
Searches for additional Higgs bosons

Meng Xiao (Johns Hopkins University) 
on behalf of the CMS and ATLAS collaborations 

The Fifth Annual Conference on Large Hadron Collider Physics 
Shanghai, May 15th, 2017

1



Introduction

A lot of  BSM models, some come with the solution by extending the Higgs 
sector 

• Additional singlet ⇒ one more Higgs boson 

• Additional doublets ⇒ 5 Higgs bosons (h, H, A, H
±
): 2HDM  

• Additional singlet+doublet ⇒ 7 Higgs bosons (h1,2,3, a1,2, H
±
): NMSSM 

• Additional triplets …
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There is a H (125), all the measured properties consistent 
with the SM. Why bother? 

Short answer: the SM is not perfect



Run2 Higgs searches so far
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CMS ATLAS

X→ hh

bbWW 36.9
bbττ 36.9
bbγγ 2.7 3.2
bbbb 2.3 13.3
γγWW                                             13.3

X→ ZZ
llqq 12.9 13.3
llll 12.9 13.3
llvv 2.3 13.3

X→ WW
lvlv 2.3 13.2
lvqq 12.9 13.2
qqqq 36.9 15.5

X→ Zγ llγ 12.9 13.3
qqγ 12.9 3.2

X→ γγ 12.9 15.4

CMS ATLAS

H/A→ττ 12.9 13.3

H→bb 2.69

H±

τν 12.9 14.7
tb                                             14.7

WZ 15.2

A→Zh (ll/vv)bb 3.2

H→ZA llbb 2.3

h→aa μμμμ 2.8

Φ±±Φ∓ llll 12.9 13.9

Luminosity used in each analysis (fb-1)

Most of  them model independent 
Some specific to 2HDM/NMSSM

X: general resonances including H

> 30 fb-1 13-15 fb-1 2-3 fb-1



Searches, and then?

4

 [GeV]Am
200 300 400 500 600 1000

β
ta

n

1

2

3

4
5
6

10

20

30

40
50
60

Model not strictly applicable

 (8 TeV)-1 19.7 fb≤ (7 TeV) + -1 5.1 fb≤

130

CMS Preliminary

Observed exclusion 95% CL

Expected exclusion 95% CL

Model not strictly applicable

h(125) (HIG-15-002)

 bb (arXiv:1506.08329)→A/H 

 (arXiv:1508.01437)µµ →A/H/h 

  (HIG-14-029)ττ →A/H/h 

(arXiv:1510.01181)
)ττ Zh (ll→) / A ττ hh (bb→H 

) (HIG-13-032)γγ hh (bb→H 

 WW/ZZ (arXiv:1504.00936)→H

hMSSM

Run1 example:  
interpretation with a specific 2HDM model: hMSSM

H/A→ττ

H→bb

H±

A→Zh

H→ZA

h→aa

Φ±±Φ∓

Each search covers quite different phase space

CMS-PAS-HIG-16-007



CMS ATLAS

H/A→ττ 12.9 13.3

H→bb 2.69

H± τν 12.9 14.7
tb                                             14.7

WZ 15.2

A→Zh (ll/vv)bb 3.2

H→ZA llbb 2.3

h→aa μμμμ 2.8

Φ±±Φ∓ llll 12.9 13.9

CMS ATLAS

X→ hh

bbWW 36.9
bbττ 36.9
bbγγ 2.7 3.2
bbbb 2.3 13.3
γγWW                                             13.3

X→ ZZ
llqq 12.9 13.3
llll 12.9 13.3
llvv 2.3 13.3

X→ WW lvlv 2.3 13.2
lvqq 12.9 13.2
qqqq 36.9 15.5

X→ Zγ llγ 12.9 13.3
qqγ 12.9 3.2

X→ γγ 12.9 15.4

Run2 Higgs searches so far
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S. Mukherjee: High mass searches, 18/05

L. Morvaj: Diboson searches, 18/05 
H. Fox: Results on di-Higgs with ATLAS, 17/05 
D. M. Morse: Results on di-Higgs with CMS, 17/05

I will focus on a subset of  analyses

(

)



Searches for X→ HH
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NOTE: ATLAS bbbb limit is for spin-2, other limits are for spin-0, 
but expect very similar sensitivity in the two spin hypotheses

PAS-HIG-17-002

ATLAS CMS

CONF-2016-049 PAS-HIG-16-002
13.3 2.3/2.7

CONF-2016-004 PAS-HIG-16-032

bbbb

bb!!

