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HEPfit – models

Standard Model with full flexibility

Various effective models

2HDM with and without Z2 symmetry

Manohar-Wise model (+2HDM)

Georgi-Machacek model

Complex MSSM (work in progress)
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Additional scalars!
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Introduction HEPfit 2HDM Results Conclusions

The general 2-Higgs-Doublet model

V G2HDM
H = m2

11Φ†1Φ1 + m2
22Φ†2Φ2 −

[
m2

12Φ†1Φ2 + H.c.
]

+ 1
2λ1(Φ†1Φ1)2 + 1

2λ2(Φ†2Φ2)2 + λ3(Φ†1Φ1)(Φ†2Φ2)

+ λ4(Φ†1Φ2)(Φ†2Φ1) + 1
2

[
λ5(Φ†1Φ2)2 + H.c.

]
+ 1

2

[
λ6(Φ†1Φ2)(Φ†1Φ1) + λ7(Φ†1Φ2)(Φ†2Φ2) + H.c.

]

LG2HDM
Y = −

2∑
j=1

[
Y u
j Q̄LΦ̃juR + Y d

j Q̄LΦjdR + Y e
j L̄LΦj`R

]
+ H.c.

SM + 11 new parameters in V G2HDM
H

→ see Ana Peñuela’s talk later today
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The 2-Higgs-Doublet model with a softly broken Z2

V 2HDM
H = m2

11Φ†1Φ1 + m2
22Φ†2Φ2 −m2

12

[
Φ†1Φ2 + Φ†2Φ1

]
+ 1

2λ1(Φ†1Φ1)2 + 1
2λ2(Φ†2Φ2)2 + λ3(Φ†1Φ1)(Φ†2Φ2)

+ λ4(Φ†1Φ2)(Φ†2Φ1) + 1
2λ5

[
(Φ†1Φ2)2 + (Φ†2Φ1)2

]

L2HDM
Y = −Y u

2 Q̄LΦ̃2uR −
2∑

j=1

[
Y d
j Q̄LΦjdR + Y e

j L̄LΦj`R

]
+ H.c.

Y d
2 Y e

1

Y e
2 Y d

1

I II

X

Y
SM + 6 new parameters in V 2HDM

H
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Parametrizations in HEPfit
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11

m2
22

m2
12

λ1

λ2

λ3

λ4

λ5

Y1

Y2

Y3

Z1

Z2

Z3

Z4

Z5

Z6

Z7

V 2HDM
H = Y1H

†
1H1 + Y2H

†
2H2 + Y3

[
H†1H2 + H.c.

]
+ 1

2Z1

(
H†1H1

)2
+ 1

2Z2

(
H†2H2

)2
+ Z3

(
H†1H1

)(
H†2H2

)
+ Z4

(
H†1H2

)(
H†2H1

)
+

[
1
2Z5

(
H†1H2

)2
+ Z6

(
H†1H1

)(
H†1H2

)
+ Z7

(
H†2H2

)(
H†1H2

)
+ H.c.

]
H1 = Φ1cβ + Φ2sβ , H2 = −Φ1sβ + Φ2cβ

[Haber et al.]

v1

v2

λHH
1

λHH
2

λHH
3

λHH
4

λHH
5

λHH
6

V 2HDM
H = λHH

1

(
Φ†1Φ1 − v1

2
)2

+ λHH
2

(
Φ†2Φ2 − v2

2
)2

+ λHH
3

(
Φ†1Φ1 − v1

2 + Φ†2Φ2 − v2
2
)2

+ λHH
4

[
(Φ†1Φ1)(Φ†2Φ2)−(Φ†1Φ2)(Φ†2Φ1)

]
+ λHH

5

[
Re
(

Φ†1Φ2

)
− v1v2

]2
+ λHH

6

[
Im
(

Φ†1Φ2

)]2
[Higgs Hunter’s Guide]

