
Higgs Physics after Higgs

Hao Zhang 

University of California, Santa Barbara 
For University of Science and Technology of China, Jul 8th, 2015 

Base on Phys.Rev. D90 (2014) 7, 076004 in collaboration with Edmond L. Berger, Steven B. 
Giddings and Haichen Wang; 

arXiv:1410.1855[hep-ph] in collaboration with Tao Liu; 
JHEP 1506 (2015) 137 in collaboration with Nathaniel Craig, Francesco D’Eramo, Patrick Draper 

and Scott Thomas 



Introduction
• Particle physics standard model (SM) is one of the most 

successful physics models.
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ization of the reducible backgrounds is evaluated following the 
methods described in Refs. [7,16]. In the 2ℓ2ν channel, for which 
these contributions are not negligible at high mass, the estima-
tion from control samples for the Z + jets and for the sum of the 
tt, tW and WW contributions leads to uncertainties of 25% and 
15% in the respective background yields. Theoretical uncertainties 
in the high mass contribution from the gluon-induced processes, 
which affect both the normalization and the shape, are especially 
important in this analysis (in particular for the signal and interfer-
ence contributions that are scaled by large factors). However, these 
uncertainties partially cancel when measuring simultaneously the 
yield from the same process in the on-shell signal region. The re-
maining mZZ-dependent uncertainties in the QCD renormalization 
and factorization scales are derived using the K factor variations 
from Ref. [14], corresponding to a factor of two up or down from 
the nominal mZZ/2 values, and amount to 2–4%. For the gg → ZZ
continuum background production, we assign a 10% additional un-
certainty on the K factor, following Ref. [22] and taking into ac-
count the different mass ranges and selections on the specific final 
state. This uncertainty also affects the interference with the sig-
nal. The PDF uncertainties are estimated following Refs. [39,40]
by changing the NLO PDF set from MSTW2008 to CT10 [41] and 
NNPDF2.1 [42], and the residual contribution is about 1%. For the 
VBF processes, no significant mZZ-dependence is found regarding 
the QCD scales and PDF uncertainties, which are in general much 
smaller than for the gluon fusion processes [8,9]. In the 2ℓ2ν final 
state, additional uncertainties on the yield arising from the theo-
retical description of the parton shower and underlying event are 
taken into account (6%).

We perform a simultaneous unbinned maximum likelihood fit 
of a signal-plus-background model to the measured distributions 
in the 4ℓ and 2ℓ2ν channels. In the 4ℓ channel the analysis 
is performed in the on-shell and off-shell signal regions defined 
above. In the on-shell region, a three-dimensional distribution 
x⃗ = (m4ℓ, Dkin

bkg, pT
4ℓ or Djet) is analyzed, following the methodol-

ogy described in Ref. [7], where the quantity Djet is a discriminant 
used to separate VBF from gluon fusion production. In the off-shell 
region, a two-dimensional distribution x⃗ = (m4ℓ, Dgg) is analyzed. 
In the 2ℓ2ν channel, only the off-shell Higgs boson production is 
analyzed, using the x⃗ = mT distribution.

The probability distribution functions are built using the full 
detector simulation or data control regions, and are defined for 
the signal, the background, or the interference between the two 
contributions, Psig, Pbkg, or Pint, respectively, as a function of the 
observables x⃗ discussed above. Several production mechanisms are 
considered for the signal and the background, such as gluon fusion 
(gg), VBF, and quark-antiquark annihilation (qq). The total prob-
ability distribution function for the off-shell region includes the 
interference of two contributions in each production process:

Poff-shell
tot (x⃗) =

[
µggH × (ΓH/Γ0) × Pgg

sig(x⃗)

+
√

µggH × (ΓH/Γ0) × Pgg
int(x⃗) + Pgg

bkg(x⃗)
]

+
[
µVBF × (ΓH/Γ0) × PVBF

sig (x⃗)

+
√

µVBF × (ΓH/Γ0) × PVBF
int (x⃗) + PVBF

bkg (x⃗)
]

+ Pqq
bkg(x⃗) + . . . (5)

The list of background processes is extended beyond those quoted 
depending on the final state (Z + X, top, W + jets, WW, WZ). The 
parameters µggH and µVBF are the scale factors which modify 
the signal strength with respect to the reference parameteriza-
tion in each production mechanism independently. The parameter 
(ΓH/Γ0) is the scale factor which modifies the observed width 

Fig. 5. Scan of the negative log-likelihood, −2$ lnL, as a function of ΓH for the 
combined fit of the 4ℓ and 2ℓ2ν channels (blue thick lines), for the 4ℓ channel 
alone in the off-shell and on-shell regions (dark red lines), and for the 2ℓ2ν channel 
in the off-shell region and 4ℓ channel in the on-shell region (light red lines). The 
solid lines represent the observed values, the dotted lines the expected values. (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

with respect to the Γ0 value used in the reference parameteriza-
tion.

In the on-shell region, the parameterization includes the small 
contribution of the ttH and VH Higgs boson production mecha-
nisms, which are related to the gluon fusion and VBF processes, 
respectively, because either the quark or the vector boson cou-
pling to the Higgs boson is in common among those processes. 
Interference effects are negligible in the on-shell region. The total 
probability distribution function for the on-shell region is written 
as

Pon-shell
tot (x⃗) = µggH ×

[
Pgg

sig(x⃗) + P ttH
sig (x⃗)

]

+ µVBF
[
PVBF

sig (x⃗) + PVH
sig (x⃗)

]

+ Pqq
bkg(x⃗) + Pgg

bkg(x⃗) + . . . (6)

The above parameterizations in Eqs. (5, 6) are performed for the 
tree-level HVV coupling of a scalar Higgs boson, consistent with 
our observations [4,7]. We find that the presence of anomalous 
couplings in the HVV interaction would lead to enhanced off-shell 
production and a more stringent constraint on the width. It is ev-
ident that the parameterization in Eq. (5) relies on the modeling 
of the gluon fusion production with the dominant top-quark loop, 
therefore no possible new particles are considered in the loop. Fur-
ther discussion can also be found in Refs. [43–45].

The three parameters ΓH, µggH, and µVBF are left unconstrained 
in the fit. The µggH and µVBF fitted values are found to be almost 
identical to those obtained in Ref. [7]. Systematic uncertainties are 
included as nuisance parameters and are treated according to the 
frequentist paradigm [46]. The shapes and normalizations of the 
signal and of each background component are allowed to vary 
within their uncertainties, and the correlations in the sources of 
systematic uncertainty are taken into account.

The fit results are shown in Fig. 5 as scans of the negative 
log-likelihood, −2$ ln L, as a function of ΓH. Combining the two 
channels a limit is observed (expected) on the total width of 
ΓH < 22 MeV (33 MeV) at a 95% CL, which is 5.4 (8.0) times the 
expected value in the SM. The best fit value and 68% CL inter-
val correspond to ΓH = 1.8+7.7

−1.8 MeV. The result of the 4ℓ analysis 
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Figure 6: Examples of distributions of the test statistic q defined in section 5, for the combination of decay channels.
Top row: combination of results obtained in H ! Z Z⇤ ! 4` and H ! WW ⇤ ! e⌫µ⌫ analyses for the spin-0
hypothesis. Left: pseudo-scalar hypothesis. Right: BSM scalar hypothesis. Bottow row: combination of results
obtained in H ! Z Z⇤ ! 4` and H ! WW ⇤ ! e⌫µ⌫ and H ! �� analyses for the spin-2 hypothesis. Left: spin-2
model with Universal couplings. Right: spin-2 model with with low gluon fraction and pT cut-o� at 125 GeV.
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Figure 6: Examples of distributions of the test statistic q defined in section 5, for the combination of decay channels.
Top row: combination of results obtained in H ! Z Z⇤ ! 4` and H ! WW ⇤ ! e⌫µ⌫ analyses for the spin-0
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5.4 Combined exotic-spin results with the H ! ZZ, WW, and gg channels 37

The expected separations between the test statistic distributions for all the models considered
are summarized in Table 10. In all cases, the expected separation between the alternative signal
hypotheses is quoted for the case where the expected SM Higgs boson signal strength and the
alternative signal cross sections are obtained in the fit of the data. The signal strengths in the
X ! ZZ and X ! WW channels are fit independently. The expected separation is also quoted
for the case where the events are generated with the SM expectation for the signal cross section
(µ=1).

These tests are performed for several choices of the ratio of the two production rates f (qq).
The analysis, which uses information from the X ! ZZ ! 4` decay channel, is performed
in a production-independent way, unless f (qq) = 0 or 1. Part of the analysis, which is based
on the X ! WW ! `n`n decay channel, tests several choices of the f (qq) ratio explicitly.
An example of such a test is shown in Fig. 17 (right). For the combined X ! ZZ and WW
analysis, as in the case of the X ! WW analysis, the results with gluon fusion ( f (qq) = 0) and
with qq production ( f (qq) = 1) exhibit the largest and the smallest observed separation when
compared to any other value in the scan of 0 < f (qq) < 1. The data disfavor all the spin-one
and spin-two hypotheses tested in favor of the SM hypothesis JP = 0+ with 1 � CLs values
larger than 98% CL (Table 10).
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tested against the SM Higgs boson hypothesis. The expectation for the SM Higgs boson is
represented by the yellow histogram on the right of each plot and the alternative JP hypothesis
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5.4 Combined exotic-spin results with the H ! ZZ, WW, and gg channels

In this analysis, the X ! gg decay channel is studied only in the context of the exotic spin-
two 2+m hypothesis. Several spin-two scenarios in Table 2 are only defined for couplings to
massive vector bosons and are not defined for X ! gg. Several of the remaining higher-
dimension operators in the spin-two scenario are not considered here. However, the direct
model-independent analysis of the cos q⇤ distribution can be performed [15, 28]. The spin-
one scenario of a resonance decaying to a two-photon final state is forbidden [66, 67], and all
spin-zero scenarios have an identical isotropic two-photon distribution in the rest frame of the
boson. Therefore the spin-zero and spin-one scenarios are not considered.

The individual 2+m hypothesis test results in each channel were presented earlier [12, 14, 15]
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6.3 Fermion- and boson-mediated production processes and their ratio 19
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Figure 4: Values of the best-fit s/sSM for the overall combined analysis (solid vertical line) and
separate combinations grouped by production mode tag, predominant decay mode, or both.
The s/sSM ratio denotes the production cross section times the relevant branching fractions,
relative to the SM expectation. The vertical band shows the overall s/sSM uncertainty. The
horizontal bars indicate the ±1 standard deviation uncertainties in the best-fit s/sSM values
for the individual combinations; these bars include both statistical and systematic uncertainties.
(Top left) Combinations grouped by analysis tags targeting individual production mechanisms;
the excess in the ttH-tagged combination is largely driven by the ttH-tagged H ! gg and
H ! WW channels as can be seen in the bottom panel. (Top right) Combinations grouped by
predominant decay mode. (Bottom) Combinations grouped by predominant decay mode and
additional tags targeting a particular production mechanism.
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Figure 7: Results of fits for the two-parameter benchmark model defined in Section 5.2.1 that probes di↵erent
coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total width:
(a) Results of the two-dimensional fit to kF and kV , including 68% and 95% CL contours; overlaying the 68% CL
contours derived from the individual channels and their combination; profile likelihood ratios as functions of the
coupling strength scale factors (b) the same measurement, without the overlays of the individual channels, (c) kF

(kV is profiled) and (d) kV (kF is profiled). The dashed curves in (c) and (d) show the SM expectations. In (d)
the sign of the chosen profiled solution for kF changes at kV ⇡ 0.8 , causing a kink in the likelihood. The profile
likelihood curves restricting kF to be either positive or negative are also shown to illustrate that this sign change
in the unrestricted profile likelihood is the origin of the kink. The red(green) horizontal lines indicates the cuto↵
values on the profile likelihood ratio corresponding to a 68%(95%) confidence interval on the parameter of interest,
assuming the asymptotic �2 distribution for the test statistic.
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Figure 9: Results of 2D likelihood scans for the kV and kf parameters. The cross indicates the
best-fit values. The solid, dashed, and dotted contours show the 68%, 95%, and 99.7% CL
confidence regions, respectively. The diamond shows the SM point (kV, kf) = (1, 1). The left
plot shows the likelihood scan in two quadrants, (+,+) and (+,�). The right plot shows the
likelihood scan constrained to the (+,+) quadrant.
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overall combination (thick curve) for the kV and kf parameters. The cross indicates the global
best-fit values. The dashed contour bounds the 95% CL confidence region for the combination.
The diamond represents the SM expectation, (kV, kf) = (1, 1). The left plot shows the likelihood
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Figure 15 shows the results of the fits for this benchmark scenario. All measured coupling strengths
are found to be compatible with the SM expectation within 1�. As shown in Figs. 16a and 16b, the
negative solution of kt is strongly disfavoured at 3.1� (2.9� expected), while the negative minimum of
kb is slightly disfavoured at 0.5� (no sensitivity expected). The six-dimensional compatibility of the SM
hypothesis with the best-fit point is 57%. Figure 17 shows the results of the fit for generic model 1 as
reduced coupling strength scale factors

yV,i =

r
kV,i

gV,i

2v
=
p

kV,i
mV,i

v
(9)

for weak bosons with a mass mV , where gV,i is the absolute Higgs boson coupling strength, v is the
vacuum expectation value of the Higgs field and

yF,i = kF,i
gF,ip

2
= kF,i

mF,i

v
(10)

for fermions as a function of the particle mass mF , assuming a SM Higgs boson with a mass of 125.36
GeV. For the b quark mass in Fig. 17 the MS running mass evaluated at 125.36 GeV is assumed.

For the measurements this generic model, it should be noted that the low fitted value of kb causes a
reduction of the total width �H by about 30% compared to the SM expectation (see Table 6), which in
turn induces a reduction of all other k-values by about 20%.
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Figure 17: Fit results for the reduced coupling strength scale factors yV,i =
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kV,i
gV,i

2v =
pkV,i
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for weak bosons

and yF,i = kF,i
gF,ip

2
= kF,i

mF,i

v
for fermions as a function of the particle mass, assuming a SM Higgs boson with a

mass of 125.36 GeV. The dashed line indicates the predicted mass dependence for the SM Higgs boson.
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Fig. 13 Graphical representation of the results obtained for the models
considered in Fig. 12. The dashed line corresponds to the SM expecta-
tion. The points from the fit in Fig. 12 (left) are placed at particle mass
values chosen as explained in the text. The ordinates are different for
fermions and massive vector bosons to take into account the expected
SM scaling of the coupling with mass, depending on the type of par-
ticle. The result of the (M, ϵ) fit from Fig. 12 (right) is shown as the
continuous line while the inner and outer bands represent the 68 % and
95 % CL confidence regions

if the couplings were independent of the masses of the par-
ticles, one would expect to find ϵ = −1. To perform a fit
to data, the particle mass values need to be specified. For
leptons and weak bosons we have taken the values from
Ref. [207]. For consistency with theoretical calculations used
in setting the SM expectations, the top quark mass is taken to
be 172.5 GeV. The bottom quark is evaluated at the scale of
the Higgs boson mass, mb(mH = 125.0 GeV) = 2.76 GeV.
In the fit, the mass parameters are treated as constants. The
likelihood scan for (M, ϵ) is shown in Fig. 12 (right). It can
be seen that the data do not significantly deviate from the
SM expectation. The 95 % CL confidence intervals for the M
and ϵ parameters are [217, 279] GeV and [−0.054, 0.100],
respectively.

