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Theoretical Clues: 
the Triviality Problem, UnNaturalness, the Dark Matter…

The discovery of the 
~125GeV Higgs Boson is 
a triumph, but seemingly 
not the end… 
!

Searching for new  
physics (NP) beyond SM  
is the most important 
goal of the future particle 
physics

Background

We study the NP containing more than one Higgs Bosons 
!

In many new physics models (2HDM, MSSM, LRSM, etc), 
‣ the lightest Higgs boson: a SM-like Higgs boson 
‣ other heavy Higgs bosons: usually with mass ~TeV, 

maybe within the searching ability of LHC 
!

However, searching for heavy Higgs boson model by model 
is not an efficient way 
!

So we choose a model-independent way, using the dim-6 
effective Lagrangian to describe the anomalous Higgs 
interaction



Our goal is to search for the 
Non-Standard Model (NS)  
heavy neutral Higgs boson  
at the 14TeV LHC

Let                    be original Higgs field with the potential   
                      , which causes mixing between the Higgs fields. 
!

Let               be the lightest Higgs and a heavier neutral Higgs  
fields with Higgs bosons  
!

The mixing generates the VEVs            , and the effective Higgs- 
Gauge coupling constant            . 

�1, �2, ...

V (�1, �2, ...)

h, H

�h, �H

vh, vH
gh, gH

Anomalous Couplings of  
the Heavy Neutral Higgs Bosons

The ~125GeV Higgs boson h 
‣ treated as a SM-like Higgs with negligible anomalous 

couplings 
!

A heavy neutral Higgs boson H  
‣ with not so small gauge interaction  
‣ model-independent formulation of its gauge and Yukawa 

couplings based on effective Lagrangian



‣       is most relevant since it concerns the H-g-g and 
H-t-t couplings, but has no clear experimental 
constraints  

‣ Type-I   

‣ Type-II   

‣ Constraint 

hff̄ :

Hff̄ :
yHfp
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Ct

Yukawa Couplings 
Multi-Higgs-fermion couplings are irrelevant to 
our study. So up to dim-6, there is no new 
coupling form other than the Yukawa couplings

Ct ⇠ 1

Ct < 1

Mf =
1p
2
ySMf =

1p
2
(yhf vh + yHf vH + · · · )

Anomalous Couplings of  
the Heavy Neutral Higgs Bosons : Dim-4

Gauge Couplings 
The dim-4 Higgs-gauge couplings of h and H 
have the similar forms

⇢h =
g2hvh
g2v

⇢H =
g2HvH
g2v

L(4)
hV V / g2hvhhVµV

µ = ⇢hg
2vhVµV

µ

L(4)
HSMV V / g2vHSMVµV

µ

‣ The anomalous form differs from the SM form only 
by an extra factor 

‣ Constraint

⇢h (⇢H)

M2
W =

1

4
g2v(⇢hvh + ⇢HvH + · · · )

L(4)
HV V / g2HvHHVµV

µ = ⇢Hg2vHVµV
µ



Gauge Couplings 
momentum-dependent, sensitive to 
high energies

L(6)
HV V =

X

n

fn
⇤2

On

Anomalous Couplings of  
the Heavy Neutral Higgs Bosons : Dim-6

The relevant dim-6 effective Lagrangian expressed in 
weak boson field and H 

LH
eff = gH��HAµ⌫A

µ⌫

+ g
(1)
HZ�Aµ⌫Z

µ@⌫H + g
(2)
HZ�HAµ⌫Z

µ⌫

+ g
(1)
HZZZµ⌫Z
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(2)
HZZHZµ⌫Z

µ⌫

+ g
(1)
HWW (W+
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�µ@⌫H +H.c.) + g

(2)
HWWHW+
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�µ⌫

OWW = �†
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µ⌫�H ,

OW = (Dµ�H)†Ŵµ⌫(D⌫�H),

OB = (Dµ�H)†B̂µ⌫(D⌫�H)
gH�� = �

s2(fBB + fWW )
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,
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s(fW � fB)
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The momentum-dependence 
of the anomalous couplings 
may violate the unitarity of 
the LO S-matrix at high 
energies. 
!

Needing to be recalculated 
because there are two Higgs 
bosons in our theory 
!

