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Preamble

• A Higgs particle is found! SM?

• 2HDM excluded?

• not quite

• Look for charged Higgs!

Everything fits very nicely!





or perhaps...





room for new physics...
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Preamble

• Higgs particle found! SM?

• In particular: 2HDM excluded?

• not quite

• Hard evidence: charged Higgs!
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What’s needed?

• Identify viable channels

•  

• others?

• Identify non-excluded parameter regions

• with manageable rates and backgrounds
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Numbers

• Experimentalists need numbers for 
observables

• Otherwise: 

Model is just “Theoretical Playground”



Classifications of scenaria

• Below or above t-threshold

• Different models (Yukawa sectors)

• Different decay channels

Three orthogonal choices:



Yukawa terminology

where �̃a are defined above as charge conjugate doublets with hypercharge opposite
to �a.

The Lagrangian is written in the basis of weak eigenstates, i.e. QL and LL are
SU(2) doublets, while UR, DR, and LR are singlets. The fermions are 3-component
vectors in flavor space. Consequently, the Yukawa couplings F F

a are 3⇥ 3 complex
matrices.

There are various ways fermions can couple to the Higgs doublets, leading to
di↵erent Yukawa couplings. Since an extended Higgs sector naturally leads to
Flavor-Changing Neutral Currents (FCNC), these would have to be suppressed.
This is normally achieved by imposing discrete symmetries in modeling the Yukawa
interactions, as for example Z2 symmetry under the transformation �1 ! �1,
�2 ! ��2. There are four such possible models with Natural Flavour Conserva-
tion (NFC) : all fermions couple only to one doublet (conventionally taken to be
�2), or one fermion (U , D, L) couples to one doublet, the other two to the other
doublet21. Still the Yukawa models being considered, where all fermions couple to
both doublets (Model III), leading to the tree level FCNC processes. This issue is
discussed in the Appendix C.

In the 3 generation case with discrete symmetry imposed on the Yukawa La-
grangian, such that each right-handed fermionic state interacts with only one
scalars doublet, we have for fermion mass-eigenstates

Lch =
gp

2mW

nh

VCKMU
⇣

Mdiag
D PRFD + Mdiag

U PLFU
⌘

D + NMdiag
L PRFLL

i

H+ + h.c.
o

,

(B.2)
where we used notation like in Eq. (B.1), with N referring to the neutrinos. Cou-
plings FD, FU defining models of Yukawa interactions are given in Table 6 for the
notation that is used in this paper. Note appearance of the VCKM matrix,

Fermion D U L
Model VEV FD VEV FU VEV FL

I 2 � cot � 2 + cot � 2 � cot �
II 1 + tan � 2 + cot � 1 + tan �
X 2 � cot � 2 + cot � 1 + tan �
Y 1 + tan � 2 + cot � 2 � cot �

Table 6: Relevant vacuum expectation values, for �1 or �2, denoted 1 and 2, and
reduced Yukawa couplings F , as defined by Eq. (B.3) for models without tree-level
FCNC.

21Avoiding FCNC at tree level may not be su�cient, however. One should also investigate
stability of these conditions under radiative corrections [179]
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Yukawa terminology

We can write the charged-Higgs Lagrangian for one generation in the simplified
form (neglecting elements of CKM matrices):

Lch =
gp

2 mW

�⇥

u(mdPRFD + muPLFU)d + ⌫m`PRFL`
⇤

H+ + h.c.
 

. (B.3)

For Model II we have

LII
ch =

gp
2 mW

ū
⇥

mdPR tan � + muPL cot �
⇤

dH+ + h.c. (B.4)

(see Eq. (4.2)).
For Model I we have

LI
ch =

g cot �p
2 mW

ū
⇥

�mdPR + muPL

⇤

dH+ + h.c. (B.5)

In the limit that in the above equation the second term dominates (for example, for
the third generation, with mt � mb) these couplings are the same as for Model II,
for moderate values of tan �.

�1 �2 This work HHG BHP G, AS ARS AKTY BFLRSS
u, d, ` I I I I (*) — I I

d, ` u II II II II — II II
u, d, ` u, d, ` III — — — III — III

` u, d X — IV I’ (*) — X lepton specific
d u, ` Y — III II’ — Y flipped

Table 7: Dictionary of notations. “HHG”: Higgs Hunter’s Guide [1]. “BHP”:
Barger, Hewett, Phillips [142]. “G”: Grossman [130], “AS”: Akeroyd, Stirling
[5]. The (*) denotes interchange �1 $ �2. “ARS”: Atwood, Reina, Soni [180].
“AKTY”: Aoki, Kanemura, Tsumura, Yagyu [181]. “BFLRSS”: Branco, Ferreira,
Lavoura, Rebelo, Sher, Silva [182].

