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Why 2HDM ?

Higgs signal strength is consistent with prediction
(P.L.B716 (2012), P.L.B716 (2012)), but it can’t exclude that
there is mixed beyond Standard Model neutral scalar
2HDM can provide additional neutral scalar

two higgs doublet model, a common framework for new physics
with extended higgs sector
Although building extended higgs potenial with a singlet is simpler,
singlet scalar fields coupling with SM particles is depreciated
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Why H → hh→ WW ∗WW ∗ → `±`±ννqqqq ?

H → hh ?
Important complement to conventional
search, namely H → (WW,ZZ, tt̄)
H → hh decay mode can be dominant
within certain parameter space

hh→WW ∗WW ∗ ?
Although bbγγ(P.R.D 89, 115006) is most
sensitive, but:
Considerable production rate

WW ∗WW ∗ → `±`±ννqqqq ?
Highly suppress QCD backgrounds
The studies(PRL 89 (2002), 151801)
presented the possibility to measure
the higgs self-coupling at HL-LHC
Tiny deviation in W±W±jj search in
Run-I at ATLAS
(ATL-PHYS-PROC-2014-174)
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Review on 2HDM

The vacuum expectation values(VEV) is〈
Φ†1

〉
=
(

0, υ1/
√

2
)
,
〈

Φ†2

〉
=
(

0, υ2/
√

2
)
, tanβ = v2/v1

Five scalars (h1, h2, A
0, H±)

α is the mixing angle(
h

H

)
=

(
cosα − sinα

sinα cosα

)(
h2
h1

)
,

h coupling with SM fermions and gauge bosons are solely
controlled by (α, β)

Focus on Type-I and Type-II.
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hh→ WW ∗WW ∗ production
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Figure 1: Upper: cross section σ(pp→ HX)× Br(H → hh→WW ∗WW ∗) in 2HDM with
tanβ ∈ [1, 10] with

√
s= 14TeV at LHC, plot(a) and plot(b) present the results for 2HDM-I

and 2HDM-II, respectively. Lower: the MH − cos(β − α) space, plot(a) and (b) present the
results for 2HDM-I and 2HDM-II, respectively.
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Simulations + pre-selections

Signal: MH = 300, 400 GeV

Samples Production

Generator: MG5 aMC
Showering: Pythia8
Fast simulation/reconstruction: Delphes3.3

Background components

Prompt SS: tt̄W, tt̄H,W±W±jjjj,Whjj,WZjjjj
Charge mis-identification: tt̄(full − leptonical), Z + 4jets
Fakes(jet faking lepton): tt̄(semi− leptonical),W + 5jets

basic cuts + event selection

Pt(`) > 10 GeV, |η(`)| < 2.5
Pt(j) > 25 GeV, |η(j)| < 2.5
Overlap removal
nSS
` = 2, nj ≥ 4
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Kinematic variables
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Figure 2: Kinematic distributions of different discriminant variables: 2(a) invariant mass of
two closet jets, 2(b) invariant mass of remaining two jets, 2(c) invariant mass of leading
lepton and two jets closet to the lepton, 2(d) invariant mass of sub-leading lepton and two
remaining jets, 2(e) invariant mass of two leptons and four leading jets, 2(f) linear pT sum
of two leptons and four leading jets, 2(g) minimum ∆R of leading lepton and jet, 2(h)
minimum ∆R of sub-leading lepton and jet.
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Results-H300

Fake backgrounds(jet faking lepton) dominant, especially
tt̄(semi− leptonical)
A MVA method(BDT) is used to enhance significance.

Table 1: Table of cross section after selections and significance with the
assumption of MH = 300 GeV at

∫
Ldt = 300 fb−1

cross section(fb) basic cuts +
event selection

b-veto p
l1
T

,��ET BDT > 0.52

H300 11.4 1.40 1.23 0.86 0.37
ttW 50.5 8.2 1.0 0.92 0.0028
tth 12.6 2.00 0.28 0.25 0.00364

Whjj 3.9 0.28 0.24 0.21 0.0030
WW4j 19.6 2.74 2.43 2.28 0.00379
WZ4j 155 14.1 12.6 10.2 0.0144

Z + 4jets 51.5 5.6 5.1 1.6 0.00144
tt̄(full− leptonical) 36.3 6.7 0.89 0.80 0.0023

W + 5jets 88.7 0.66 0.60 0.52 0.00082
tt̄(semi− leptonical) 1014 100.0 62.4 56.6 0.106

total bkg 1432.1 140.28 85.54 73.38 0.138
Z0 1.9 1.05 1.2 1.7 13

Z0 =

√
2[(S +B)ln(

S +B

B
)− S]
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Results-H400

Table 2: Table of cross section after selections and significance with the assumption of
MH = 400 GeV at

∫
Ldt = 300 fb−1

cross section(fb) basic cuts +
event selection

b-veto p
l1
T

,��ET BDT

H400 4.1 0.72 0.62 0.48 0.12
ttW 50.5 8.2 1.0 0.92 0.0015
tth 12.6 2.00 0.28 0.25 0.0020

Whjj 3.9 0.28 0.24 0.21 0.0014
WW4j 19.6 2.74 2.43 2.28 negligible
WZ4j 155 14.1 12.6 10.2 0.010

Z + 4jets 51.5 5.6 5.1 1.6 0.00062
tt̄(full− leptonical) 36.3 6.7 0.89 0.80 0.0016

W + 5jets 88.7 0.66 0.60 0.52 0.0
tt̄(semi− leptonical) 1014 100.0 62.4 56.6 0.0479

total bkg 1432.1 140.28 85.54 73.38 0.065
Z0 1.9 1.05 1.2 0.95 6.6
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Probing 2HDM parameter space at LHC
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Figure 3: MH = 300 GeV , Left: 2HDM-I, Right: 2HDM-II; brown and blue regions
are corresponding to SM higgs constraints under 3σ confidence level and
H → hh,H → V V constraints, respectively; red represents the discovery region via
hh→WW ∗WW ∗. Both cases are under the assumption of at

∫
Ldt = 300fb−1

with
√
s = 14 TeV .



Probing 2HDM parameter space at LHC
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Figure 4: MH = 400 GeV , Left: 2HDM-I, Right: 2HDM-II; brown and blue regions
are corresponding to SM higgs constraints under 3σ confidence level, and
H → hh,H → V V constraints, respectively. red represents the discovery region via
hh→WW ∗WW ∗. Both cases are under the assumption of at

∫
Ldt = 300fb−1

with
√
s = 14 TeV .



Conclusions

H → hh→WW ∗WW ∗ phenomenological study was performed
within 2HDM; with kinematic selections, the signal significance
could be enhanced to 5;

For low mass of H, both types keep potential parameter space for
discovery, but type-I is more sensitive;

For high mass of H, it’s less sensitive and type-II is worse;

It is encouraged to perform hh→WW ∗WW ∗ search at LHC.
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Thank you!



Comparisons with WWγγ

Assuming same cross-section(σ(pp→ H → hh) = 1 pb):

MH = 300 GeV MH = 400 GeV

Z0(WW ∗WW ∗)/Z0(WW ∗γγ) 0.84 0.99
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