The results of the two fits above are plotted versus the
particle masses in Fig. 13. While the choice of the mass val-
ues for the abscissas is discussed above, to be able to show
both Yukawa and weak boson couplings in the same plot
requires a transformation of the results of the κ fit. Since
gV ∼ κV2m2

V/v and λf ∼ κfmf/v, we have chosen to plot
a “reduced” weak boson coupling,

√
gV/(2v) = κ

1/2
V mV/v.

This choice allows fermion and weak boson results to be
plotted together, as shown in Fig. 13, but implies that the
uncertainties for κW and κZ will seem to be reduced. This
simply reflects the square root in the change of variables and

not any gain of information with respect to the κ fit shown
Fig. 12 (left). The result of the (M, ϵ) fit is shown in Fig. 13
as the band around the dashed line that represents the SM
expectation. While the existing measurement of the scaling
factor for the coupling of the boson with muons is clearly
imprecise, the picture that arises from covering more than
three orders of magnitude in particle mass is that the boson
couples differently to the different particles and that those
couplings are related to the mass of each particle. This is
further supported by upper limits set in searches for H → ee
decays: when assuming the production cross sections pre-
dicted in the SM, the branching fraction is limited to be
B(H → ee) < 1.9 × 10−3 at the 95 % CL [30].

7.5 Test for the presence of BSM particles in loops

The manifestation of BSM physics can considerably mod-
ify the Higgs boson phenomenology even if the underlying
Higgs boson sector in the model remains unaltered. Pro-
cesses that are loop-induced at leading order, such as the
H → γ γ decay and ggH production, can be particularly
sensitive to the presence of new particles. Therefore, we com-
bine and fit the data for the scale factors for these two pro-
cesses, κγ and κg. The partial widths associated with the tree-
level production processes and decay modes are assumed to
be those expected in the SM, and the total width scales as
κ2

H ∼ 0.0857 κ2
g + 0.0023 κ2

γ + 0.912.
Figure 14 shows the 2D likelihood scan for the κg and κγ

parameters, assuming that ΓBSM = 0. The results are com-
patible with the expectation for the SM Higgs boson, with
the point (κγ , κg) = (1, 1) within the 68 % CL confidence
region defined by the data. The best-fit point is (κγ , κg) =
(1.14, 0.89). The 95 % CL confidence interval for κγ , when
profiling κg and all nuisance parameters, is [0.89, 1.40]. For
κg, the 95 % CL confidence interval is [0.69, 1.11], when
profiling κγ and all other nuisance parameters.

Another way in which BSM physics may manifest itself
is through the decay of the boson into BSM particles. To
explore this possibility, we consider a further parameter
that allows for a partial decay width into BSM particles,
BRBSM = ΓBSM/Γtot. In this case, the total width scales
as κ2

H ∼ (0.0857 κ2
g + 0.0023 κ2

γ + 0.912)/(1 − BRBSM).
Figure 15 (left) shows the likelihood scan versus BRBSM,

withκg andκγ constrained to be positive and profiled together
with all other nuisance parameters. While under the SM
hypothesis the expected 95 % CL confidence interval for
BRBSM is [0.00, 0.42], the data are such that the 95 % CL
confidence interval for BRBSM is [0.00, 0.32], narrower than
the expectation. The best fit in data also takes into account
variations in κg and κγ , particularly the preference for κg
smaller than unity in data, which influences the observed
limit on BRBSM.
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Introduction
• Everything is perfect with theoretical and experimental errors!

There is nothing new to be discovered in physics now. All that 
remains is more and more precise measurement.

In the next ten years, the most important discovery in high 
energy physics is that ‘the party’s over’.



Introduction
• As a renormalizable theory, there is not any explicit cutoff scale 

in the SM. But  

- Intrinsic scales: Landau pole (very high), vacuum stability. 

- Scale from Gravity: MPl. 

• The SM must be a low energy effective theory!
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tree level λ(µ) > 0 ∀ µ ≤ Λ ∃ µ ≤ Λ : λ(µ) < 0

Figure 1: Classical and effective Higgs potential as a function of |Φcl| :=
√
Φ†Φ.

(see also [5]). If the second minimum at large scales is deeper than the first at the
electroweak scale the latter is not stable against tunneling to this global minimum1.

For large field strengths Φcl ∼ Λ ≫ v we can use the approximation [7]

Veff(Φcl) ≈ λ(Φcl) Φ
4
cl

(

e
− 1

2

t∫

0

dt′γΦ(t′)
)4

(8)

with t := ln
(

Φ2
cl

v2

)

and the running coupling λ(µ) evolved to the scale µ = Φcl. From this

it has been demonstrated that the stability of the SM vacuum is in good approximation
equivalent to the question whether the running coupling λ(µ) stays positive up to the
scale Λ [7, 8, 9]. It is this requirement which will be investigated at high precision in
this talk.

The vacuum stability problem has been subject to a lot of investigation over the last
years [10, 11, 12, 13, 14, 15, 5, 16, 17, 18]. For a recent discussion of the vacuum
stability problem in the MSSM see [19].

2 Calculations: β-functions and matching relations

The evolution of the Higgs self-coupling λ with the energy scale µ is given by the
β-function

βλ(λ, yt, gs, g2, g1, . . .) = µ2 d

dµ2
λ(µ). (9)

This power series in the couplings of the SM is computed in perturbation theory and is
available up to three-loop order [13, 20, 21, 22] as well as the β-functions for the gauge
[23, 24, 25] and Yukawa [13, 26] couplings, which are also needed in order to solve

1Note that the effective potential is a gauge dependent quantity (as are the renormalized field Φ

and its anomalous dimension γΦ) and hence the exact location of the second minimum is also gauge
dependent. The existence of a second minimum and the fact whether it is lower or higher then the
first, however, does not depent on the gauge parameters. For a recent discussion of this topic see [6].

3
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Introduction

MNP scale input of mH2 ~ MNP2

Quantum corrections from 
the degree of the freedoms 
between MNP and EW scale

H H

𝞭mH2 ~ MNP2/16𝞹2

• If MNP ~ MPl (or MGUT) ≫ mZ ~ mH 

- How to stabilize the scalar mass parameter?  

- How to generate such a small mass scale in the UV theory?
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Introduction
• Theoretical problems 

- Physical cutoff scale MNP ➠ Hierarchy problems

๏ Hierarchy problem I: Higgs mass

๏ Hierarchy problem II: Cosmological constant! Landscape?

10500  VACUA?!  

ANTHROPIC?
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Introduction
• SM can not be the whole story. 

- Neutrino masses, mixing 

- Dark matter, dark energy, matter-antimatter asymmetry 

• Theoretical problems 

- Hierarchy problem 

- Fermion mass hierarchy 

- Vacuum stability 

- Strong CP problem, … 

- Quantum Gravity



Introduction
• New physics must be there! 

• But where is it? 

- Hierarchy problem ➠ ~ 1 TeV 

- FCNC ➠ ≳ 100~1000 TeV (?) 

- Vacuum stability ➠ ≲ 106 TeV 

- Neutrino mass and mixing, dark matter, inflation… Highly model 
dependent ! 

- GUT ➠ ~ 1016 GeV 

- Quantum gravity  ➠ MPl 

- …



• Exotic scalar fields exist in a lot of new physics models. 

2HDM, Z’, W’, MSSM, NMSSM, Little Higgs model, LR model, Flavor 
symmetry model … 

• Are they necessary? What are the advantages?

Higgs Physics after Higgs



• Exotic scalar fields exist in a lot of new physics models. 

2HDM, Z’, W’, MSSM, NMSSM, Little Higgs model, LR model, Flavor 
symmetry model … 

• Are they necessary? What are the advantages? 

• Example: MSSM

Single Higgs doublet  
⇒ Weyl fermion with gauge quantum number  
⇒ anomaly 

Holomorphic principle  
⇒ H* is forbidden in the superportential  
⇒ up-type fermion can not get mass 

Higgs Physics after Higgs



• Exotic scalar fields exist in a lot of new physics models. 

2HDM, Z’, W’, MSSM, NMSSM, Little Higgs model, LR model, Flavor 
symmetry model … 

• Are they necessary? What are the advantages? 

- Breaking new symmetries, Required by holomorphic principle in 
SUSY model, New source for CP violation, Electroweak 
baryogenesis, Neutrino masses and mixing, … 

• Additional scalars ⇒ much more fine-tuning  

- Need to be explained. Strong hint for additional new physics!

Higgs Physics after Higgs



• The exotic scalars will contribute to the scalar potential and 
modify the behavior of the SM-like Higgs boson. 

• If the exotic scalars carry non-trivial quantum numbers of the 
SM electroweak gauge group, they will interact with the SM 
gauge bosons and may contribute to the EWSB.

Higgs, or Higgses, that is the 
question.

Higgs Physics after Higgs
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Higgs Physics after Higgs

Modification of the Higgs physics  
in special new physics models

Alignment limit of the  
Extended Higgs sector

Rare Higgs processes  
at Colliders



Modification of the Higgs physics  
in special new physics models 

based on Phys.Rev. D90 (2014) 7, 076004 in collaboration with  
Edmond L. Berger, Steven B. Giddings and Haichen Wang



Flavor symmetry model
• SM FCNC processes are highly suppressed! 

• No signal of exotic FCNC is observed in experiments. 

• If there is not special flavor structure in the new physics, 

• NP appears above 100 TeV …. 

• Or special flavor structure in NP sector to suppress its 
contribution to FCNC —— MFV

CSM ⇠ g42 |VCKM|2

16⇡2m2
W

, CNP ⇠ g2NP

⇤2
, ) ⇤ ⇠ 4⇡v

|VCKM| ⇠ 100TeV

Gf ⌘SU(3)QL ⌦ SU(3)UR ⌦ SU(3)DR ⌦ SU(3)LL ⌦ SU(3)ER

⌦ U(1)B ⌦ U(1)L ⌦ U(1)Y ⌦ U(1)PQ ⌦ U(1)ER

G. D’Ambrosio et al. Nucl Phys B 645 (2002) 155-187



Flavor symmetry model
• Yukawa matrices — spurion fields, dynamical degree of 

freedoms? 

• Goldstone modes —> FCNC

B. Grinstein, M. Rebi, and G. Villadoro, JHEP 1011 067 (2010)

70 precision observables and flavor physics are carefully
71 considered in [13,16].
72 The lightest new particles in such a flavor symmetry
73 model with inverted hierarchy are the exotic fermions,
74 the flavon which couples to the third generation of SM
75 fermions, and a massive top-philic gauge boson. Their
76 masses could be at the TeV scale, and it should be possible
77 to search for them at the LHC. The LHC phenomenology
78 of the flavon, the top-philic gauge boson, and the heavy
79 fermion partner of the top quark might be interestingly rich.
80 In this paper we do not focus on details of flavor physics
81 per se. Rather, we address the implications of flavons
82 and the heavy fermion partner of the top quark for Higgs
83 boson physics, and the LHC phenomenology of a sim-
84 plified flavor symmetry model with inverted hierarchy.
85 We begin in Sec. II with an explanation of the motivation
86 and origin for the inverted hierarchy in a flavor symmetry
87 model. The simplified Lagrangian and the mass eigenstates
88 are shown in this section also. In Sec. III we briefly review
89 the constraints from electroweak precision observables
90 (EWPO) and flavor violation experiments. We study the
91 effects of the flavor symmetry model on the production and
92 decay properties of the SM Higgs boson in Sec. IV. The
93 inclusive Higgs boson production cross section is sup-
94 pressed relative to the SM by a factor c2H ¼ cos2 θH, where
95 θH is the mixing angle of the scalar flavon and the Higgs
96 boson. This suppression is allowed by the LHC data at
97 7 and 8 TeV, within limits. We show that most of the Higgs
98 boson couplings to SM particles are just rescaled by a factor
99 cH, including the loop induced hgg and hγγ vertices in the

100 heavy fermion limit. The hZ0γ vertex deviates from the
101 simple cH rescaling, but the deviation is small. The Higgs
102 boson decay branching ratios are nearly unchanged relative
103 to the SM since every sizable partial width is changed by an
104 overall factor c2H. In Sec. V we investigate limits on the
105 flavon from LHC data at 7 and 8 TeV and possible signals
106 of the flavon at 14 TeV. Flavon searches at the LHC can
107 focus on the SM Higgs-like decay channels (Z0Z0,WþW−)
108 and on the Higgs boson pair decay channel φ → hh.
109 We compute and display the decay branching fractions
110 of the flavon as a function of the flavon mass and mixing
111 angle θH. Only the WþW−; Z0Z0; hh, and tt̄ channels are
112 significant in flavon decay. We examine bounds on the
113 parameter space of flavons from heavy Higgs boson
114 searches at 7 and 8 TeV. Because the flavon can be
115 produced singly, if it decays into the hh final state with
116 an appreciable decay branching ratio, the Higgs pair cross
117 section will be enhanced significantly by this resonance
118 effect. We perform a detailed simulation of the signal and
119 backgrounds for the φ → hh → bb̄γγ channel at 14 TeV for
120 an assumed integrated luminosity of 100 fb−1, deriving
121 both 2 standard deviation exclusion limits and 5 standard
122 deviation observation bounds as a function of flavon mass.
123 In some regions of parameter space the search for an hh
124 signal will give a stronger constraint on the NP model than

125the Z0Z0 channel. Our conclusions are summarized
126in Sec. VI.