ξ0

ξ1

ξ3

η00

η3

E11

E22

E33

V 2HDM
H = ξ0K0 + ξiKi

+ η00K
2
0 + 2ηiKiK0

+ EijKiKj

K0 = Φ†1Φ1 + Φ†2Φ2

K1 = Φ†1Φ2 + Φ†2Φ1

K2 = iΦ†2Φ1 − iΦ†1Φ2

K3 = Φ†1Φ1 − Φ†2Φ2

[Maniatis, Nachtmann]

v

≈ 246 GeV

mh

≈ 125 GeV

−(1.5 TeV)2 ≤

m2
12

≤ (1.5 TeV)2

0.1 ≤

tanβ

≤ 50

0 ≤

β − α

< π

130 GeV ≤

m

(2)

H

≤ 1.5 TeV

130 GeV ≤

m

(2)

A

≤ 1.5 TeV

130 GeV ≤

m

(2)

H±

≤ 1.5 TeV
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√
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Figure 14: Negative log-likelihood contours at 68% CL in the (µ f
ggF+ttH , µ f

VBF+VH) plane for the combination of
ATLAS and CMS, as obtained from the ten-parameter fit described in the text for each of the five decay channels
H → ZZ, H → WW, H → γγ, H → ττ, and H → bb. The best fit values obtained for each of the five decay
channels are also shown, together with the SM expectation.

mass measurements in the different channels. Several BSM models predict, for example, a superposition
of states with indistinguishable mass values [122–125], possibly with different coupling structures to the
SM particles. With such an assumption, it may be possible to distinguish between single and multiple
states by measuring the cross sections of individual production processes independently for each decay
mode, as described in Section 4.1.1. Several methods have been proposed to assess the compatibility
of the data with a single state [126, 127]. A test for the possible presence of overlapping Higgs boson
states is performed, based on a profile likelihood ratio suggested in Ref. [128]. This test accounts both
for missing measurements, such as the H → bb decay mode in the ggF and VBF production processes,
and for uncertainties in the measurements, including their correlations.

35

+ run II data

[ATLAS, CMS ’14-’17]
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Figure 5: The observed and expected 95% CL limits on the production cross section times branching fraction of a
scalar particle decaying to a ττ pair are shown for the combination of the τlepτhad and the τhadτhad channels. For
comparison, the expected limits for the individual channels, τlepτhad and τhadτhad, are shown as well. The production
mechanism of H/A → ττ is assumed to be (a) gluon–gluon fusion or (b) b-associated production. The observed
and expected 95% CL limits on tan β as a function of mA are shown in (c) for the MSSM mmod+

h
scenario and (d) for

the hMSSM scenario. In the case of the τhadτhad channel, the mass range under study is 300 GeV–1.2 TeV. In the
case of the hMSSM scenario, exclusion limits are set also in the low tan β and mA = 200 GeV region and around
the mass value mA = 350 GeV. The exclusion limits are compared to the ATLAS 2015 H/A → ττ search result
of Ref. [31]. For the hMSSM scenario, the exclusion arising from the SM Higgs boson coupling measurements of
Ref. [110] is also shown.
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Figure 7: Upper limits on the fiducial cross section times branching ratio to two photons at
√

s = 13 TeV of a
spin-0 particle as a function of its mass mX , for different values of the decay width divided by the mass. In (a) a
narrow-width signal, with ΓX = 4 MeV, is assumed.
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mX = 250 GeV and 5 fb for mX = 2.4 TeV.

The results are dominated by the statistical uncertainty. The main contributions to the systematic uncer-
tainty arise from the uncertainty on the photon and electron energy resolution, from the spurious signal
and from the luminosity uncertainty. These effects worsen the search sensitivity of the analysis by only
1.0%–0.1%, 0.4%–0.1% and 0.1%, respectively, over the mX range from 250 GeV to 2.4 TeV.
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Figure 6: Observed (solid lines) and median expected (dashed lines) 95% CL limits on the product of the production
cross section times the branching ratio for the decay to a Z boson and a photon of a narrow scalar boson X ,
σ(pp→ X ) × BR(X → Zγ), as a function of the boson mass mX in the mass range of 250 GeV – 2.4 TeV. A mass
step of 2 GeV is used. The green and yellow solid bands correspond to the ±1σ and ±2σ intervals for the expected
upper limit, respectively.

