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Standard Model/Theory
• SM is a gauge theory

• BEH particle - agent 
responsible to 
spontaneously 
electroweak 
symmetry breaking

• Provide masses to 
quarks, charged 
leptons, and gauge 
bosons
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Higgs Production
• Signal strengths for various Higgs decay modes at ATLAS and CMS

• To a large extent, LHC data consistent with SM predictions (with large 
uncertainties)
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FIG. 5: p0 values in the SM Higgs boson search (all channels combined) as presented by ATLAS

(left) [2] and CMS (right) [3] on 4th of July 2012.
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FIG. 6: Comparison of the measurement of production cross sectinos times branching ratios with

the respective SM prediction from ATLAS [27] (left) and CMS [6] (right).

most relevant coupling strength modifiers are κt, κb, κτ , κW , κZ , κγ , κg, . . .

One limitation at the LHC (but not at the ILC) is the fact that the total width cannot

be determined experimentally without additional theory assumptions. In the absence of a

total width measurement only ratios of κ’s can be determined from experimental data. An

Signal Strength µij � �i�h�BRh�j

�i�hSM
�BRhSM�j
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Latest CMS Results on Higgs Measurements (ICHEP 2014)
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Is That All?

• Perhaps not!

• Exotic Higgs decay might be important but 
overlooked thus far.
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• Original Abelian Higgs Model as 
Dark U(1)

• Studies of  2 and 4 lepton jets

• Summary

Based on Chia-Feng Chang, Ernest Ma, TCY,  JHEP 1403 (2014) 054 [arXiv:1308.6071]

Outline
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Original Higgs U(1) Model As Dark Sector

• The Model

• SM Higgs and Dark Higgs Mixing

Chia-Feng Chang, Ernest Ma and TCY, [arXiv:1308.6071]
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In terms of the shifted fields h and hD, the scalar potential Vscalar can then be decomposed

as

Vscalar = V0 + V1 + V2 + V3 + V4

3

N
O
T
 
F
O
R
 
D
I
S
T
R
I
B
U
T
I
O
N
 
J
H
E
P
_
0
6
3
P
_
1
0
1
3
 
v
1

with

Lgauge = �1

4
�Wµ⇤ · �W µ⇤ � 1

4
Bµ⇤B

µ⇤ � 1

4
Cµ⇤C

µ⇤ � �

4
Bµ⇤C

µ⇤ , (2)

Lscalar = |Dµ�|2 + |Dµ⇧|2 � Vscalar(�,⇧) , (3)

and

Dµ� =

⇤
�µ + ig

1

2
⌅aWaµ + i

1

2
g⇥Bµ

⌅
� , (4)

Dµ⇧ = (�µ + igDCµ)⇧ , (5)

where �W µ, Bµ and Cµ are the gauge potentials of the SU(2)L, U(1)Y and U(1)D with gauge

couplings g, g⇥ and gD respectively, and � is the kinetic mixing parameter between the two

U(1)s [5]. The scalar potential in (3) is given by

Vscalar = �µ2
��

†�+ ⇥�

�
�†�

⇥2 � µ2
⌅⇧

�⇧+ ⇥⌅ (⇧
�⇧)2 + ⇥�⌅

�
�†�

⇥
(⇧�⇧) . (6)

We pick the unitary gauge and expand the scalar fields around the vacuum

�(x) =
1⇧
2

⇧
0

v + h(x)

⌃
, ⇧(x) =

1⇧
2
(vD + hD(x)) (7)

with the VEVs v and vD fixed by minimisation of the following potential

Vscalar(v, vD) =
1

4
⇥�v

4 � 1

2
µ2
�v

2 +
1

4
⇥⌅v

4
D � 1

2
µ2
⌅v

2
D +

1

4
⇥�⌅v

2v2D . (8)

Thus, we obtain

v2 =
µ2
� � 1

2
���

��
µ2
⌅

⇥� � 1
4

�2
��

��

, v2D =
µ2
⌅ � 1

2
���

��
µ2
�

⇥⌅ � 1
4

�2
��

��

. (9)

In terms of the shifted fields h and hD, the scalar potential Vscalar can then be decomposed

as

Vscalar = V0 + V1 + V2 + V3 + V4

3

N
O
T
 
F
O
R
 
D
I
S
T
R
I
B
U
T
I
O
N
 
J
H
E
P
_
0
6
3
P
_
1
0
1
3
 
v
1

with

Lgauge = �1

4
�Wµ⇤ · �W µ⇤ � 1

4
Bµ⇤B

µ⇤ � 1

4
Cµ⇤C

µ⇤ � �

4
Bµ⇤C

µ⇤ , (2)