127II. FROM GAUGED FLAVOR SYMMETRY
128TO A SIMPLIFIED MODEL OF BROKEN
129FLAVOR SYMMETRY

130The flavor symmetry of the quark kinetic terms and
131gauge couplings is

Gf ¼ Uð3ÞQL
⊗ Uð3ÞUR

⊗ Uð3ÞDR
: ð1Þ

132If this symmetry is gauged with only SM fermions present,
133the theory is anomalous. A “minimal” model of new
134fermions that cancel the anomalies was described in
135[13]. This model has exotic fermion partners of the SM
136quarks, flavor gauge bosons, and two scalar flavon fields
137Yu and Yd for the uplike and downlike quarks. Uð1ÞQL

138remains anomalous, but the rest of the flavor symmetry (1)
139is taken to be gauged. The most general renormalizable
140interaction Lagrangian between the flavon fields and the
141SM and exotic fermions takes the form

LUV ¼ Lkineticþgauge − ð−λuQ̄L ~HΨuR þ λ0uΨ̄uYuΨuR

þMuΨ̄uUR − λdQ̄LHΨdR þ λ0dΨ̄dYdΨdR

þMdΨ̄dDR þ H:c:Þ − VðYu; Yd;HÞ: ð2Þ

142Here QL, UR, DR are the SM quark fields, Ψu, ΨuR, Ψd,
143and ΨdR are the partner fermion fields, H is the SM Higgs
144doublet field, and ~Hi ≡ εijHj where εij is the antisym-
145metric tensor with ε12 ¼ 1. λ and λ0 are dimensionless
146parameters, M is a parameter with the dimensions of mass,
147and V is the scalar potential. The representations under the
148gauge groups to which these fields belong is shown in
149Table I. One can verify that both the SM gauge symmetry
150and the flavor gauge symmetry are anomaly free with the
151contributions from the exotic fermion fields. If flavor
152symmetry breaks via flavon vevs with hYi ≫ M, the
153masses of the SM fermions are inversely proportional to

TABLE I. The representation of the fields in Eq. (2) under the
SM gauge group and the flavor symmetry group.

SUð3ÞQL
SUð3ÞUR

SUð3ÞDR
SUð3Þc SUð2ÞL Uð1ÞY

QL 3 1 1 3 2 1=6
UR 1 3 1 3 1 2=3
DR 1 1 3 3 1 −1=3
Ψu 1 3 1 3 1 2=3
Ψd 1 1 3 3 1 −1=3
ΨuR 3 1 1 3 1 2=3
ΨdR 3 1 1 3 1 −1=3
Yu 3̄ 3 1 1 1 0
Yd 3̄ 1 3 1 1 0
H 1 1 1 1 2 1=2

BERGER et al. PHYSICAL REVIEW D 90, 000000 (XXXX)

2

LUV =Lkinetic + gauge � (��uQ̄LH̃ uR + �0
u ̄uYu uR +Mu ̄uUR

� �dQ̄LH dR + �0
d ̄dYd dR +Md ̄dDR + h.c.)� V (Yu, Yd, H).• Flavor 

symmetry 
model 
with 
inverted 
hierarchy 
structure. 



Flavor symmetry model
• Low energy effective Lagrangian

L
top-flavor

= �Q̄LH̃ tR � �0 ̄t� tR �M ̄ttR + h.c.,
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Flavon physics
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Flavon physics
• Strong constraint from precisely measurement of the SM 

Higgs boson!

µSM = cos

2 ✓H

6.3 Fermion- and boson-mediated production processes and their ratio 19
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Figure 4: Values of the best-fit s/sSM for the overall combined analysis (solid vertical line) and
separate combinations grouped by production mode tag, predominant decay mode, or both.
The s/sSM ratio denotes the production cross section times the relevant branching fractions,
relative to the SM expectation. The vertical band shows the overall s/sSM uncertainty. The
horizontal bars indicate the ±1 standard deviation uncertainties in the best-fit s/sSM values
for the individual combinations; these bars include both statistical and systematic uncertainties.
(Top left) Combinations grouped by analysis tags targeting individual production mechanisms;
the excess in the ttH-tagged combination is largely driven by the ttH-tagged H ! gg and
H ! WW channels as can be seen in the bottom panel. (Top right) Combinations grouped by
predominant decay mode. (Bottom) Combinations grouped by predominant decay mode and
additional tags targeting a particular production mechanism.
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Alignment limit of the  
Extended Higgs sector 

(also see Yun’s talk) 

based on JHEP 1506 (2015) 137 in collaboration with Nathaniel Craig, 
Francesco D’Eramo, Patrick Draper and Scott Thomas



Alignment Limit
• Taking NHDM as a simple exercise, it hints that the hWW, hZZ, 

htt vertices are SM-like.

β

𝟇1

𝟇2

v

β
-𝞪
H0

h0
• If the Higgs sector 

is N-HDM and one 
of the mass 
eigenstate is 
parallel to the vev, 
it will be the SM-
like Higgs boson 
and other HVV 
interaction will be 
suppressed.

N. Craig and S. Thomas, JHEP1211(2012)083; N. Craig, J. Galloway, and S. Thomas, arXiv:1305.2424[hep-hp]; M. Carena,  
I. Low, N. R. Shah, C. E. Wagner, JHEP1404(2014)015; H. E. Haber, arXiv:1401.0152[hep-hp]
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• This property is easy to understand:
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Alignment Limit
• This property is easy to understand:

β 𝟇1

𝟇2

v

β
-𝞪
H0

h0

𝜱2

𝜱1

• 𝜱1 does not get vev ⇒ 

HVV suppressed, Hhh 
suppressed, hAV 
suppressed. 

• In more general case 
(more than 2 scalars, 
other representations), 
hAZ and hH+W- are 
still suppressed since 
A and H+ are 
orthogonal to the 
Goldstone modes.



Direct and Indirect Limit
• No tree level FCNC ☛ Glashow-Weinberg theorem. 

• Type I and Type II 2HDM 

- Type I: only 𝟇2 couples to the SM fermions. 

- Type II: 𝟇1 only couples to the SM down-type fermions, 𝟇2 only 
couples to the SM up-type fermions.

S. L. Glashow and S. Weinberg, PRD15(1977)1958.



Direct and Indirect Limit

• Type I and Type II 
2HDM. 

• hVV is SM-like ⇔ 
HVV vanishes. 

• Searching 
additional Higgs 
bosons with their 
interactions with 
SM fermions!

y2HDM/ySM Type 1 Type 2
hV V s��↵ s��↵

hQu s��↵ + c��↵/t� s��↵ + c��↵/t�
hQd s��↵ + c��↵/t� s��↵ � t�c��↵

hLe s��↵ + c��↵/t� s��↵ � t�c��↵

HV V c��↵ c��↵

HQu c��↵ � s��↵/t� c��↵ � s��↵/t�
HQd c��↵ � s��↵/t� c��↵ + t�s��↵

HLe c��↵ � s��↵/t� c��↵ + t�s��↵

AV V 0 0
AQu 1/t� 1/t�
AQd �1/t� t�
ALe �1/t� t�

Table 1: The coupling of Higgs bosons h,H,A to SM bosons and fermions as a function
of the angles ↵ and �, expressed in terms of the alignment parameter c��↵ ⌘ cos(� � ↵),
and t� ⌘ tan�. The coupling dependence of the charged scalars H± is the same as the
pseudo-scalar A.

It is apparent from table 1 that couplings of the CP-even scalar h become exactly SM-like

in the limit cos(� � ↵) ! 0, which coincides with the alignment limit for 2HDM satisfying

the Glashow-Weinberg condition. In the alignment limit the heavy CP-even neutral Higgs H

decouples from SM vector bosons, and its couplings become akin to those of the pseudoscalar

Higgs A. Crucially, the Higgs bosons H,A, and H± retain couplings to SM fermions in

the alignment limit. These couplings ensure that the additional states have non-vanishing

production channels and visible decay signatures involving SM fermions even in the limit

where the 125 GeV Higgs is exactly SM-like.

At present, the SM-like nature of the 125 GeV Higgs boson implies proximity to the

alignment limit commensurate with the precision of Higgs coupling measurements. In order

to quantify the impact on the (↵,�) parameter space of 2HDM, we perform a global fit to

recent Higgs measurements reported by the ATLAS and CMS collaborations.2 We provide

details of our fit procedure in appendix A. In figures 1 we show the result of global fits for

Type 1 and Type 2 2HDM as a function of tan� and cos(� � ↵). We refer the reader to [14]

for discussion of the physics underlying the shape of these fits.

The proximity to the alignment limit implied by coupling measurements of the SM-like

2For this fit and for the interpretation of direct searches for heavy Higgs bosons, we use the programs
HIGLU/HDECAY [43] to determine the NLO dependence of the h/H/A gluon fusion production cross section
and partial widths h/H ! gg, tt̄, bb̄, ss̄, cc̄, µµ, ⌧⌧,WW,ZZ, and A ! gg on the parameters ↵ and �. We use
analytic NLO QCD expressions for the partial widths h/H/A ! �� [44] and A ! tt̄, bb̄, cc̄ [45, 46]. We use the
program SusHi [47] to determine the NLO bb̄h/H/A production cross section and validate the HIGLU result for
gluon fusion. We use MadGraph 5 [48] to determine the LO tt̄h/H/A production cross section with a k-factor
of 1.18 [49]. We use leading order results for the partial widths H ! hh and A ! Zh, ⌧⌧, µµ [50].

– 5 –

• No tree level FCNC ☛ Glashow-Weinberg theorem.

S. L. Glashow and S. Weinberg, PRD15(1977)1958.



Direct and Indirect Limit

• Type I and Type II 
2HDM. 

• hVV is SM-like ⇔ 
HVV vanishes. 

• Searching 
additional Higgs 
bosons with their 
interactions with 
SM fermions!

• No tree level FCNC ☛ Glashow-Weinberg theorem.

S. L. Glashow and S. Weinberg, PRD15(1977)1958. For anomalous couplings, see H.-Y. Ren, L.-H. Xia, Y.-P. Kuang,  
PRD90(2014)11, 115002

y2HDM/ySM Type 1 Type 2
hV V 1 1
hQu 1 + "/t� 1 + "/t�
hQd 1 + "/t� 1� "t�
hLe 1 + "/t� 1� "t�
HV V " "
HQu "� 1/t� "� 1/t�
HQd "� 1/t� "+ t�
HLe "� 1/t� "+ t�
AV V 0 0
AQu 1/t� 1/t�
AQd �1/t� t�
ALe �1/t� t�



Direct and Indirect Limit

The theory prediction for the signal strength modifier µ is constructed by summing over

the production and decay modes considered in the analysis (each of which is a function of

the coupling modifiers i), weighted by the relative contribution ✏ of each production mode

to the analysis. These relative contributions are extracted from experimental publications or

inferred from the literature where appropriate. We neglect uncertainties on the values of ✏.

We consider experimental analyses for which a single decay mode dominates the analysis, so

that the signal strength modifier for a single experimental channel is given by

µ =

 
X

a

✏a
�a

�a,SM

!
BR

BRSM
, (A.2)

where the index a runs over the gluon fusion, vector boson fusion & associated vector pro-

duction, and associated tt̄ production modes. The set of ATLAS and CMS Higgs analyses

used to construct our coupling fit (with corresponding best-fit signal strength modifiers, 1�

errors, and relative e�ciencies) are enumerated in tables 5 and 6.

Channel
p
s µ̂a ✏a(GGH,VBF/VH,TTH)

V h ! bb̄ (0`) [91] 7/8 TeV �0.35+0.55
�0.52 (0.0, 1.0, 0.0)

V h ! bb̄ (1`) [91] 7/8 TeV 1.17+0.66
�0.60 (0.0, 1.0, 0.0)

V h ! bb̄ (2`) [91] 7/8 TeV 0.94+0.88
�0.79 (0.0, 1.0, 0.0)

tth ! bb̄ [92] 7/8 TeV 1.7+1.4
�1.4 (0.0, 0.0, 1.0)

h ! ⌧⌧ (jj) [93] 7/8 TeV 3.6+2.0
�1.6 (0.60, 0.4, 0.0)

h ! ⌧⌧ (`j) [93] 7/8 TeV 0.9+1.0
�0.9 (0.65, 0.35, 0.0)

h ! ⌧⌧ (``) [93] 7/8 TeV 3.0+1.9
�1.7 (0.65, 0.35, 0.0)

hjj ! ⌧⌧ (jj) [93] 7/8 TeV 1.4+0.9
�0.7 (0.15, 0.85, 0.0)

hjj ! ⌧⌧ (`j) [93] 7/8 TeV 1.0+0.6
�0.5 (0.12, 0.88, 0.0)

hjj ! ⌧⌧ (``) [93] 7/8 TeV 1.8+1.1
�0.9 (0.10, 0.90, 0.0)

h ! WW (0j) [94] 7/8 TeV 1.14+0.34
�0.30 (0.98, 0.02, 0.0)

h ! WW (1j) [94] 7/8 TeV 0.96+0.45
�0.40 (0.87, 0.13, 0.0)

h ! WW (2j ggH) [94] 7/8 TeV 1.20+0.91
�0.84 (0.75, 0.25, 0.0)

h ! WW (2j VBF) [94] 7/8 TeV 1.20+0.45
�0.38 (0.13, 0.87, 0.0)

h ! ZZ (ggH) [95] 7/8 TeV 1.66+0.5
�0.4 (1.0, 0.0, 0.0)

h ! ZZ (VBF+VH)[95] 7/8 TeV 0.26+1.6
�0.9 (0.0, 1.0, 0.0)

h ! �� (ggH) [96] 7/8 TeV 1.32+0.38
�0.38 (1.0, 0.0, 0.0)

h ! �� (VBF) [96] 7/8 TeV 0.8+0.7
�0.7 (0.0, 1.0, 0.0)

h ! �� (WH) [96] 7/8 TeV 1.0+1.6
�1.6 (0.0, 1.0, 0.0)

h ! �� (ZH) [96] 7/8 TeV 0.1+3.7
�0.1 (0.0, 1.0, 0.0)

h ! �� (ttH) [96] 7/8 TeV 1.6+2.7
�1.8 (0.0, 0.0, 1.0)

Table 5: ATLAS Higgs analyses used in constructing coupling fits. The best-fit signal
strength modifier is denoted by µ̂ with corresponding ±1� errors. The relative contributions
✏ are reported for production initiated by gluons via gluon fusion (GGH), weak gauge bosons
via vector boson fusion or vector associated production (VBF/VH), and top quarks via tt̄
associated production (TTH).
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Direct and Indirect Limit
Channel

p
s µ̂a ✏a(GGH,VBF/VH,TTH)

h ! bb [97] 7/8 TeV 1.0+0.53
�0.50 (0.0, 1.0, 0.0)

tth ! bb [98] 7/8 TeV 0.67+1.35
�1.33 (0.0, 0.0, 1.0)

h ! ⌧⌧ (0,1j) [97] 7/8 TeV 0.84+0.42
�0.38 (0.87, 0.13, 0.0)

hjj ! ⌧⌧ (2j) [97] 7/8 TeV 0.95+0.43
�0.38 (.17, .83, 0.0)

V h ! ⌧⌧ [97] 7/8 TeV 0.87+1.00
�0.88 (0.0, 1.0, 0.0)

h ! WW (0,1j) [97] 7/8 TeV 0.77+0.23
�0.21 (0.83, 0.17, 0.0)

h ! WW (2j) [97] 7/8 TeV 0.62+0.59
�0.48 (0.17, 0.83, 0.0)

V h ! WW [97] 7/8 TeV 0.80+1.09
�0.93 (0.0, 1.00, 0.0)

h ! ZZ [97] 7/8 TeV 0.88+0.34
�0.27 (0.9, 0.1, 0.0)

h ! ZZ (2j) [97] 7/8 TeV 1.55+0.95
�0.66 (0.58, 0.42, 0.0)

h ! �� (ggH) [99] 7/8 TeV 1.12+0.37
�0.32 (1.0, 0.0, 0.0)

h ! �� (VBF) [99] 7/8 TeV 1.58+0.77
�0.68 (0.0, 1.0, 0.0)

h ! �� (VH) [99] 7/8 TeV �0.16+1.16
�0.79 (0.0, 1.0, 0.0)

h ! �� (ttH) [99] 7/8 TeV 2.69+2.51
�1.81 (0.0, 0.0, 1.0)

Table 6: CMS Higgs analyses used in constructing coupling fits. The best-fit signal strength
modifier is denoted by µ̂ with corresponding ±1� errors. The relative contributions ✏ are
reported for production initiated by gluons via gluon fusion (GGH), weak gauge bosons
via vector boson fusion or vector associated production (VBF/VH), and top quarks via tt̄
associated production (TTH).

