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Motivations

1. Higgs boson is the Master Piece to understand the underlying physics   
of Electroweak Symmetry Breaking.

2. Among various avenues the rare Higgs decay is a useful one to search 
for exotic light particles.


                


3. Especially, existence of hidden sectors that the Higgs boson acts as 
the portal to the dark world. 

H → Θ†Θ, AA, ϕϕ, χχ, . . . etc



Motivations
1. Null results from search for BSM at the LHC raise the question if there is a 
systematic shortcoming.

2. Current hardware and software triggers are mostly based on PROMPT DECAYS, 
such as squarks, gluinos in SUSY, top partners in composite models, etc. 

3. Another class of exotic particles — Long Lived Particles (LLP) may have escaped 
all detections.

4. Quite a number of BSM predict existence of LLP.

5. Decay lengths are targeted at 


             


                                     LHC      FASER, MATHUSLA

6. Specific triggers will be installed in future runs at ATLAS and CMS.

O(10 μm) < cτ < 10 m < O(km)



Signatures of LLP’s

1. LLP’s so produced travel a macroscopic distance before it decays. It 
can be electrically neutral or charged. For neutral ones 

                —> Displaced Vertex

2. The easiest decay mode is into leptons, giving rise to displaced 
charged leptons or lepton-jets. 

3. More arduous modes are fully hadronic, including emergent jets, dark 
jets, semi-visible jets, depending on the fraction of invisible decays.



Models that predict LLP’s

1. RPV SUSY squarks and leptons with very small RPV couplings. Split 
SUSY, etc.

2. Heavy neutral leptons.

3. Z portals — dark photons.

4. Higgs portal models with a small enough mixing between the Higgs 
boson and the hidden scalar boson. (Focus of this talk.)




LLP Search at Higgs Factories

K.C. and Zeren Simon Wang 1911.08721, PRD



Higgs Factories
• Next generation e+e- colliders: CEPC, FCC-ee, ILC, etc


• They will run at  (Higgs factory mode).                    



• Focus on rare Higgs decays:    

 a Higgs-portal model: a light scalar hs, 
 a neutral-naturalness model: the lightest mirror glue ball   
                    

s ≃ 240 GeV

Future lepton colliders and the Higgs mode

LHC has been a huge success

Next-generation e
�
e
+ colliders: CEPC, FCC-ee, ILC, etc.

p
s =91.2 GeV (Z�pole), 160 GeV (WW mode), 240 GeV (Higgs

mode), etc.

production Zh (main)
e
�
e
+
! ⌫⌫̄h, e�e+h (VBF)

p
s [GeV] 240

Nh
CEPC

1.14⇥ 106
FCC-ee

Focus on exotic Higgs decays h ! XX . X a long-lived scalar
a Higgs-portal model: a light scalar
neutral-naturalness models: the lightest mirror glueball
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h → hshs, 0++0++
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FIG. 1. Profile sketch of the detector components of the CEPC and FCC-ee. The upper plot is for

the the inner tracker and the lower one is for the HCAL and muon chamber. ✓i labels the polar

angle of an example LLP with its traveling path depicted by the accompanying dashed line with

an arrow.
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i is the speed of the Xi in the transverse direction with �i its boost, and ⌧X is

the lifetime of X. RI (RO) is the inner (outer) radius of the inner detector, and Ld is its

half length. dres = 5µm is the inner-tracker spatial resolution for both CEPC and FCC-ee

[12, 30]. As long as one of the LLPs travels inside the IT window, and decays before it leaves
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Detector RI [mm] RO [m] Ld [m] V [m3]

CEPC 16 1.8 2.35 47.8

FCC-ee IDEA 17 2.0 2.0 50.3

TABLE II. Summary of parameters of the IT of the CEPC and FCC-ee IDEA. The parameters

of the CEPC baseline detector are extracted from Refs. [31] while the geometries of the IDEA

detectors of the FCC-ee are reproduced from Ref. [32]. V represents the volume and similarly in

Table III and Table IV.

the IT (including the case that the secondary vertex is inside the beam pipe up to dres),

we treat the decay vertex as a displaced vertex that can be reconstructed. The kinematical

variables may be obtained with the following relations:

�t
i = |pti/Ei|, (23)

�i = Ei/m, (24)

where pti, Ei and m are respectively the transverse momentum of Xi, its energy, and its

mass.

Note that for the HCAL and MS we require both displaced vertices to be reconstructed, in

order to render the event as a signal. The formulas of P [X1/2
i in HCAL/MS] for the CEPC

and FCC-ee are the same, though the geometrical parameters are slightly di↵erent. The

expression for P [Xi in HCAL/MS] is given by
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i · (1� e�L↵

i
/�t

i)� e�Re/�z

i · (1� e�L�

i
/�t

i), (25)

L↵
i ⌘ min(max(Re, |(

Lb

2
+ Le) tan ✓i|), Rout)�Re,

L�
i ⌘ min(max(Re, |

Lb

2
tan ✓i|), Rin)�Re,

where Rin (Rout) is the inner (outer) radius of the barrel, Lb its full length, and Le (Re) is

the width (inner radius) of the two endcaps.

IV. RESULTS

In this section, we present the numerical results of the sensitivity reach of the CEPC and

FCC-ee for the two models considered in this study.
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Calculations Details 

extrapolation from m0 was used assuming that mirror glueballs are the only mirror states

below mh.  is a parameter taking into account the e↵ect of the glueball hadronization

and non-perturbative mixing e↵ects between the excited glueball states 0(++⇤) and the SM

Higgs boson. Following Ref.[24], the maximal value max = 1 is the most optimistic signal

estimate while the minimal value min is the most pessimistic case, which can be estimated

under democratic Higgs-decay principle as follows:

min(m0) =

q
1� 4m2

0

m2
h

P
i

q
1�

4m2
i

m2
h

, (17)

where i runs over the active states among the 12 stable glueball states, since for relatively

large values of m0, some heavier mirror-glueball states are forbidden to be produced from

the Higgs decay. This is because in the mirror-glueball spectrum only the ratios mi/m0 are

known [28, 29].