10 Conclusion

A search for new resonances with masses between 250 GeV and 2.4 TeV decaying to a photon and a Z
boson has been performed using 13.3 fb−1 of proton–proton collision data at a centre-of-mass energy of√

s = 13 TeV collected by the ATLAS detector at the Large Hadron Collider. The Z bosons have been
reconstructed through their decays to charged, light lepton pairs (e+e− , µ+µ−).

No significant excess in the measured invariant mass distribution of the final state particles was found
over the smoothly falling background from SM processes. The largest deviation from the background-
only hypothesis is found for masses around 268 GeV and corresponds to a local significance of 2.2σ for
a scalar boson with a narrow width (4 MeV) produced by a gluon fusion process.

Upper limits at 95% CL using a profile likelihood method have been set. The observed limits of pro-
duction cross section times decay branching ratio to Zγ of such a boson range between 215 fb for
mX = 270 GeV and 5 fb for mX = 2.4 TeV, while the expected limits range between 103 fb for
mX = 250 GeV and 5 fb for mX = 2.4 TeV.

12

analysis, mainly depending on the signal to background ratio and the size of the data sample in the phase
space the new physics process is searched for.

Among the sources of systematic uncertainties, the uncertainties related to the background estimations
dominate, and the experimental uncertainties due to luminosity, and jet energy scale and resolution, also
constitute a nontrivial part of the total systematic impact. For example, uncertainties that give a sizable
impact on the expected limit of BF(H → invisible) are those related to luminosity (6.2%), estimation of
Z+jets (6.3%), ggZZ (6.4%), qqZZ (4.5%), and WZ (3.0%), and jet energy scale and resolution (3.6%),
where the impacts from each individual sources on the expected limits are given in the parenthesis.

In the case of a data excess in some kinematic regions, the NPs that correspond to the main systematic
uncertainties in these regions may be fixed to non-zero values (“pull”) in the derivation of the observed
limits. The pulls of NPs help to improve the agreement between the data and post-fit predictions, but
decrease the best-fit signal production cross-sections as well as their upper limits. As a result of this,
the overall impact of the corresponding systematic uncertainties on the observed limits can decrease. In
the searches performed in the LM region, only the NP related to the Z+jets uncertainty gets a significant
pull in the fits to the data. This is due to the fact that there is a moderate discrepancy between the data
and prediction in the low Emiss

T bins shown in Figure 6, and the Z+jets contribution and its uncertainty
play an important role in that region. As a result, the impact of the total systematic uncertainty on the
observed BF(H → invisible) limit is found to be about 10%, and similar effects are found in the search
for Mono-Z(→ ``) signals. On the other hand, no obvious pulls of NPs are found in the search for heavy
resonances in the HM region, and therefore the observed impact of systematic uncertainties is similar to
the expectation.
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Figure 11: The 95% confidence limits on σ × B(S → ZZ → 4`) as function of mS for an additional narrow heavy
scalar for the ggF (left) and VBF (right) production modes.
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Figure 12: The 95% confidence limits on σggF ×B(S → ZZ → 4`) as function of mS for an additional heavy scalar
assuming a width of 1% (a), 5% (b), 10% (c) of mS .

8 Conclusions

The properties of the Higgs boson resonance have been studies in the four-lepton decay channel using
14.8 fb−1 of integrated luminosity collected in pp collisions by the ATLAS detector at the LHC at a
centre-of-mass energy of 13 TeV. The measured properties are in agreement with SM predictions in terms
of fiducial and total inclusive cross sections as well as in terms of cross sections per production mode.
The categories used to measure the production mode cross sections have also been used to derive limits on
possible BSM interactions of the Higgs boson with the SM vector bosons in the framework of an effective
Lagrangian extension of the SM.

A search for high-mass scalar resonances decaying into a four-lepton final state has also been performed
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Figure 11: The 95% confidence limits on σ × B(S → ZZ → 4`) as function of mS for an additional narrow heavy
scalar for the ggF (left) and VBF (right) production modes.
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Figure 12: The 95% confidence limits on σggF ×B(S → ZZ → 4`) as function of mS for an additional heavy scalar
assuming a width of 1% (a), 5% (b), 10% (c) of mS .