Lscalar = |Dµ�|2 + |Dµ⇧|2 � Vscalar(�,⇧) , (3)

and

Dµ� =

⇤
�µ + ig

1

2
⌅aWaµ + i

1

2
g⇥Bµ

⌅
� , (4)

Dµ⇧ = (�µ + igDCµ)⇧ , (5)

where �W µ, Bµ and Cµ are the gauge potentials of the SU(2)L, U(1)Y and U(1)D with gauge

couplings g, g⇥ and gD respectively, and � is the kinetic mixing parameter between the two

U(1)s [5]. The scalar potential in (3) is given by

Vscalar = �µ2
��

†�+ ⇥�

�
�†�

⇥2 � µ2
⌅⇧

�⇧+ ⇥⌅ (⇧
�⇧)2 + ⇥�⌅

�
�†�

⇥
(⇧�⇧) . (6)

We pick the unitary gauge and expand the scalar fields around the vacuum

�(x) =
1⇧
2

⇧
0

v + h(x)

⌃
, ⇧(x) =

1⇧
2
(vD + hD(x)) (7)

with the VEVs v and vD fixed by minimisation of the following potential

Vscalar(v, vD) =
1

4
⇥�v

4 � 1

2
µ2
�v

2 +
1

4
⇥⌅v

4
D � 1

2
µ2
⌅v

2
D +

1

4
⇥�⌅v

2v2D . (8)

Thus, we obtain

v2 =
µ2
� � 1

2
���

��
µ2
⌅

⇥� � 1
4

�2
��

��

, v2D =
µ2
⌅ � 1

2
���

��
µ2
�

⇥⌅ � 1
4

�2
��

��

. (9)

In terms of the shifted fields h and hD, the scalar potential Vscalar can then be decomposed

as

Vscalar = V0 + V1 + V2 + V3 + V4

3

N
O
T
 
F
O
R
 
D
I
S
T
R
I
B
U
T
I
O
N
 
J
H
E
P
_
0
6
3
P
_
1
0
1
3
 
v
1

The physical Higgs (h1, h2) are related to the original (h, hD) as

⌅
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with the mixing angle
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12

m2
1 �m2

2

. (18)

We will identify the heavier Higgs h1 with mass m1 = 126 GeV as the new boson observed

at the LHC [3, 4], while the lighter one h2 has been escaped detection thus far.

In terms of the physical Higgs fields h1 and h2, the cubic term V3 is given by
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Kinetic Mixing

Heavier state identifies as SM 126 GeV Higgs
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Rich and Distinctive Higgs Phenomenology
h1 � �D�D

h1 � h2h2

h1 � h2h
�
2 � h2�D�D

h1 � h2h2h2

• Dark photon may decay to light SM fermions 
(e.g. leptons) through kinetic mixing with 
SM photon 

• h2 decays predominantly into two dark photons h2 � �D�D

• This model predicts: non-standard modes of  Higgs decay 
could be 4,  8, or even 12 leptons in the final states without 
missing energy (MET)!

�D � l̄l (l = e, µ)

• Higgs mixings implies 
non-standard Higgs decay 

• Similar signals (but with MET) can occur in hidden valley 
scenarios, SUSY, Weinberg’s Higgs Portal model etc.
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Kinematic Region
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Higgs Decay Width

• SM Higgs total width contains two pieces N
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Thus the total width of the heavier Higgs h1 is modified as

�h1 = cos2 ��̂h + �NS
h1

, (31)

where �̂h is the width of the SM Higgs h, which has a theoretical value of 4.03 MeV. The

branching ratio for the non-standard modes of the heavier Higgs decay is

BNS
h1

=
�NS
h1

�h1

, (32)

which should be constrained to be less than 22% or so. The partial decay width for the two

body decays are given by

�̂(h1 ⇤ ⇥D⇥D) =
g2Dm

2
�D

8⇧m1

⇧
1�

4m2
�D

m2
1

⌃ 1
2
⇧
3� m2

1

m2
�D

+
m4
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4m4
�D

⌃
, (33)

and

� (h1 ⇤ h2h2) =

⇤
⇤(3)
3

⌅2

32⇧m1

⇧
1� 4m2

2

m2
1

⌃ 1
2

. (34)

For the three body decay h1 ⇤ h2h2h2, we obtain

� (h1 ⇤ h2h2h2) =

⌦ xmax
1

xmin
1

dx1

⌦ xmax
2

xmin
2

dx2
d� (h1 ⇤ h2h2h2)

dx1dx2
(35)

with the following di⇥erential decay rate

d� (h1 ⇤ h2h2h2)

dx1dx2
=

m1

1536⇧3
|M|2 (36)

where the matrix element is given by

M = ⇤(3)
4 +

1

m2
1

⌥
⇤(2)
3 ⇤(3)

