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BR(H± → cb)
BR(H± → W±γ)
qq̄ → H++H−− → 4W
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Conclusions

• A large BR(H± → cb) is not expected in 2HDMs with NFC

• BR(H± → cb) up to 80% is possible in:

i) 3HDM (flipped and democratic) and ii) Aligned 2HDM

• At present, one search (CMS, 8 TeV, 20 fb−1) for t → H±b,

with H± → cb

• BR(t → H±b) × BR(H± → cb) < 1% for

90GeV < mH± < 150GeV

• No limits in the region 80GeV < mH± < 89GeV

• LEP2 only partially covered 80GeV < mH± < 89GeV

slide from A. Akeroyd !3

Requests completed

1. Charged Higgs decays to cb can be large in the aligned 2HDM and in 2 
versions of the 3HDM, the Flipped and the Democratic.
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Requests completed

2.   can be large in some versions of the 3HDM, GM and 2HDM+VLQ 
but mainly in mass regions where the channel   is closed. Very tuned 
regions of the GM model allow for larger masses.

BR(H± → W±γ)
H± → W±Z

Arhrib, Benbrik, Chabab, JPG34 (2007) 907
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FIG. 6: Branching fractions of H± as a function of mηA
in the Type-I Yukawa interaction with tanβ = 2.5.

We take mH± = 150 GeV (left), 170 GeV (center) and 200 GeV (right).
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FIG. 7: Branching fractions of H± as a function of mηA
in the Type-X Yukawa interaction with tanβ = 2.5.

We take mH± = 150 GeV (left), 170 GeV (center) and 200 GeV (right).

value of tan β is fixed to be 2.5 in all the panels. In these plots, we scan the values of ρ2 and ρ3 in

the range of −10 to +10 and extract the set of (ρ2, ρ3) combinations giving the maximal value of

the decay rate Γ(H± → WZ). Further, for the case of mH± < mW +mZ , we show the branching

fraction of H± → W±Z as the sum of the branching fractions of H± → W±Z∗ and H± → W±∗Z.

In all the plots, the behavior of mηA
in the H± → W±Z decay is similar to that of |FZ |2 shown in

Fig. 5. In the case of mH± = 150 GeV, although BR(H± → W±Z) benefits from the enhancement

of |FZ |2, its rate is smaller than BR(H± → W±γ) when mηA
! 300 GeV. This can be understood

by the suppression of the decay rate of H± → W±Z due to the off-shell effect of the W± or Z

bosons. Therefore, we obtain a larger value of BR(H± → W±Z) in the case of mH± = 170 GeV

because of the smaller off-shell effect. However, once mH± exceeds the top quark mass, both the

branching fractions of H± → W±Z and H± → W±γ are significantly suppressed by the H± → tb

decay. We find that the maximal value of BR(H± → W±Z) is about 4%, 40% and 0.4% in the

cases of mH± = 150, 170 and 200 GeV, respectively.

In Fig. 7, we also show the branching fraction of H± in the Type-X Yukawa interaction with
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Moretti, Rojas, Yagyu, JHEP 1508  (2015) 116
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FIG. 5. Branching ratios of H+
5 ! W

+
� as a function of m5 (left) and of H+

3 ! W
+
� as a function of m3 (right). Red points

are excluded by the LEP search for e+e� ! ZH, H ! ��. Black points are allowed by all constraints.

the same H
0
3 f̄f coupling modification factor tan2 ✓H . None of these decays of H0

3 involve the new one-loop diagrams
computed in this paper, and they are already implemented in GMCALC 1.2.0.