We construct a combined likelihood from the product of all single-channel likelihoods,

L(µ) =
Y

i

Li(µ). (A.3)

This approach does not take into account correlations among systematic uncertainties in

di↵erent Higgs searches, as such information is not publicly available. However, this is a

reasonable approximation since uncertainties in Higgs measurements are not yet dominated

by systematics. We are often interested in treating some inputs as nuisance parameters ✓, in

which case the combined likelihood may be expressed as a function of both µ and ✓.

We construct coupling fits using the profile likelihood approach [67]. In this approach,

the best-fit signal strength modifier µ̂ and corresponding uncertainty �µ̂ of the combined

likelihood are calculated using the likelihood ratio �(µ) = L(µ, ˆ̂✓)/L(µ̂, ✓̂). This is the ratio of

a likelihood function with nuisance parameters ˆ̂✓ optimized for a given value of µ to a likelihood

function where µ̂ and ✓̂ are optimized simultaneously. Optimizing nuisance parameters ˆ̂
✓ for

a given value of µ amounts to profiling these nuisance parameters. Given this likelihood ratio,

the uncertainty �µ̂ is computed using the test statistic �2 ln�(µ), which converges to a �2

distribution in one degree of freedom as the data sample size is taken to be large.
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ATLAS Collaboration, JHEP1501(2015)069, PRD90(2014)012015, PRD91(2015)012006, ATLAS-
CONF-2014-011, ATLAS-CONF-2014-060, ATLAS-CONF-2014-061;  
CMS Collaboration, EPJC71(2014)103076, arXiv:1412.8662[hep-ex], CMS-PAS-HIG-14-010. 



Direct and Indirect Limit
• Constraint from the global-fit of the SM-like Higgs boson 

observables.

Figure 1: Coupling fits in the 2HDM parameter space of tan� and cos(� � ↵) in Type 1
(left) and Type 2 (right) 2HDM. Details of the fit procedure are discussed in appendix A.

Higgs provides a natural organizing principle for the signatures of additional Higgs bosons.

The implications for production modes are particularly transparent. In Type 1 2HDM, current

fits require cos(��↵) . 0.4, suggesting that vector associated production modes of H such as

ZH associated production or vector boson fusion (VBF) are suppressed by at least a factor

⇠ 0.2 relative to a SM Higgs of the same mass. In contrast, strong production modes may

remain appreciable. Gluon fusion production of H or A proceeds through fermion loops as

in the SM, uniformly proportional to cot2 � in the alignment limit. The same is true of

tt̄H/A and bb̄H/A associated production and tb̄H± associated production, indicating that

these channels remain promising in the alignment limit of Type 1 2HDM.

In Type 2 2HDM the suppression implied by Higgs coupling fits is even more extreme,

such that vector associated production modes of H are at most ⇠ 1% of a SM Higgs of the

same mass. As in the case of Type 1 2HDM, strong production modes are still appreciable.

Gluon fusion production of H and A again proceeds through fermion loops, with the top loop

contribution proportional to cot2 � and the bottom loop contribution proportional to tan2 �

at leading order in the alignment limit. The tt̄H/A associated production mode again scales

as cot2 �, while the bb̄H/A associated production mode scales as tan2 �. Production of the

charged Higgs is a function of both tan� and cot� in the alignment limit.

The impact on branching ratios of heavy Higgs bosons is somewhat more subtle. As

discussed in detail in [14], although proximity to the alignment limit implies suppression of

couplings to SM bosons, these longitudinally-enhanced partial widths are competing only

with relatively small fermionic partial widths. As such, decays into SM bosons may remain

appreciable close to the alignment limit. In the exact alignment limit, tree-level decays into

massive SM bosons (including the 125 GeV Higgs h) vanish in favor of decays into SM fermions

and the massless gauge bosons.3

3We do not consider loop-level decays into massive vector bosons, which are nonzero in the exact alignment
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Direct and Indirect Limit
• Constraint from the global-fit of the SM-like Higgs boson 

observables.

Figure 1: Coupling fits in the 2HDM parameter space of tan� and cos(� � ↵) in Type 1
(left) and Type 2 (right) 2HDM. Details of the fit procedure are discussed in appendix A.
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The implications for production modes are particularly transparent. In Type 1 2HDM, current

fits require cos(��↵) . 0.4, suggesting that vector associated production modes of H such as

ZH associated production or vector boson fusion (VBF) are suppressed by at least a factor

⇠ 0.2 relative to a SM Higgs of the same mass. In contrast, strong production modes may

remain appreciable. Gluon fusion production of H or A proceeds through fermion loops as

in the SM, uniformly proportional to cot2 � in the alignment limit. The same is true of

tt̄H/A and bb̄H/A associated production and tb̄H± associated production, indicating that

these channels remain promising in the alignment limit of Type 1 2HDM.

In Type 2 2HDM the suppression implied by Higgs coupling fits is even more extreme,

such that vector associated production modes of H are at most ⇠ 1% of a SM Higgs of the

same mass. As in the case of Type 1 2HDM, strong production modes are still appreciable.

Gluon fusion production of H and A again proceeds through fermion loops, with the top loop

contribution proportional to cot2 � and the bottom loop contribution proportional to tan2 �

at leading order in the alignment limit. The tt̄H/A associated production mode again scales

as cot2 �, while the bb̄H/A associated production mode scales as tan2 �. Production of the

charged Higgs is a function of both tan� and cot� in the alignment limit.

The impact on branching ratios of heavy Higgs bosons is somewhat more subtle. As

discussed in detail in [14], although proximity to the alignment limit implies suppression of

couplings to SM bosons, these longitudinally-enhanced partial widths are competing only

with relatively small fermionic partial widths. As such, decays into SM bosons may remain

appreciable close to the alignment limit. In the exact alignment limit, tree-level decays into

massive SM bosons (including the 125 GeV Higgs h) vanish in favor of decays into SM fermions

and the massless gauge bosons.3

3We do not consider loop-level decays into massive vector bosons, which are nonzero in the exact alignment
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tan𝞫cos(𝞫-𝞪)=2, hQd and hLe change sign.



Direct and Indirect Limit
• Direct search of the heavy scalars

Single Heavy Higgs O(g4s�
2
f ) gg ! H , A

Strong Production

Single Heavy Higgs O(g4s�
2
f ) gg ! bbH , bbA , tbH± , ttH , ttA

Associated Strong Production

Single Heavy Higgs O(g2sg
4
w�

2
f ) gq ! bq0 bH± , bq tH , bq tA

Associated Weak Production

Double Heavy Higgs O(g4w) qq̄ ! HA , HH± , AH± , H+H�

Weak Production

Light + Heavy Higgs O(g4s�
4
f ) gg ! hH , hA

Strong Production

Double Heavy Higgs O(g4s�
4
f ) gg ! HH , HA , AA , H+H�

Strong Production

Table 2: Hierarchy of heavy Higgs leading LHC production channels that do not vanish in
the 2HDM alignment limit.

In table 2 we summarize the the leading LHC production channels for heavy Higgs bosons

in 2HDM that are non-vanishing in the alignment limit, ordered by their relative size at LHC

energies. These include resonant production of heavy neutral Higgses by gluon fusion; single

production of heavy neutral or charged Higgses in association with top and bottom quarks;

heavy Higgs pair production via Drell-Yan processes; heavy-light Higgs boson production via

gluon fusion; and heavy Higgs pair production via gluon fusion. Other production modes that

vanish in the alignment limit are significantly suppressed near the alignment limit, rendering

them unpromising in the parameter space currently allowed by Higgs coupling fits. We

likewise summarize the Standard Model decay channels of heavy Higgs bosons in table 3. In

contrast with production modes, decay modes that vanish near the alignment limit may still

be appreciable near the alignment limit, given the relatively small partial widths of competing

decays.

Given proximity to the alignment limit, there is a natural ordering of searches for ad-

ditional Higgs bosons obtained by combining the dominant production and decay modes.

Many of the single heavy Higgs boson production channels are covered by existing searches,

including searches for gluon fusion production of H/A with decay to bb̄, ⌧⌧, ��, µµ as well

as WW,ZZ,Zh, hh; searches for bb̄H/A associated production with decay to bb̄, ⌧⌧, µµ; and

limit but su�ciently small to avoid influencing the tree-level result.
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Direct and Indirect Limit
• Direct search of the heavy scalars

Single Heavy Higgs O(g4s�
2
f ) gg ! H , A

Strong Production

Single Heavy Higgs O(g4s�
2
f ) gg ! bbH , bbA , tbH± , ttH , ttA

Associated Strong Production

Single Heavy Higgs O(g2sg
4
w�

2
f ) gq ! bq0 bH± , bq tH , bq tA

Associated Weak Production

Double Heavy Higgs O(g4w) qq̄ ! HA , HH± , AH± , H+H�

Weak Production

Light + Heavy Higgs O(g4s�
4
f ) gg ! hH , hA

Strong Production

Double Heavy Higgs O(g4s�
4
f ) gg ! HH , HA , AA , H+H�

Strong Production

Table 2: Hierarchy of heavy Higgs leading LHC production channels that do not vanish in
the 2HDM alignment limit.

In table 2 we summarize the the leading LHC production channels for heavy Higgs bosons

in 2HDM that are non-vanishing in the alignment limit, ordered by their relative size at LHC

energies. These include resonant production of heavy neutral Higgses by gluon fusion; single

production of heavy neutral or charged Higgses in association with top and bottom quarks;

heavy Higgs pair production via Drell-Yan processes; heavy-light Higgs boson production via

gluon fusion; and heavy Higgs pair production via gluon fusion. Other production modes that

vanish in the alignment limit are significantly suppressed near the alignment limit, rendering

them unpromising in the parameter space currently allowed by Higgs coupling fits. We

likewise summarize the Standard Model decay channels of heavy Higgs bosons in table 3. In

contrast with production modes, decay modes that vanish near the alignment limit may still

be appreciable near the alignment limit, given the relatively small partial widths of competing

decays.

Given proximity to the alignment limit, there is a natural ordering of searches for ad-

ditional Higgs bosons obtained by combining the dominant production and decay modes.

Many of the single heavy Higgs boson production channels are covered by existing searches,

including searches for gluon fusion production of H/A with decay to bb̄, ⌧⌧, ��, µµ as well

as WW,ZZ,Zh, hh; searches for bb̄H/A associated production with decay to bb̄, ⌧⌧, µµ; and

limit but su�ciently small to avoid influencing the tree-level result.
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Direct and Indirect Limit
• Direct search of the heavy scalars

H A H±

Standard Model WW,ZZ �
Decay Channels tt, bb, ⌧⌧, µµ X X

�� X X

Zh �
hh �
Wh �
tb, ⌧⌫ X

Table 3: Standard Model decay channels of 2HDM heavy Higgs bosons. A checkmark
indicates that the partial decay width approaches a constant in the alignment limit, while a
dash indicates that the decay width vanishes in the alignment limit.

tb̄H± associated production with decay to ⌧⌫ and t̄b. However, several key channels remain

uncovered, particularly gluon fusion with decay to tt̄; associated production of bb̄H/A fol-

lowed by decay to �� and WW,ZZ,Zh, hh as well as tt̄; and associated production of tt̄H/A

with decay to bb̄, ⌧⌧, ��, µµ as well as WW,ZZ,Zh, hh and tt̄. Once decay into tt̄ becomes

kinematically accessible, it becomes one of the primary decay modes of heavy neutral Higgs

bosons near the alignment limit, and this decay channel may entirely dominate the visible

signatures of additional Higgses. Similarly, tb̄H± associated production with decay to t̄b is

likely to be a dominant signature of charged Higgses at the LHC when this decay channel

is open. Although there is a search for this mode at
p
s = 8 TeV [41], there is room for

improvement in this channel.

In addition to decays into SM final states, it is possible for new Higgs bosons to decay

into non-SM final states. These processes include both invisible decays and potentially visible

decays that do not fall into the acceptance of existing searches. Given the suppression of vector

associated production modes in the alignment limit, the most promising potential channels

are tt̄H/A or bb̄H/A associated production with decay to invisible final states.

To fully characterize the state of coverage by direct searches, we interpret searches

by the ATLAS and CMS collaborations for heavy Higgs states in the parameter space of

Type 1 and Type 2 2HDM. The relevant search channels are summarized in table 4. These

searches present limits in terms of single-channel cross sections times branching ratios that are

amenable to reinterpretation. Powerful limits on gg ! H ! hh and gg ! A ! Zh for mod-

erately heavy H,A have also been obtained using multi-lepton and di-photon final states [7],

but these bounds combine many exclusive channels with non-uniform scaling and acceptance

across the 2HDM parameter space and cannot be easily reinterpreted in our framework.
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Direct and Indirect Limit
• Results from 7 and 8 TeV LHC

Channel Collaboration Reference

gg ! � ! �� ATLAS, 20.3 fb�1 [51]
gg ! � ! �� CMS, 19.7 fb�1 [52]
gg ! � ! ⌧⌧ ATLAS, 20.3 fb�1 [8]
bb̄ ! � ! ⌧⌧ ATLAS, 20.3 fb�1 [8]
gg ! � ! ⌧⌧ CMS, 19.7 fb�1 [9]
bb̄ ! � ! ⌧⌧ CMS, 19.7 fb�1 [9]
gg ! A ! Zh ! ``+ (bb̄, ⌧⌧) ATLAS, 20.3 fb�1 [1]
gg ! A ! Zh ! ``+ bb̄ CMS, 19.7 fb�1 [5]
gg ! H ! hh ! bb̄+ �� ATLAS, 20 fb�1 [53]
gg ! H ! hh ! bb̄+ bb̄ CMS, 17.9 fb�1 [54]
gg ! H ! hh ! bb̄+ �� CMS, 19.7 fb�1 [55]
gg ! H ! ZZ ! 4` ATLAS, 20.7 fb�1 [56]
gg ! H ! ZZ CMS, 19.7 fb�1 [6]
gg ! H ! WW CMS, 19.7 fb�1 [6]

Table 4: Relevant ATLAS and CMS searches for heavy Higgs bosons at the
p
s = 8 TeV

LHC. Here � = H,A.