Longitudinal W bosons 
scattering gives the most 
strict constraints 

|S†S| = |1� iT |2 = 1 (Reha|T |ai)2 +
X

|bi6=|ai

|hb|T |ai|2  1

iM(�i�i ! �f�f ) = 16⇡
X

J

(J +

1

2

)h�f�f |iT J |�i�iiPJ(cos ✓)

Expand the LO amplitude by partial wave, and the S-wave results  
are shown:

⇢h = 0.8

⇢H = 0.6

⇢h = 0.9

⇢H = 0.4

Constraints on the 
Anomalous Coupling Constants : by Unitarity 

ECM = 3TeV



!

Sensitive to dim-6 anomalous 
couplings, and the results of 
the experiments show no 
trend to be distinguished from 
SM 

H ! ��

H ! Z�

fBB ⇡ �fWW

fB ⇡ fW � 4fWW

‣ Five parameters left : 

Ct, ⇢h, ⇢H , fW , fWW

Constraints on the 
Anomalous Coupling Constants : by Experiments 

H�� HZ�& The experimental constraints are derived from the 95% CL 
upper limits on µ = �/�

exp

� = �(pp ! H + · · · ) �(H! X)

�(H!ZZ) + �(H!WW ) + · · ·

‣ The strongest constraint 
on a SM Higgs boson is 
the CMS result obtained 
from the channel
H ! ZZ ! 4l

‣ Other channels are 
also taken into 
consideration

MH = 400GeV, 500GeV, 800GeV are taken as examples to do the analysis



Constraints on the 
Anomalous Coupling Constants : by Experiments 

Type-I Type-II
Hardly avoid being excluded Figure (a)

Figure (b) Figure (c)

Almost all values of        and            are available to make the heavy neutral 
Higgs boson not excluded by the exclusion bound

MH= 400GeV

MH= 500GeV

fW fWWMH= 800GeV

Figure (a)  400II Figure (b)  500I Figure (c)  500II
Ct = 0.6, ⇢h = 0.8, ⇢H = 0.6Ct = 1, ⇢h = 0.9, ⇢H = 0.4Ct = 0.5, ⇢h = 0.9, ⇢H = 0.4



3URELQJ�+HDY\�1HXWUDO�+LJJV�%RVRQ
3DUDPHWHUV DQG�6WDWLVWDFDO PHWKRG

As the Type-I 400GeV heavy Higgs can hardly avoid being excluded, so we take the five set of 
parameters as below to do simulation, according to the former analysis: 

𝑴𝑯 𝑪𝒕 𝝆𝒉 𝝆𝑯 𝝆𝑯𝒇𝑾/𝚲𝟐(𝐓𝐞𝐕 𝟐) 𝝆𝑯𝒇𝑾𝑾/𝚲𝟐(𝐓𝐞𝐕 𝟐)

���,, 400 0.5 0.9 0.4 14 0

���, 500 1 0.9 0.4 30 10

���,, 500 0.6 0.8 0.6 6 -5

���, 800 1 0.8 0.6 6 -5

���,, 800 0.2 0.9 0.25 6 -5

We take Poisson Distribution to determine the statistic significance 𝜎 as below.

9 6LJQDO�DQG�%DFNJURXQG�&URVV�6HFWLRQV�
𝜎 ≡ 𝜎 𝐶 = 1, 𝜌 = 1, 𝜌 = 0, 𝑓 = 0, 𝑓 = 0 , and 𝜎 ≡ 𝜎 − 𝜎

9 6WDWLVWLFDO�6LJQLILFDQFH�8VLQJ�3RLVVRQ�'LVWULEXWLRQ�

𝑃 = ∑ 𝑒
!
, with 𝑁 = 𝑁 + 𝑁 ,𝑁 + 𝑁 + 1,⋯ ,∞

9 :KHQ�𝑵𝑩 LV�VXIILFLHQWO\�ODUJH��ZH�FDQ�DSSUR[LPDWH�𝝈𝒔𝒕𝒂𝒕 E\� 𝝈𝒔𝒕𝒂𝒕 =
𝑵𝑺
√𝑵𝑩



3URELQJ�+HDY\�1HXWUDO�+LJJV�%RVRQ
YLD�:HDN�%RVRQ�6FDWWHULQJ��6LJQDO�	�,%�
6LJQDO�SURFHVVHV��
Weak-boson scattering with a s/t-channel heavy 
Higgs. A W+ decays leptonicly and the other 
weak boson decays to quarks in the final state.