B.2 Various notations

The 1981 paper by Hall and Wise [183] may have been the first to introduce “Model
I” and “Model II”. They were introduced in analogy with the later convention of
“The Higgs Hunter’s Guide” (see below), but with the role of �1 and �2 inter-
changed. An early paper distinguishing quarks and leptons in this respect, was
that of Barnett, Senjanovic, Wolfenstein, and Wyler [184]. They define models
IA, IB, IIA, IIB.
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• Introduction

• Potential and states

• Theoretical constraints

• Yukawa interaction

• H  decays

• Charged Higgs production at the LHC

• Experimental constraints

• Benchmarks below top

• Benchmarks above top

• Models with several charged scalars

• Models with DM candidates

the meat
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Below top

•  

•  

•  

•

neutral Higgs to ��, around M = 125 GeV should be within a factor of 2 from the
Standard Model. Assuming the dominant production to be via gluon fusion, this
can be approximated as 0.5  R��  2, where

R�� =
BR(H1 ! gg)�(H1 ! ��)

BR(HSM ! gg)�(HSM ! ��)
. (7.5)

(ii) The production and subsequent decay, dominantly via ZZ and WW is con-
strained in the mass ranges from 130 GeV to 500 GeV. We consider the quantity

RZZ =
BR(Hj ! gg)�(Hj ! ZZ)

BR(HSM ! gg)�(HSM ! ZZ)
, (7.6)

for j = 2, 3 and require it to be below the stronger 95% CL obtained by ATLAS
or CMS.

7.5 Direct search for charged Higgs at the Tevatron

Most bounds on charged Higgs are obtained in the low-mass region, where a
charged Higgs might be produced in the decay of a top quark,

t ! H+b, (7.7)

with the H+ subsequently decaying according to Eqs. (5.1a-c), (5.2) or (5.3).
An H+ with a large BR(H+ ! q0q) can be searched for in the decays of the

top quark, t ! H+b, there have been two dedicated searches by the Tevatron
collaborations [115, 116]. Such a case for H+ ! cs̄ has been known for a long
time. Recently, H+ ! cb̄ has been studied in the context of the 2HDM (Y) [117].
But so far, there has been no experimental study of this scenario.7

A D0 analysis [115] with 1 fb�1 has been performed for t ! H+b, with H+ ! cs̄
and H+ ! ⌧ ⌫̄⌧ In the SM one has BR(t ! W+b)=100% and W ! l⌫/q0q. The
presence of a sizeable BR(t ! H+b) would change these ratios. For the optimum
case of BR(H+ ! q0q) = 100%, upper bounds on BR(t ! H+b) between 0.19 and
0.22 were obtained for 80 GeV < mH+ < 155 GeV. In [115] the decay H+ ! q0q was
assumed to be entirely H+ ! cs̄. But these limits on BR(t ! H+b) also apply to
the case of both H+ ! cs̄ and H+ ! cb̄ having sizeable BRs, as discussed in [117].
This is because the search strategy merely requires that H+ decays to quark jets.

An alternative strategy was adopted in the CDF analysis [116] with 2.2 fb�1. A
direct search for the decay H+ ! q0q was performed by looking for a peak centered
at MH± in the dijet invariant mass distribution, which would be distinct from the

7A first discussion for H+ ! cb̄, allowed in more general models, as discussed in section 10,
was given in [118].
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Relevant only for Models I and X

• Studied by Aoki et al, arXiv:1104.3178

Benchmarks: M=100, 150 GeV       tanbeta=3,10,30

Perhaps update required in view of recent LHC constraints?



Below top

are we then done with the low-mass case?



Above top

• Model I: Mader et al,                     arXiv:1205.2692

• Model II: Basso et al,                     arXiv:1205.6569

• Model II: Basso et al,                     promised soon

channels:

qq → W → H1H
±, (23a)

qq → jj +Hi → jj +WH±, (23b)

qq → W +Hi → W +WH±, (23c)

qq → Z +Hi → Z +WH±, (23d)

gg → Hi → WH±, (23e)

gb → tH−, (23f)

gg, qq → tb+H+. (23g)

The last two entries are meant to imply their conjugate processes as well. The final state
in (23g) can be made through either top pair production or gluon-gluon fusion [42].