V. CONCLUSIONS

In this paper we evaluated the one-loop contributions to Hi ! V � from “heterogeneous” loop diagrams involving
particles with two di↵erent masses propagating in the loop. These are necessary for a full leading-order calculation
of the decay widths of H+

3 ! W
+
�, H+

5 ! W
+
�, and H

0
5 ! Z� in the GM model. The novel results presented here

are for (1) the scalar loop diagram with mHi 6= ms1 6= ms2 , which contributes to H
+
3 ! W

+
�; (2) the vector-scalar-

scalar loop diagram, which contributes to H
0
5 ! Z� and H

+
5 ! W

+
�; (3) the scalar-vector-vector loop diagram with

MV 6= MX2 , which contributes to H
0
5 ! Z�; and (4) the vector loop diagram which contributes to H

+
5 ! W

+
�. We

gave the results for these diagrams in terms of the LoopTools functions for ease of numerical implementation. We
also recalculated the heterogeneous loop diagrams previously computed in Ref. [56] in order to give expressions for
them in terms of the LoopTools functions.

Using these results we performed numerical scans over the theoretically- and experimentally-allowed parameter
space of the GM model in order to study the behavior of the Hi ! V � branching ratios. We showed that a LEP
search for e+e� ! ZH

0
5 with H

0
5 ! �� strongly constrains the GM model parameter space for m5 . 110 GeV.

Our results for the loop-induced Hi ! V � decays will be implemented into GMCALC 1.3.0 and higher, which will
allow the experimental searches for H0

5 and H
+
5 at the LHC to be reliably extended below the V V threshold.
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Degrande, Hartling, Logan, PRD96 (2017) 075013

MF 1
<MF 2

⊂ ½600;3000"GeV ðfor theVLQwith lowmassÞ;
MF 1

<MF 2
⊂ ½1310;5000"GeV

ðfor theVLQwithhighmassÞ;
MF 1

<MF 2
⊂ ½300;1500"GeV ðfor theVLLÞ;

tβ⊂ ½1;50"; θU ;θD⊂ ½−π=2;π=2": ð38Þ

Note that we independently span θU and θD, not imposing
the condition of θU ¼ θD. The parameters in Eq. (38)
determine YU and YD through Eq. (10). Then we select
the parameter sets that satisfy the constraints from the
Higgs precision data on κg, the upper bound on
Brðt → bH&Þ × BrðH& → τ&νÞ, the electroweak oblique
parameter T̂, and the perturbativity jYU;Dj < 4π. For the
surviving parameter sets, we show the scatter plots of
BrðHþ → WγÞ as a function of jYDj for the VLQs with low

masses (left panel) and with high masses (right panel) in
Fig. 8. It is true that the benchmark scenario in Eq. (30)
yields very large BrðH& → W&γÞ, though not the maxi-
mum. Nonetheless, considerable parameter sets for the
ðX; TÞ, ðB; YÞ, and ðN;EÞ cases allow at least 1 order of
magnitude enhancement of BrðH& → W&γÞ for jYDj≳ 5.
It is fair to say that the VLFs in our model greatly enhance
the branching ratio of H& → W&γ. We caution the reader
that the benchmark point for the ðX; TÞ case does not
represent the whole parameter space: even for large
jYDj≳ 5, the ðX; TÞ contribution to BrðH& → W&γÞ can
be very destructive or very constructive, while the bench-
mark point always enhances the branching ratio. For
heavier VLQ masses (right panel), the range of the scatter
plot is not as wide as that for low VLQ masses. The scatter
ranges of the ðX; TÞ, ðT; BÞ, and ðB; YÞ cases are quite
separated.

FIG. 7. BrðHþ → WþZÞ as a function of ΔM for the fixed tβ ¼ 5 (left panels) and tβ for the fixed ΔM ¼ 500 GeV (right panels). We
setMH& ¼ 180 GeV,MU1

¼ MD1
¼ 600 GeV for the VLQs,MU1

¼ MD1
¼ 300 GeV for the VLLs, and θU ¼ θD ¼ 0.2. The numbers

in the parentheses denote the electric charges of VLQ. The dashed lines represent the result in type-I 2HDM without the VLFs.

FIG. 6. BrðHþ → WγÞ with heavy VLFs in the loop as a function of ΔM for the fixed tβ ¼ 10 (left panels) and tβ for the fixed
ΔM ¼ 600 GeV (right panels). We set MH& ¼ 140 GeV, MU1

¼ MD2
¼ 1.31 TeV for the VLQs, MU1

¼ MD1
¼ 300 GeV for the

VLLs, and θU ¼ θD ¼ 0.2. The dashed lines represent the result of the type-I 2HDM without VLFs.