For each search, we consider the contribution of H or A separately (in contrast to e.g. the

MSSM interpretation of searches in the ⌧⌧ final state, which includes the sum of contributions

from h,H, and A). To determine the theory prediction for relevant cross sections times

branching ratios across the 2HDM parameter space, we obtain the relevant cross sections and

partial widths as a function of ↵ and � as discussed above. Here we assume that the total

widths of H and A are determined purely by their decays into SM final states.

In figure 2 we present the state of current direct searches in the exact alignment limit

cos(� � ↵) = 0 for heavy CP-even neutral scalar H and CP-odd neutral pseudoscalar A as

a function of tan� and mH/A in Type 1 and Type 2 2HDM. In the exact alignment limit,

only production and decay modes involving Higgs couplings to fermions (including gluon

fusion production and decay into photons arising from top/bottom quark loops) contribute.

In Type 1 2HDM all production modes involving fermions are suppressed at large tan�,

so that existing searches are only e↵ective at low tan�. The most sensitive search channels

include inclusive production of H/A followed by decay to ��, ⌧⌧ . These channels are modestly

e↵ective near tan� = 1 for mH/A . 350 GeV, but lose sensitivity for mH/A & 2mt once

decays into tt̄ go on-shell. In Type 2 2HDM both the gluon fusion and bb̄H/A associated

production modes grow at large tan�, providing additional sensitivity relative to the Type 1

scenario. Note that the exclusion due to our interpretation of searches in the ⌧⌧ final state is

somewhat weaker than the comparable MSSM exclusion plot. This is due to the fact that the

MSSM interpretation combines contributions from h,H, and A, whereas we consider only the

contribution due to H or A individually. In both 2HDM types, the profound weakening of

limits at low tan� in the alignment limit when the H/A ! tt̄ channel becomes kinematically

accessible highlights the need for e↵ective searches in the tt̄ final state.
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ATLAS Collaboration, PLB744(2015)163, JHEP1411(2014)056, PRL113(2014)171801, PRL114(2015)081802, 
ATLAS-CONF-2013-012;  
CMS Collaboration, JHEP1410(2014)160, arXiv:1503.04114[hep-ex], arXiv:1504.00936[hep-ex], CMS-PAS-
HIG-13-032, CMS-PAS-HIG-14-006, CMS-PAS-HIG-14-011. 



Direct and Indirect Limit
• Results from 7 and 8 TeV LHC (Type I 2HDM)

Figure 2: Top: Direct search limits on a heavy CP even neutral scalar H (left) and CP odd
neutral pseudo-scalar A (right) as a function of mass in the alignment limit cos(� � ↵) = 0
in a Type 1 2HDM. Bottom: Same as above for a Type 2 2HDM.

As we move away from the exact alignment limit, vector boson associated production

modes remain unimportant, but decays into vectors can become appreciable. Given the

sensitivity of searches for heavy scalars decaying into SM bosons, searches in these final

states become significant relatively close to the alignment limit. In figure 3 we present the

state of direct searches for H/A with mH/A = 300 GeV as a function of tan� and cos(� �↵)

in Type 1 and Type 2 2HDM. As in the case of the exact alignment limit, for Type 1 2HDM

sensitivity falls o↵ with increasing tan� due to the falling production cross section. The

strongest limits on H are provided by searches for gluon fusion production of H followed

by decays into ZZ ! 4`, although these limits fall o↵ near the alignment limit, where they
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Direct and Indirect Limit
• Results from 7 and 8 TeV LHC (Type II 2HDM)

Figure 2: Top: Direct search limits on a heavy CP even neutral scalar H (left) and CP odd
neutral pseudo-scalar A (right) as a function of mass in the alignment limit cos(� � ↵) = 0
in a Type 1 2HDM. Bottom: Same as above for a Type 2 2HDM.

As we move away from the exact alignment limit, vector boson associated production

modes remain unimportant, but decays into vectors can become appreciable. Given the

sensitivity of searches for heavy scalars decaying into SM bosons, searches in these final

states become significant relatively close to the alignment limit. In figure 3 we present the

state of direct searches for H/A with mH/A = 300 GeV as a function of tan� and cos(� �↵)

in Type 1 and Type 2 2HDM. As in the case of the exact alignment limit, for Type 1 2HDM

sensitivity falls o↵ with increasing tan� due to the falling production cross section. The

strongest limits on H are provided by searches for gluon fusion production of H followed

by decays into ZZ ! 4`, although these limits fall o↵ near the alignment limit, where they
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14 TeV LHC
• Direct searching of the heavy scalars 

- pp→H/A→tt 

- pp→bbH/bbA→ttbb 

- pp→ttH/ttA→tttt 

- pp→bbH/bbA→bb+missing ET 

- pp→ttH/ttA→tt+missing ET 

- pp→tbH±→tbtb



pp→H/A→tt

• Huge SM background and significant interference effect!

Figure 5: Cross sections vs tt̄ invariant mass for pp ! � ! tt̄, where � = H (A) in the left
(right) panel. The dashed black line shows the QCD background, and the di↵erent solid lines
are associated to di↵erent values of the � mass.

3.1 pp ! H/A ! tt̄

We begin by considering the leading-order interference e↵ects between the pp ! H/A ! tt̄

signal and the SM continuum tt̄ background. In figure 5 we reproduce the di↵erential rates

for pp ! H/A ! tt̄, combining the parton-level cross sections computed in [42] with the

parton distribution functions (PDFs) evaluated in [59]. The coupling strengths are set by

the SM top Yukawa and mt = 173 GeV (the full gg ! tt̄ di↵erential cross section including

all interference e↵ects for general 2HDM couplings is given in appendix B). The characteris-

tic peak-dip interference structure is apparent, particularly for heavier (pseudo)scalars; the

signal-background interference term dominates the pure signal term for all heavy Higgs boson

masses. This highlights the challenge facing searches for H/A ! tt̄ at hadron colliders even

before finite detector resolution is taken into account.

Given the size of the SM tt̄ background and delicacy of the signal-background interference,

it is crucial to incorporate detector e↵ects with adequate Monte Carlo statistics. To e�ciently

simulate detector e↵ects, we derive composite smearing functions for tt̄ events as follows: We

consider seven di↵erent reference values for the top quark pair invariant mass m0
tt̄, and for

each we generate 106 QCD tt̄ events in Madgraph [48], requiring |mtt̄ �m0
tt̄| < 0.5 GeV. We

then shower with PYTHIA6.4 [60] and process the events through Delphes3 [61, 62]. We then

reconstruct the semi-leptonic tt̄ system using mass-shell constraints as detailed in appendix C,

thereby obtaining a response function mapping m0
tt̄ to an mtt̄ distribution. In figure 6 we plot

histograms of these mtt̄ distributions. Interpolating numerically in m0
tt̄ and mtt̄, we obtain a

kernel P (m0
tt̄,mtt̄) against which we can convolve the PDF-smeared parton-level di↵erential

cross section. This allows us to model the e↵ects of detector resolution and tt̄ reconstruction

on the peak-dip structure without being limited by Monte Carlo statistics. We plot the results
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pp→H/A→tt
• Detector smearing effect from final state top quark 

reconstruction
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Figure 6: Distribution of mtt̄ after detector e↵ects and tt̄ reconstruction for di↵erent values
of the produced top quark pair mass m0

tt̄.

Figure 7: Cross sections vs tt̄ invariant mass for pp ! � ! tt̄, where � = H (A) in the
left (right) panel. Relative to figure 6, we now include detector and reconstruction e↵ects. In
figure 8 we plot the di↵erence between the background and signal+background curves.

in the two panels of figure 7 for the scalar and the pseudoscalar.

Detector resolution and tt̄ reconstruction completely erode the peak-dip structure in the

presence of a heavy Higgs, leaving behind only modest shifts in the tt̄ invariant mass dis-

tribution relative to the QCD prediction. In figure 8 we plot the di↵erence between the

smeared invariant mass spectra predicted by QCD with a heavy Higgs boson and pure QCD.

The best-mtt̄-bin statistical significances
p
��2 at 3000 fb�1 and the corresponding S/B are
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pp→H/A→tt
• Detector smearing effect from final state top quark 

reconstruction
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Figure 6: Distribution of mtt̄ after detector e↵ects and tt̄ reconstruction for di↵erent values
of the produced top quark pair mass m0

tt̄.

Figure 7: Cross sections vs tt̄ invariant mass for pp ! � ! tt̄, where � = H (A) in the
left (right) panel. Relative to figure 6, we now include detector and reconstruction e↵ects. In
figure 8 we plot the di↵erence between the background and signal+background curves.

in the two panels of figure 7 for the scalar and the pseudoscalar.

Detector resolution and tt̄ reconstruction completely erode the peak-dip structure in the

presence of a heavy Higgs, leaving behind only modest shifts in the tt̄ invariant mass dis-

tribution relative to the QCD prediction. In figure 8 we plot the di↵erence between the

smeared invariant mass spectra predicted by QCD with a heavy Higgs boson and pure QCD.

The best-mtt̄-bin statistical significances
p
��2 at 3000 fb�1 and the corresponding S/B are
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pp→H/A→tt
• Detector smearing effect from final state top quark 

reconstruction

Figure 8: Di↵erence between the background-only and signal+background cross section
curves shown in figure 7 for pp ! � ! tt̄, where � = H (A) in the left (right) panel.

Figure 9: Left: Best-mtt̄-bin statistical significance expected at 3000 fb�1 for the scalar case
as a function of bin width �. Right: the corresponding S/B. Qualitatively similar results
hold for the pseudoscalar resonance.

shown for the scalar resonance in figure 9 as a function of bin size; qualitatively similar results

hold for the pseudoscalar. From these figures, we conclude that although the high-luminosity

LHC will have su�cient statistical power to observe H/A ! tt̄ in principle, systematic un-

certainties (even at the percent level) will almost certainly prevent any significant detection.

Although we have only considered signal and background and leading order (as full next-to-

leading-order (NLO) expressions for signal+background do not yet exist), it is unlikely that

the inclusion of NLO e↵ects will significantly alter these conclusions.

Of course, there is more information in the tt̄ final state than just the invariant mass;

angular distributions and spin correlations may provide additional handles. In appendix B we

present a parametrization of the tt̄ di↵erential cross section in terms of a well behaved scat-
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pp→H/A→tt
• Difficult at 14 TeV LHC! 

• bbH and ttH channels are needed!
Figure 8: Di↵erence between the background-only and signal+background cross section
curves shown in figure 7 for pp ! � ! tt̄, where � = H (A) in the left (right) panel.

Figure 9: Left: Best-mtt̄-bin statistical significance expected at 3000 fb�1 for the scalar case
as a function of bin width �. Right: the corresponding S/B. Qualitatively similar results
hold for the pseudoscalar resonance.

shown for the scalar resonance in figure 9 as a function of bin size; qualitatively similar results

hold for the pseudoscalar. From these figures, we conclude that although the high-luminosity

LHC will have su�cient statistical power to observe H/A ! tt̄ in principle, systematic un-

certainties (even at the percent level) will almost certainly prevent any significant detection.

Although we have only considered signal and background and leading order (as full next-to-

leading-order (NLO) expressions for signal+background do not yet exist), it is unlikely that

the inclusion of NLO e↵ects will significantly alter these conclusions.

Of course, there is more information in the tt̄ final state than just the invariant mass;

angular distributions and spin correlations may provide additional handles. In appendix B we

present a parametrization of the tt̄ di↵erential cross section in terms of a well behaved scat-
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pp→tbH±→tbtb
• Charge Higgs boson  

• In our simulation, the decay branching ratio to tb final state is 
assumed to be 100% 

• The dominant SM backgrounds are  

- pp→ttbb 

- pp→ttbj 

- pp→ttjj

Le↵ = ytbH
+
¯t(PL sin ✓ + PR cos ✓)b+ h.c.

Also see K. A. Assamagan and N. Gollub, EPJC39S2(2005)25; E. L. Berger, T. Han, J. Jiang and T. Plehn, 
PRD71(2005)115012; J. Hajer, Y.-Y Li, T. Liu, and J. F. H. Shiu, arXiv:1504.07617[hep-ph]



pp→tbH±→tbtb
• Both signal and bkgds are generated at parton level using 

MadGraph5 with CTEQ6L1 p.d.f and 5-flavor scheme. The 
parton showering and hadronization of the parton level events 
are done using PYTHIA6.4. 

• Detector simulation is done with Delphes 3. 

• Jets are reconstructed using anti-kT algorithm with R=0.5. 

• Basic BTagging algorithm in Delphes is used. The b-tagging 
efficiency is tuned with Drell-Yan process to be

✏b = 70%, ✏(c ! b) = 25%, ✏(udsg ! b) = 2%

CMS Collaboration, arXiv:1307.7135[hep-ex]



pp→tbH±→tbtb
• Basic cuts: 

- one and only one charged lepton with 

- missing transverse energy 

- at least 6 jets with  

- at least 4 of the 6 jets are tagged as b-jets with 

                                                    and

pjT > 20GeV, |⌘j | < 4.5

p`
T

> 15GeV, |⌘`| < 2.5, I
iso,µ(�R = 0.3) < 0.1

pbT > 40GeV, |⌘b| < 2.5

E/T > 30GeV

pb1T > 150GeV



pp→tbH±→tbtb
• Top quark reconstruction (semi-leptonic): 

- reconstructing hadronic decaying W with non-b jets 

- solving neutrino 4-momentum using mass-shell equation of 
the leptonic decaying W (If there are two solutions, keep 
both. If there is no real solution, we make a minimal 
modification of the missing transverse energy to get one. ) 

- 𝝈h=50GeV, 𝝈l=25GeV, requiring 𝝌<5

�2 =
(mWhbh �mt)2

�2
h

+
(mW`b` �mt)2

�2
`

V. Barger, T. Han, D. G. E. Walker, PRL100(2008)031801



pp→tbH±→tbtb
• Top quark reconstruction (semi-leptonic)

the modulus of the reconstructed top quark 3-momentum in the corresponding parton-level

top quark rest frame to the energy of the parton-level top quark in the laboratory frame,

�pt
h(l)

/Et
h(l)

. The result is shown in figure 23 (note the logarithmic z-axis). It is clear that

most of the reconstructed top quarks fall in the �p/E < 0.15 region, meaning the top quarks

in the events are well-reconstructed.
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Figure 23: The 2-dimensional distribution of the reconstruction e�ciency of the hadronic
and leptonic decaying top quarks in the events.
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• Additional cuts: �Rb1b2 > 0.9



pp→tbH±→tbtb
• Invariant mass distribution of the leading top and the leading 

b-jet
8

where mt = 173.2 GeV is the pole mass of the top quark,
σh = 50 GeV and σℓ = 25 GeV. To check the reconstruc-
tion efficiency, we compare the reconstructed (hadronic
and leptonic) decaying top quarks 4-momentum with the
real parton-level top quark 4-momentum in the corre-
sponding event. We calculate the ratio between the mod-
ule of the reconstructed top quark 3-momentum in the
corresponding parton-level top quark rest frame and the
energy of the parton-level top quark in the laboratory
frame δpth(l)

/Eth(l)
. The result is shown in Fig. 2. We

would like to emphasize that the z-axis is logarithmic
scale. So it is clear that most of the reconstructed top
quarks fall in the δp/E < 0.15 region which means the
top quarks in events are well reconstructed. After top
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FIG. 2. The 2-dimensional distribution of the reconstruction
efficiency of the hadronic and leptonic decaying top quarks in
the events.

quark reconstruction, we require the signal events have
χ2 < 5.0 and

∆Rb1b2 > 0.9, (96)

where b1 (b2) is the leading (sub-leading) b-jets which is
not recognized as decaying from the top quarks.
The charged Higgs boson invariant mass is recon-

structed by the leading b-jet and the leading recon-
structed top quark. In Fig. 3, we show the tb invariant
mass distribution of the backgrounds and the signal from
a 700 GeV H± with ytb = 1 at 14 TeV LHC with 3000
fb−1 integrated luminosity. To get the exclusion and
discovery bound, we use the likelihood function

L (x|n) =
N∏

j=1

x
nj

j

nj !
e−xj , (97)

where xj is the distribution predicted by the model (with
or without signal) and nj is the observed distribution.
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FIG. 3. The tb invariant mass distribution of the backgrounds
and the signal from a 700 GeV H± with ytb = 1 at 14 TeV
LHC with 3000 fb−1 integrated luminosity.
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FIG. 4. The 2σ exclusion and the 5σ discovery bound of
the charged Higgs via searching the tb resonance in the ttbb
channel at 14 TeV LHC with 300 fb−1 (upper panel) and 3000
fb−1 (lower panel) integrated luminosity.