7\SLFDO�LUUHGXFLEOH�EDFNJURXQG�
calculated together with signal processes.



7\SLFDO�W+jjj EDFNJURXQG：
match partons with jets up to the multiplicity of 3.

7\SLFDO�4&'�WV+jj EDFNJURXQG��
a W+ decays leptonicly and a V decays to a 
fat jet 

7\SLFDO�7RS�TXDUN�EDFNJURXQG�
a top decays leptonicly and the other decays 

hadronicly

3URELQJ�+HDY\�1HXWUDO�+LJJV�%RVRQ
YLD�:HDN�%RVRQ�6FDWWHULQJ��5%V



Plot after cut 1 for pT of leptons

Plot after cut 4 for invariant mass of the 
fat jet and any other jet

3URELQJ�+HDY\�1HXWUDO�+LJJV�%RVRQ
YLD�:HDN�%RVRQ�6FDWWHULQJ��0&�	�&XWV
'HWHFWRU�DFFHSWDQFH�

η ≤ 5 and p ≥ 20GeV for jets
η ≤ 2.5 and p ≥ 10GeV for electrons
η ≤ 2.4 and p ≥ 10GeV for muons

-HW�DOJRULWKP��
DQWL�kT ZLWK R=0.7

&XW����lepton number cut
𝑵 𝒍 = 𝟏,𝑵 𝒍 = 𝟎 DQG 𝜼 𝒍 < 𝟐

&XW��� 𝑝 cut 
𝒑𝑻 𝒍𝒆𝒑𝒕𝒐𝒏𝒔 > 𝟏𝟓𝟎𝑮𝒆𝑽

&XW��� forward jet cut
𝒑𝑻 𝒋𝒇 > 𝟑𝟓𝑮𝒆𝑽 𝐚𝐧𝐝 𝑬(𝒋𝒇)>300GeV
𝟐 < 𝜼 𝒋𝒇 < 𝟓 𝐚𝐧𝐝 𝜼(𝒋𝟏

𝒇) 𝜼(𝒋𝟐
𝒇)<0

&XW��� fat jet cut
𝟕𝟎𝑮𝒆𝑽 < 𝑴 𝑱 < 𝟏𝟎𝟎𝑮𝒆𝑽 𝐚𝐧𝐝 𝜼𝑱 < 𝟐

&XW��� top quark veto
5HMHFW�HYHQWV�ZLWK�130GeV<M(J,j)<240GeV



3URELQJ�+HDY\�1HXWUDO�+LJJV�%RVRQ
YLD�:HDN�%RVRQ�6FDWWHULQJ��5HVXOW

𝝈𝒔𝒕𝒂𝒕
𝑳𝒊𝒏𝒕(𝒇𝒃 𝟏) QHHGHG E\�D�UHTXLUHG�VLJQLILFDQFH

���, ���, ���,, ���, ���,,

𝟏𝝈 32 34 3.9 12 5.7

�𝝈 288 307 35 110 52

�𝝈 800 852 96 306 143

� ���,,�DQG����,,��
hopeful  to  be  discovered  (at  the  5σ  level) in the first few years run of the 14 TeV LHC

� ���,�
can  be  discovered  (at  the  5σ  level)  for  an  integrated  luminosity  of  300fb at the 14TeV LHC

� ���,�DQG����,�
can  have  evidences  (at  the  3σ  level)  for  an  integrated  luminosity  of  300fb at the 14TeV LHC

1RWH��
Since there is a missing neutrino in the final state, we have to search transverse mass distribution 
to measure the heavy Higgs mass. Unfortunately, a steep descent 𝑀 can not be clearly seen.



7\SLFDO�LUUHGXFLEOH�EDFNJURXQG�
calculated together with signal processes.

6LJQDO�SURFHVVHV：
associated heavy Higgs production with the Higgs 
decays to weak bosons. The W+ decays leptonicly
and the other two weak bosons decay to quarks.

5HGXFLEOH�EDFNJURXQGV：
9 W + n-jet processes with n  ≤  3    
9 W +V + n-jet processes with n  ≤  2
9 Top-quark background 
The diagrams are about the same with weak 
boson scattering.