In figures 1, we plot the cross-sections against tanβ for the two benchmark points. One
observes the general tendency that each production rate is depleted for high tanβ. As one
can expect from table I, processes (23f) and (23g) die out as tanβ grows, while the others
approach their individual asymptotic cross-sections even though many of them are small.

An outstanding exception is the production associated with a neutral Higgs (23a), which
is not suppressed even for high tanβ. The diagrams for this process are shown in figure 2,
which scale according to the Hi–H±–W vertices in table I. In the H1–H±–W interaction,
the pseudo-scalar coupling is proportional to sinα2 and independent of β, and the scalar
coupling is proportional to cosα1 cosα2 in the limit of tanβ → ∞. Combining these two
behaviours, one can expect that the H1H± production becomes efficient unless | sinα1| is
large and | sinα2| is small.

The results plotted in figures 1 do not depend on µ. Therefore, they remain valid even if
one adjusts µ for the perturbativity of λ1,...,5 in the high tanβ regime. This means that the
production mechanism (23a) is of the most general interest among the displayed channels,
and we shall focus on it in what follows. Note that the same type of diagram was previously
considered in the contexts of the MSSM [43] and a fermiophobic Higgs scenario [44].

The next step should be to select the decay products of H± and H1. The two dominant
branching ratios of H+ are

B(H+ → τ+ντ ) = 0.71, B(H+ → cs̄) = 0.27, (24)

as long as MH± ! 135 GeV, beyond which the charged Higgs decays mediated by a virtual
top becomes non-negligible [45]. These branching fractions are essentially independent of
any of the input parameters. This is a notable feature of the 2HDMI, stemming from the
universal scaling behaviour of the H±–fermion couplings: they are all proportional to cotβ,
as shown in table I. As we are mainly interested in a charged Higgs that is light enough
to have been produced at LEP energies, we can regard (24) as good approximations and
simply choose the decay product with the highest rate, τν.

As for H1, we plot its branching fractions in the vicinity of M1 = 125 GeV, in figures 3.
One finds that the bb mode is dominant at both benchmark points. This tends to be the case
unless both sinα1 and sinα2 are vanishingly small. At the point where sinα1 = sinα2 = 0,
the tree-level H1–fermion coupling vanishes, causing its fermiophobia. Considering these
dominant decay modes of H± and H1, we are going to concentrate on the final state, τνbb
for numerical simulation.

One can also notice that the branching fractions of the γγ and gg modes can differ
significantly from their individual SM values. Albeit not directly related to the charged

8

For the case of H1, this becomes cos(� � ↵1) cos ↵2.
The role of CP violation is twofold: (i) it can provide allowed parameter points

for values of tan �, M1, M2, µ2 and MH± that would otherwise be excluded, and
(ii) it can lead to a considerable enhancement of the branching ratio

BR =
�(H+ ! H1W+ ! bb̄W+)

P

�(H+ ! all)
. (9.3)

This channel has recently been explored [138]. Imposing the theoretical and
experimental constraints discussed in sections 3 and 7, one finds a surviving param-
eter space that basically falls into two regions: (i) low tan�, with non-negligible
CP violation and a considerable decay rate H+ ! W+H1, and (ii) high tan �,
with little CP violation and only a modest decay rate H+ ! W+H1.

For the former region, a set of benchmarks has been proposed in [138], advo-
cating the channel

pp ! H±W⌥X ! W+W�H1X

! `⌫jjbb̄X (9.4)

A priori, there is a considerable tt̄ background. However, imposing a series of
kinematical cuts, it is found that this background can be reduced to a manageable
level, yielding sensitivities of the order of 2–5 for a number of events of the order of
10–20, with an integrated luminosity of 100 fb�1 at 14 TeV. A more sophisticated
experimental analysis could presumably improve on this. The more promising
benchmarks are reproduced in Table 4, in the numbering of Ref. [138].

↵1/⇡ ↵2/⇡ ↵3/⇡ tan � M2 Mmin
H± , Mmax

H±

P2 0.35 �0.014 0.48 1 300 380,415
P3 0.35 �0.015 0.496 1 350 380,450
P4 0.35 �0.056 0.43 1 400 380,455
P5 0.33 �0.21 0.23 1 450 380,470
P7 0.39 �0.07 0.33 2 300 380,405

Table 4: Benchmark points selected from the allowed parameter space [138].
Masses M2 and allowed range of MH± are in GeV. Furthermore, µ = 200 GeV.