WW!!

bbVV

bb""
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CONF-2016-071

PAS-HIG-17-006
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PAS-B2G-16-008

1000300 500 50003000

13 TeV
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Predicted by: MSSM/2HDM, EW singlet 
X: spin0 scalar, narrow width assumption

No significant excess

bbγγ most sensitive
Low mass region

bbbb most sensitive
High mass region



All final states matter, results from Run1 

• X→ZZ : 

< 500 GeV: 4ℓ 

500-600 GeV: 2ℓ2v, 2ℓ2q 

>600 GeV 2ℓ2q

• Most BSM models allow X→VV decay 

• Such searches usually look for 

• ggH and VBF : XVV coupling → VBF production 

• spin0 scalar, narrow or wide: interference with SM background and H(125)

X→ VV searches
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 expectedllll

 expectedqqννllqq+
 expectedννll

Combined expected
Combined observed
σ1±
σ2±

ATLAS 
-1 = 8 TeV, 20.3 fbs

ggF
qqνν+llqq+ννllll+ll→ZZ→H

Eur. Phys. J. C76 (2016) 45

• X→WW:  

< 500 GeV: ℓvℓv 

> 500 GeV: ℓvqq

http://link.springer.com/article/10.1007/JHEP01(2016)032


All final states matter, results from Run1 

• X→ZZ : 

< 500 GeV: 4ℓ 

500-600 GeV: 2ℓ2v, 2ℓ2q 

>600 GeV 2ℓ2q

• Most BSM models allow X→VV decay 

• Such searches usually look for 

• ggH and VBF : XVV coupling → VBF production 

• spin0 scalar, narrow or wide: interference with SM background and H(125)

X→ VV searches
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• X→WW:  

< 500 GeV: ℓvℓv 

> 500 GeV: ℓvqq

20 6 Statistical interpretation
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Figure 7: Upper limits at the 95% CL for each of the contributing final states and their combi-
nation. The theoretical cross section, sSM, is computed in Ref. [63]. The observed and expected
limits of the six individual channels are compared with each other and with the combined re-
sults (right), for H ! WW channels (top right panel) and H ! ZZ channels (bottom right
panel) separately.

of C02 versus mass parameters to be excluded for various values of Bnew. We also plot the
µh(125) = 1 ± 0.14 [75] indirect constraint C02 < 0.28 at 95% CL for Bnew=0. The upper dash-
dotted line shows the cutoff of the allowed region for Bnew = 0.5 where the width of the heavy
Higgs boson becomes larger than the SM width at that mass hypothesis.

In order to understand the constraints of these results in a model-independent approach, we
further subdivide the results into categories. In Fig. 9 we show the limits in various configu-
rations. At the top of Fig. 9 are the limits we obtain when we combine the ZZ (top left) and
WW (top right) channels separately. Since the ZZ channels are more sensitive in the search for
a Higgs boson with SM-like couplings, they better constrain the BSM case as well. The bottom
of Fig. 9 shows the combined 95% CL for all final states but only the ggF or VBF production
mechanism for the heavy Higgs boson. In the heavy Higgs boson with SM-like couplings sce-
nario, we assume the ratio of the cross sections for various production mechanisms to be the
same as in the SM case.
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limits of the six individual channels are compared with each other and with the combined re-
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of C02 versus mass parameters to be excluded for various values of Bnew. We also plot the
µh(125) = 1 ± 0.14 [75] indirect constraint C02 < 0.28 at 95% CL for Bnew=0. The upper dash-
dotted line shows the cutoff of the allowed region for Bnew = 0.5 where the width of the heavy
Higgs boson becomes larger than the SM width at that mass hypothesis.