Wγ DECAY OF THE ELUSIVE CHARGED HIGGS BOSON … PHYS. REV. D 100, 055006 (2019)

055006-9

Song, Yoon, PRD100 (2019) 055006

Logan, Wu, JHEP 1811 (2018) 121

Large parameter space and weakest 
constraints; extra loops; or more 

extra loops and less loops.
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Requests completed

3. The search in   should be extended to the low charged 
Higgs mass region.

qq̄ → H++H−− → 4W

If the search for H++ H-- -> 4W excludes the 
entire region of H5 masses below 200 GeV, the decay to Wgamma becomes uninteresting, 

because the custodial symmetry forces H5+ and H5++ degenerate. 

Ismail, Logan, Wu, 2003.02272.

There is still plenty of 
parameter space to be 
explored in the low m5 
mass region (updated 

recently).



Requests completed

4. The Interference effects between signal and background can be large if the ratio 
width to mass is large   (2HDM) or 
  (hMSSM). Increasingly important as analysis move up in 
mass, CMS (3TeV) and ATLAS (2TeV) - see Lidija talk, next.

pp → tH−(+ t̄H+) → tAW− → tW−b̄b
pp → b̄tH−(bt̄H+) → t̄tb̄b

Studies generally model Signal and Background separately. 

The assumption that the Interference is small may not hold for some regions of the parameter space 
but it can be of the same order as signal, and sometimes negative. 

Interference is large mainly when width to mass ratio is large.

14

have a large interference, a su�ciently large width of the pseudoscalar is also essential. Otherwise
the decays of the A would be extremely narrow and would not overlap with any background
processes. In this analysis we first consider a 2HDM Type II/Flipped where the pseudoscalar
couplings to down-type fermions are proportional to tan� so that, for a large values of it, the
width of the pseudoscalar can be made significantly large. Taking into account the latest searches
on pp ! � ! ⌧

+
⌧
� [41], � being any heavy spin-0 object, very large values of tan� are disallowed.

In table III we present our input parameters for the Type II and Flipped models for five chosen
BPs. The five points have passed all the constraints described before plus they are all valid for
the Flipped model as well since searches for pp ! � ! ⌧

+
⌧
� are negligible in the Flipped case

owing to the very small coupling to ⌧ leptons for high tan�. Therefore the five points are valid
in the Flipped model but only the first three are valid in Type II. The latest searches for charged
Higgs bosons by ATLAS [42, 43] and CMS [44, 45] are indeed in agreement with the values of the
charged Higgs mass and the corresponding value of tan�.

tan� sin(� � ↵) mH± (GeV) mA (GeV) m
2
12 (GeV2)

BP1 (II) 10.25 0.98 509.14 248.27 52287.83
BP2 (II) 16.75 0.99 545.82 268.41 33622.43
BP3 (II) 18.80 0.99 457.71 247.22 16427.97
BP4 (F) 37.21 0.99 469.45 258.03 9800.68
BP5 (F) 44.10 1.00 519.45 288.32 10200.34

TABLE III: Type II and Flipped input parameters for the BPs.

�(A) �(H±) BR(A ! bb̄) BR(H+
! bt̄) BR(H+

! W
+
A)

BP1 (II) 0.47 72.85 0.83 0.01 0.29
BP2 (II) 1.29 91.97 0.86 0.02 0.29
BP3 (II) 1.50 34.83 0.87 0.05 0.17
BP4 (F) 5.45 50.45 0.99 0.13 0.16
BP5 (F) 10.46 85.45 1.00 0.18 0.26

TABLE IV: Partial widths (in GeV) and BRs in Type II and Flipped for the BPs.