For the second region (high tan �), we should try the H+ ! ⌧+⌫ mode.

30
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Other cases of interest?

Ideally: we should have independent confirmations

Volunteers?



Multi-doublet models

10 Models with several charged scalars

10.1 The Multi-Higgs-Doublet Model

Multi-Higgs Doublet Models (MHDM) are extensions of the 2HDM with n scalar
doublets, where n � 3 [130]. The MHDM has the virtue of predicting ⇢ = 1 at
tree level, as does the 2HDM. In the MHDM there are n � 1 charged scalar pairs.
The interaction of an H±

i , i = 1, . . . , n � 1 is described by the Lagrangian:

Lch =
gp

2 mW

�⇥

u(mdPRFD
i + muPLFU

i )d + ⌫m`PRFL
i `
⇤

H+
i + h.c.

 

(10.1)

Formally, it applies also to the 2HDM (n = 2); then the Fs given in Table 6 of
Appendix A coincide with the F1 in the above equation.

In general, the FD
i , FU

i and FL
i are complex numbers, which are defined in

terms of an n⇥n matrix U , diagonalizing the mass matrix of the charged scalars13.
It is evident that the branching ratios of the charged Higgs bosons, H+

i depend
on the parameters FD

i , FU
i and FL

i . In the case of the 2HDM this shrinks to a
single parameter, tan �, which determines these three couplings. This implies that
certain combinations are constrained, for example, in Model II we have for each i,
|FD

i FU
i | = 1. Like in [130], we shall discuss only the phenomenology of the lightest

H+ (⌘ H+
1 ), assuming that the other H+ are heavier.

As in the 2HDM, an important constraint on the mass and couplings of H+

in the MHDM is the decay b ! s�. However, the constraint MH± >⇠ 380 GeV,
obtained in the 2HDM (Model II), can be relaxed in the MHDM. Here, even a
light H+ (i.e., MH± <⇠ mt) is still a possibility. Recently, 2� intervals in the FD

1 -
FU

1 parameter space for MH± = 100 GeV were derived from b ! s� [139–141],
assuming |FU

1 | < 1, in order to comply with constraints from Z ! bb̄.

10.2 Enhanced H+ ! cb̄ Branching Ratios

The magnitude of BR(H+ ! cb̄) is always less than a few percent in three versions
of the 2HDM (Models I, II and X), since the decay rate is suppressed by the small
CKM element Vcb (⌧ Vcs). In contrast, a sizable BR(H+ ! cb̄) can be obtained
in the 2HDM (Y) for tan � > 3 [5, 130,142].

A distinctive signal of H+ from an MHDM for mH+ <⇠ mt would be a sizeable
branching ratio for H+ ! cb̄ [5, 130, 143]. For the scenario of |FD

1 | � |FU
1 |, |FL

1 |
gives rise to a “leptophobic” H+ with14

BR(H+ ! cs̄) + BR(H+ ! cb̄) ⇠ 100%. (10.2)

13For details, see Ref. [130], where FD
i , FU

i and FL
i are denoted Xi, Yi and Zi, respectively.

14A similar situation arises in the 2HDM (Y), for tan � � 3.
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Models with DM candidates

• IDM

• IDM2

• SO(10) Raidal et al

cross sections, no background studies

benchmarks, 160-225 GeV
singlet admixture, displaced vertices

Cao, Ma, Rajasekaran; Dolle et al; MK



Updates

• Some of these studies must be 
characterized as “surveys”, not explicit 
benchmark studies

• Latest LHC results not accounted for



2013 vs 2012
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• 2013: More exclusion in heavy-Higgs region

• 2012

• 2013 ATLAS

• 2013 CMS
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for Type II



Overview ATLAS constraints

Hermann et al 
2012

(lower bound)

2012
2013



Overview CMS constraints

Hermann et al 
2012

(lower bound)

2012
2013
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Model II Benchmarks (Basso et al)
↵
1