III. DETECTOR SETUPS, SIMULATION & CALCULATION

By simulating 100k events for every parameter point with the Monte-Carlo simulation tool

Pythia 8.235 we obtain the total number of signal events Ns.e. by estimating the number

of reconstructed displaced vertices in the IT, HCAL, or MS. We switch on “HiggsSM:all”

of the “HiggsProcess” module in Pythia 8 to turn on all three Higgs production processes

at an e�e+ collider, and set the SM Higgs boson to decay solely into a pair of new scalars,

which decay further to a specified final state depending on which model we are studying. We

place di↵erent requirements on the secondary vertices depending on the detector component

and the model, in order to perform the estimation. Since in each signal event there are

two displaced vertices, we require at least one displaced vertex to be reconstructed in the

IT in order to constitute a signal event, while for HCAL/MS we require both two vertices

reconstructed inside the corresponding component. We may express Ns.e. for the IT, HCAL

and MS with the following formulas, respectively,

N IT

s.e.
= Lh · �h · BR(h ! XX) · hP [s.e. in IT]i · ✏IT, (18)

NHCAL

s.e.
= Lh · �h · BR(h ! XX) · hP [s.e. in HCAL]i , (19)

NMS

s.e.
= Lh · �h · BR(h ! XX) · hP [s.e. in MS]i . (20)

8

IT: Inner Tracker

HCAL: Hadronic Calorimeter

MS: Muon Spectrometer

For IT: requires at least one DV to form a signal event

For HCAL/MS: requires two DV’s

General calculation procedure

N
IT

s.e. = Lh · �h · Br(h ! XX ) · hP[s.e. in IT]i · ✏IT

N
HCAL

s.e. = Lh · �h · Br(h ! XX ) · hP[s.e. in HCAL]i

N
MS

s.e. = Lh · �h · Br(h ! XX ) · hP[s.e. in MS]i

✏IT: cut e�ciency of the IT
For the IT, require at least one DV to constitute a signal event
For the HCAL/MS, require two DVs

hP[s.e. in IT]i =
1

NMC
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◆
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i in HCAL]

◆

hP[s.e. in MS]i =
1

NMC

NMCX

i=1

✓
P[X 1

i in MS] · P[X 2

i in MS]

◆
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P[Xi in IT/HCAL/MS] is the decay probability inside the fiducial components
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FIG. 1. Profile sketch of the detector components of the CEPC and FCC-ee. The upper plot is for

the the inner tracker and the lower one is for the HCAL and muon chamber. ✓i labels the polar

angle of an example LLP with its traveling path depicted by the accompanying dashed line with

an arrow.
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the lifetime of X. RI (RO) is the inner (outer) radius of the inner detector, and Ld is its

half length. dres = 5µm is the inner-tracker spatial resolution for both CEPC and FCC-ee

[12, 30]. As long as one of the LLPs travels inside the IT window, and decays before it leaves
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FCC-ee for the two models considered in this study.
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Detector Lb [m] Le [m] Re [m] Rin [m] Rout [m] V [m3]
CEPC 5.3 1.493 0.50 2.058 3.38 224.5

FCC-ee IDEA 6 2.5 0.35 2.5 4.5 580.1

CEPC 8.28 1.72 0.50 4.40 6.08 854.8
FCC-ee IDEA 11 1 0.35 4.5 5.5 534.9
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A Higgs Portal Model
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where the SM Higgs sector is expressed with

LSM � (Dµ�)
†(Dµ�) + µ2(�†�)� �(�†�)2 . (2)

After the electroweak symmetry breaking (EWSB), both the SM Higgs doublet field �

and the new scalar singlet field X are expanded around their vacuum-expectation values

h�i ⇡ 246 GeV and h�i:

�(x) =
1
p
2

0

@ 0

h�i+ �(x)

1

A (3)

X(x) = h�i+ �(x) (4)

We may express the two tadpole conditions by imposing @V/@� = 0 and @V/@� = 0, with

V labeling the scalar potential part of Eq. (1):

h�i2 =
4�Xµ2

� 2��Xµ2

X

4��X � �2

�X

, (5)

h�i2 =
4�µ2

X � 2��Xµ2

4��X � �2

�X

(6)

Note that if we take the decoupling limit ��X ! 0 from the above equations, we can

reproduce the SM condition of h�i2 = µ2/� and h�i2 = µ2

X/�X .

One can easily see from Eq. (1) that the two scalar fields in the model, i.e. � and �

will mix with each other and form new mass eigenstates which we label with h and hs,

respectively. The mass terms of the two scalar bosons are

Lm = �
1

2
(� �)

0

@ 2�h�i2 ��Xh�ih�i

��Xh�ih�i 2�Xh�i2

1

A

0

@ �

�

1

A , (7)

It is possible to rotate (� �)T to (h hs)T through an angle ✓
0

@ h

hs

1

A =

0

@ cos ✓ sin ✓

� sin ✓ cos ✓

1

A

0

@ �

�

1

A (8)

The angle ✓ has to be small because of various existing constraints [14] so we will focus on

small ✓ values for the rest of this section. As a result, we may express the masses of h and

4

hs, the mixing angle ✓, and the interaction term for a 3-point vertex hhshs in terms of the

parameters in Eq. (1) as

m2

h ' 2�h�i2 = (125.10 GeV)2

m2

hs
' 2�Xh�i

2

Lhhshs
= �

1

2
��Xh�ihhshs

✓ '
��Xh�ih�i

m2

h �m2

hs

, (9)

Because of its mixing with the Higgs boson, the scalar boson hs can decay into SM

particles with the decay rate proportional to sin2 ✓. We calculate the partial decay widths

for hs ! `+`� in the following [15]

�(hs ! `+`�) = sin2 ✓
m2

`mhs

8⇡h�i2

✓
1�

4m2

`

m2

hs

◆3/2

. (10)

For our interested mass range mhs
. 1 GeV1, the light scalar almost only decays to either

µ+µ�, a pair of pions, or four pions, depending on the phase space allowed. For hs ! ⇡⇡,

a similar tree-level analytic expression given in Ref. [15] is insu�cient as it fails to take

into account strong final-state interactions near the pion threshold. Therefore, we adopt the

following numerical treatment. We extract �(hs ! ⇡⇡) and �(hs ! 4⇡) from Ref. [? ] and

calculate �(hs ! µ�µ+) with Eq. (10), in order to obtain �(hs), the total decay width of

hs. Then it is trivial to compute Br(hs ! ⇡⇡). Further, we calculate Br(hs ! ⇡+⇡�) with

the following formula:

Br(hs ! ⇡+⇡�) =
2

3
· Br(hs ! ⇡⇡), (11)

since �(hs ! ⇡+⇡�) = 2�(hs ! ⇡0⇡0). In Table I we list the decay branching ratios of hs

for mhs
= 0.3� 1 GeV.