3

 

i=1,2,3

(1� xi)
�1 + ⇤(3)

3 ⇤(4)
3

 

i=1,2,3

(µ� xi)
�1

�
, (37)

with µ = m2
2/m

2
1 and x1+x2+x3 = 2. The range of integration for x1 and x2 is confined by

2
⌃
µ < x1 < 1� 3µ , (38)

x2
<
>

1

2
(1 + µ� x1)

�1
↵
(2� x1) (1 + µ� x1)±

�
x2
1 � 4µ
⇥1/2

⇤1/2 (1 + µ� x1, µ, µ)
�

(39)
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with the quadrilinear couplings

⇤(1)
4 = 6

⇤
⇤� cos4 � + ⇤� sin

4 � +
1

4
⇤�� sin

2 2�

⌅
, (25)

⇤(2)
4 = 6

⇤
⇤� sin4 � + ⇤� cos

4 � +
1

4
⇤�� sin

2 2�

⌅
, (26)

⇤(3)
4 = �3

2
sin 2�

�
�2⇤� cos

2 � + 2⇤� sin2 � + ⇤�� cos 2�
⇥
, (27)

⇤(4)
4 = +

3

2
sin 2�

�
2⇤� sin

2 �� 2⇤� cos2 � + ⇤�� cos 2�
⇥
, (28)

⇤(5)
4 =

1

4
[3 (⇤� + ⇤�) + ⇤�� � 3 (⇤� + ⇤� � ⇤��) cos 4�] . (29)

IV. NON-STANDARD DECAYS OF h1

The global fits [11–14] for the signal strengths of the various SM Higgs decay channels

from the LHC data imply the total width of the SM Higgs is about 4.03 MeV and the non-

standard width for the SM Higgs can be at most 1.2 MeV; in other words the non-standard

branching ratio for the SM Higgs must be less than 22%. One can use this result to constrain

the parameter space of the model.

We will compute the following non-standard processes h1 ⇤ ⇥D⇥D, h1 ⇤ h2h2, h1 ⇤

h2h�
2 ⇤ h2⇥D⇥D and h1 ⇤ h2h2h2. Each of the h2 in the final state of these processes will

decay into two dark photons and each dark photon will give rise to two leptons through its

mixing with the photon 2. These non-standard processes will provide multiple leptons in

the final state of the standard model Higgs decay [9]. The contribution to the heavier Higgs

width from these non-standard processes is 3

�NS
h1

= sin2 ��̂(h1 ⇤ ⇥D⇥D)+�(h1 ⇤ h2h2)+�(h1 ⇤ h2⇥D⇥D)+�(h1 ⇤ h2h2h2)+ · · · (30)

2 We note that h2 can decay to SM particles as well through its mixing with h1 and hence they are suppressed.

We take the branching ratio of h2 ⇤ �D�D to be 100%. See discussion after Eq.(40).
3 The four lepton modes from the first term h1 ⇤ �D�D followed by �D ⇤ ll̄ (l = e, µ) were studied in

details in [6].

6

• Non-standard contributions from dark Higgs U(1) sector

• The SM Higgs width is 4.03 MeV (Theory) while LHC constrains 
the non-standard Higgs width to be less than 3.3 MeV

Parameter Space: α, gD, m2, mγD and ε
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Contour Plots for non-standard branching ratio 
for standard model Higgs ((sin2α=0.0009;Br=0.1)

Chia-Feng Chang, Ernest Ma and TCY, [arXiv:1308.6071]

Light Mass Region
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Contour Plots for non-standard branching ratio 
for standard model Higgs (sin2α=0.0009;Br=0.2)

Light Mass Region
1314年9月5日星期五



Multilepton Jets at the LHC
• Four processes which may lead to signals 

of  multilepton jets at the LHC

• (I) and (II) are SM processes

• (III) and (IV) are dark processes

• (III) with X=Z is SM process with 
modified h1 coupling
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Figure 4. Contour plot of the non-standard branching ratio BNS
h1

(eq. (4.3)) = 0.1 (left) and
0.2 (right) of the heavier Higgs h1 in the (mγD ,m2) plane up to 126GeV in both directions for
sin2 α = 0.0009 and gD = 0.05, 0.1, 0.2, 0.4 and 0.8.

Figure 5. Contour plot of the non-standard branching ratio BNS
h1

(eq. (4.3)) = 0.1 (left) and 0.2
(right) of the heavier Higgs h1 in the small mass region of 0.5 to 5GeV in the (mγD ,m2) plane for
sin2 α = 0.0009 and gD = 0.005, 0.009, 0.013 and 0.017.

region of 0.5 to 5GeV in both directions for sin2 α = 0.0009 and gD = 0.005, 0.009, 0.013

and 0.017.