8 Conclusions

The properties of the Higgs boson resonance have been studies in the four-lepton decay channel using
14.8 fb−1 of integrated luminosity collected in pp collisions by the ATLAS detector at the LHC at a
centre-of-mass energy of 13 TeV. The measured properties are in agreement with SM predictions in terms
of fiducial and total inclusive cross sections as well as in terms of cross sections per production mode.
The categories used to measure the production mode cross sections have also been used to derive limits on
possible BSM interactions of the Higgs boson with the SM vector bosons in the framework of an effective
Lagrangian extension of the SM.

A search for high-mass scalar resonances decaying into a four-lepton final state has also been performed
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Figure 10: Observed and expected 95% CL upper limits on the production cross section of a heavy resonance at√
s = 13 TeV times its decay branching ratio to ZV for (a) ggF H → Z Z , (b) VBF H → Z Z , (c) HVT W ′ → W Z

and (d) RS graviton G∗ → Z Z as functions of the resonance mass. The theoretical predictions for σ × BR as
functions of resonance mass for the HVT model A W ′ and the RS graviton with κ/MPl = 1.0 are also shown in
(c) and (d), respectively. The green (inner) and yellow (outer) bands represent ±1σ and ±2σ uncertainty on the
expected limits.

the specific control regions. The resulting scale factors are all compatible with 1 within uncertainties.
The signals are included as a binned template with an unconstrained normalization.

The reconstructed mass distributions for events passing the selections are shown in Figure 11. The pre-
dicted background is shown after the binnedmaximum-likelihood fit to the data, performed simultaneously
across signal and control regions.

No significant excess of events is observed in the data compared to the prediction from SM background
sources. Exclusion limits at the 95% confidence level are set on the production cross-section times the
branching fraction for the different models considered.
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Figure 10: Observed and expected 95% CL upper limits on the production cross section of a heavy resonance at√
s = 13 TeV times its decay branching ratio to ZV for (a) ggF H → Z Z , (b) VBF H → Z Z , (c) HVT W ′ → W Z

and (d) RS graviton G∗ → Z Z as functions of the resonance mass. The theoretical predictions for σ × BR as
functions of resonance mass for the HVT model A W ′ and the RS graviton with κ/MPl = 1.0 are also shown in
(c) and (d), respectively. The green (inner) and yellow (outer) bands represent ±1σ and ±2σ uncertainty on the
expected limits.

the specific control regions. The resulting scale factors are all compatible with 1 within uncertainties.
The signals are included as a binned template with an unconstrained normalization.

The reconstructed mass distributions for events passing the selections are shown in Figure 11. The pre-
dicted background is shown after the binnedmaximum-likelihood fit to the data, performed simultaneously
across signal and control regions.

No significant excess of events is observed in the data compared to the prediction from SM background
sources. Exclusion limits at the 95% confidence level are set on the production cross-section times the
branching fraction for the different models considered.
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Figure 12: Upper limits at the 95% CL for (a) the production cross-section of G∗ times its branching fraction to Z Z
and (b) the production cross-section of W ′ times its branching fraction to W Z . Upper limits at the 95% CL for (c)
the production cross-section of an Heavy Higgs.
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Figure 4: 95% CL upper limits on the Higgs production cross section times branching ratio σ × BR(H → WW )
in the eνµν analysis, for signals with narrow-width (ggF or VBF) in the top row and the 5%, 10% and 15% width
lineshapes (ggF only) in the bottom. The green and yellow bands show the ±1σ and ±2σ uncertainties on the
expected limit.
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Figure 4: 95% CL upper limits on the Higgs production cross section times branching ratio σ × BR(H → WW )
in the eνµν analysis, for signals with narrow-width (ggF or VBF) in the top row and the 5%, 10% and 15% width
lineshapes (ggF only) in the bottom. The green and yellow bands show the ±1σ and ±2σ uncertainties on the
expected limit.
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Figure 11: The expected and observed upper limit for pp → G∗KK → hh → bb̄bb̄ in the bulk RS model with
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8 Conclusion

A search for both resonant and non-resonant production of pairs of Standard Model Higgs bosons has
been carried out in the dominant bb̄bb̄ channel, using 13.3 fb−1of LHC pp collision data at

√
s = 13 TeV

collected by ATLAS in 2015 and 2016.