The partial decay width of the Higgs boson into a pair of the light scalar bosons hs is

expressed with the following analytic formula [14]:

�(h ! hshs) '
h�i2

32⇡mh
(��X)

2
'

sin2 ✓
�
m2

h �m2

hs

�2

32⇡mh h�i2
, (12)

1 For slightly higher mass such as 1 GeV <
⇠ mhs

<
⇠ 2 GeV see Ref. [? ] for a search study of such scalars at

the LHCb. A sensitivity study for a similar model at the LHC and HL-LHC can also be found in Ref. [?

].
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•The mixing connects the dark sector with the SM

•3 parameters:  

•Consider sub-GeV hs, such that the decay products are 

collimated.

•Production of hs 


                            


•Decay of hs for 0.3 GeV  — 1 GeV.

       


                 

mhs
, sin2 θ, ⟨X⟩

A Higgs-portal model

Add a real SM-singlet scalar field to the SM Lagrangian, which mixes
with the SM Higgs doublet field

May connect the SM and the dark sectors

Three parameters: mhs , sin
2 ✓, h�i

Consider sub-GeV hs : decay products are collimated

Production:

�(h ! hshs) '
sin2 ✓

�
m

2

h �m
2

hs

�2

32⇡mh h�i2

Br(h ! hshs):

Br(h ! hshs) =
�(h ! hshs)

�(h ! hshs) + �SMh

Decay: hs ! µ+µ�, ⇡⇡, 4⇡ (with mhs 2 [0.3, 1.0] GeV)
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hs → μ+μ−, ππ, 4π

hs, the mixing angle ✓, and the interaction term for a 3-point vertex hhshs in terms of the

parameters in Eq. (1) as
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particles with the decay rate proportional to sin2 ✓. We calculate the partial decay widths

for hs ! `+`� in the following [15]
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µ+µ�, a pair of pions, or four pions, depending on the phase space allowed. For hs ! ⇡⇡,

a similar tree-level analytic expression given in Ref. [15] is insu�cient as it fails to take

into account strong final-state interactions near the pion threshold. Therefore, we adopt the

following numerical treatment. We extract �(hs ! ⇡⇡) and �(hs ! 4⇡) from Ref. [? ] and

calculate �(hs ! µ�µ+) with Eq. (10), in order to obtain �(hs), the total decay width of

hs. Then it is trivial to compute Br(hs ! ⇡⇡). Further, we calculate Br(hs ! ⇡+⇡�) with

the following formula:

Br(hs ! ⇡+⇡�) =
2

3
· Br(hs ! ⇡⇡), (11)

since �(hs ! ⇡+⇡�) = 2�(hs ! ⇡0⇡0). In Table I we list the decay branching ratios of hs

for mhs
= 0.3� 1 GeV.

The partial decay width of the Higgs boson into a pair of the light scalar bosons hs is

expressed with the following analytic formula [14]:

�(h ! hshs) '
h�i2

32⇡mh
(��X)

2
'

sin2 ✓
�
m2

h �m2

hs

�2

32⇡mh h�i2
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1 For slightly higher mass such as 1 GeV <
⇠ mhs

<
⇠ 2 GeV see Ref. [? ] for a search study of such scalars at

the LHCb. A sensitivity study for a similar model at the LHC and HL-LHC can also be found in Ref. [?

].
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TABLE I. The decay branching ratios for the two most dominant decay modes of the scalar boson

hs for mhs
= 0.3� 1 GeV. Here ⇡⇡ includes ⇡+

⇡
� and ⇡

0
⇡
0.

mhs
(GeV) 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Br(µ+
µ
�) 20.6% 13.0% 10.3% 8.6% 7.1% 5.1% 2.5% 2.0%

Br(⇡⇡) 79.4% 87.0% 89.7% 91.3% 91.2% 93.0% 96.3% 96.8%

Br(4⇡) 0% 0% 0% 0.1% 1.7% 1.9% 1.2% 1.2%

where the first approximation makes use of the fact that the interested mass range of hs is

negligible compared to the Higgs-boson mass and so is the phase space e↵ect consequently,

and the second approximation follows from sin ✓ ⇡ ✓ for small ✓ and Eq. (9). We can then

calculate the decay branching ratio of the SM Higgs into a pair of hs as follows:

Br(h ! hshs) =
�(h ! hshs)

�(h ! hshs) + �SM

h

, (13)

where �SM

h ' 4.1 MeV for mh = 125.10 GeV [17].

B. Dark glueball

A class of “neutral-naturalness” models are proposed to solve the little hierarchy prob-

lem by predicting the existence of top partners that are singlet or only charged in the SM

electroweak (EW) sector, which can protect the Higgs-boson mass from large corrections

at one-loop up to some cuto↵ scales around 5-10 TeV. Such models of uncolored natural-

ness usually come with a dark/mirror QCD sector SU(3)B, under which the top partner is

charged. In general, the mirror glueballs lie at the bottom of the mirror-sector spectrum in

these models, including folded supersymmetry (SUSY) [18], (fraternal) twin Higgs [19, 20],

quirky little Higgs [21], and hyperbolic Higgs [22, 23]. As we will see, the sensitivity reach for

these models can be derived from one another by a simple re-scaling, and we therefore focus

on one of the models, the folded SUSY [18]. In this model, the squarks are charged under

SU(3)B (but not the SM SU(3)C gauge group), and the EW gauge group SU(2)L ⇥ U(1)Y

is shared between the SM particles and superpartners. Since the LEP limits require that

the mirror stops to be heavier than ⇠ 100 GeV, the mirror glueballs are supposed to be the

lightest states in the mirror sector. The lightest mirror glueball 0++ can be pair-produced

6



Results: dimuon channel

h�i = 10 GeV

h�i = 100 GeV
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muon channel



Results: dijet channel
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ππ channel



• Proposed to solve the gauge hierarchy problem.


• Predict uncolored top partners to protect the Higgs boson mass up to 5 — 10 TeV.


• The top partner is either a SM singlet or only charged in the EW sector, thus can  

avoid most existing constraints. 


• The top partner is charged under a mirror QCD sector SU(3)B


• Examples are folded SUSY, (fraternal) twin Higgs, quirky little Higgs, hyperbolic Higgs, …


• In the folded SUSY, squarks are charged under SU(3)B, but not SU(3)C . SU(2)L × U(1)Y  

is shared between the SM particles and superpartners. 