6 Multilepton jets at the LHC

We will study some collider signatures for the model in this section. In particular, we

will focus on the 4 lepton-jets and 2 lepton-jets modes in our analysis. We consider the

following four processes which may lead to signals of multilepton jets at the LHC:

(I) pp → h → ZZ → l+l−l+l−

(II) pp → V V → l+l−l+l− (V V = ZZ, γγ, Zγ)
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Figure 6. Some topologies of 4 (left) and 2 (right) lepton-jets for process III. The 4 lepton-jets
can also be coming from the SM of process I with h1 replaced by the SM h. The immediate state
of h2h2 for the 2 lepton-jets is not shown since the branching ratio for h2 → l+l− is very tiny.

Figure 7. Some topologies of 4 (left) and 2 (right) lepton-jets for process IV.

(III) pp → h1 → XX → l+l−l+l− (XX = ZZ, γDγD, h2h2)

(IV) pp → h1 → h2h2 → γDγDγDγD → l+l−l+l−l+l−l+l−

where l = e or µ. Processes (I) and (II) are coming entirely from the SM, process (III)

can be arise from either SM (with modified Higgs-ZZ coupling) or the dark portal (see

figure 6), and process (IV) is purely from the dark portal (see figure 7).

We compute the matrix elements of these processes using FeynRules6 [24, 25] and

MadGraph [26]. We pass these matrix elements to the event generator MadEvent [27] to

obtain our event samples. The set of parton distribution functions used is CTEQ6L1 [28].

For illustration, we will choose several benchmark points in the dark portal as shown

in table 1. If the kinetic mixing parameter ε is smaller than 10−5, the dark photon will

have a very long lifetime and it may decay outside the detector. We will choose it to be

10−4 as used by previous analyses by theorists [12] as well as experimentalists [29]. The

mass of dark photon is chosen to be less than 2GeV in these benchmark points. With such

relatively low mass the opening angle of the lepton pair from the decay of the dark photon

will be small which may lead to multilepton jets. Such low mass dark photon may also be

desirable for indirect dark matter searches, since the allowed decay γD → e+e− may be used

to explain the positron excess [30–32], while γD → pp̄ is kinematically disallowed in accord

with observation that the cosmic anti-proton flux is consistent with the background [30, 33].

We also choose sin2 α = 10−3 in consistent with the analysis of the invisible branching ratio

of h1 in previous section (see also [34] and [35, 36]). At these benchmark points, we see

from the last three columns of table 1 that (1) the invisible decay branching ratio of the SM

Higgs is consistent with global fit results, (2) the decay of the dark Higgs is almost 100%

6We include both gluon and photon fusion gg → h1 and γγ → h1 computed at next-to-leading-order.
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Figure 6. Some topologies of 4 (left) and 2 (right) lepton-jets for process III. The 4 lepton-jets
can also be coming from the SM of process I with h1 replaced by the SM h. The immediate state
of h2h2 for the 2 lepton-jets is not shown since the branching ratio for h2 → l+l− is very tiny.

Figure 7. Some topologies of 4 (left) and 2 (right) lepton-jets for process IV.

(III) pp → h1 → XX → l+l−l+l− (XX = ZZ, γDγD, h2h2)

(IV) pp → h1 → h2h2 → γDγDγDγD → l+l−l+l−l+l−l+l−

where l = e or µ. Processes (I) and (II) are coming entirely from the SM, process (III)

can be arise from either SM (with modified Higgs-ZZ coupling) or the dark portal (see

figure 6), and process (IV) is purely from the dark portal (see figure 7).

We compute the matrix elements of these processes using FeynRules6 [24, 25] and

MadGraph [26]. We pass these matrix elements to the event generator MadEvent [27] to

obtain our event samples. The set of parton distribution functions used is CTEQ6L1 [28].

For illustration, we will choose several benchmark points in the dark portal as shown

in table 1. If the kinetic mixing parameter ε is smaller than 10−5, the dark photon will

have a very long lifetime and it may decay outside the detector. We will choose it to be

10−4 as used by previous analyses by theorists [12] as well as experimentalists [29]. The

mass of dark photon is chosen to be less than 2GeV in these benchmark points. With such

relatively low mass the opening angle of the lepton pair from the decay of the dark photon

will be small which may lead to multilepton jets. Such low mass dark photon may also be

desirable for indirect dark matter searches, since the allowed decay γD → e+e− may be used

to explain the positron excess [30–32], while γD → pp̄ is kinematically disallowed in accord

with observation that the cosmic anti-proton flux is consistent with the background [30, 33].