Results are reported for the resolved analysis with each h → bb̄ decay reconstructed as two separate b-
tagged jets and for the boosted analysis with each h → bb̄ decay reconstructed as a single large-radius jet
associated with at least one small-radius b-tagged track-jet. No significant data excess is observed above
the estimated background consisting mainly of multijet and tt̄ events. Upper limits on the production
cross section times branching ratio to the bb̄bb̄ final state are set for spin-2 resonances with values ranging
between 1000 and 2 fb (at 95% CL) for resonance masses in the range between 300 and 3000 GeV. For
non-resonant production, the upper limit is 330 fb (at 95% CL). The search sensitivity of this analysis
exceeds that of the previous analysis [10] of the

√
s = 13 TeV 2015 dataset for non-resonant signals and

for resonant signals across the mass range 300 GeV < mhh < 3000 GeV.
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Figure 6: Using the CLS method, (a) 95% CL expected (dashed line) and observed (solid line) limits on the pro-
duction cross-section times X→hh branching fraction in the search for a narrow resonance with a mass mX and (b)
the corresponding 95% CL limits in terms of the expected and observed number of events after the full selection.
The green (yellow) band represents the 1σ (2σ) intervals on the expected limit.

excess was found with respect to the background-only hypothesis. An upper limit of 3.9 pb on the cross-
section for non-resonant production is extracted at the 95% confidence level, while the expected limit is
5.4 pb. In the search for a narrow X→hh resonance, the observed limit ranges between 7.0 pb and 4.0 pb
for resonances with masses in the range 275–400 GeV. The expected limit varies between 7.5 pb and
4.4 pb, again depending on the mass of the resonance under consideration.
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Figure 3: 95%CL expected (dashed line) and observed (solid line) limits on the resonant Higgs boson pair production
cross section times the branching fraction of X→hh as a function of mX (a) without the SM branching fractions
of h → WW ∗ and h → γγ and (b) with. The CLS method and the asymptotic approximation are used. The green
(yellow) band represents the 1σ (2σ) intervals on the expected limit.

cross section times the branching fraction of X → hh ranges from 24.3 pb to 12.7 pb, while the observed
limit ranges from 47.7 pb to 24.7 pb, as a function of mX between 260 and 500 GeV, as shown in Fig. 3(a).
Taking into account the SM Higgs branching fractions for the signal, the expected upper limit on the cross
section for the non-resonant production of hh → WW ∗γγ is 12.6 fb, while the observed limit is 24.4 fb.
The expected upper limit on the cross section for resonant production of X → hh → WW ∗γγ ranges from
23.7 fb to 12.4 fb, while the observed limit ranges from 46.6 fb to 24.1 fb, as a function of mX between
260 and 500 GeV, as shown in Fig. 3(b). The limits on the non-resonant production are more stringent than
those for the resonant production with mX up to 400 GeV, because the estimated background contribution
is the same but their signal efficiency is larger for the non-resonant production.

7 Conclusion

This note presents searches for non-resonant and resonant Higgs boson pair production with a semi-
leptonic WW ∗γγ final state using 13.3 fb−1 of pp collision data collected at 13 TeV with the ATLAS
detector at the LHC. No significant excess has been observed with respect to the SM background-only
hypothesis. A 95% confidence-level upper limit of 25.0 pb is set on the cross section for non-resonant
production, while the expected limit is 12.9 pb. The observed upper limit on the resonant production times
the branching fraction of X → hh ranges between 47.7 pb and 24.7 pb, while the expected limit ranges
between 24.3 pb and 12.7 pb, for a hypothetical resonance with a mass in the range of 260–500GeV.
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(b) Pure b-quark associated production