In table IV we present the partial widths for �(A) and �(H±) and the BR(A ! bb̄), BR(H+
!

bt̄) and BR(H+
! W

+
A) for the five BPs. Note that the major di↵erence between the models

is the column for BR(A ! bb̄) that is always larger in the Flipped model because the decays to
⌧ leptons become negligible in this model. For all other columns the di↵erences are extremely
small. This in turn means that the results are slightly better for the Flipped model. We choose
for the detailed analysis BP5 for of Flipped model. Cross sections for signal, background and total
(including interference) for BP5 are 0.74 pb, 10.43 pb and 10.72 pb respectively. This results into
an interference cross section of 0.45 pb which is around 60% of the signal cross section. The results
for the cross sections for all BPs for the Type II and Flipped models are presented in table V.

In the case of the Type III model we choose three BPs which are in agreement with all con-
straints. These are shown in table VI and the corresponding widths and BRs are presented in
table VII.

For the Type III, we choose the benchmark point BP2 which has the lightest H
± mass and

lowest mass splitting between H
± and W

± in order to demonstrate the interference e↵ect in a
wide range of mass spectra. For this benchmark point the cross sections for the signal, background
and the total are 0.978 pb, 9.95 pb and 10.92 pb, respectively. Thus, the resulting cross section

15

BP Signal (pb) Background (pb) Total (pb) Interference (pb)
BP1 0.031 10.03 9.96 -0.101
BP2 0.052 9.96 10.02 -0.008
BP3 0.144 10.07 10.18 0.034
BP4 0.469 9.94 10.31 -0.102
BP5 0.742 10.43 10.72 -0.452

TABLE V: Cross sections (in pb) for signal, background, total and interference for the BPs of
Type II and Flipped.

tan� sin(� � ↵) mH± (GeV) mA (GeV) m
2
12 (GeV�2) �

BP1 15.84 0.99 480.75 369.89 27463.94 0.21
BP2 19.41 0.99 307.23 225.46 6045.62 -0.34
BP3 38.11 0.99 447.45 258.33 9833.68 0.71

TABLE VI: Type III input parameters for the BPs.

turns out to be -0.008 pb. The small interference e↵ect in this case can be attributed to the small
width of both H

± and A. The results for the cross sections for all BPs for the Type III model are
presented in table VIII.

All the numbers presented above are at parton level. Next we perform a detector level analysis
and study if these interference e↵ects survive even after all acceptance and selection cuts. For this
purpose, we generate the events using MadGraph [46] and then we pass these to Pythia [47] for
parton showering and hadronisation. After that all the events are finally passed through Delphes

[48] for a realistic detector level analysis.

Below we list the basic detector acceptance cuts.

• Acceptance cuts

1. Events must have at least one lepton (e or µ) and at least 5 jets.

2. Leptons must have transverse momentum pT > 20 GeV and rapidity |⌘| < 2.5.

3. All jets must satisfy the following pT and ⌘ requirements:

pTj > 20 GeV, |⌘j | < 2.5.

4. All pairs of objects must be well separated from each other,

�Rjj,jb,bb,`j,`b � 0.4 where �R =
p
(��)2 + (�⌘)2.

�(A) �(H±) BR(A ! bb̄) BR(H+
! bt̄) BR(H+

! W
+
A)

BP1 2.79 60.72 0.47 0.02 0.27
BP2 1.69 12.78 0.88 0.05 0.21
BP3 6.10 52.77 0.87 0.10 0.17

TABLE VII: Partial widths in units of GeV and BRs in Type III.

χ2had ¼
ðMlν −MWÞ2

Γ2
W

þ
ðMjj −MWÞ2

Γ2
W

þ
ðMlνj −MtopÞ2

Γ2
top

þ
ðMjj −MAÞ2

Γ2
A

þ
ðMjjjj −MH%Þ2

Γ2
H %

; ð17Þ

χ2lep ¼
ðMlν −MWÞ2

Γ2
W

þ
ðMjj −MWÞ2

Γ2
W

þ
ðMjjj −MtopÞ2

Γ2
top

þ
ðMjj −MAÞ2

Γ2
A

þ
ðMlνjj −MH%Þ2

Γ2
H %

; ð18Þ

where in the denominators we have the decay widths of the
respective particles as calculated for the BPs in the various
models.
For each event, χ2 is evaluated for each possible way of

assigning the five leading jets to the reconstructed top and
charged Higgs four-momenta. The number of such permu-
tations turns out to be 15 for each of χ2had and χ2lep. In
addition, there is a twofold ambiguity in assigning the two
solutions for pz

ν. Finally, there are two ways with which two
of the jets can be assigned to either a W% boson or to the
pseudoscalar. Thus, for each event, the χ2’s are evaluated
for 120 different combinations and the combination with
minimum χ2 values is kept for mass reconstruction.