We also choose sin2 α = 10−3 in consistent with the analysis of the invisible branching ratio

of h1 in previous section (see also [34] and [35, 36]). At these benchmark points, we see

from the last three columns of table 1 that (1) the invisible decay branching ratio of the SM

Higgs is consistent with global fit results, (2) the decay of the dark Higgs is almost 100%

6We include both gluon and photon fusion gg → h1 and γγ → h1 computed at next-to-leading-order.
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Figure 6. Some topologies of 4 (left) and 2 (right) lepton-jets for process III. The 4 lepton-jets
can also be coming from the SM of process I with h1 replaced by the SM h. The immediate state
of h2h2 for the 2 lepton-jets is not shown since the branching ratio for h2 → l+l− is very tiny.

Figure 7. Some topologies of 4 (left) and 2 (right) lepton-jets for process IV.

(III) pp → h1 → XX → l+l−l+l− (XX = ZZ, γDγD, h2h2)

(IV) pp → h1 → h2h2 → γDγDγDγD → l+l−l+l−l+l−l+l−

where l = e or µ. Processes (I) and (II) are coming entirely from the SM, process (III)

can be arise from either SM (with modified Higgs-ZZ coupling) or the dark portal (see

figure 6), and process (IV) is purely from the dark portal (see figure 7).

We compute the matrix elements of these processes using FeynRules6 [24, 25] and

MadGraph [26]. We pass these matrix elements to the event generator MadEvent [27] to

obtain our event samples. The set of parton distribution functions used is CTEQ6L1 [28].

For illustration, we will choose several benchmark points in the dark portal as shown

in table 1. If the kinetic mixing parameter ε is smaller than 10−5, the dark photon will

have a very long lifetime and it may decay outside the detector. We will choose it to be

10−4 as used by previous analyses by theorists [12] as well as experimentalists [29]. The

mass of dark photon is chosen to be less than 2GeV in these benchmark points. With such

relatively low mass the opening angle of the lepton pair from the decay of the dark photon

will be small which may lead to multilepton jets. Such low mass dark photon may also be

desirable for indirect dark matter searches, since the allowed decay γD → e+e− may be used

to explain the positron excess [30–32], while γD → pp̄ is kinematically disallowed in accord

with observation that the cosmic anti-proton flux is consistent with the background [30, 33].

We also choose sin2 α = 10−3 in consistent with the analysis of the invisible branching ratio

of h1 in previous section (see also [34] and [35, 36]). At these benchmark points, we see

from the last three columns of table 1 that (1) the invisible decay branching ratio of the SM

Higgs is consistent with global fit results, (2) the decay of the dark Higgs is almost 100%

6We include both gluon and photon fusion gg → h1 and γγ → h1 computed at next-to-leading-order.
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Benchmark Points
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Benchmark Point gD MγD m2 Brh1→DarkStuff Brh2→γDγD BrγD→l+l−

A 0.005 1.5 4 ∼ 16% 99% 50%

B 0.009 1.8 10 ∼ 20% 100% 50%

C 0.005 1.5 40 ∼ 15% 99% 50%

D 0.005 1.8 40 ∼ 11% 99% 50%

Table 1. Several benchmark points of the dark portal used to calculate the signals of multilepton
jets (ε = 10−4 and sin2 α = 10−3).

Figure 8. Graphical illustrations for the kinematic cuts on the cone radius ∆R of final state
leptons. The 2 and 4 lepton-jets cases are shown in the left and right figures respectively.

into pair of dark photons, and (3) the branching ratio of the dark photon into light lepton

pairs can be as large as 50%. Due to the smallness of the two mixing parameters α and ε,

the production cross section of h1 at the LHC remains to be very close to its SM value.

For the kinematic cuts for the 2 and 4 lepton-jets, we follow refs. [9, 12] and [29]. For

the basic cuts that we will impose in all processes, we have

Basic cuts: (4 leptons case) pTl ≥ 20, 10, 10, 10GeV, |ηl| < 2.3;

(8 leptons case) pTl ≥ 20, 10, 10, 10, 0, 0, 0, 0GeV, |ηl| < 2.3,

where pTl and ηl are the transverse momenta and pseudo-rapidity of the lepton respectively.

On top of the basic cuts, we employ the following lepton-jets cuts

4 lepton-jets cuts : ∆Rd
jijj > 0.7, ∆Rs

lilj < 0.2, MInvariant = Mh1 ± 10GeV;

2 lepton-jets cuts : ∆Rd
j1j2 > 0.7, ∆Rs

lilj < 0.2, MInvariant = Mh1 ± 10GeV.