/⇡ ↵
2

/⇡ ↵
3

/⇡ tan� M
2

Mmin

H± ,Mmax

H±

P
1

0.23 0.06 0.005 1 300 300,325

P
2

0.35 �0.014 0.48 1 300 300,415

P
3

0.35 �0.015 0.496 1 350 300,450

P
4

0.35 �0.056 0.43 1 400 300,455

P
5

0.33 �0.21 0.23 1 450 300,470

P
6

0.27 �0.26 0.25 1 500 300,340

P
7

0.39 �0.07 0.33 2 300 300,405

P
8

0.34 �0.03 0.11 2 400 300,315

P
9

0.47 �0.006 0.05 10 400 400,440

P
10

0.49 �0.002 0.06 10 600 600,700

Table 1: Benchmark points selected from the allowed parameter space when M
1

=

125 GeV. Masses M
2

and allowed range of MH± are in GeV. For P
1

–P
8

, µ = 200 GeV,

whereas for P
9

and P
10

, µ = M
2

.

of a charged Higgs boson produced in association with a W boson, which involve model de-

pendent couplings, it is of fundamental importance to establish some characteristic feature

of the BRs for some specific points of parameter space. In this regard, we consider four

points from table 1 and we determine the most important decay modes. We consider only

BRs > 10�4, rates below this value are not of phenomenological relevance. Then, we have

six decay modes: WH
1

, WH
2

, WH
3

, tb, ts, ⌧⌫⌧ , displayed in fig. 8 for selected benchmark

points.

When tan� = 1, the dominant decay mode is always tb, and this feature is even

reinforced when the masses of H
1

and H
2

are well separated (P
5

). However, it is important

to remark that the WHi branching fractions, when allowed by the phase space, are always

⇠ O(0.1) and not smaller than ⇠ O(0.01). In particular, if MH± > 400 GeV, then the BR

for WH
1

is ⇠ O(0.1), this assures that the suppression brought about by this decay mode

is never stronger than about an order of magnitude for a rather large range of MH± .

The result does not hold for the W±H
1

case when tan� = 2 (see lower panels of fig. 8).

In fact, it strongly depends on the choice of point in parameter space: for P
7

this decay

mode is suppressed down to ⇠ O(0.01), while for P
8

its branching franction is restored to

⇠ O(0.1) because reducing the mixing between ⌘
1

and ⌘
2

via |↵
1

/⇡| = 0.35 ! 0.3 increases

the CP-even component of theH± ! W±H
1

coupling, while increasing the mixing between

⌘
1

and ⌘
3

via |↵
2

/⇡| = 0.025 ! 0.05 increases its CP-odd component, and these two e↵ects

lead to an enhancement.

Another feature of the tan� = 2 choice is that the W±H
2

decay mode is always

dominant as compared to the tb one when the phase space allows it, due to the suppression

of the H± ! tb coupling by a factor ⇠ 2 plus a sizeable H± ! W±H
2

coupling. We

remark that in this scenario the WHi=1,2 BRs are anyway ⇠ O(0.01) or bigger1.

1The ⌧⌫⌧ decay mode, on the other hand, strongly depends on the tan� value. While it is not a primary
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half of them are now 
excluded (2σ) by ATLAS

but not by CMS



Mini-review of Basso et al



Proposed channel:

pp ! W±H⌥(+X)

! W+W�H1

! jj
|{z}

W

`±⌫
|{z}

W

bb̄
|{z}

H1

HjH
±W⌥ : ⇠ (sin �Rj1 � cos �Rj2)

2 +R2
j3

H1H
±W⌥ : = sin2(� � ↵1) cos

2 ↵2 + sin2 ↵2

H1H
±W⌥ : = sin2(� � ↵1) + sin2 ↵2 cos

2(� � ↵1)

H2H
±W⌥ : ⇠ (sin �R21 � cos �R22)

2 +R2
23

= [sin(� � ↵1)s2s3 + cos(� � ↵1)c3]
2 + c22s

2
3

sin(� � ↵1) = ±1, cos(� � ↵1) = 0

s23 = sin2 ↵3

t ! bW

tt̄ ! bb̄W+W�

MH± > mt bb̄

7
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Figure 9: Single charged Higgs production channels at parton level.

neutral scalar is disfavoured. Secondly, the remaining production mechanisms are always

within a range of an order of magnitude at most.

As regards the fermion-associated production mechanism of fig. 9c, we remark that it

only depends on the values of MH± and tan� (see Eq. (2.13)), and there is a considerable

reduction when moving from tan� = 1 to tan� = 2 (roughly a factor 2) due to the fact

that the dominant contribution in the coupling is ⇠ mt/ tan�, hence the ratio of VEVs acts

as a reduction factor. The cross section of the fermion-associated contribution at tan� = 1

is ⇠ 10 � 102 (102) fb when
p
s = 8 (14) TeV and it is mostly inversely proportional to

tan�.