The 2σ exclusion bound is got by solving

√

−2 ln

(
L (µs+ b|b)

L (b|b)

)
= 2, (98)



pp→tbH±→tbtb
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Figure 18: The tb invariant mass distribution of the backgrounds and the signal from a 700
GeV H± with ytb = 1 at 14 TeV LHC with 3000 fb�1 integrated luminosity.
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Figure 19: The 2� exclusion and the 5� discovery bound of the charged Higgs via searching
the tb resonance in the ttbb channel at 14 TeV LHC with 300 fb�1 (left panel) and 3000 fb�1

(right panel) integrated luminosity.

as in Eq. (3.2), while the 5� discovery reach is obtained from

s

�2 ln

✓
L (b|µs+ b)

L (µs+ b|µs+ b)

◆
= 5. (5.5)

In figure 19, we show discovery and exclusion curves for the coupling constant ytb as a function

of mH . We have checked that these results are insensitive to the ✓ angle in Eq. (5.1). In the

Type 2 2HDM, Eq. (5.1) can be written as

Le↵ =

p
2

v
H+t̄ (PLmt cot� + PRmb tan�) b+ h.c. (5.6)

As such, the constraint on ytb shown in figure 19 is translated into a constraint to tan� in
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figure 20.
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Figure 20: The 2� exclusion (left panel) and the 5� discovery (right panel) bound of the
charged Higgs via searching the tb resonance in the ttbb channel at 14 TeV LHC with 300
fb�1 and 3000 fb�1 integrated luminosity.

While there remains a hole in coverage at moderate values of tan�, there is nonetheless

considerable sensitivity for heavy charged Higgses in this channel at
p
s = 14 TeV. Note

also that the reach of the semi-leptonic search at
p
s = 14 TeV is comparable to the naive

extrapolation of the
p
s = 8 TeV CMS di-leptonic search, suggesting that an optimized search

for charged Higgses can e↵ectively employ both semi-leptonic and di-leptonic final states to

constrain pp ! H+t̄b(H�tb̄) +X with H+ ! tb̄(H� ! t̄b).

6 Conclusions

The hunt for the rest of the Higgs bosons is entering a new phase, as an ever-broadening

set of direct searches at the LHC begins to constrain the parameter space of extended Higgs

sectors. In this work we have attempted to identify and analyze some of the most promising

open channels in existing coverage of heavy Higgs bosons consistent with properties of the

observed SM-like Higgs. These channels are the production of a heavy scalar or pseudoscalar

with decay to tt̄; bb̄ and tt̄ and associated production of a heavy scalar or pseudoscalar with

decay to invisible final states; and tb̄ associated production of a charged Higgs with decay to

t̄b.

Heavy scalars or pseudoscalars decaying into tt̄ constitute a significant gap in existing

coverage of extended electroweak symmetry breaking scenarios. Taking into account the

e↵ects of detector resolution and tt̄ reconstruction, we have found that searches for resonant

production of heavy Higgses with decay into tt̄ are likely to be systematics-limited at the LHC.

We have correspondingly proposed several ancillary channels involving associated production
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LType II =

p
2

v
H+

¯t(PLmt cot� + PRmb tan�)b+ h.c.

With boosted-top tagging tech. and BDT method, see J. Hajer, Y.-Y Li, T. Liu, and J. F. H. Shiu, arXiv:
1504.07617[hep-ph]
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Figure 15 shows the results of the fits for this benchmark scenario. All measured coupling strengths
are found to be compatible with the SM expectation within 1�. As shown in Figs. 16a and 16b, the
negative solution of kt is strongly disfavoured at 3.1� (2.9� expected), while the negative minimum of
kb is slightly disfavoured at 0.5� (no sensitivity expected). The six-dimensional compatibility of the SM
hypothesis with the best-fit point is 57%. Figure 17 shows the results of the fit for generic model 1 as
reduced coupling strength scale factors

yV,i =

r
kV,i

gV,i

2v
=
p

kV,i
mV,i

v
(9)

for weak bosons with a mass mV , where gV,i is the absolute Higgs boson coupling strength, v is the
vacuum expectation value of the Higgs field and

yF,i = kF,i
gF,ip

2
= kF,i

mF,i

v
(10)

for fermions as a function of the particle mass mF , assuming a SM Higgs boson with a mass of 125.36
GeV. For the b quark mass in Fig. 17 the MS running mass evaluated at 125.36 GeV is assumed.

For the measurements this generic model, it should be noted that the low fitted value of kb causes a
reduction of the total width �H by about 30% compared to the SM expectation (see Table 6), which in
turn induces a reduction of all other k-values by about 20%.
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Figure 17: Fit results for the reduced coupling strength scale factors yV,i =
q

kV,i
gV,i

2v =
pkV,i

mV,i

v
for weak bosons

and yF,i = kF,i
gF,ip

2
= kF,i

mF,i

v
for fermions as a function of the particle mass, assuming a SM Higgs boson with a

mass of 125.36 GeV. The dashed line indicates the predicted mass dependence for the SM Higgs boson.
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Fig. 13 Graphical representation of the results obtained for the models
considered in Fig. 12. The dashed line corresponds to the SM expecta-
tion. The points from the fit in Fig. 12 (left) are placed at particle mass
values chosen as explained in the text. The ordinates are different for
fermions and massive vector bosons to take into account the expected
SM scaling of the coupling with mass, depending on the type of par-
ticle. The result of the (M, ϵ) fit from Fig. 12 (right) is shown as the
continuous line while the inner and outer bands represent the 68 % and
95 % CL confidence regions

if the couplings were independent of the masses of the par-
ticles, one would expect to find ϵ = −1. To perform a fit
to data, the particle mass values need to be specified. For
leptons and weak bosons we have taken the values from
Ref. [207]. For consistency with theoretical calculations used
in setting the SM expectations, the top quark mass is taken to
be 172.5 GeV. The bottom quark is evaluated at the scale of
the Higgs boson mass, mb(mH = 125.0 GeV) = 2.76 GeV.
In the fit, the mass parameters are treated as constants. The
likelihood scan for (M, ϵ) is shown in Fig. 12 (right). It can
be seen that the data do not significantly deviate from the
SM expectation. The 95 % CL confidence intervals for the M
and ϵ parameters are [217, 279] GeV and [−0.054, 0.100],
respectively.

The results of the two fits above are plotted versus the
particle masses in Fig. 13. While the choice of the mass val-
ues for the abscissas is discussed above, to be able to show
both Yukawa and weak boson couplings in the same plot
requires a transformation of the results of the κ fit. Since
gV ∼ κV2m2

V/v and λf ∼ κfmf/v, we have chosen to plot
a “reduced” weak boson coupling,

√
gV/(2v) = κ

1/2
V mV/v.

This choice allows fermion and weak boson results to be
plotted together, as shown in Fig. 13, but implies that the
uncertainties for κW and κZ will seem to be reduced. This
simply reflects the square root in the change of variables and

not any gain of information with respect to the κ fit shown
Fig. 12 (left). The result of the (M, ϵ) fit is shown in Fig. 13
as the band around the dashed line that represents the SM
expectation. While the existing measurement of the scaling
factor for the coupling of the boson with muons is clearly
imprecise, the picture that arises from covering more than
three orders of magnitude in particle mass is that the boson
couples differently to the different particles and that those
couplings are related to the mass of each particle. This is
further supported by upper limits set in searches for H → ee
decays: when assuming the production cross sections pre-
dicted in the SM, the branching fraction is limited to be
B(H → ee) < 1.9 × 10−3 at the 95 % CL [30].

7.5 Test for the presence of BSM particles in loops

The manifestation of BSM physics can considerably mod-
ify the Higgs boson phenomenology even if the underlying
Higgs boson sector in the model remains unaltered. Pro-
cesses that are loop-induced at leading order, such as the
H → γ γ decay and ggH production, can be particularly
sensitive to the presence of new particles. Therefore, we com-
bine and fit the data for the scale factors for these two pro-
cesses, κγ and κg. The partial widths associated with the tree-
level production processes and decay modes are assumed to
be those expected in the SM, and the total width scales as
κ2

H ∼ 0.0857 κ2
g + 0.0023 κ2

γ + 0.912.
Figure 14 shows the 2D likelihood scan for the κg and κγ

parameters, assuming that ΓBSM = 0. The results are com-
patible with the expectation for the SM Higgs boson, with
the point (κγ , κg) = (1, 1) within the 68 % CL confidence
region defined by the data. The best-fit point is (κγ , κg) =
(1.14, 0.89). The 95 % CL confidence interval for κγ , when
profiling κg and all nuisance parameters, is [0.89, 1.40]. For
κg, the 95 % CL confidence interval is [0.69, 1.11], when
profiling κγ and all other nuisance parameters.

Another way in which BSM physics may manifest itself
is through the decay of the boson into BSM particles. To
explore this possibility, we consider a further parameter
that allows for a partial decay width into BSM particles,
BRBSM = ΓBSM/Γtot. In this case, the total width scales
as κ2

H ∼ (0.0857 κ2
g + 0.0023 κ2

γ + 0.912)/(1 − BRBSM).
Figure 15 (left) shows the likelihood scan versus BRBSM,

withκg andκγ constrained to be positive and profiled together
with all other nuisance parameters. While under the SM
hypothesis the expected 95 % CL confidence interval for
BRBSM is [0.00, 0.42], the data are such that the 95 % CL
confidence interval for BRBSM is [0.00, 0.32], narrower than
the expectation. The best fit in data also takes into account
variations in κg and κγ , particularly the preference for κg
smaller than unity in data, which influences the observed
limit on BRBSM.
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Table 1
LO and NLO total cross sections (in fb) for the six largest production channels at the LHC, with

√
s = 8,13,14 TeV. The first uncertainty quoted refers to scale variations,

while the second (only at the NLO) to PDFs. Uncertainties are in percent. No cuts are applied to final state particles and no branching ratios are included.
√

s = 8 TeV
√

s = 13 TeV
√

s = 14 TeV

(LO) NLO (LO) NLO (LO) NLO

H H (EFT loop-improv.) (5.44+38%
−26%) 8.73+17+2.9%

−16−3.7% (19.1+33%
−23%) 29.3+15+2.1%

−14−2.5% (22.8+32%
−23%) 34.8+15+2.0%

−14−2.5%

H H jj (VBF) (0.436+12%
−10%) 0.479+1.8+2.8%

−1.8−2.0% (1.543+9.4%
−8.0%) 1.684+1.4+2.6%

−0.9−1.9% (1.839+8.9%
−7.7%) 2.017+1.3+2.5%

−1.0−1.9%

tt̄ H H (0.265+41%
−27%) 0.177+4.7+3.2%

−19−3.3% (1.027+37%
−25%) 0.792+2.8+2.4%

−10−2.9% (1.245+36%
−25%) 0.981+2.3+2.3%

−9.0−2.8%

W + H H (0.111+4.0%
−3.9%) 0.145+2.1+2.5%

−1.9−1.9% (0.252+1.4%
−1.7%) 0.326+1.7+2.1%

−1.2−1.6% (0.283+1.1%
−1.3%) 0.364+1.7+2.1%

−1.1−1.6%

W − H H (0.051+4.2%
−4.0%) 0.069+2.1+2.6%

−1.9−2.2% (0.133+1.5%
−1.7%) 0.176+1.6+2.2%

−1.2−2.0% (0.152+1.1%
−1.4%) 0.201+1.7+2.2%

−1.1−1.8%

Z H H (0.098+4.2%
−4.0%) 0.130+2.1+2.2%

−1.9−1.9% (0.240+1.4%
−1.7%) 0.315+1.7+2.0%

−1.1−1.6% (0.273+1.1%
−1.3%) 0.356+1.7+1.9%

−1.2−1.5%

t jH H(·10−3) (5.057+2.0%
−3.2%) 5.606+4.4+3.9%

−2.3−4.2% (23.20+0.0%
−0.8%) 29.77+4.8+2.8%

−2.8−3.2% (28.79+0.0%
−1.2%) 37.27+4.7+2.6%

−2.7−3.0%

Fig. 5. As in Fig. 4, for the softest Higgs boson. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this Letter.)

(gluon–gluon fusion, VBF, and tt̄ associated production) are siz-
ably reduced by the inclusion of the NLO corrections. Thirdly, the
K -factor is always slightly larger than one, except for gluon–gluon
fusion where it is of order two, and for the top-pair associated
channel where it is smaller than one. Finally, PDF uncertainties are
comparable to NLO scale uncertainties, except in the case of gluon–
gluon fusion, where the latter are dominant. In the case of V H H
and t jH H production it is manifest that the standard procedure of
determining uncertainties due to missing higher orders by vary-
ing the scales does not give a reliable estimate, as NLO corrections

for these processes are much larger than the LO scale dependence
band. This is due to two facts: these processes are purely electro-
weak processes at the LO, and therefore the scale uncertainties are
artificially small; furthermore in the kinematic region probed by
these processes, the quark–gluon initiated channel which opens up
at the NLO can be important.