• In the mirror sector mirror glueballs are supposed to be the lightest states 


Neutral Naturalness Models



•Mirror Glueball Decays

Partial decay width into a pair of SM particles:
Mirror glueball decay
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•Mirror Glueball Production

Mirror glueball production

Br(h ! 0++0++) ⇡ Br(h ! gg)SM ·

⇣↵B
s (mh)

↵A
s (mh)

2 v2

h
y
2

M2

i⌘2

·

s

1�
4m2

0

M2

h

· (m0),

Br(h ! gg)SM ⇡ 8.6%

↵B
s (mh)/↵A

s (mh) ⇠ O(1): ratio of the couplings of the hidden and
SM QCD sectors

(m0): the e↵ect of the glueball hadronization mainly

max = 1 [Juknevich,’09]

min(m0) =

s
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• Focus on




• Consider IT, HCAL, MS


• Require d0 > 2 mm for both b-jets   

stemming from any secondary 

vertex


• Assume little backgrounds in HCAL 

and MCO++ → bb̄, with MO++ = 10 − 60 GeV



Results: Nsignal = 3, 10, 100
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Nsignal = 3, 10, 100 events



Exotic Higgs Decays into Displaced 
jets at LHeC

K.C., Oliver Fischer, Zeren Simon Wang, Jose Zurita, 2008.09614

Truth level study



At ep Collisions, the dominant Higgs production

p j

e� ⌫e

h1

h2

h2

�x1

�x2

b

b̄

b

b̄

W

W

Figure 1. Charged-current VBF signature for long-lived h2 search at proton-electron colliders.
The light scalar bosons are pair produced from the decays of the SM Higgs boson h1, and then
decay with displacements �x1 and �x2, respectively, each into two b�jets.

containing 105 events) with the proton (electron) beam energy set at 7000 (60) GeV and

without any beam polarization. For the signal we perform a grid scan for mh2 between

10 GeV and mh1/2, and c⌧ between 10�12 m and 100 m. Concretely, we sampled every 2

GeV for 16 GeV  mh2  62 GeV, while we used a finer step size for the mass window 10

GeV  mh2  16 GeV. The scalar lifetime was scanned with a logarithmic step, using 57

points for the whole range considered here.

For the simulation of the samples we implement the following parton-level cuts: |p
b/j
T | >

5 GeV, |⌘
b/j

| < 5.5, and �R(b, b/j) > 0.2, where p
b/j
T and ⌘

b/j denote the transverse

momentum and pseudo-rapidity of the b/jet, and �R(b, b/j) is the angular separation of

the b quarks and jets. The pT and angular separation thresholds are necessary in order to

avoid the failing description of quantum chromodynamics (QCD) at low energies and/or

for collinear emission, where the perturbation theory breaks down. The maximal value of

the pseudo-rapidity is in accordance with the LHeC detector, which accepts particles with

�4.3  ⌘  4.9. We perform showering and hadronization of our parton-level events with

Pythia 6.4.28 [53] patched for ep collider studies [54]. 5

The inclusive Higgs production at the LHeC via charged-current VBF processes and

unpolarized beams is estimated to be 110 fb [27]. With an expected integrated luminosity

of 1 ab�1, this corresponds to approximately 1.1⇥105 on-shell Higgs bosons produced. We

remark that the LHeC design foresees polarization of the electron beam of up to �80%,

which enhances the cross section of all interaction processes with weak gauge bosons by

a factor up to two. Since similarly enhanced cross sections can be expected for the main

backgrounds, the signal-over-background ratio remains the same but the significance is

increased. Hence the results presented in this article are conservative.

It is tantamount to take into account the reduction in the production cross section of

the signature process arising from parton-level generator cuts on p
b/j
T , ⌘

b/j , and �R(b, b/j),

5
This patch switches o↵ some internal cuts relating to QCD processes in the very forward region of the

beam remnant in order to enhance simulation e�ciency. We remark that this patch exists only for Pythia

6.4.28 and not for e.g. Pythia 8.
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Use the Higgs portal model with a complex singlet scalar

external detectors are proposed to improve detection prospects [23]. In general, however,

the QCD rich environment in proton-proton collisions at high pile-up rates is not an ideal

place to search for certain classes of LLPs.

Better prospects of finding not-so-heavy particles with macroscopic lifetimes can be

expected at the presently discussed Large Hadron electron Collider (LHeC) [24–27], which

foresees the construction of a new 60 GeV electron beam, to be collided with one of the

LHC’s 7 TeV proton beams, which would result in ⇠ 1.3 TeV center-of-mass energy with

large luminosities. The clean (read: no pile-up and low QCD rates) environment and the

excellent tracking resolution are quality features for all BSM studies where particles of

small mass and subsequently soft decay products are di�cult to study at the LHC [28].

For an overview of BSM studies at hadron-electron colliders, we refer the reader to Chapter

8 of reference [27].

In this article, we discuss the prospects to search for additional scalar bosons with

masses below half the Higgs mass at the LHeC, produced from the decays of the SM Higgs

boson, which at the LHeC is produced via vector-boson fusion (VBF). While we focus our

analysis on light scalars with masses above 10 GeV and decaying into a pair of bottom

quarks, we like to note that lighter masses are also of interest, see for example refs. [29–

33]. In this article we go beyond simple geometrical cuts employed in previous works, by

carrying out the analysis with detailed event simulations including detector e↵ects in order

to make refined estimates of the experimental acceptance and e�ciencies.

The article is structured as follows. In section 2, we highlight the details of our

theoretical setup, including our model of choice and specifying our model-independent

framework. In section 3, we give details of the analysis and search strategies, emphasizing

the need for realistic simulations. In section 4, we show our numerical results, and we

reserve section 5 for our conclusions.

2 Theoretical setup and experimental constraints

The goal of this work is to obtain the sensitivity of the future LHeC to scalar LLPs

from their decays to displaced jets. For convenience of illustration we adopt a simplified

working model to carry out our analysis, with three model parameters that control the

LLP’s production rate and their decay length. In order to make our study more useful

for more generic scalar LLP models, we also express our result directly as a function of

the production rate (here the exotic Higgs boson decay branching ratio, as the SM Higgs

production rate is fixed), mass of h2, and its lifetime (or decay length), which allows for

straightforward reinterpretations [34].