The scope of the fermion-associated production mechanism in extracting a H± ! Wbb̄

signature (see below) has been analysed already in the literature, albeit in the MSSM, see

[111], and we will revisit it in a CP-violating type-II 2HDM in a future publication.

Instead, here, we concentrate on vector-boson-associated production. The correspond-

ing cross sections show a complicated behaviour with respect to di↵erent choices of param-

eters. We start our analysis by considering the channel with a final H±W⌥ state. From

fig. 10 we see that a choice of tan� = 1 plus a low-Higgs-masses scenario (P
1

: M
1

= 125

GeV, M
2

⇠ M
3

⇠ 300 � 400 GeV) has a cross section ⇠ 10 � 102 (102 � 103) fb whenp
s = 8 (14) TeV, and that it is dominant (competitive) with respect to the fermion-

associated production. On the other hand, we see that a low M
1

(125 GeV) plus a choice

of high M
2

(P
5

) and M
3

(� 500 GeV) favour the contribution from the parton-level chan-

nel gg ! Hi=2,3 ! H±W⌥ proceeding through the on-shell Hi=2,3, and this results in a

cross section that is always dominant and even enhanced when mW +MH± < Mi=2,3, i.e.

⇠ 102 � 103 (103 � 104) fb when
p
s = 8 (14) TeV.

These qualitative conclusions hold when tan� = 2. Despite an overall suppression of

one order of magnitude due to the increased value of tan�, from fig. 10 (P
7

) we see that
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Dominant production mechanisms
Coupling may depend on details

small
irreducible background
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Background

•  

• cross section larger by factor 103

• impose generic cuts, BG reduction by 
factor 40, signal reduction by 2-3

pp ! W±H⌥(+X)

! W+W�H1

! jj
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`±⌫
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bb̄
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H1
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2 +R2
j3

H1H
±W⌥ : = sin2(� � ↵1) cos

2 ↵2 + sin2 ↵2
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±W⌥ : ⇠ (sin �R21 � cos �R22)

2 +R2
23
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2
3
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s23 = sin2 ↵3

tt̄ ! bb̄W+W�

6

signal!



Generic cuts

Hence, the overall selected process for the signal is the following:

pp ! W⌥H± ! W⌥W±H
1

! W⌥W±bb̄ ! 2j + 2b+ 1`+MET. (4.6)

For each benchmark point, 2 · 104 unweighted events were produced. Regarding the

top background, 4.5 · 106 unweighted events (with generation cuts) have been simulated

in CalcHEP. For both signal and background the standard set of CTEQ6.6M [105] PDFs

with scale Q =
p
s were employed. For emulating a real LHC-prototype detector, a Gaus-

sian smearing was included to take into account the electromagnetic energy resolution of

0.15/
p
E and the hadronic energy resolution of 0.5/

p
E.

We describe now the overall strategy for the background reduction procedure. A

first set of cuts includes typical detector kinematic acceptances and standard intermediate

object reconstruction, such as W ! jj and H
1

! bb (cuts 1–3)3. Further, a t-(anti)quark

reconstruction is used as “top veto” (cut 4). Led by the consideration that a b quark pair

stemming from the Higgs boson is boosted (unlike the almost back-to-back pair from tt),

we define the last cut of the following set (cut 5):

1) Kinematics: standard detector cuts

pT` > 15 GeV, |⌘`| < 2.5,

pTj > 20 GeV, |⌘j | < 3, (4.7)

|�Rjj | > 0.5, |�R`j | > 0.5;

with ⌘ the pseudorapidity and �R =
p

(�⌘)2 + (��)2.

2) light Higgs reconstruction:

�

�M(bb)� 125 GeV
�

� < 20 GeV ; (4.8)

3) hadronic W reconstruction (Wh ! jj):

|M(jj)� 80 GeV| < 20 GeV ; (4.9)

4) top veto: if �R(b
1

,Wh) < �R(b
2

,Wh), then

M(b
1

jj) > 200 GeV , MT (b2`⌫) > 200 GeV , (4.10)

otherwise 1 $ 2;

5) same-hemisphere b quarks:

pb1

|pb1 |
· pb2

|pb2 |
> 0 . (4.11)

In table 3 we show the e�ciency of the previous set of cuts against the simulated

background for the P
1

and P
5

points of table 1, for a choice of H± masses. There is a clear
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0.15/
p
E and the hadronic energy resolution of 0.5/

p
E.