Using the procedure described above, we now proceed to
reconstruct the masses of the various particles involved in
the process in order to see the efficiency of it. We present
the reconstructed masses of all the intermediate resonant
particles in the process, i.e.,W%, A, top and H % in Fig. 3 for
the flipped case (BP5) and in Fig. 4 for the type III case
(BP2). In each plot, we see that the peak is found to be at
the particle masses, vouching for the effectiveness of our
reconstruction procedure. In presenting the plots, we take
events after applying all the acceptance cuts discussed
above and selection cuts mentioned in Table IX.
In order to further investigate interference effects, we

look at various distributions, e.g., transverse momentum

FIG. 3. Reconstructed masses of W%, pseudoscalar A, top quark and charged Higgs H % for BP5 in the 2HDM flipped.

FIG. 4. Reconstructed masses of W%, pseudoscalar A, top quark and charged Higgs H % for BP2 in the 2HDM type III.

TABLE IX. Cut flow of the cross sections for signal (BP5 in the 2HDM flipped) and irreducible background at the
14 TeV LHC. Conjugate processes are included here.

σ [fb]

Cuts Signal Background Total Interference

C0: No Cuts 740 10 430 10 720 −450
C1: Only one lepton 115.0 1 116.2 1 151.2 −80.1
C2: At least five light jets 91.9 680.8 703.5 −69.2
C3: Cut on H T > 500 GeV 70.8 173.8 173.6 −71.1

ARHRIB, BENBRIK, MORETTI, SANTOS, and SHARMA PHYS. REV. D 97, 075037 (2018)

075037-10

Each event in the analysis is assumed to be a tH− event decaying to W+W−jjj 
and one hadronic and one leptonic W. Thus, each single event is considered to 

have at least one lepton, five jets, and missing transverse energy. 
Arhrib, Benbrik, Moretti, RS, Sharma,  PRD97 (2018) no.7, 075037

Arhrib, Azevedo, Benbrik, Harouiz, Moretti, Patrick, RS, JHEP 10 (2020) 209.



http://people.physics.carleton.ca/~logan/gmcalc/

CODES



HDECAY and its variations

sHDECAY (http://www.itp.kit.edu/~maggie/sHDECAY/) 

Real singlet + SM in symmetric (dark) phase, RxSM-dark: 1 Higgs + 1 Dark  

Real singlet + SM in broken phase, RxSM-broken: 1 mixing Higgs  

Complex singlet + SM in symmetric phase, CxSM-dark: 2 mixing Higgs + 1 Dark  

Complex singlet + SM in broken phase, CxSM-broken: 3 mixing Higgs 
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Based on implementation of new models in HDECAY  (includes SM, MSSM and 2HDM) 

Stand-alone codes with inclusion of relevant QCD corrections and off-shell decays. EW 
corrections turned off.

Costa, Mühlleitner, Sampaio, RS, JHEP 06 (2016) 034. 

Djouadi, Kalinowski, Spira, CPC 108 (1998) 56. 
Djouadi, Kalinowski, Mühlleitner, Spira, CPC 238 (2019) 214. 



HDECAY and its variations

N2HDECAY (CP-conserving) (http://www.itp.kit.edu/~maggie/N2HDECAY/) and 
(https://gitlab.com/jonaswittbrodt/N2HDECAY) 

 2HDM + real singlet in broken phase (dark) phase, 3 CP-even, 1 CP-odd, 1 Charged scalar  

2HDM + real singlet  in unbroken phase (singlet DM), 2 CP-even, 1 CP-odd, 1 Charged, 1DM  

2HDM + real singlet in unbroken phase (IDM+singlet), 2 CP-even + IDM 

!9

Mühlleitner, Sampaio, RS, Wittbrodtm JHEP 1703 (2017) 094. 