Here ∆Rd
jj denotes the cone radius between two different lepton-jets and ∆Rs

ll denotes the

cone radius between two different leptons in the same lepton jet, as depicted in figure 8.

MInvariant denotes the invariant mass of all final state particles due to the decay chain of

the SM Higgs boson resonance, give or take 10GeV from the central value of 126GeV.

The number of events versus the total invariant mass MInvariant for the four processes

I, II, III and IV at the LHC-14 without any cuts are shown in figure 9 for the benchmark

point B. We can see that before imposing any cuts the number of events around the Higgs

boson resonance for the two processes III (red) and IV (yellow, 8 leptons) from the dark

portal can stand above the SM processes of I (blue) and II (black). However away from

the resonance region, the 4 leptons SM background from process I (black) is 2 to 3 order

of magnitudes above the signals from process IV (green).
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Mass in GeV.

(1) Nonstandard Higgs decay branching ratio is consistent with 
global fits
(2) Dark Higgs decays ~100% into 2 dark photons
(3) Dark photon decays into lepton pairs as large as 50%
(4) Mixing parameters α and ε are small so that cross section for h1 
production is close its SM value
(5) Dark photon mass is chosen less than 2 GeV such that small 
opening angle for the lepton pairs (as compared with Z)
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Number of  Events vs. MInv

• Benchmark point B

• No cuts

• Blue strip (I)
Black dash (II)
Red solid (III)
Yellow strip (IV)
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Kinematical Cuts
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Benchmark Point gD MγD m2 Brh1→DarkStuff Brh2→γDγD BrγD→l+l−

A 0.005 1.5 4 ∼ 16% 99% 50%

B 0.009 1.8 10 ∼ 20% 100% 50%

C 0.005 1.5 40 ∼ 15% 99% 50%

D 0.005 1.8 40 ∼ 11% 99% 50%

Table 1. Several benchmark points of the dark portal used to calculate the signals of multilepton
jets (ε = 10−4 and sin2 α = 10−3).

Figure 8. Graphical illustrations for the kinematic cuts on the cone radius ∆R of final state
leptons. The 2 and 4 lepton-jets cases are shown in the left and right figures respectively.

into pair of dark photons, and (3) the branching ratio of the dark photon into light lepton

pairs can be as large as 50%. Due to the smallness of the two mixing parameters α and ε,

the production cross section of h1 at the LHC remains to be very close to its SM value.

For the kinematic cuts for the 2 and 4 lepton-jets, we follow refs. [9, 12] and [29]. For

the basic cuts that we will impose in all processes, we have

Basic cuts: (4 leptons case) pTl ≥ 20, 10, 10, 10GeV, |ηl| < 2.3;

(8 leptons case) pTl ≥ 20, 10, 10, 10, 0, 0, 0, 0GeV, |ηl| < 2.3,

where pTl and ηl are the transverse momenta and pseudo-rapidity of the lepton respectively.

On top of the basic cuts, we employ the following lepton-jets cuts

4 lepton-jets cuts : ∆Rd
jijj > 0.7, ∆Rs

lilj < 0.2, MInvariant = Mh1 ± 10GeV;

2 lepton-jets cuts : ∆Rd
j1j2 > 0.7, ∆Rs

lilj < 0.2, MInvariant = Mh1 ± 10GeV.

Here ∆Rd
jj denotes the cone radius between two different lepton-jets and ∆Rs

ll denotes the

cone radius between two different leptons in the same lepton jet, as depicted in figure 8.

MInvariant denotes the invariant mass of all final state particles due to the decay chain of

the SM Higgs boson resonance, give or take 10GeV from the central value of 126GeV.

The number of events versus the total invariant mass MInvariant for the four processes

I, II, III and IV at the LHC-14 without any cuts are shown in figure 9 for the benchmark

point B. We can see that before imposing any cuts the number of events around the Higgs

boson resonance for the two processes III (red) and IV (yellow, 8 leptons) from the dark

portal can stand above the SM processes of I (blue) and II (black). However away from

the resonance region, the 4 leptons SM background from process I (black) is 2 to 3 order

of magnitudes above the signals from process IV (green).
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Benchmark Point gD MγD m2 Brh1→DarkStuff Brh2→γDγD BrγD→l+l−

A 0.005 1.5 4 ∼ 16% 99% 50%

B 0.009 1.8 10 ∼ 20% 100% 50%

C 0.005 1.5 40 ∼ 15% 99% 50%

D 0.005 1.8 40 ∼ 11% 99% 50%

Table 1. Several benchmark points of the dark portal used to calculate the signals of multilepton
jets (ε = 10−4 and sin2 α = 10−3).