3URELQJ�+HDY\�1HXWUDO�+LJJV�%RVRQ
YLD�9+�$VVRFLDWHG�3URGXFWLRQ��6LJQDO��,%�	�5%V



Plot after cut 2 for invariant mass of the 
fat jet and any other jet

3URELQJ�+HDY\�1HXWUDO�+LJJV�%RVRQ
YLD�9+�$VVRFLDWHG�3URGXFWLRQ��0&�	�FXWV
'HWHFWRU�DFFHSWDQFH�

η ≤ 5 and p ≥ 20GeV for jets
η ≤ 2.5 and p ≥ 10GeV for electrons
η ≤ 2.4 and p ≥ 10GeV for muons

-HW�DOJULWKP��
anti-kT with R=0.7
𝑱𝟏/𝑱𝟐 GHQRWHV�WKH�MHW�ZLWK�WKH��VW��QG ODUJHVW 𝒑𝑻

&XW����lepton 𝑝 cut
𝑵 𝒍 = 𝟏,𝑵 𝒍 = 𝟎 , 𝒑𝑻 𝒍𝒆𝒑𝒕𝒐𝒏𝒔 > 𝟒𝟎𝟎𝑮𝒆𝑽

&XW����fat jet cut
𝟕𝟎𝑮𝒆𝑽 < 𝑴 𝑱𝟏 < 𝟏𝟎𝟎𝑮𝒆𝑽
𝟕𝟎𝑮𝒆𝑽 < 𝑴 𝑱𝟐 < 𝟏𝟎𝟎𝑮𝒆𝑽

&XW��� top quark veto
5HMHFW�HYHQWV�ZLWK 𝟏𝟑𝟎𝑮𝒆𝑽 < 𝑴 𝑱𝟏, 𝒋 <
𝟐𝟒𝟎𝑮𝒆𝑽

&XW��� Δ𝑅 cut
𝜟𝑹 𝑱𝟏, 𝒍 > 𝟐. 𝟓 𝐚𝐧𝐝 𝜟𝑹 𝑱𝟐, 𝒍 > 𝟎. 𝟕

Plot after cut 3 for Δ𝑅 𝐽 , 𝑙



3URELQJ�+HDY\�1HXWUDO�+LJJV�%RVRQ
YLD�9+�$VVRFLDWHG�3URGXFWLRQ��&XW�HIILFLHQFLHV

GDWD ,QLWLDO� &XW�� &XW�� &XW�� &XW��

𝝈𝑺 𝑰𝑩

400II 2085 46.9 2.78 2.32 2.04

500I 2009 25.7 1.21 1.08 0.92

500II 2037 54.4 4.36 3.79 3.11

800II 1996 25.3 1.41 1.24 1.11

800I 1917 18.6 0.63 0.53 0.43

𝝈𝑩

IB 1925 13.1 0.21 0.13 0.06

w+njets 31500000 1422 2.91 2.15 1.39

tt 92000 65.9 0.72 0.15 0.06

wvjj 7600 47.9 0.34 0.25 0.18

&XW�HIILFLHQFLHV�IRU�9+�DVVRFLDWHG�SURGXFWLRQ�DUH�VKRZ�EHORZ��LQ�IE�



3URELQJ�+HDY\�1HXWUDO�+LJJV�%RVRQ
YLD�9+�$VVRFLDWHG�3URGXFWLRQ��5HVXOW

𝝈𝒔𝒕𝒂𝒕

𝑳𝒊𝒏𝒕(𝒇𝒃 𝟏) QHHGHG E\�D�UHTXLUHG�VLJQLILFDQFH

���, ���, ���,, ���, ���,,

𝟏𝝈 0.43 0.18 2.3 13 1.6

�𝝈 3.9 1.6 21 115 14

�𝝈 10.8 4.5 57 319 39

� ���,����,����,,����,,��
hopeful  to  be  discovered  (at  the  5σ  level) in the first few years run of the 14 TeV LHC

� ���,�
can  be  discovered  (at  the  5σ  level)  for  an  integrated  luminosity  of  300fb at the 14TeV LHC