In order to understand the constraints of these results in a model-independent approach, we
further subdivide the results into categories. In Fig. 9 we show the limits in various configu-
rations. At the top of Fig. 9 are the limits we obtain when we combine the ZZ (top left) and
WW (top right) channels separately. Since the ZZ channels are more sensitive in the search for
a Higgs boson with SM-like couplings, they better constrain the BSM case as well. The bottom
of Fig. 9 shows the combined 95% CL for all final states but only the ggF or VBF production
mechanism for the heavy Higgs boson. In the heavy Higgs boson with SM-like couplings sce-
nario, we assume the ratio of the cross sections for various production mechanisms to be the
same as in the SM case.
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limits of the six individual channels are compared with each other and with the combined re-
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of C02 versus mass parameters to be excluded for various values of Bnew. We also plot the
µh(125) = 1 ± 0.14 [75] indirect constraint C02 < 0.28 at 95% CL for Bnew=0. The upper dash-
dotted line shows the cutoff of the allowed region for Bnew = 0.5 where the width of the heavy
Higgs boson becomes larger than the SM width at that mass hypothesis.

In order to understand the constraints of these results in a model-independent approach, we
further subdivide the results into categories. In Fig. 9 we show the limits in various configu-
rations. At the top of Fig. 9 are the limits we obtain when we combine the ZZ (top left) and
WW (top right) channels separately. Since the ZZ channels are more sensitive in the search for
a Higgs boson with SM-like couplings, they better constrain the BSM case as well. The bottom
of Fig. 9 shows the combined 95% CL for all final states but only the ggF or VBF production
mechanism for the heavy Higgs boson. In the heavy Higgs boson with SM-like couplings sce-
nario, we assume the ratio of the cross sections for various production mechanisms to be the
same as in the SM case.
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Figure 7: Upper limits at the 95% CL for each of the contributing final states and their combi-
nation. The theoretical cross section, sSM, is computed in Ref. [63]. The observed and expected
limits of the six individual channels are compared with each other and with the combined re-
sults (right), for H ! WW channels (top right panel) and H ! ZZ channels (bottom right
panel) separately.

of C02 versus mass parameters to be excluded for various values of Bnew. We also plot the
µh(125) = 1 ± 0.14 [75] indirect constraint C02 < 0.28 at 95% CL for Bnew=0. The upper dash-
dotted line shows the cutoff of the allowed region for Bnew = 0.5 where the width of the heavy
Higgs boson becomes larger than the SM width at that mass hypothesis.

In order to understand the constraints of these results in a model-independent approach, we
further subdivide the results into categories. In Fig. 9 we show the limits in various configu-
rations. At the top of Fig. 9 are the limits we obtain when we combine the ZZ (top left) and
WW (top right) channels separately. Since the ZZ channels are more sensitive in the search for
a Higgs boson with SM-like couplings, they better constrain the BSM case as well. The bottom
of Fig. 9 shows the combined 95% CL for all final states but only the ggF or VBF production
mechanism for the heavy Higgs boson. In the heavy Higgs boson with SM-like couplings sce-
nario, we assume the ratio of the cross sections for various production mechanisms to be the
same as in the SM case.

JHEP 10 (2015) 144

20 6 Statistical interpretation
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Figure 7: Upper limits at the 95% CL for each of the contributing final states and their combi-
nation. The theoretical cross section, sSM, is computed in Ref. [63]. The observed and expected
limits of the six individual channels are compared with each other and with the combined re-
sults (right), for H ! WW channels (top right panel) and H ! ZZ channels (bottom right
panel) separately.

of C02 versus mass parameters to be excluded for various values of Bnew. We also plot the
µh(125) = 1 ± 0.14 [75] indirect constraint C02 < 0.28 at 95% CL for Bnew=0. The upper dash-
dotted line shows the cutoff of the allowed region for Bnew = 0.5 where the width of the heavy
Higgs boson becomes larger than the SM width at that mass hypothesis.