Figure 8. Graphical illustrations for the kinematic cuts on the cone radius ∆R of final state
leptons. The 2 and 4 lepton-jets cases are shown in the left and right figures respectively.

into pair of dark photons, and (3) the branching ratio of the dark photon into light lepton

pairs can be as large as 50%. Due to the smallness of the two mixing parameters α and ε,

the production cross section of h1 at the LHC remains to be very close to its SM value.

For the kinematic cuts for the 2 and 4 lepton-jets, we follow refs. [9, 12] and [29]. For

the basic cuts that we will impose in all processes, we have

Basic cuts: (4 leptons case) pTl ≥ 20, 10, 10, 10GeV, |ηl| < 2.3;

(8 leptons case) pTl ≥ 20, 10, 10, 10, 0, 0, 0, 0GeV, |ηl| < 2.3,

where pTl and ηl are the transverse momenta and pseudo-rapidity of the lepton respectively.

On top of the basic cuts, we employ the following lepton-jets cuts

4 lepton-jets cuts : ∆Rd
jijj > 0.7, ∆Rs

lilj < 0.2, MInvariant = Mh1 ± 10GeV;

2 lepton-jets cuts : ∆Rd
j1j2 > 0.7, ∆Rs

lilj < 0.2, MInvariant = Mh1 ± 10GeV.

Here ∆Rd
jj denotes the cone radius between two different lepton-jets and ∆Rs

ll denotes the

cone radius between two different leptons in the same lepton jet, as depicted in figure 8.

MInvariant denotes the invariant mass of all final state particles due to the decay chain of

the SM Higgs boson resonance, give or take 10GeV from the central value of 126GeV.

The number of events versus the total invariant mass MInvariant for the four processes

I, II, III and IV at the LHC-14 without any cuts are shown in figure 9 for the benchmark

point B. We can see that before imposing any cuts the number of events around the Higgs

boson resonance for the two processes III (red) and IV (yellow, 8 leptons) from the dark

portal can stand above the SM processes of I (blue) and II (black). However away from

the resonance region, the 4 leptons SM background from process I (black) is 2 to 3 order

of magnitudes above the signals from process IV (green).
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Cross Sections (fb) at Benchmark Points
• 2 and 4 lepton-jets cuts have great impact on 

SM processes, in particular for process (I) 
where gg → h1 → ZZ → 4 leptons compared 
with process (II) where qq → ZZ → 4 leptons

• Process III where h1 → γD γD →  4 leptons  

favors by 2 lepton-cuts

• Lepton-jets cuts have non-trivial effects on 
process IV where h1 → h2 h2 → γD γD γD γD 
→ 8 leptons; however in general it has smaller 
cross section than process III
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Cuts Benchmark Point I II III IV

Basic A 0.118 70.7 95.3 23.2

B 0.118 70.7 204 45.8

C 0.118 70.7 96.7 19.2

D 0.118 70.7 68.3 13.1

Basic + 4 Lepton-Jets A 9.63×10−3 0.337 9.86×10−3 ≤ 10−10

B 9.63×10−3 0.337 9.80×10−3 ≤ 10−10

C 9.63×10−3 0.337 9.93×10−3 3.05

D 9.63×10−3 0.337 9.84×10−3 0.92

Basic + 2 Lepton-Jets A ≤ 10−10 0.08 95.3 1.75

B ≤ 10−10 0.08 201 ≤ 10−10

C ≤ 10−10 0.08 95.8 ≤ 10−10

D ≤ 10−10 0.08 68.2 ≤ 10−10

Table 2. Cross sections (in unit of fb) at the LHC-14 for the background processes (I and II) and
dark sector processes (III and IV) with the basic, 4 and 2 lepton-jets cuts at the 4 benchmark points.

of ZZ intermediate state for process III is negligible. The 2 lepton-jets cross sections

of process III are several orders of magnitudes larger than the corresponding cross

sections of SM process II.

• For process IV, with just basic cuts its cross section is about a factor 4 (benchmark

points A and B) to 5 (benchmark points C and D) smaller than that of process III.

However, due to the small mass of the dark photon (compared with Z boson mass),

one can has either 4 or 2 lepton-jets in the final state. Imposing the 4 and 2 lepton-jets

cuts in addition to the basic cuts for process IV have more nontrivial effects on the

cross section depending on the benchmark points. For 4 lepton-jets the cross sections

can reach about 3 and 1 femtobarn for benchmark points C and D respectively. For

2 lepton-jets, the cross section can reach 2 femtobarn for benchmark point A only.