7KH�UHVXOW�IRU�DVVRFLDWHG�9+�SURGXFWLRQ



3URELQJ�+HDY\�1HXWUDO�+LJJV�%RVRQ
&RPSDULVRQ�RI�WKH�WZR�GHWHFWLQJ�PHWKRGV

𝝈𝒔𝒕𝒂𝒕
𝑳𝒊𝒏𝒕(𝒇𝒃 𝟏) QHHGHG E\�D�UHTXLUHG�VLJQLILFDQFH

���, ���, ���,, ���, ���,,

𝟏𝝈 0.43 0.18 2.3 13 1.6

�𝝈 3.9 1.6 21 115 14

�𝝈 10.8 4.5 57 319 39

𝝈𝒔𝒕𝒂𝒕
𝑳𝒊𝒏𝒕(𝒇𝒃 𝟏) QHHGHG E\�D�UHTXLUHG�VLJQLILFDQFH

���, ���, ���,, ���, ���,,

𝟏𝝈 32 34 3.9 12 5.7

�𝝈 288 307 35 110 52

�𝝈 800 852 96 306 143

)RU�DVVRFLDWHG�9+�SURGXFWLRQ

)RU�ZHDN�ERVRQ�VFDWWHULQJ



'HWHUPLQLQJ�WKH�SDUDPHWHUV
0HDVXULQJ�WKH�PDVV�RI�KHDY\�+LJJV
If H is there, how can we find its mass?
9 :HDN�ERVRQ�VFDWWHULQJ��1R���There is missing energy and 𝑀 does not has a significant signature.

9 9+�DVVRFLDWHG�SURGXFWLRQ��<HV� But just in the case H decays to two fat jets and the width of 
H should not be too large.

We apply a cut in addition:
Δ𝑅 𝐽 , 𝑙 > 2.5

Then both 𝐽 and 𝐽 will mainly come 
from the decay of  H.

400II 500I

500II 800II
800I

is too fat!



Plotted after we observe the 
resonance peak and select the 
events in the resonance peak. 

Now we try to distinguish 
the four parameter sets of 
𝑓 𝑎𝑛𝑑 𝑓 listed here.

Plotted just after cut 4, before 
we know the mass of H 

VHW 𝑴𝑯 𝑪𝒕 𝝆𝒉 𝝆𝑯 𝒇𝑾 𝒇𝑾𝑾

, 500 1 0.8 0 0 0

,, 500 0.6 0.8 0.6 6 -6

,,, 500 0.6 0.8 0.6 12 0

,9 500 0.6 0.8 0.6 0 12

If we can measure the anomalous coupling constants 𝑓 and 𝑓 , it 
will serve as D�QHZ�KLJK�HQHUJ\�FULWHULRQ�IRU�QHZ�SK\VLFV�PRGHOV: 
Surviving physics models must predict 𝑓 and 𝑓 consistent with 
the measured values.

'HWHUPLQLQJ�WKH�SDUDPHWHUV
0HDVXULQJ�WKH�$QRPDORXV�&RXSOLQJ�&RQVWDQWV



Summary
➡ To search for new physics beyond SM, we suggest to search for heavy neutral 

Higgs bosons which are generally contained in new physics models. 

➡ We identify the lightest mass eigenstate h as the recently discovered ~125GeV 
Higgs, and study model independently the properties of the fermion and gauge 
couplings of both h and a heavier neutral Higgs boson H, based on the effective 
Lagrangian up to dim-6 operators. 

➡ We estimate the constraints of the anomalous couplings constants according to the 
unitarity requirement and the 95%CL upper limits of LHC experiments. 

➡ We propose VV scattering and associated VH production as two processes to 
detect H, both of which are semi-leptonic. We gave the Monte Carlo results and 
found that the associated VH production is more sensitive.  

➡ For VH associated production, we can determine Higgs mass through the 
resonance peak of                    for parameter set 400I, 500I, 500II and 800II.   

➡ Finally We constructed four observables to measure the anomalous coupling 
constants and proposed a new high energy criterion for new physics models. 

M(J1, J2)

Thanks for your attention!



&KHFNLQJ�WKH�XQLWDU\
7KH�SORW�IRU�FHQWHU�RI�PDVV�HQHUJ\�GLVWULEXWLRQ

:HDN�ERVRQ�VFDWWHULQJ�
The center of mass energy for the two weak bosons

9+�SURGXFWLRQ�
The energy for events in 
which H decays to two 
fat jets.

9+�SURGXFWLRQ�
The energy for events in 
which H decays to a fat 
jet and two leptons.