We consider the simple model that was already employed to survey the potential of

the LHeC searching for new (heavy) scalars [35]. The SM is extended with one complex

neutral scalar field S that is a singlet under the SM gauge group. In this model, the scalar

sector consists of a new singlet field S and the Higgs doublet H, and it is described by the

potential

V (H, S) = �µ
2

1H
†
H � µ

2

2 S
†
S + �1(H

†
H)2 + �2(S

†
S)2 + �3(H

†
H)(S†

S) . (2.1)
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e- (60 GeV) onto 

proton (7 TeV)

Expect 1 ab-1

1.1 x 105 Higgs bosons



The last term in eq. (2.1) proportional to �3 gives rise to not only the mixing, but also

to a coupling between h1 and h2, which yields, e.g. the additional decay channel h1 ! h2h2

if mh1 > 2mh2 . We calculate the partial decay width of the SM-like Higgs boson h1 into

two scalars h2:

�(h1 ! h2h2) '
1

32⇡mh1

(�3v)2
 

1 �
4m

2

h2

m
2

h1

!
1/2

'
sin2

↵(m2

h1
� m

2

h2
)2

32⇡mh1x
2

 
1 �

4m
2

h2

m
2

h1

!
1/2

.

(2.9)

The corresponding decay branching ratio is obtained simply by dividing this partial decay

width by the total width of the Higgs boson �SMHiggs ' 4.1 MeV [38].

The scalar mixing yields tree-level couplings between the mass eigenstate h2 and the

SM fields that are proportional to those of a SM Higgs boson times sin ↵. This allows

the h2 to decay into a pair of SM fermions ff̄ via the Yukawa couplings Yf , as long as

it is kinematically allowed. Consequently, the partial decay widths of the light scalar are

functions of mh2 and sin2
↵:

�(h2 ! ff̄) =
NC(Yf sin ↵)2

8⇡
mh2

 
1 �

4m
2

f

m
2

h2

!
3/2

, (2.10)

where NC = 3 (1) labels the color factor of the fermion f = q (`), and Yf ⌘ gm
run

f /(2mW ).

Here we use the running mass for m
run

f evaluated at the scale mh2 in the Yukawa coupling

in order to account for the leading-log correction. Note that the mf used in eq. (2.10) is

the pole mass for the kinematic factor. If only channels of SM fermions are considered, the

total width is given by

�tot =
X

f

�(h2 ! ff̄) . (2.11)

The loop-induced decays into a pair of gluons or photons are subdominant and can be

neglected for the purposes of our discussion. Notice, that in more complex models the

total h2 width could be increased by additional decays into hidden-sector particles. In the

setup considered here, for mh2 . 60 GeV the total width is dominated by the bb̄ mode.

The scaling of the decay length versus the mixing angle and the mass of h2 is roughly given

by

c⌧ =
c

�tot

⇡ 1.2 ⇥ 10�5

✓
10�7

sin2
↵

◆ ✓
10 GeV

mh2

◆
m . (2.12)

For the numerical analysis we include all the decay channels of h2 using the program

HDECAY 3.4 [39, 40], which comprises state-of-the-art radiative corrections. The input

values used in our analysis for �SM(h2) and Br(h2 ! bb̄) are shown in Appendix [? ].

We would like to comment now on the model dependence of the results. As mentioned

there are three free parameters in this model, namely {mh2 , ↵, x}. It is easy to see that

we can trade ↵ and x for the phenomenologically relevant Br(h1 ! h2h2) and h2 lifetime

(c⌧) parameters. As stressed at the beginning of this section, there are added values to

model-independent studies. Hence we present our results for both the Higgs portal model

({↵, x, mh2}) and for a model-independent formulation, in terms of mh2 , the exotic Higgs

branching ratio into the two scalars, and the h2 lifetime.
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The last term in eq. (2.1) proportional to �3 gives rise to not only the mixing, but also

to a coupling between h1 and h2, which yields, e.g. the additional decay channel h1 ! h2h2

if mh1 > 2mh2 . We calculate the partial decay width of the SM-like Higgs boson h1 into
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The corresponding decay branching ratio is obtained simply by dividing this partial decay

width by the total width of the Higgs boson �SMHiggs ' 4.1 MeV [38].

The scalar mixing yields tree-level couplings between the mass eigenstate h2 and the

SM fields that are proportional to those of a SM Higgs boson times sin ↵. This allows

the h2 to decay into a pair of SM fermions ff̄ via the Yukawa couplings Yf , as long as

it is kinematically allowed. Consequently, the partial decay widths of the light scalar are

functions of mh2 and sin2
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where NC = 3 (1) labels the color factor of the fermion f = q (`), and Yf ⌘ gm
run

f /(2mW ).

Here we use the running mass for m
run

f evaluated at the scale mh2 in the Yukawa coupling

in order to account for the leading-log correction. Note that the mf used in eq. (2.10) is

the pole mass for the kinematic factor. If only channels of SM fermions are considered, the

total width is given by
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X
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�(h2 ! ff̄) . (2.11)

The loop-induced decays into a pair of gluons or photons are subdominant and can be

neglected for the purposes of our discussion. Notice, that in more complex models the

total h2 width could be increased by additional decays into hidden-sector particles. In the

setup considered here, for mh2 . 60 GeV the total width is dominated by the bb̄ mode.

The scaling of the decay length versus the mixing angle and the mass of h2 is roughly given

by
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For the numerical analysis we include all the decay channels of h2 using the program

HDECAY 3.4 [39, 40], which comprises state-of-the-art radiative corrections. The input

values used in our analysis for �SM(h2) and Br(h2 ! bb̄) are shown in Appendix [? ].

We would like to comment now on the model dependence of the results. As mentioned

there are three free parameters in this model, namely {mh2 , ↵, x}. It is easy to see that

we can trade ↵ and x for the phenomenologically relevant Br(h1 ! h2h2) and h2 lifetime

(c⌧) parameters. As stressed at the beginning of this section, there are added values to

model-independent studies. Hence we present our results for both the Higgs portal model

({↵, x, mh2}) and for a model-independent formulation, in terms of mh2 , the exotic Higgs

branching ratio into the two scalars, and the h2 lifetime.
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The corresponding decay branching ratio is obtained simply by dividing this partial decay
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where NC = 3 (1) labels the color factor of the fermion f = q (`), and Yf ⌘ gm
run

f /(2mW ).