In order to understand the constraints of these results in a model-independent approach, we
further subdivide the results into categories. In Fig. 9 we show the limits in various configu-
rations. At the top of Fig. 9 are the limits we obtain when we combine the ZZ (top left) and
WW (top right) channels separately. Since the ZZ channels are more sensitive in the search for
a Higgs boson with SM-like couplings, they better constrain the BSM case as well. The bottom
of Fig. 9 shows the combined 95% CL for all final states but only the ggF or VBF production
mechanism for the heavy Higgs boson. In the heavy Higgs boson with SM-like couplings sce-
nario, we assume the ratio of the cross sections for various production mechanisms to be the
same as in the SM case.

http://link.springer.com/article/10.1007/JHEP01(2016)032


X→ ZZ→ 4ℓ (e,μ)

Z-mass constraint on both ℓℓ pairs
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CMS-PAS-HIG-16-033 
ATLAS-CONF-2016-079

• 2 categories: ggH and VBF 
• Parameterized signal shape for mX and ΓX 

• m4ℓ as observable

High-mass region selection optimization 
Parameterization of  any (mX, ΓX) from ggH/VBF  
with X, H(125) and background interference 

ATLAS

CMS

 [GeV]4lm
100 200 300 400 500 600 700 800

dσ
/d

m
4l

 [f
b/

G
eV

]

-510

-410

-310

-210

-110

1

10

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

MCFM+JHUGen+HNNLO
LHC, s=13 TeV
gg→2l2l'

X(450), Γ=46.8 GeV 
H(125), Γ=0.0041 GeV 
bkg gg→2l2l'
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X(450)+H(125)+bkg+I arXiv:1610.07922



X→ ZZ→ 4ℓ (e,μ)

Z-mass constraint on both ℓℓ pairs
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CMS-PAS-HIG-16-033 
ATLAS-CONF-2016-079

• 2 categories: ggH and VBF 
• Parameterized signal shape for mX and ΓX 

• m4ℓ as observable

High-mass region selection optimization 
Parameterization of  any (mX, ΓX) from ggH/VBF  
with X, H(125) and background interference 
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X→ ZZ→ 4ℓ (e,μ)
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CMS-PAS-HIG-16-033 
ATLAS-CONF-2016-079
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• No significant excess, ggH and VBF cross section limit 

• ATLAS: width 0% → 10%, CMS: width 0 → 40 GeV 

• Similar sensitivity in ATLAS and CMS



X→ ZZ→ 4ℓ (e,μ)
• No significant excess, ggH and VBF cross section limit 

• ATLAS: width 0% → 10%, CMS: width 0 → 40 GeV 

• Similar sensitivity in ATLAS and CMS
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CMS-PAS-HIG-16-033 
ATLAS-CONF-2016-079

ggH ggH ggH+VBF 
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X→ ZZ→ 2ℓ2q

 [GeV]ZZM
500 1000 1500 2000

Ev
en

ts
 / 

50
 G

eV

1−10

1

10

210

310
Untagged, merged

Data
ZZ→(750)

NWA
ggH

ZZ→(900)NWAVBFH
Z + jets
tt

ZZ, WZ, WW
Bkgd. estimation

)σ 1±Bkgd. estimation (

 (13 TeV)-112.9 fb

CMS
Preliminary

 [GeV]ZZM
500 1000 1500 2000

da
ta

σ
(D

at
a 

- f
it)

/

3−

0

3

10�4

10�3

10�2

10�1

1.0

101

102

103

E
ve

nt
s

/G
eV

ATLAS Preliminary
p

s = 13 TeV, 13.2 fb�1

H ! ZZ ! ``qq
Merged high-purity SR, ggF

Data
H 1.6 TeV (10 fb)
Z + jets
SM Diboson
Top Quarks
Stat.

L
Syst. Uncert.

Pre-fit background

500 1000 1500 2000 2500 3000
m(``J) [GeV]

0.5

1.0

1.5

D
at

a/
P

re
d

CMS-PAS-HIG-16-034 
ATLAS-CONF-2016-082

13

• Categorization 

• resolved/merged jet: high mass boost topology 

• b-tag/non-tag: large Z→ bb branching ratio 

• VBF/ggH: probe production 

• Z mass constraint: improve resolution 

• Look for narrow scalar

merged
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ATLAS: mZZ as observable 

CMS: matrix element based 
discriminants (MELA) for: 

— VBF/ggH category 

— signal/Z+jet separation 

mZZ vs DZjj, as observables



X→ ZZ→ 2ℓ2q
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CMS-PAS-HIG-16-034 
ATLAS-CONF-2016-082

