with the background-only hypothesis. Upper limits at the 95% confidence
level are set on the H+ production cross-section times the branching fraction B(H+ ! ⌧⌫) between
4.2 pb and 2.5 fb for a charged Higgs boson mass range of 90–2000 GeV, corresponding to upper limits
between 0.25% and 0.031% for the branching fraction B(t ! bH+) ⇥ B(H+ ! ⌧⌫) in the mass range
90–160 GeV. These exclusion limits are about 5–7 times more stringent than those obtained by ATLAS
with 3.2 fb�1 of 13 TeV data for H+ masses above 200 GeV [22] and with Run-1 data in the H+ mass range
90–160 GeV [16]. In the intermediate-mass region where mH+ ' mtop, accurate theoretical predictions
recently became available, allowing a dedicated comparison of the H+ models with data near the top-quark
mass. In the context of the hMSSM scenario, all tan � values are excluded for mH+ . 160 GeV. The H+

mass range up to 1100 GeV is excluded at tan � = 60.
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to the hadronic or semileptonic decay of the top quark produced together with H+. The dataset contains
36.1 fb�1 of pp collisions at
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s = 13 TeV, recorded with the ATLAS detector at the LHC. The data

are found to be in agreement with the background-only hypothesis. Upper limits at the 95% confidence
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4.2 pb and 2.5 fb for a charged Higgs boson mass range of 90–2000 GeV, corresponding to upper limits
between 0.25% and 0.031% for the branching fraction B(t ! bH+) ⇥ B(H+ ! ⌧⌫) in the mass range
90–160 GeV. These exclusion limits are about 5–7 times more stringent than those obtained by ATLAS
with 3.2 fb�1 of 13 TeV data for H+ masses above 200 GeV [22] and with Run-1 data in the H+ mass range
90–160 GeV [16]. In the intermediate-mass region where mH+ ' mtop, accurate theoretical predictions
recently became available, allowing a dedicated comparison of the H+ models with data near the top-quark
mass. In the context of the hMSSM scenario, all tan � values are excluded for mH+ . 160 GeV. The H+
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First steps in a new land

• CMS has followed yesterday!  
(CMS-PAS-HIG-18-014, see Alexandros Attikis and Jan Eyserman’s talks this morning)

• All tanβ values excluded up to 150 GeV

14

sH± = 2sttB(t ! bH±)(1 � B(t ! bH±)). For the H± mass range from 170 GeV to 3 TeV, the
limit on sH±B(H± ! t±nt) is calculated without assuming a specific production mode.

The model-independent upper limit with all final states and categories combined is shown on
the left side of Fig. 6. The numerical values are listed in Table 3. The observed limit ranges from
6.0 pb at 80 GeV to 0.005 pb at 3 TeV. For the light charged Higgs mass range of 80–160 GeV, the
limit corresponds to B(t ! bH±)B(H± ! t±nt) values between 0.36% (at 80 GeV) and 0.08%
(at 160 GeV).

This limit is interpreted in the MSSM m
mod+
h benchmark scenario by comparing the observed

limit on the H± cross section to the theoretical cross sections predicted in this scenario [18, 87–
91]. The limit for the MSSM m

mod+
h scenario on the (mH± , tan b) plane is shown on the right side

of Fig. 6. All tan b values are excluded for mh values up to 150 GeV.
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Figure 6: The observed 95 % CL exclusion limits on sH±B(H± ! t±nt) (solid black points),
compared to the expected limit assuming only standard model processes (dashed line) for the
H± mass range from 80 to 3000 GeV (left), and the same limit interpreted in m

mod+
h benchmark

scenario (right). The green (yellow) error bands represent one (two) standard deviations from
the expected limit. On the left, the horizontal axis is linear from 80 to 180 GeV and logarithmic
for larger mH± values. On the right, the region below the red line is excluded assuming that
the observed neutral Higgs boson is the light CP-even 2HDM Higgs boson with a mass of
125 ± 3 GeV, where the uncertainty is the theoretical uncertainty in the mass calculation.

9 Summary
A search for charged Higgs bosons decaying as H± ! t±nt has been presented, using events
recorded by the CMS experiment in 2016 at a center-of-mass energy of 13 TeV. Transverse mass
distributions are reconstructed in hadronic and leptonic final states, and are found to agree
with the standard model expectation. Upper limits for the H± production cross section times
the branching fraction are set at 95% confidence level for a H± mass ranging from 80 GeV to
3 TeV, including the mass range close to the top quark mass. The observed limit ranges from
6.0 pb at 80 GeV to 0.005 pb at 3 TeV. The results are interpreted as constraints in the parameter
space of the MSSM m

mod+
h benchmark scenario. In this scenario, all tan b values are excluded

for charged Higgs boson masses up to 150 GeV.
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Conclusions  
& Outlook

• The discovery of a charged Higgs boson will be a clear sign of BSM 
physics

• NLO predictions for the charged Higgs cross-section have been made 
available for mH±~mt, making accurate predictions available in all the 
mass range

• The full pp→H±W∓bb ̄process interpolates well between the low- 
and high-mass region

• NLO K-factor is 1.5-1.6, with little mH±, tanβ dependence and scale 
uncertainties reduced to 10-20%

• Full tanβ scan (for type-II and type-I 2HDM) available on  
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMCharged

• First analyses in the intermediate-mass region published by ATLAS and 
CMS, with 36 fb-1. Masses up 160 GeV / 150 GeV excluded in the 
hMSSM /MSSM mHmod+
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