Here we use the running mass for m
run
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Production

Decay

Decay length

Mass range Mh2
= 10 − 60 GeV, h2 → bb̄

Signature

Before we close this section, we briefly discuss the current and future experimen-

tal e↵orts on constraining a light scalar which mixes with the SM Higgs boson. The

presently best constraints stem from LHCb for masses below mb ⇠ 5 GeV, which exclude

sin2
↵ > 10�5 close to mh2 ⇠ mb, and from low energy experiments and astrophysics for

masses below 1 GeV, see e.g. ref. [41] and references therein. For masses above 10 GeV,

the current direct limits were obtained at LEP [42–44] and are only at the order of 10�2

for sin2
↵. Planned future experiments at the lifetime frontier are expected to test this

class of models for mixings as small as sin2
↵ ⇠ 10�13 but are limited by the bottom mass,

cf. ref. [41]. Both ATLAS and CMS have conducted searches for exotic branching fractions

of the SM Higgs. The current bound from ATLAS [36] (CMS [45]), is 13 (19)%2 while

high-luminosity LHC (HL-LHC) is expected to reduce this number to 2.5% [47]. We note,

however, that these studies are only indirect probes of the light scalars, and a putative

excess will require to characterize the new physics signal elsewhere. In contrast, LHCb

searches for displaced jets [48, 49] and tests these scalars directly, with current bounds

between 2% and 50% and future prospects in the 0.02 - 2% range [50]. The weakest limit

of 2% are obtained for c⌧ outside the 10�3
� 10�1 m range, and for low masses.

3 Analysis

At proton-electron colliders such as the LHeC, the SM Higgs bosons are mainly produced

in VBF processes via either W -bosons (CC: charged-current) or Z-bosons (NC: neutral-

current). For the SM Higgs, NC production has a cross section approximately one order of

magnitude smaller than the CC case [27]. Hence in this article we focus on the SM Higgs

(h1) CC production mode at the LHeC, with subsequent decays h1 ! h2h2 and h2 ! bb̄,

the latter decay being displaced3:

p e
�

! ⌫e j h1 ! ⌫e j h2 h2 ! ⌫e j (bb̄)displaced (bb̄)displaced. (3.1)

The signal process is depicted in figure 1. As mentioned before, we consider mh2 between

10 GeV and mh1/2, thus enforcing the on-shell decays of h1 and h2. We remark that we

consider h2 masses above the bb̄ threshold for two reasons: first, the partonic picture breaks

down for smaller masses and one must consider scalar decays into hadrons instead (cf.

ref. [30]) which a↵ects the accuracy of our simulation setup; second, low energy experiments

such as Belle and Belle II can be expected to have better sensitivity [51].

3.1 Event Generation

We use the parton-level Monte Carlo (MC) simulation tool MadGraph5 aMC 3.0.2 with

the Hidden Abelian Higgs model [14, 52] (HAHM) 4, to generate signal samples (each

2
Recently ref. [46], explored the use of deep-learning methods based on low-level calorimeter data, finding

that the current dataset could shrink the bound further to 4.3%. This very important result needs to be

scrutinized by the experimental collaborations.
3
As discussed in the previous section, h2 is naturally long-lived for a small enough mixing angle, which

is strongly favored by current experimental constraints.
4
We note that the scalar sector of the HAHM is exactly equal to our equation 2.1.
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Calculation details

Event generation Use  MadGraph with Pythia 6.4.28 patched for ep collisions with 

10 GeV < mh2
< mh1

/2, 10−12 m < cτ < 100 m

pb.j
T > 5 GeV, |ηb/j | < 5.5, ΔR(b, b/j) > 0.2

Detection Simulation Customized Delphes 3.3.2 with modules that allow the definition

of displaced jets. Specifically, the transverse displacement of a jet 


  is defined to be the minimum dT of all the tracks 

associated to the jet. And
dT( j) = d2

x ( j) + d2
y ( j)

ΔR(track, j) < 0.4, pT(track) > 1 GeV

Background processes

especially for small mh2 . We find for the considered mass range, the production cross section

with the parton-level cuts is between 1% and 24% of the inclusive result for mh2 between

10 and 12 GeV, while for masses above that the reduction is even milder. This is mainly

because for lighter h2, the angular separation of the bottom quarks and jets tends to be

smaller.

3.2 Detector simulation

At the detector level we use the fast detector simulation tool Delphes 3.3.2 [55] with

an LHeC-specific detector card. This detector card accepts charged tracks with radial

displacements up to about 15 cm, corresponding to the radial position of the fourth tracking

layer of the innermost central tracking unit.

The jet clustering is performed with the package FastJet 3.1.3 [56, 57] using the anti-

kt algorithm [58]. Identifying displaced jets is a notoriously di�cult problem in Delphes

3 and a working module has not been o�cially implemented. However, in ref. [59] a

customized version of Delphes 3.3.2 [60] was introduced, including additional modules that

allow the definition of a displaced jet. More specifically, the transverse displacement of a

jet dT (j) =
q

d2x(j) + d2y(j) is defined to be the minimum dT of all the tracks associated to

the jet which are required to have a transverse momentum larger than a certain threshold.

For concreteness, in this work we cluster jets with �R = 0.4, and we make use of the

displaced jet modules setting �R(track, j) < 0.4 and pT (track) > 1 GeV 6. Finally, for

vertex smearing we employ the same resolution as ATLAS [61, 62].

3.3 Background processes

The relevant background processes at the parton level can be classified by their final states

p + e
�

! ⌫e + j + nb b + n⌧ ⌧ + nj j, (3.2)

where nb, nj , and n⌧ are the numbers of bottom quarks, light jets, and tau leptons,

respectively. We note that we explicitly distinguish the beam jet, which recoils against

the electron beam, from the other nj light jets in the final state. Hence, at the parton

level, we are dealing with 2 ! 2 + N processes, where N = nb + nj + n⌧ . Given that

the cross sections fall logarithmically with N , we restrict ourselves to N  4. All the

background event generation is performed using the same pipeline as the signal, except

that we use the default Standard Model implementation instead of the HAHM model.

In table 1 we provide a summary of the twelve considered background processes in-

cluding nb, n⌧ , nj , and their cross sections at the LHeC. For the background processes

B5 � B12 the cross sections are small, and hence our simulation can be carried out with

low statistical uncertainty. In contrast, the first four background processes, corresponding

to QCD multi-jets, have very large cross sections and demand very large event samples.