At these benchmark points, these cross sections are an order of magnitude larger

than the corresponding cross sections of the SM process II. Other benchmark points

have negligible cross sections for 4 and 2 lepton-jets as can be clearly seen in the last

column of table 2.

7 Conclusions

We have studied a simple extension of the SM by adding a dark sector described by the

original Abelian Higgs model. The communication between the visible sector and the dark

sector is due to the mixing between the SM and dark Higgses and/or mixing between

the SM and dark photons. We study various non-standard decay modes of the heavier

Higgs h1 in this model, identified as the 126GeV new boson observed recently at the LHC.

Multilepton modes in the final states of this heavier Higgs decay are possible. For the case
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Figure 4. Contour plot of the non-standard branching ratio BNS
h1

(eq. (4.3)) = 0.1 (left) and
0.2 (right) of the heavier Higgs h1 in the (mγD ,m2) plane up to 126GeV in both directions for
sin2 α = 0.0009 and gD = 0.05, 0.1, 0.2, 0.4 and 0.8.

Figure 5. Contour plot of the non-standard branching ratio BNS
h1

(eq. (4.3)) = 0.1 (left) and 0.2
(right) of the heavier Higgs h1 in the small mass region of 0.5 to 5GeV in the (mγD ,m2) plane for
sin2 α = 0.0009 and gD = 0.005, 0.009, 0.013 and 0.017.

region of 0.5 to 5GeV in both directions for sin2 α = 0.0009 and gD = 0.005, 0.009, 0.013

and 0.017.

6 Multilepton jets at the LHC

We will study some collider signatures for the model in this section. In particular, we

will focus on the 4 lepton-jets and 2 lepton-jets modes in our analysis. We consider the

following four processes which may lead to signals of multilepton jets at the LHC:

(I) pp → h → ZZ → l+l−l+l−

(II) pp → V V → l+l−l+l− (V V = ZZ, γγ, Zγ)
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Figure 6. Some topologies of 4 (left) and 2 (right) lepton-jets for process III. The 4 lepton-jets
can also be coming from the SM of process I with h1 replaced by the SM h. The immediate state
of h2h2 for the 2 lepton-jets is not shown since the branching ratio for h2 → l+l− is very tiny.

Figure 7. Some topologies of 4 (left) and 2 (right) lepton-jets for process IV.

(III) pp → h1 → XX → l+l−l+l− (XX = ZZ, γDγD, h2h2)

(IV) pp → h1 → h2h2 → γDγDγDγD → l+l−l+l−l+l−l+l−

where l = e or µ. Processes (I) and (II) are coming entirely from the SM, process (III)

can be arise from either SM (with modified Higgs-ZZ coupling) or the dark portal (see

figure 6), and process (IV) is purely from the dark portal (see figure 7).

We compute the matrix elements of these processes using FeynRules6 [24, 25] and

MadGraph [26]. We pass these matrix elements to the event generator MadEvent [27] to

obtain our event samples. The set of parton distribution functions used is CTEQ6L1 [28].

For illustration, we will choose several benchmark points in the dark portal as shown

in table 1. If the kinetic mixing parameter ε is smaller than 10−5, the dark photon will

have a very long lifetime and it may decay outside the detector. We will choose it to be

10−4 as used by previous analyses by theorists [12] as well as experimentalists [29]. The

mass of dark photon is chosen to be less than 2GeV in these benchmark points. With such

relatively low mass the opening angle of the lepton pair from the decay of the dark photon

will be small which may lead to multilepton jets. Such low mass dark photon may also be

desirable for indirect dark matter searches, since the allowed decay γD → e+e− may be used

to explain the positron excess [30–32], while γD → pp̄ is kinematically disallowed in accord

with observation that the cosmic anti-proton flux is consistent with the background [30, 33].

We also choose sin2 α = 10−3 in consistent with the analysis of the invisible branching ratio

of h1 in previous section (see also [34] and [35, 36]). At these benchmark points, we see

from the last three columns of table 1 that (1) the invisible decay branching ratio of the SM

Higgs is consistent with global fit results, (2) the decay of the dark Higgs is almost 100%

6We include both gluon and photon fusion gg → h1 and γγ → h1 computed at next-to-leading-order.
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Summary
• Multi-lepton modes (No Missing Energy!) from 

SM Higgs decay are very interesting and should be 
studied in more details.

• Multi-pion jets may be interesting too. Need to 
differentiate between QCD jets and lepton jets.

• May be interesting to generalize to associated 
production of  W/Z+Higgs.

• Exotic Higgs decay modes are important since it 
may lead to discovery of  a hidden sector like a dark 
U(1) with light hidden particles.
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Thank You
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