• No significant excess 

• CMS: total cross section limit, VBF/ggH ratio floated 

• ATLAS: ggH and VBF cross section limit
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ATLAS also performed ZZ→ vvqq search with similar sensitivity at high mass



X→ ZZ→ 2ℓ2v
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CMS-PAS-HIG-16-001 
ATLAS-CONF-2016-056

• Modified mT as discriminant 

ATLAS  

More kinematic cuts to reduce backgrounds 

Consider only narrow width ggH

CMS 
Consider EWK singlet model 
Categories to probe ggH and VBF

ee 0jet ee ≥1jet ee VBF

μμ VBFμμ ≥1jetμμ 0jet

Transverse mass [GeV]



X→ ZZ→ 2ℓ2v
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• No significant excess 

• ATLAS: ggH narrow width limit 

• CMS: various EWK singlet scenarios, ggH and VBF cross 
section limit (interference effect neglected)

ggH VBFggH

CMS-PAS-HIG-16-001 
ATLAS-CONF-2016-056
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CMS-PAS-HIG-16-023 
ATLAS-CONF-2016-074

• eμ final state 

• ggH, 1 jet, VBF category 

• Modified mT as observable 

ATLAS: ggH category inclusive, not only 0 jet events 

CMS: interference properly modeled



X→ WW→ ℓvℓv
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SMΓ × = 0.09 Γ0+1+2 jets 
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CMS-PAS-HIG-16-023 
ATLAS-CONF-2016-074

• No significant excess 

• CMS: total cross section limit, VBF/ggH ratio floated, ΓX: 0.1 —1 SM ΓX  

• ATLAS: ggH cross section limit ΓX: 0% —15% mX; VBF narrow width

 [GeV]XM
200 300 400 500 600 700 800 900 1000

) 
[p

b
]

ν
 2

l2
→

 W
W

 
→

(X
 

σ
9
5
%

 C
L
 li

m
it 

o
n
 

1−10

1

10

Observed

Expected

 Expectedσ 1 ±

 Expectedσ 2 ±

 (13 TeV)-12.3 fb

CMS
Preliminary

SMΓ = Γ0+1+2 jets 



X→ WW→ ℓvℓv
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CMS-PAS-HIG-16-023 
ATLAS-CONF-2016-074
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• No significant excess 

• CMS: total cross section limit, VBF/ggH ratio floated, ΓX: 0.1 —1 SM ΓX  

• ATLAS: ggH cross section limit ΓX: 0% —15% mX; VBF narrow width
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H/A → 𝜏𝜏
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• Particular sensitive to large tanβ in 2HDM 

• Produced mainly by ggH and bbH (depend on tanβ) 

• b tag/b veto categories 

• (e, μ, 𝜏h)𝜏h final state 

• mT
tot as observable 

ATLAS: additional high ET
 miss category, fewer bkg 

CMS: include eμ final state

CMS-PAS-HIG-16-037 
ATLAS-CONF-2016-085
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H/A → 𝜏𝜏
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95% CL Excluded:
Observed  Expectedσ 1±
Expected  Expectedσ 2±

CMS
Preliminary
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CMS-PAS-HIG-16-037 
ATLAS-CONF-2016-085

No significant excess, interpretation with MSSM models

Exclusion already tighter than Run1

mhmod  
adjusted SUSY parameters  
to allow mh = 125

hMSSM 
effective theory 
input: mh, not SUSY 
parameters

95% CL Excluded:
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H±→ τν 

• Predicted by 2HDM, Higgs triplets 

• Dominant production tHb (mH+
 
> mt), mH+

 
< mt excluded in Run1 

• Full hadronic final state: τhad, large ET
miss, b-tag jet 

• mT as observable 

• CMS: kinematic information to reduce multi-jet
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CMS-PAS-HIG-16-031 
ATLAS-CONF-2016-088
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H±→ τν 
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Cross section limit and interpretation to MSSM models 
ATLAS and CMS interpretation in different scenarios

CMS-PAS-HIG-16-031 
ATLAS-CONF-2016-088
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“Type a quote here.”
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