Usually, these processes do not give rise to displaced objects and only a tiny fraction is

expected to form an irreducible background, thus it is tempting to ignore them straight

6
This threshold can in principle be lowered, as the LHeC would be able to identify softer tracks [27].

For instance, in ref. [28] thresholds as low as 50 to 400 MeV have been discussed.
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N = nb + nτ + nj ≤ 4

In principle, the prompt jet backgrounds (nj>0)  give no displaced objects. But 

a huge x-section multiplied to tiny efficiencies still generates a handful of events.



Event Selection

• Number of reconstructed jets 


• A jet as displaced if . Number of Displaced jets  


• The displaced jets are grouped together into a so-called “heavy group” if their 
transverse displacements is < 50 μm.  


• Invariant mass of all heavy groups 

nJ ≥ 5

dT( j) > 50 μm ndisp,J > 0

nhG ≥ 1, mhG > 6 GeV

mSS ∈ [100,150] GeV

The spatial resolution of the LHeC detector is 10 µm [27] and we conservatively label a jet

as “displaced” if its transverse displacement is dT (J) > 50 µm. Consequently, our second

selection criterion is the requirement of at least one displaced jet (ndisp.J > 0).

In our signal event samples, the two displaced b�jets stemming from one h2 ought

to share their displacement coordinates (which could be washed out due to jet-clustering

and/or detector e↵ects). Our next step is to identify two b�jets with similar displacement

in order to form h2 candidates. The displaced jets are grouped together into a so-called

“heavy group” if the absolute di↵erence of their respective transverse displacements is

smaller than 50 µm. The invariant mass of these heavy groups should correspond to the

mh2 and thus be larger than the bottom quark mass. Thus, our next cut is the requirement

to have at least one heavy group (nhG � 1) with an invariant mass above 6 GeV, which

removes the background coming from hadronic decays of B�mesons.

Then, we consider the inclusive invariant mass of all groups, mSS .9 Naively each heavy

group should consist of two b�jets stemming from the decay of one h2 and hence we expect

the signal events to have two heavy groups with mSS peaking at the SM Higgs mass. This

dictates our last cut, which requires mSS 2 [100, 150] GeV.

In table 2, we list the cutflow e�ciency of signal events for a set of benchmark points

for di↵erent values of mh2 and c⌧ , and of the background processes discussed in the last

subsection. We find that for our cutflow only the processes B1�B7 would yield background

events at the LHeC, while the rest would not contribute. We also note that the signal

events have larger e�ciencies for lifetimes in the range of 10�3
� 10�1 m. This comes at

no surprise, given the considered spatial dimensions of the detector, its spatial resolution,

and the kinematics of the process.

The expected number of signal events NS at the LHeC is given by

NS = Nh1 · Br(h1 ! h2h2) ·
�
Br(h2 ! bb̄)

�
2
· ✏

pr-cut-XS
· ✏

cut

S , (3.3)

where Nh1 = 1.1 ⇥ 105 is the total number of the SM Higgs bosons inclusively produced

at the LHeC with a total integrated luminosity LLHeC = 1 ab�1 [27], ✏
pr-cut-XS denotes

the reduction of the signature production cross section from the generator-level cuts, and

✏
cut

S comprises the detector acceptance and the final cutflow e�ciency of the signal events.

Analogously, the total number of background events NB is simply

NB =
12X

i=1

LLHeC · �Bi · ✏
cut

Bi
, (3.4)

where �Bi denotes the parton-level cross section of the i�th background processes, and

✏
cut

Bi
is the equivalent of ✏

cut

S for Bi.

As we described in the previous section, the first four background processes have

very large cross sections, and due to computational limitations their associated statistical

uncertainties are substantial. In order to make a more robust prediction of the expected

number of B1 � B4 processes we perform a fit using the mSS sidebands. Concretely, we

9
At the parton level this quantity should equal the invariant mass of the two light scalars, hence the

notation.
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NB = 195
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Exclusion limits at the LHeC

x = 10 GeV, NB = 0

x = 10 GeV, NB =195

x = 100 GeV, NB = 0

x = 100 GeV, NB =195

Br(h1 � inv.) = 13%, x = 100 GeV

Br(h1 � inv.) = 13%, x = 10 GeV

Br(h1 � inv.) = 6%, x = 100 GeV

Br(h1 � inv.) = 6%, x = 10 GeV

Br(h1 � inv.) = 2.5%, x = 100 GeV

Br(h1 � inv.) = 2.5%, x = 10 GeV

Figure 2. Model-dependent results shown in the plane sin2
↵ vs. mh2 . Two benchmark values of

x are selected, and the lifetime of h2 is also plotted with orange dashed curves. We superimpose
the following limits on the Higgs invisible branching fraction: a) the present LHC 13% ATLAS
result [36] (dot-dashed); b) the expected outcome (6%) of a prompt LHeC search for these light
scalars [66] (dashed); c) the existing HL-LHC projection [47] (2.5%) (dotted). For these limits, blue
(red) is for x = 10 (100) GeV.

h2 ! bb̄ decays present in the signal which are absent in the SM backgrounds, or by

employing deep-learning algorithms. Subsequently, we shall also consider the optimistic

case of zero background, NB = 0.

4.1 Higgs Portal model results

In this subsection, we present our results as a function of the parameters of the specific

model introduced in section 2, in particular we choose the mass-mixing squared plane. The

new vev, x, controls (for fixed scalar mixing and mass) the h1 ! h2h2 branching ratio: as

is shown in eq. (2.9), the h1 ! h2h2 partial width scales as x
�2, and therefore a decrease in

x by a factor 10 corresponds to an enhancement in the partial width by a factor 100, while

keeping other parameters fixed.11 In addition, x also determines the mass scale of the dark

sector. Hence, in order to avoid fine tuning in the scalar sector, we consider x = O(mh2),

and we fix the two representative values of x = 10 and 100 GeV for the Higgs portal model.