Engeln, Mühlleitner, Wittbrodt CPC 234 (2019), 256. 

C2HDECAY (http://www.itp.kit.edu/~maggie/C2HDM/) 

CP-violating 2HDM: 3 CP-mixed scalars, 1 charged Higgs pair 

Mühlleitner, Romão, RS, Silva, Wittbrodt, JHEP 180206 (2018) 073. 



More decays

2HDECAY (CP-conserving) EW corrections to 2HDM scalar decays in different gauge 
independent renormalisation schemes (https://github.com/marcel-krause/2HDECAY)

!10

Krause, Mühlleitner, Spira, CPC 246 (2020) 106852. 

ewN2HDECAY (CP-conserving) EW corrections in the broken N2HDM in different gauge 
independent renormalisation schemes (https://github.com/marcel-krause/ewN2HDECAY)

anyHDECAY (Wittbrodt) Modern C++17 library that wraps the non-supersymmetric 
HDECAY variants  (https://gitlab.com/jonaswittbrodt/anyhdecay)

Krause, Mühlleitner, 1904.02103. 

Altenkamp, Dittmaier, Rzehak, JHEP 09 (2017) 134. 

Denner, Dittmaier, Lang, JHEP 11 (2018) 104. 

(http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/)
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!12
Mühlleitner, Sampaio, RS, Wittbrodt, 2007.02985. 

Coimbra, Sampaio, RS, EPJ C73 (2013) 2428. 

(https://jonaswittbrodt.gitlab.io/ScannerS/)



HPAIR

HPAIR (SPIRA) SM and MSSM,   (http://
tiger.web.psi.ch/hpair/)

gg, qq → hh, HH, AA, hH, hA, HA

!13

NMSSM version (private)

C2HDM version  (private)

Baglio, Dao, Gröber, Mühlleitner, Rzehak, EPJ Web Conf. 49 (2013) 12001. 

2HDM and N2HDM versions  (private) Mühlleitner

Gröber, Mühlleitner, Spira, NPB925 (2017) 1. 

10-2

10-1

 100  200  300  400  500  600  700  800  900  1000

 N2HDM-I
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p 
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H
SM

 H
SM

→
4b

) [
pb

]

mH3
[GeV]

1804.06174 bbbb bound
H1=HSMH2=HSMH3=HSM

SM

Abouabid, Arhrib, Azevedo, El Falaki, Ferreira, Mühlleitner, RS, work in progress. 

See Maggie’s talk tomorrow  
at 14.20



CP numbers of the discovered Higgs (WWh and ZZh) 

ℳ(hW+W−) ∼ aW+W−

1 m2
Wϵ*W+ϵ*W− + aW+W−

3 f *+
μν f̃ *− μν

Term in the SM at tree-level  
but also in models with CP-violation

Term coming from a CPV operator. 
Contribution from the SM at 2-loop

aW+W−

3

aW+W−
1

∈ [−0.81, 0.31] Present experimental bound 
from atlas and cms

complex 2-higgs doublet model

CCPV = 2
a W +W −

3

aW+W−
1

Huang, Morais, RS, 2009.09228. 



!15

Kling, Su, Su, 2004.04172. 

comparison of degenerate mass mA = mH (no A to HZ) case — left plot, and A to HZ open 
case — right plot.  Large TB region is still allowed given the suppression of all Yukawa 

couplings at large TB. resent experimental bound from atlas and cms
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Kling, Su, Su, 2004.04172. 

Type II - Exclusion is much stronger
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Kling, Su, Su, 2004.04172. 

complementarity between direct/indirect (Higgs coupling), and various direct search 
channels.   In Type II for the same choice of parameters the whole region is excluded.



The Future

 Meeting in the beginning of February 2021 - Tools for extended scalars - 
production and decays of the scalars in the models 

       Call in the end of November 2020 

Meeting in the beginning of April 2021 - new call for benchmarks and look at 
interferences in more detail 

  Call in the middle of February 2021
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Thank you!