In Fig. 3 we display total LO and NLO cross sections for the six
dominant H H production channels at the LHC with

√
s = 14 TeV,

as a function of the self-interaction coupling λ. The dashed (solid)
lines and light- (dark-)colour bands correspond to the LO (NLO)
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Figure 12. Invariant mass distributions and the associated K-factors for Higgs boson pair produc-
tion at the LHC with

p
S = 14 and 33 TeV. The bands indicate the scale uncertainties. The blue

and red bands are FO results at the LO and NLO, respectively, and the green band includes the
e↵ects of NNLL resummation matched to NLO results. The green solid and red dashed lines are
the K-factors defined as d�NNLL+NLO/d�LO and d�NLO/d�LO, respectively.

we employ the the full expressions of form factors in eq. (A.1) including exact top quark

mass e↵ects at the LO, while in the right plots the form factors in eq. (2.6) in the infinite

top quark mass limit are used. In order to compare the enhancement e↵ects of NLO and

NNLL+NLO predictions we also present the K-factors (ratios of NLO and NNLL+NLO to

LO, respectively) of the invariant mass distributions in figure 12. In the calculations we use
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Figure 13. RG-improved invariant mass distributions for Higgs boson pair production at the
LHC with

p
S = 14 and 33 TeV. The red bands are the di↵erential distributions in the infinite top

quark mass limit, and the green bands are di↵erential distributions including finite top quark mass
e↵ects in the form factors. The black bands are the LO distributions including finite top quark
mass by multiplied the K-factor obtained in the infinite top quark mass limits.

MSTW2008LO, MSTW2008NLO and MSTW2008NNLO PDF sets for the LO, NLO and

NNLL+NLO results, respectively. It is obvious that the resummation calculations increase

the NLO di↵erential cross section d�/dM2 by 30%. Moreover, the scale uncertainties are

reduced after performing resummation calculations. We also find that the shapes and the

heights of the peak for the the invariant mass distributions in the left and right plots

are obviously di↵erent. Therefore, the infinite top quark limit does not provide reliable

predictions for the invariant mass distribution, which have been discussed in ref. [10].

In figure 13 we compare the NNLL+NLO invariant mass distributions for Higgs boson

pair production in the above two di↵erent approximations. In the first approximation we

plot di↵erential distributions in the infinite top quark mass limit (red bands), and in the

second approximation we plot di↵erential distributions including exact top quark mass

e↵ects in the form factors (green bands). It is shown that the red bands are extremely

broad, while the green bands have peaks around about M = 400 GeV. As mentioned

before, in the first approximation we can not make correct predictions for the invariant

mass distribution.

In ref. [38] the total cross section of Higgs boson pair production as a function of the

upper cut on the partonic center-of-mass energy are studied. Based on these results we

can estimate that the top quark mass corrections may reach O(10%) for the invariant mass

distributions in the second approximation.

4.4 Total cross section

After performing integration over the Higgs boson pair invariant mass M , we can get the

total cross sections of the Higgs boson pair invariant mass at the LHC. In table 1 we

compare NLO singular cross section in the threshold region and the NNLL resummation
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Rare Higgs processes
• hh channel: the largest cross section.


• bb𝜸𝜸 final state (3000fb-1):

- cut based method ~ 2𝜎, MVA >> 5𝜎 (V. Barger, et al., PLB 728(2014)433)


- cut based method 1.3𝜎 (ATLAS Collaboration, ATL-PHYS-PUB-2014-019)


• bb𝝉𝝉 final state (3000fb-1): ~ 9𝜎 (J. Baglio, et al., JHEP 04(2013)151)


• bbWW final state (3000fb-1): cut based method ~ 6.7𝜎, BDT ~ 8𝜎 
(A. Papaefstathiou, et al., PRD 78, 011301(2013))


• hhjj channel: checking VVhh coupling constant. (bb𝝉𝝉jj mode 
(3000fb-1): ~2.3𝜎, M. J. Dolan, et al., PRL 112, 101802(2014))


• But the total cross sections of hh and hhjj channels are not 
monotonic functions of 𝝀!



Rare Higgs processes
• tthh channel cross section is monotonic functions of 𝝀 in a 

wide region.

R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, P. Torrielli, E. Vryonidou, M. Zaro, PLB 732 (2014) 142

R. Frederix et al. / Physics Letters B 732 (2014) 142–149 145

Fig. 3. Total cross sections at the LO and NLO in QCD for H H production channels, at the
√

s = 14 TeV LHC as a function of the self-interaction coupling λ. The dashed
(solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and PDF uncertainties added linearly. The SM values of the cross sections are
obtained at λ/λSM = 1.

Fig. 4. Transverse momentum distribution of the hardest Higgs boson in H H production in the gluon–gluon fusion, VBF, tt̄ H H , W H H and Z H H channels, at the 14 TeV
LHC. The main frame displays the NLO + PS results obtained after showering with Pythia8 (solid) and HERWIG6 (dashes). The insets show, channel by channel, the ratios of
the NLO + Pythia8 (solid), NLO + HERWIG6 (dashes), and LO + HERWIG6 (open boxes) results over the LO + Pythia8 results (crosses). The dark-colour (light-colour) bands
represent the scale (red) and PDF (blue) uncertainties added linearly for the NLO (LO) simulations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)



Rare Higgs processes
• Preliminary simulation at 14 TeV and 100 TeV pp collider.
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event. Generically there is a combinatorial problem, be-
cause top quarks mainly decay into a bottom quark and
a W boson. To reconstruct the two Higgs resonances, we
apply a combination ((b1, b2), (b3, b4)) from among the
tagged b-jets which yields the minimum of
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+
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Here, mh = 125.4 GeV and �h = 30 GeV are assumed.
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FIG. 1: The mbb reconstruction for the two bb̄ pairs which
minimize the �h in each event after the preselection cut in
the semileptonic top-pair case.

All events are required to pass the reconstruction cut
of the di-Higgs resonances:

�h < 1.8. (5)

In addition, one of the two selected b-jet pairs may have
an invariant mass close to mh incidentally. In such a
case, this cut may lose its e↵ect because the second b-jet
pair is allowed to have a relatively large deviation from
mh. To increase the cut e�ciency, we require both

✓
mb1b2 �mh

�h

◆2

and
✓

mb3b4 �mh

�h

◆2

(6)

be smaller than 1.9. Thus, all signal and background
events surviving this cut should have two b-jet pairs, with
their invariant masses deviating comparably from mh.

[Reconstruction of top quark resonance] To sup-
press the backgrounds with no top quarks, we may re-
construct one of the top quarks in the signal events. In
a semileptonic top-pair case, we reconstruct the leptonic
top quark by using the charged lepton (`), missing trans-
verse energy (⌫) and a reconstructed jet (j). Here, the

jet is not necessarily b-tagged, but it should not be any
from among b1, b2, b3 and b4. The neutrino momentum
along the beam-line direction is solved using the W -boson
mass-shell equation. In each event we require there ex-
ists at least one real solution which can passes a top-mass
cut:

min|mj`⌫ �mt| < 50GeV, (7)

with mt = 173.2 GeV. In spite of this, the cut for top-
quark reconstruction might be excessively aggressive, be-
cause the dominant non-top background W+jets is neg-
ligibly low due the requirement of at least seven jets with
at least five of them b-tagged in each event. In the next
section, we will present the analysis results, both with
and without top-quark reconstruction.

As for the leptonic top-pair case, the main non-top
backgrounds are Drell-Yan processes for the ee and µµ
channels, and di-boson+jets for the eµ channel, which
are also subdominant. Hence, no top reconstruction is
applied in the leptonic top-pair case.

SIMULATION RESULTS

The cut flows of the signal and background events in
the semileptonic top-pair and leptonic top-pair cases are
summarized in Tables II and III, respectively. We find
that the background attributed to c-jets is not negligi-
ble. The cut flows indicate that statistical significances
as high as S/

p
B = 2.0� (no top-quark reconstruction)

and S/
p

B = 1.5� (with top-quark reconstruction) can
be achieved in the semileptonic top-pair case. As for
the leptonic top-pair case, the statistical significance is
S/
p

B = 0.8� at the HL-LHC. The sensitivities in these
two analyses can be combined quadratically, which yields
a sensitivity of 2.2� (no top-quark reconstruction), com-
pared with a statistical significance of 2.3� expected to
be achieved at the HL-LHC via pp! hh! bb̄�� [16].

TABLE II: Cut flows of searching for tt̄hh! tt̄bb̄bb̄ at the HL-
LHC via the semileptonic top-pair channel. The unit used in
the table is attobarn.

p
s = 14 TeV tt̄hh tt̄bb̄bb̄ tt̄bb̄cc̄ tt̄hbb̄ tt̄Zbb̄ tt̄hcc̄

Preselection 39.0 390.6 353.1 222.7 126.8 98.2

Di-Higgs rec. 33.0 269.3 242.1 171.0 93.5 76.8

Top rec. 19.5 160.7 149.0 102.8 54.6 47.1

DISCUSSIONS

We have pursued leading-order discussions on the mea-
surement of di-Higgs physics via the tt̄hh channel. In
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be smaller than 1.9. Thus, all signal and background
events surviving this cut should have two b-jet pairs, with
their invariant masses deviating comparably from mh.

[Reconstruction of top quark resonance] To sup-
press the backgrounds with no top quarks, we may re-
construct one of the top quarks in the signal events. In
a semileptonic top-pair case, we reconstruct the leptonic
top quark by using the charged lepton (`), missing trans-
verse energy (⌫) and a reconstructed jet (j). Here, the

jet is not necessarily b-tagged, but it should not be any
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along the beam-line direction is solved using the W -boson
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See also C. Englert, F. Krauss, M. Spannowsky, J. Thompson, PLB 743 (2014) 93
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Fig. 2. Total cross sections at the NLO in QCD for the six largest H H production channels at pp colliders. The thickness of the lines corresponds to the scale and PDF
uncertainties added linearly.

3. Setup

As was mentioned above, apart from the gluon–gluon fusion
channel, all results presented in this work have been obtained in a
fully automatic way with MadGraph5_aMC@NLO [16,17]. This pro-
gram is designed to perform the computation of tree-level and
NLO cross sections, including their matching to parton showers
and the merging of samples with different parton multiplicities.
A user can generate a given process through a simple shell inter-
face (in a manner fully analogous to that of MadGraph5 [30]), with
the corresponding self-contained code being generated on the fly.
While it is possible to obtain predictions at the ME + PS level (i.e.,
with the MLM-kT tree-level merging technique of Refs. [31–33]
and its analogues) in this work we limit ourselves to NLO + PS
results. This is because the smallness of the Higgs-pair cross sec-
tions rather emphasises observables which are inclusive with re-
spect to extra radiation, and for which NLO-level results have to be
preferred to tree-level merged ones, since they provide one with
better predictions for absolute normalisations and for theoretical
uncertainties.

Within MadGraph5_aMC@NLO, any NLO computation is per-
formed by means of two independent modules: MadFKS [34]
takes care of the Born and of the real-emission amplitudes, and
it also carries out the subtraction of the infrared singularities ac-
cording to the FKS prescription [35,36] as well as the generation
of the Monte Carlo subtraction terms required by the MC@NLO
method [37]. MadLoop [19] computes one-loop amplitudes, using
the OPP integrand-reduction method [38] (as implemented in Cut-
Tools [39]) and the OpenLoops method [40]. In the case of VBF
and t jH H production, some minimal internal manipulations make
use of FJcore [41].

In our simulations we set the Higgs mass equal to mH =
125 GeV. Parton distributions functions (PDFs) are evaluated by us-
ing the MSTW2008 (LO and NLO) set in the five-flavour scheme
[42]. b-quark masses as well as their coupling to the Higgs are ne-
glected. For the sake of brevity, we only show observables related
to the Higgs bosons and therefore we have left the latter stable in
the simulations. We stress, however, that the top quarks and the
vector bosons that appear in the final states can be decayed with
the built-in MadSpin package [43], which allows one to include all
spin-correlation effects. On the other hand, Higgs decays can be

handled correctly also by the Monte Carlos, thanks to the Higgs
being a spin-0 particle.

The code allows full flexibility as far as the choice of the
renormalisation and factorisation scales µR,F is concerned. The
central values of these scales have been chosen as follows. For
gluon–gluon fusion, VBF, and V H H production we set µ0 =
mH H/2, mW and mV H H , respectively. For tt̄ H H we choose µ0 =
(mT (H1)mT (H2)mT (t)mT (t̄))1/4, mT being the transverse energy
of the corresponding particle, as we find that in this way the cross
section displays a rather stable behaviour. For single-top associ-
ated production t jH H we simply use the fixed value µ0 = mH +
mt/2.

Scale and PDF uncertainties can be evaluated at no extra com-
putational cost thanks to the reweighting technique introduced in
Ref. [44], the user deciding the range of variation. In addition, such
information is available on an event-by-event basis and therefore
uncertainty bands can be plotted for any differential observable
of interest. In our analysis we vary independently the scales in the
range 1/2µ0 < µR ,µF < 2µ0. PDF uncertainties at the 68% C.L. are
obtained by following the prescription given by the MSTW Collab-
oration [42].

For the studies shown in this paper we employ HERWIG6 [45]
and Pythia8 [46] for parton shower and hadronisation. The match-
ing to HERWIG++ [47] and Pythia6 [48] (virtuality ordered, plus pT
ordering for processes with no final-state radiation) is also avail-
able in MadGraph5_ aMC@NLO.

4. Results

We start by presenting in Fig. 2 the predictions for the total
rates at proton–proton colliders with up to 100 TeV c.m. energy.
The thickness of the curves corresponds to the scale and PDF un-
certainties added linearly. More details are available in Table 1 for
selected LHC energies, i.e., 8, 13 and 14 TeV. The first uncertainty
(in percent) corresponds to scale variation, while the second (only
shown at the NLO) to PDFs systematics. Several observations are
in order. Firstly, contrary to what happens in single-Higgs produc-
tion, the top-pair associated channel is the third-largest starting at
about

√
s = 10 TeV, and becomes the second-largest when c.m. en-

ergies approach
√

s = 100 TeV. Secondly, the theoretical uncertain-
ties due to scale variations in the three most important processes

R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, P. Torrielli, E. Vryonidou, M. Zaro, PLB 732 (2014) 142



Rare Higgs processes
• Preliminary simulation at 14 TeV and 100 TeV pp collider. 

• More investigations are needed to increase the significance of 
this channel. 

• Data driven bkgd, QCD uncertainty! 

• 𝝀 dependence?