We describe now the overall strategy for the background reduction procedure. A

first set of cuts includes typical detector kinematic acceptances and standard intermediate

object reconstruction, such as W ! jj and H
1

! bb (cuts 1–3)3. Further, a t-(anti)quark

reconstruction is used as “top veto” (cut 4). Led by the consideration that a b quark pair

stemming from the Higgs boson is boosted (unlike the almost back-to-back pair from tt),

we define the last cut of the following set (cut 5):

1) Kinematics: standard detector cuts

pT` > 15 GeV, |⌘`| < 2.5,

pTj > 20 GeV, |⌘j | < 3, (4.7)

|�Rjj | > 0.5, |�R`j | > 0.5;

with ⌘ the pseudorapidity and �R =
p

(�⌘)2 + (��)2.

2) light Higgs reconstruction:

�

�M(bb)� 125 GeV
�

� < 20 GeV ; (4.8)

3) hadronic W reconstruction (Wh ! jj):

|M(jj)� 80 GeV| < 20 GeV ; (4.9)

4) top veto: if �R(b
1

,Wh) < �R(b
2

,Wh), then

M(b
1

jj) > 200 GeV , MT (b2`⌫) > 200 GeV , (4.10)

otherwise 1 $ 2;

5) same-hemisphere b quarks:

pb1

|pb1 |
· pb2

|pb2 |
> 0 . (4.11)

In table 3 we show the e�ciency of the previous set of cuts against the simulated

background for the P
1

and P
5

points of table 1, for a choice of H± masses. There is a clear
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disfavor top, for each b-quark separately



Additional anti-top cut
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One of the W’s should form 
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`±⌫
|{z}

W

bb̄
|{z}

H1

HjH
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Figure 11: M(bbjj) vs. MT (bb`⌫) after cut 5 for (unweighted) point P
2

, with MH± =

375 GeV (red, bottom-left) and MH± = 525 GeV (green, top-right). In black is the

(unweighted) top background. The dashed lines show M
lim

= 450 and 600 GeV.

accumulate at ⇠ 2mt, as can be seen in fig. 11 in which we adopt an illustrative choice of

charged Higgs masses.

The presence of long tails for the signal towards regions where the top background is

heavily reduced allows us to introduce two specific (and alternative) cuts:

“squared cut”: C
squ

= max
�

M(bbjj),MT (bb`⌫)
�

> M
lim

(4.12)

“single cut”: C
sng

= MT (bb`⌫) > M
lim

. (4.13)

The single cut of eq. (4.13) is applied only on MT (bb`⌫) because the reduction of the

top background is higher than if compared to a similar cut on the M(bbjj) for the same

numerical value of M
lim

.

To determine which is the better of the two proposed strategies and what is the optimal

value for M
lim

, we studied the e↵ects of C
squ

and C
sng

for several values of M
lim

. Results

are shown in tables 4 and 5 for the points P
2

and P
4

, respectively.

Clearly, a higher value for M
lim

results in an increase of the significance, the top

background is reduced more than the signal. It is important to note that for low charged

Higgs masses, C
squ

seems to perform better than the single cut. However, this is strickly

true for MH± ' 310 GeV only: if a further selection is imposed, restricting the evaluation
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Possible cuts

Cut
tt P

2

= 310 GeV P
2

= 390 GeV

Events Events S/
p
B Events S/

p
B

M
lim

= 450 GeV
C
sng

66.6 6.6 0.8 12.2 1.5

C
squ

161.1 10.5 0.8 20.1 1.6

M
lim

= 500 GeV
C
sng

45.2 6.0 0.9 11.1 1.6

C
squ

118.8 9.7 0.9 18.4 1.7

M
lim

= 550 GeV
C
sng

30.3 5.1 0.9 9.9 1.8

C
squ

91.0 8.5 0.9 16.1 1.7

M
lim

= 600 GeV
C
sng

24.9 4.7 1.0 8.9 1.8

C
squ

63.1 7.7 1.0 14.3 1.8

Table 4: Comparison between C
squ

and C
sng

vs M
lim

for P
2

: surviving events and signifi-

cance with respect to the background.