We show the resulting exclusion limits in the parameter plane sin2
↵ vs. mh2 in figure

2. In this figure we use NB = 195, as obtained from our MC study, and the optimistic

assumption NB = 0. For the case with NB = 195, we consider a significance level of 2�

(or a 95 % confidence level (C.L.)) with NS = 2
p

NB ⇠ 28 where, given the magnitude of

NB, Gaussian statistics can be applied. As for the optimistic limits with NB = 0 we adopt

Poisson statistics with a 95% C.L. exclusion for NS = 3. Moreover, we superimpose the

current LHC [36] and expected HL-LHC limits [47], together with the LHeC prompt reach

11
Since the partial width �(h1 ! h2h2) is constrained to be much smaller than the SM Higgs width,

�(h1 ! h2h2) << �(h1 ! SM) ' 4.07 MeV, the exotic partial width and the exotic branching fraction

scale in the same way.
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Higgs Portal 

Model Result

  = mixing angle

 x = VEV
α

NB = 195, NS = 2 B = 28

NB = 0, NS = 3
at 95%CL
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Exclusion limits at the LHeC, NB = 195
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Figure 3. Sensitivity curves (95 % C.L limits) in the c⌧ – Br(h1 ! h2h2) (left) and mh2 –
Br(h1 ! h2h2) (right) planes. In the left (right) panel we display results for various values of mh2

(c⌧). Here we have assumed SM-like branching fractions for h2 ! bb̄. The present LHC and future
LHeC prompt search limits are also shown. We have assumed a total number of 195 background
events at the LHeC with a total integrated luminosity of 1 ab�1.

[66]. We also display isocontour lines for various values of c⌧ (in meters) using dashed

orange lines.

We find that for all four cases (two values of x and two values of NB) the displaced jet

search proposed in this work may probe scalar mixing angles below the current and future

LHC limits, for di↵erent ranges of mh2 . In particular, for the small value of the light scalar

vacuum expectation value (x = 10 GeV) and a background-free environment, sin2
↵ can

be excluded at below 10�8 for mh2 between 12 and 18 GeV. In general, for mh2 > 10 GeV

the present upper bounds from the invisible Higgs decay searches exclude sin2
↵ & 10�4,

while the here presented sensitivities can test sin2
↵ as small as 10�5(10�7) for x = 100(10)

GeV, even exceeding the expected sensitivity of the indirect HL-LHC reach via the invisible

Higgs branching ratio.

4.2 Model-independent results

In figure 5, we display our sensitivity estimations in a model-independent fashion in the

Br(h1 ! h2h2) versus c⌧ and in the Br(h1 ! h2h2) versus mh2 planes. Here we have

assumed a branching fraction of h2 ! bb̄ corresponding to a SM-like Higgs of the same

mass, which approximately varies between 60-90% in the considered mass range. For

completeness, the current input values are presented in Appendix A. The left panel presents

curves for various values of mh2 , namely 10, 12, 16, 20, 40, and 60 GeV. As expected, due

to the kinematic threshold e↵ect the LHeC’s sensitivity to h2 with mh2 = 10 GeV, denoted

by the black line, is always weaker compared to the LHC’s sensitivity via the invisible

branching ratio. The strongest reach in Br(h1 ! h2h2) is given by mh2 between 12 and

20 GeV, probing about O(10�3) on Br(h1 ! h2h2) for c⌧ between 10�4 and 10�1 m
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Figure 4. Same as figure 5, but for the ideal NB = 0 case. In this figure we assume a branching
ratio of h2 ! bb̄ as in Appendix A.

which is the most sensitive regime in accordance with the detector fiducial volume12. For

larger masses with a fixed c⌧ , the sensitivity weakens due to the stronger mSS cut, as we

anticipated in our discussion in section 3.

For completeness we show the exclusion limits under the optimistic assumption of a

background-free search in figure 4. In this case we adopt Poisson statistics with a 95%

C.L. exclusion for NS = 3. This figure can be simply obtained by rescaling the y�axis of

figure 5 by a factor of 28/3 ⇠ 9.3, since NS scales linearly with Br(h1 ! h2h2), as shown

in eq. (3.3). Correspondingly the maximum reach is increased by an order of magnitude,

falling close to the 10�4 level. Similarly, to obtain limits for other values of NS (e.g. for

discovery prospects) one can simply rescale the y�axis of each plot.

We remark that for c⌧ . 1 µm the h2 decays are practically prompt, proceeding essen-

tially at the interaction point into b�jets. In this regime the reconstructed displacement of

the final state cannot be disentangled from the displaced decays of the B�mesons. There-

fore, the selection e�ciencies are much smaller compared to the regime of long lifetimes

and the corresponding sensitivity is finite (not vanishing) but weaker, as discussed above

in section 3. The resulting sensitivity of the LHeC to these exotic Higgs decay branching

ratios in the prompt regime is 0.1 - 1%, depending on the mass and background assump-

tion, and independent of the h2 lifetime. This is in agreement with the analysis in ref. [66],

which considered prompt h2 decays.

The right panel of figure 5 exhibits the variation in the Br(h1 ! h2h2) reach as a

function of the light scalar mass, with the lifetime fixed at di↵erent values: 10�6, 10�5,

10�3, 10�1, and 1 m. The plot shows that the best limit is reached for the curve with

c⌧ = 10�3 m, closely followed by the c⌧ = 0.1 m line. For larger c⌧ the light scalars decay

mostly outside the inner tracker and are thus not availble as tracks, resulting in a sensitivity

that is similar to the HL-LHC projection, while for the prompt regime (c⌧ . 10�6 m) we

12
It is worth stressing here that our analysis only makes use of tracks, however if we were also to include

neutral LLPs decaying in the calorimeters we would expect to extend our “plateau” up to a few meters.
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• Search for displaced jets can reach sensitivities down to  

, which is much better than the current LHC 

(HL-LHC) 


• The best sensitivity occurs at  

  , and 


• For  the h2 decay is pratically prompt. The reconstructed  

displacement of the final state cannot be disentangled from displaced  

decays of B mesons. Thus, efficiencies are much lower than those of  

long lifetime.


• For those with , the decay of h2 would be outside the IT.


• In ideal case , the sensitivity can reach 

B(h1 → h2h2) ∼ 10−3

B(h1 → invisible) ≃ 13 % (2.5%)

10−4 m < cτ < 10−1 m 12 GeV < mh2
< 20 GeV

cτ < 1 μm

cτ > 0.1 m

NB = 0 B(h1 → h2h2) ∼ 10−4



Conclusions

• Extending to search for LLP’s can cover a larger parameter space for various 

models with feeble couplings.


• Branching ratio of the Higgs boson into a pair LLP’s can be reached to 

  


• Truth level analysis, instead of geometric analysis, is important to establish  

the more realistic sensitivity reach.

O(10−4 − 10−3)