Figure 8: Upper limits at the 95% CL on the product of the production cross section for pp→ A and the branching
ratios for A → Zh and h → bb evaluated by combining the 0-lepton and 2-lepton channels. The possible signal
components of the data are interpreted using the following production mechanism hypotheses: Assuming (a) pure
gluon-fusion production, and (b) pure b-quark-associated production. The green (yellow) band indicates the 1σ
(2σ) statistical and systematic uncertainty on the expected exclusion limit (dotted black line). The solid black line
is the observed exclusion limit. The long-dashed (fine-dotted) red line indicates the limit for the 0-lepton (2-lepton)
analysis alone. The small increase in the expected limit for A→ Zh → `+`−bb̄ with mA around 850 GeV is due to
statistical uncertainties on the background estimation, while for mA around 1 TeV the effect is due to the transition
from the low-pZ

T category to the high-pZ
T category.
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Figure 8: Upper limits at the 95% CL on the product of the production cross section for pp→ A and the branching
ratios for A → Zh and h → bb evaluated by combining the 0-lepton and 2-lepton channels. The possible signal
components of the data are interpreted using the following production mechanism hypotheses: Assuming (a) pure
gluon-fusion production, and (b) pure b-quark-associated production. The green (yellow) band indicates the 1σ
(2σ) statistical and systematic uncertainty on the expected exclusion limit (dotted black line). The solid black line
is the observed exclusion limit. The long-dashed (fine-dotted) red line indicates the limit for the 0-lepton (2-lepton)
analysis alone. The small increase in the expected limit for A→ Zh → `+`−bb̄ with mA around 850 GeV is due to
statistical uncertainties on the background estimation, while for mA around 1 TeV the effect is due to the transition
from the low-pZ

T category to the high-pZ
T category.
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Figure 5: Distribution of mT after full event selection and a fit to the data with the background-only hypothesis.
The horizontal axis starts at mT = 50 GeV and is in logarithmic scale. Three H+ signal hypotheses are included
separately on the stack. The signal samples at 200, 500 and 1000 GeV are scaled, respectively, to 5, 5 and 10 times
the cross section predicted at tan β = 60 in the hMSSM benchmark scenario. Bins have a varying size. The last bin
includes all overflow events. The total (statistical and systematic) uncertainties in the SM prediction, as obtained
from the binned profile likelihood ratio fit, are shown in the lower plot.
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Figure 3. Two-dimensional probability distributions for the oblique parameters S and T (upper-

left panel), and T and U (upper-right panel). From darker to lighter the different regions correspond

respectively to 68%, 95%, and 99% probability. In the lower panel we show the two-dimensional

distributions for S and T fixing U = 0, together with the individual constraints from MW , the

asymmetry parameters sin2 θlept
eff , P pol

τ , Af , and A0,f
FB with f = `, c, b, and ΓZ . In this last plot the

dark (light) region corresponds to 68% (95%) probability.

the SM. Note that, as mentioned above, the δεi parameters include oblique corrections

Result Correlation Matrix

δε1 0.0007± 0.0010 1.00

δε2 −0.0002± 0.0008 0.82 1.00

δε3 0.0007± 0.0009 0.87 0.56 1.00

δεb 0.0004± 0.0013 −0.34 −0.32 −0.24 1.00

Table 7. Results of the fit for the δεi parameters (i = 1, 2, 3, b).

– 11 –

[Peskin, Takeuchi, ’90, ’91; Haber ’92; HEPfit ’16]
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Mass differences, widths, Z2 breaking

Mass differences:

|mH −mA|
|mH −mH+ |
|mA −mH+ |

Decay widths:

ΓHi
/mHi

for Hi = H,A,H+

Z2 breaking:

m2
12

Type I

< 200 GeV

< 160 GeV

< 180 GeV

. 7%

–

Type II

< 130 GeV

< 120 GeV

< 110 GeV

. 5%

> (280 GeV)2

Otto Eberhardt Global fits of 2HDM’s 11 / 12



Introduction HEPfit 2HDM Results Conclusions

Conclusions

Use HEPfit:

http://hepfit.roma1.infn.it

2HDM with a softly broken Z2 symmetry are strongly constrained:

|β − α− π/2| < 0.03.

mHi
> 700 GeV in type II with Hi = H,A,H+

Exotic decays H1 → H2H3 can be excluded.

For more information: JHEP 1805 (2018) 161
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