4

TABLE III: Cut flows of searching for tt̄hh ! tt̄bb̄bb̄ at the
HL-LHC via the dileptonic top-pair channel. The unit used
in the table is attobarn.

p
s = 14 TeV tt̄hh tt̄bb̄bb̄ tt̄bb̄cc̄ tt̄hbb̄ tt̄Zbb̄ tt̄hcc̄

Preselection 4.8 41.6 30.6 22.6 9.7 8.1

Di-Higgs rec. 4.1 27.1 20.7 16.8 7.4 6.4

the illustrational case with pp ! tt̄hh ! tt̄bb̄bb̄, we
show that a sensitivity comparable with that of the
pp ! hh ! bb̄�� channel is achievable in searching
for the SM di-Higgs production at the HL-LHC, which
is highly encouraging. But, we would remind that the
dominant backgrounds in this case are tt̄bb̄bb̄ and tt̄bb̄jj,
both of which have a cross section of order ↵6

S at the tree
level. This may lead to a high theoretical uncertainty
in estimating the backgrounds. Calculating higher-order
corrections, therefore, is essential for suppressing this un-
certainty. Alternatively, a data-driven method may help.

Further improvements of the proposed analyses are cer-
tainly possible. For example, we may introduce color-
flow variables such as the “pull angle” of b-jet pairs [26]
to reconstruct the di-Higgs resonances, which has been
shown to be useful in suppressing combinatorial back-
grounds of multiple b-jets in both supersymmetric [27]
and non-supersymmetric [28] contexts. In addition, we
can apply advanced analysis strategies, such as the tool
of jet-substructure and the multivariate method of Boost
Decision Tree, which have been successfully applied for
measuring di-Higgs physics in the channels pp ! hh !
bb̄⌧⌧ [9] and bb̄WW [14], respectively.

More important, the pp ! tt̄hh provides a series of
new opportunities to study di-Higgs physics at a next-
generation pp-collider, with the decays hh ! bb̄bb̄, bb̄��,
bb̄⌧⌧ , bb̄WW ⇤, bb̄ZZ⇤, etc. Although its production cross
section is an order lpwer than that of pp! hh, the addi-
tional tt̄ in the tt̄hh events may suppress one or several or-
ders more backgrounds. For illustrating, we consider the
specific process pp ! tt̄hh ! tt̄bb̄bb̄ again at a 100 TeV
pp-collider, with tt̄ decaying semileptonically. However,
this does not mean that it has a hghier sensitivity com-
pared with the other hh decay modes in the pp ! tt̄hh
production. In this case, we modify the pT cuts for jets
to pj

T > 40 GeV and the /ET cut to /ET > 50 GeV, and
require at least one jet with its pT greater than 100 GeV
and at least one b-jet with its pT greater than 120 GeV.
To reconstruct the di-Higgs resonances, we redefine �h

to be

�h ⌘
✓

mb1b2 �mh

�h

◆p

+
✓

mb3b4 �mh

�h

◆p�1/p

. (8)

We require that the combination of b-jet pairs with the
minimal �h satisfy �h < 2.5 for p = 1.5 and �h > 1.5 for

p = 0.2. The latter is applied to suppress the background
events with faked di-Higgs resonances. In addition, we
require the di-Higgs invariant mass mhh < 750 GeV, and
(|�Rb1b2 |p � |�Rb3b4 |p)1/p < 0.1 for p = 0.3. The cut
flows of both the signal and background events are pre-
sented in Table IV, which indicate a statistical signifi-
cances S/

p
B = 4.9� (no top-quark reconstruction) and

3.3� (with top-quark reconstruction) for 3ab�1 of data.

TABLE IV: Cut flows of searching for pp! tt̄hh! tt̄bb̄bb̄ at
the 100 TeV pp -collider via the semileptonic top-pair channel.
The unit used in the table is attobarn.

p
s = 100 TeV tt̄hh tt̄bb̄bb̄ tt̄bb̄cc̄ tt̄hbb̄ tt̄Zbb̄ tt̄hcc̄

Preselection 830.5 72678.7 13322.6 10231.8 3252.0 1995.7

Di-Higgs rec. 608.4 31679.7 6285.2 5689.9 1504.0 1193.3

Top rec. 240.1 10384.4 2189.1 2208.6 428.0 384.9

One application of the di-Higgs measurement involves
probing the tri-Higgs coupling. A rough estimation based
on the calculation in [20] yields

d(�/�SM)
d(�/�SM)

���
�

�SM
=1
⇠ 0.3 (9)

for the pp ! tt̄hh production, compared with its value
⇠ �0.8 for the pp ! hh production [16], at a 14 TeV
pp-collider. According to the analyses above, the SM
tri-Higgs coupling can be measured with a statistical ac-
curacy of ⇠ 150% at the HL-LHC, and of ⇠ 70% at a 100
TeV pp-collider with 3ab�1 of data (assuming the relation
in Eq. (9)), via the channel pp ! tt̄hh ! tt̄bb̄bb̄. Here,
the former is based on a combination of the semileptonic
and leptonic tt̄ decay modes, and the latter is based on
the semileptonic one only. Though this measurement is
less accurate than what can be achieved at the HL-LHC
via the pp ! hh ! bb̄�� channel (⇠ 50% [16]), we can
use it to probe the �

�SM
shift required for generating an

adequately strong first-order EWPT in the early Uni-
verse [1].

The story could be subtler if �
�SM

> 1. Di↵erent
from the pp ! hh (or the pp ! jjhh) production
whose cross section negatively depends on �

�SM
in the

SM neighborhood, the pp! tt̄hh production has a cross
section monotonically increasing with respect to �

�SM
.

Any positive shift in �
�SM

caused by new physics, such

as the operator |H|6
⇤2 used for strengthening the EWPT

in the early Universe [1], will eventually suppresses the
pp ! hh production, and simultaneously enhances that
of the pp ! tt̄hh, in this neighborhood. Concurrently,
the

���d(�/�SM)
d(�/�SM)

��� becomes smaller for the pp ! hh produc-

tion and larger for the pp ! tt̄hh production as �
�SM



Conclusion and Outlook



Conclusion
• A lot of new physics models predict the extension of the SM 

Higgs sector. 

• The direct and indirect constraints from the LHC to the 
additional Higgs bosons are investigated in detail. 

• The Alignment limit is preferred by the precisely measurement of 
the SM-like Higgs boson. Additional Higgs bosons decouple 
from the SM gauge bosons. 

• Searching for the heavy additional Higgs bosons at the 14 TeV 
LHC via their interactions with the SM top quark and bottom 
quark are studied. 

• We are on the way of hunting for the rest of Higgs bosons. 



Outlook
• The SM, although is very successful, needs to be modified at 

some cutoff scale. Many new physics models have been 
proposed to explain the problems of the SM. 

• Our aim is discovering the new physics (the next generation 
SM). This is a very challenging mission. Maybe it will excess 
the limit of the ability of the LHC and next generation colliders 
(CEPC, SppC, …) are necessary. 

• SM is behind us after the discovery of the SM-like Higgs 
boson. We are just at the start point of the trip of exploring the 
new unknown world. Many challenges are waiting for us. We 
should work harder and harder, and never stop.



Thank you!



Backup

RðD"Þ excludes the type II 2HDM charged Higgs boson at
99.8% confidence level for any value of tan!=mH$ , as
illustrated in Fig. 21. This calculation is only valid for
values of mH$ greater than 15 GeV [5,8]. The region for
mH$ % 15 GeV has already been excluded by B ! Xs"
measurements [23], and therefore, the type II 2HDM is
excluded in the full tan!-mH$ parameter space.

As we detailed in Sec. II B, the type II 2HDM is a subset
of more general 2HDMs that corresponds to values of
(SR & SL, SR þ SL) that lie in the line joining (&1, &1)
and (0, 0) with slope 1. Since the dependence of the
measured RðD"Þ on tan!=mH$ , or, equivalently, on
ReðSR & SLÞ, is smaller than the total uncertainties con-
sidered, we can extend the measurement of RðDð"ÞÞ to the
bottom half of the real (SR & SL, SR þ SL) plane by using
the values of RðDð"ÞÞ obtained with HsðSR $ SLÞ for
Hsð&SR ( SLÞ.

We also employ this extrapolation in the top half of the
(SR & SL, SR þ SL) plane, that is, for SR þ SL > 0. In this

case, the extrapolation is only a good approximation
when the decay amplitude is dominated either by SM
or NP contributions, that is, for small or large values of
jSR þ SLj. In the intermediate region, the q2 spectra first
shifts slightly to lower average values, and then moves
sharply in the opposite direction. This is reflected in the
measured value of RðDÞ, and corresponds to the small
rise up to tan!=mH$ ) 0:36 GeV&1 (SR þ SL )&0:97)
in Fig. 20, and the sharp drop in the 0:36< tan!=mH$ <
0:46 GeV&1 region (&0:97> SR þ SL >&1:58).
For positive values of SR þ SL the interference

between SM and 2HDM contributions is constructive,
so the q2 spectrum never shifts to lower values. By
matching the q2 spectra for positive and negative values
of SR þ SL, we can estimate that the drop in the value of
RðDÞ becomes much more gradual and occurs in the
0:15< SR þ SL < 6:05 region. Based on the extrapola-
tion described above, the measured and expected
values of RðDÞ match for SR þ SL ) 0:3. In this region,
the NP contributions are small and the approximation is
accurate to )5%.
Figure 22 shows that for real values of SR and SL, there

are four regions in the type III parameter space that can
explain the excess in both RðDÞ and RðD"Þ. This figure
does not include uncertainties due to the extrapolation of
the type II 2HDM measurements, which could somewhat
affect the top two solutions. In addition, a range of complex
values of the parameters are also compatible with this
measurement [21,45–47].

C. Study of the q2 spectra

As shown in Sec. II B, the q2 spectrum of !B ! D#& !$#

decays could be significantly impacted by charged Higgs
contributions. Figure 23 compares the q2 distribution of
background subtracted data, corrected for detector effi-
ciency, with the expectations of three different scenarios.
Due to the subtraction of the large !B ! D"#& !$# feed-
down in the D‘ samples, the measured q2 spectrum of
!B ! D#& !$# decays depends on the signal hypothesis.
This dependence is very small, however, because the q2
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FIG. 20 (color online). Comparison of the results of this
analysis (light band, blue) with predictions that include a
charged Higgs boson of type II 2HDM (dark band, red). The
widths of the two bands represent the uncertainties. The SM
corresponds to tan!=mH$ ¼ 0.
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FIG. 21 (color online). Level of disagreement between this
measurement of RðDð"ÞÞ and the type II 2HDM predictions for
all values in the tan!-mH$ parameter space.
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FIG. 22 (color online). Favored regions for real values of the
type III 2HDM parameters SR and SL given by the measured
values ofRðDð"ÞÞ. The bottom two solutions are excluded by the
measured q2 spectra.
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Introduction
• Lots of TeV scale new physics models are proposed for solving 

the (Higgs mass) hierarchy problem and other motivations. 

MSSM, NMSSM, Little Higgs, Universal Extra Dimension, RS, LR-
symmetry, Flavor symmetry, 2HDM, Z’, W’,  … 

• How to discover them?  

• How to distinguish them?



Introduction
• Direct search:  

- Searching for the new particles predicted by the new physics model 
at high energy colliders. 

- Measuring their properties at high energy colliders. 

• Discoveries in direct search give definitive answers. 

• Indirect search:  

- Searching for the signal of the high dimensional effective operators 
induced by the new physics, at high energy colliders, from precisely 
observables, or astrophysical and cosmological observables. 

• Indirect search is an important guide for new physics search.



Direct and Indirect Limit
• Results from 7 and 8 TeV LHC (Type I 2HDM)

Figure 3: Top: Direct search limits on a 300 GeV CP even neutral scalar H (left) and CP
odd neutral pseudo-scalar A (right) as a function of cos(��↵) and tan� in a Type 1 2HDM.
Bottom: Same as above for a Type 2 2HDM. Here we have taken �5,6,7 = 0 in all plots. Note
the di↵erent range of cos(� � ↵) for Type 1 and Type 2 2HDM, motivated by the parameter
space allowed by Higgs coupling fits.

are supplanted by searches for H ! ��, ⌧⌧ . The strongest limits on A come from searches

for gluon fusion production of A followed by decay into Zh ! ``bb̄. These limits likewise

fall o↵ near the alignment limit, where A ! ��, ⌧⌧ provides complementary sensitivity. The

situation for Type 2 2HDM is comparable to the Type 1 2HDM, save that searches in the

– 11 –



Direct and Indirect Limit
• Results from 7 and 8 TeV LHC (Type I 2HDM)

Figure 4: Top: Direct search limits on a 500 GeV CP even neutral scalar H (left) and CP
odd neutral pseudo-scalar A (right) as a function of cos(��↵) and tan� in a Type 1 2HDM.
Bottom: Same as above for a Type 2 2HDM. Here we have taken �5,6,7 = 0 in all plots. Note
the di↵erent range of cos(� � ↵) for Type 1 and Type 2 2HDM, motivated by the parameter
space allowed by Higgs coupling fits.

⌧⌧ final state (either in gluon fusion or bb̄H/A associated production) become appreciable at

large tan�.

We repeat the process for heavier H/A in Type 1 and Type 2 2HDM with mH/A = 500

GeV as a function of tan� and cos(��↵) in figure 4. The limits are generally weaker compared
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Direct and Indirect Limit
• Results from 7 and 8 TeV LHC (Type II 2HDM)

Figure 3: Top: Direct search limits on a 300 GeV CP even neutral scalar H (left) and CP
odd neutral pseudo-scalar A (right) as a function of cos(��↵) and tan� in a Type 1 2HDM.
Bottom: Same as above for a Type 2 2HDM. Here we have taken �5,6,7 = 0 in all plots. Note
the di↵erent range of cos(� � ↵) for Type 1 and Type 2 2HDM, motivated by the parameter
space allowed by Higgs coupling fits.

are supplanted by searches for H ! ��, ⌧⌧ . The strongest limits on A come from searches

for gluon fusion production of A followed by decay into Zh ! ``bb̄. These limits likewise

fall o↵ near the alignment limit, where A ! ��, ⌧⌧ provides complementary sensitivity. The

situation for Type 2 2HDM is comparable to the Type 1 2HDM, save that searches in the
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Direct and Indirect Limit
• Results from 7 and 8 TeV LHC (Type II 2HDM)

Figure 4: Top: Direct search limits on a 500 GeV CP even neutral scalar H (left) and CP
odd neutral pseudo-scalar A (right) as a function of cos(��↵) and tan� in a Type 1 2HDM.
Bottom: Same as above for a Type 2 2HDM. Here we have taken �5,6,7 = 0 in all plots. Note
the di↵erent range of cos(� � ↵) for Type 1 and Type 2 2HDM, motivated by the parameter
space allowed by Higgs coupling fits.

⌧⌧ final state (either in gluon fusion or bb̄H/A associated production) become appreciable at

large tan�.

We repeat the process for heavier H/A in Type 1 and Type 2 2HDM with mH/A = 500

GeV as a function of tan� and cos(��↵) in figure 4. The limits are generally weaker compared
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