Cut
tt P

4

= 310 GeV P
4

= 390 GeV

Events Events S/
p
B Events S/

p
B

M
lim

= 450 GeV
C
sng

66.6 14.5 1.8 29.0 3.6

C
squ

161.1 25.8 2.0 47.3 3.7

M
lim

= 500 GeV
C
sng

45.2 12.7 1.9 26.3 3.9

C
squ

118.8 22.4 2.1 43.0 3.9

M
lim

= 550 GeV
C
sng

30.3 10.8 2.0 23.4 4.2

C
squ

91.0 19.8 2.1 37.9 4.0

M
lim

= 600 GeV
C
sng

24.9 10.0 2.0 20.3 4.1

C
squ

63.1 17.7 2.2 33.1 4.2

Table 5: Comparison between C
sng

and C
squ

vs M
lim

for P
4

: surviving events and signifi-

cance with respect to the background.

of the significance to the peak-region only

peak cut: |M �MH± | < 50 GeV , (4.14)

the significance obtained by imposing C
sng

, when calculated for all the other charged Higgs

boson mass values, is always higher than the one obtained by imposing C
squ

. Here, M =

min
�

M(bbjj),MT (bb`⌫)
�

when eq. (4.12) is employed, while M = M(bbjj) when eq. (4.13)

is employed.

For the following analysis, the value M
lim

= 600 GeV has been chosen as well as the

selection C
sng

, this choice provides the best significance and a narrower peak while keeping

a su�cient number of signal events (> 10). Should the surviving signal events be less than

10, it would then be advisable to choose instead the squared cut C
squ

for the higher survival

probability of the signal events (despite the lower significance and the broader peak).

The invariant mass distributions for the points P
2

, P
3

, P
4

, P
5

, and P
7

are plotted in

– 27 –
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. Here, M =
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when eq. (4.12) is employed, while M = M(bbjj) when eq. (4.13)
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For the following analysis, the value M
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= 600 GeV has been chosen as well as the

selection C
sng

, this choice provides the best significance and a narrower peak while keeping

a su�cient number of signal events (> 10). Should the surviving signal events be less than

10, it would then be advisable to choose instead the squared cut C
squ

for the higher survival

probability of the signal events (despite the lower significance and the broader peak).
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P2 : tan � = 1, M2 = 300 GeV, ↵i = {0.35,�0.014, 0.48}
P3 : tan � = 1, M2 = 350 GeV, ↵i = {0.35,�0.015, 0.496}
P4 : tan � = 1, M2 = 400 GeV, ↵i = {0.35,�0.056, 0.43}
P5 : tan � = 1, M2 = 450 GeV, ↵i = {0.33,�0.21, 0.23}
P6 : tan � = 1, M2 = 500 GeV, ↵i = {0.27,�0.26, 0.25}
P7 : tan � = 2, M2 = 300 GeV, ↵i = {0.39,�0.07, 0.33}
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P2 : tan � = 1, M2 = 300 GeV, ↵i = {0.35,�0.014, 0.48}
P3 : tan � = 1, M2 = 350 GeV, ↵i = {0.35,�0.015, 0.496}
P4 : tan � = 1, M2 = 400 GeV, ↵i = {0.35,�0.056, 0.43}
P5 : tan � = 1, M2 = 450 GeV, ↵i = {0.33,�0.21, 0.23}
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P7 : tan � = 2, M2 = 300 GeV, ↵i = {0.39,�0.07, 0.33}

bb̄jj`⌫

MH± = 310 GeV MH± = 390 GeV

Events S/
p
B Events S/

p
B

tt 24.9
peak 11.9 � 9.9 �
P1 3.8 0.8 � �
peak 2.6 0.8 � �
P2 4.7 1.0 8.8 1.8
peak 3.3 1.0 7.3 2.3
P3 11.3 2.3 22.0 4.4
peak 7.7 2.3 17.2 5.4
P4 10.0 2.0 20.3 4.1
peak 7.8 2.3 16.0 5.1
P5 21.1 4.2 30.2 6.1
peak 13.9 4.1 25.0 7.9
P6 14.0 2.8 � �
peak 9.4 2.8 � �
P7 3.1 0.6 7.4 1.5
peak 2.8 0.8 7.3 2.3
P8 1.2 0.2 � �
peak 1.2 0.4 � �

Table 1: Surviving events and their significance after the single cut of eq. (??)
and after the peak selection of eq. (??), for all points of table ??, except P9

and P10.
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• Parts of 2HDM parameter space are still open

• Hope to soon have results on tau decay mode 
for Model II

• Confirmations/cross checks most welcome

• Some work (updates) left on models with DM

• Join us!

Summary
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