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Higgs is simple. 

A simple “Mexican hat” potential.
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 =

√
  (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 −
𝜆
6
  (𝜑  𝜑) , 

where 𝜑 is the complex conjugate of 𝜑,  and the coupling constant 𝜆  is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒   𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

Spin-0

⇒ Electroweak symmetry breaking  
⇒ gives masses of SM particles 



Why focusing on Higgs?

Sure, the math is simple. 
It does not give us clues for a deeper understanding.

Different from other SM particles: 
gauge boson (gauge symmetry), fermion (chiral symmetry)

Yet, Higgs is confusing.



Why focusing on Higgs?

Sure, the math is simple. 
It does not give us clues for a deeper understanding.

Different from other SM particles: 
gauge boson (gauge symmetry), fermion (chiral symmetry)

Yet, Higgs is confusing.

Maybe not as simple as it seems?

Is it elementary (like electron) or composite (like proton or pion)?
Is the Higgs the only spin-0 particle, or there are similar ones?
Where does the electroweak scale come from?



Higgs

Weak interaction vs 
gravitation

102 vs 1018

Matter > anti-matter

Electroweak phase 

7	

Electroweak Phase Transition. How does the background Higgs field move 
from zero in the early universe to its nonzero value today?
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( T ~ 100 GeV,   t ~ 10 ps ) 

The dark world

Flavor puzzle


Inflation, age of 
universe, …

Higgs and everything else
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The dark world

Flavor puzzle


Inflation, age of 
universe, …

Higgs and everything else

Higgs is likely to play a role in many of these, but how?



What do we know?
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Figure 1-6. Left, ATLAS best-fit values and uncertainties for Higgs-boson coupling modifiers per particle
type with e↵ective photon and gluon couplings, the branching fraction to invisible (Bi), and undetected
decays (Bu) included as free parameters, and the measurement of the Higgs-boson decay rate to invisible
final states included in the combination [21]. Right, CMS summary of the Higgs-boson couplings modifier
best fit. The thick (thin) black lines report the 1� (2�) confidence intervals [22].

at per-mille level accuracy by the ATLAS and CMS experiments [19, 20]. The Higgs self-coupling is accessible
through Higgs-boson pair production (hh) and inferred from radiative corrections to single-Higgs production
measurements. Measuring this coupling is essential to shed light on the structure of the Higgs potential,
whose exact shape can have deep theoretical consequences.

The maximum value of the acceptance for the gg ! hh process is obtained for � ⇠ 2, where the cross section
is at a minimum. Here � refers to the ratio of the measured value to the predicted SM value of the Higgs
self coupling and must be unity if the SM is a complete theory. Measuring � 6= 1 would unambiguously
imply that there is some new physics beyond the SM. The corresponding intervals where � is observed
(expected) to be constrained at 95% CL are listed in Table 1-3 for the main channels.

The planned HL-LHC, starting in 20291 will extend the LHC dataset by a factor of O(10), and produce about
170 million Higgs bosons and 120 thousand Higgs-boson pairs. This would allow an increase in the precision
for most of the Higgs-boson couplings measurements. The HL-LHC will dramatically expand the physics
reach for Higgs physics. Current projections are based on Run 2 results and some basic assumptions that
some of the systematic uncertainties will scale with luminosity and that improved reconstruction and analysis
techniques will be able to mitigate pileup e↵ects. The studies also assume that the theory uncertainty is
reduced by a factor of 2 relative to current values. Studies based on the 3000 fb�1 HL-LHC dataset estimate
that we could achieve O(2 � 4%) precision on the couplings to W , Z, and third generation fermions. But
the couplings to u, d, and s quarks will still not be accessible at the LHC directly, while the charm-quark
Yukawa is projected to be directly constrained to c < 1.75 at the 95% CL [30]. The Higgs-boson self
coupling is a prime target of the HL-LHC and current rough projections claim the trilinear self-coupling will

1This refers to the updated schedule presented in January 2022 [29]
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Higgs couplings. Presently, known to about 10%

Other electroweak couplings known to much better precision . 𝒪(10−3)

Higgs coupling other SM particles:



What do we know?

Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form

V (�) / ��
2 +

1

2
�
4
. (1)

This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for

3

Higgs potential? 
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 =

√
  (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 −
𝜆
6
  (𝜑  𝜑) , 

where 𝜑 is the complex conjugate of 𝜑,  and the coupling constant 𝜆  is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒   𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 =

√
  (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 −
𝜆
6
  (𝜑  𝜑) , 

where 𝜑 is the complex conjugate of 𝜑,  and the coupling constant 𝜆  is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒   𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

Spin-0

⇒ Electroweak symmetry breaking  
⇒ gives masses of SM particles 

We need to know better!



What can (HL)-LHC do?



Precision

Are we really sure the SM is as simple as it appears to be?

What can (HL)-LHC do?

This is the “bread and butter”.
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Figure 1-6. Left, ATLAS best-fit values and uncertainties for Higgs-boson coupling modifiers per particle
type with e↵ective photon and gluon couplings, the branching fraction to invisible (Bi), and undetected
decays (Bu) included as free parameters, and the measurement of the Higgs-boson decay rate to invisible
final states included in the combination [21]. Right, CMS summary of the Higgs-boson couplings modifier
best fit. The thick (thin) black lines report the 1� (2�) confidence intervals [22].

at per-mille level accuracy by the ATLAS and CMS experiments [19, 20]. The Higgs self-coupling is accessible
through Higgs-boson pair production (hh) and inferred from radiative corrections to single-Higgs production
measurements. Measuring this coupling is essential to shed light on the structure of the Higgs potential,
whose exact shape can have deep theoretical consequences.

The maximum value of the acceptance for the gg ! hh process is obtained for � ⇠ 2, where the cross section
is at a minimum. Here � refers to the ratio of the measured value to the predicted SM value of the Higgs
self coupling and must be unity if the SM is a complete theory. Measuring � 6= 1 would unambiguously
imply that there is some new physics beyond the SM. The corresponding intervals where � is observed
(expected) to be constrained at 95% CL are listed in Table 1-3 for the main channels.

The planned HL-LHC, starting in 20291 will extend the LHC dataset by a factor of O(10), and produce about
170 million Higgs bosons and 120 thousand Higgs-boson pairs. This would allow an increase in the precision
for most of the Higgs-boson couplings measurements. The HL-LHC will dramatically expand the physics
reach for Higgs physics. Current projections are based on Run 2 results and some basic assumptions that
some of the systematic uncertainties will scale with luminosity and that improved reconstruction and analysis
techniques will be able to mitigate pileup e↵ects. The studies also assume that the theory uncertainty is
reduced by a factor of 2 relative to current values. Studies based on the 3000 fb�1 HL-LHC dataset estimate
that we could achieve O(2 � 4%) precision on the couplings to W , Z, and third generation fermions. But
the couplings to u, d, and s quarks will still not be accessible at the LHC directly, while the charm-quark
Yukawa is projected to be directly constrained to c < 1.75 at the 95% CL [30]. The Higgs-boson self
coupling is a prime target of the HL-LHC and current rough projections claim the trilinear self-coupling will

1This refers to the updated schedule presented in January 2022 [29]
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(expected) to be constrained at 95% CL are listed in Table 1-3 for the main channels.
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170 million Higgs bosons and 120 thousand Higgs-boson pairs. This would allow an increase in the precision
for most of the Higgs-boson couplings measurements. The HL-LHC will dramatically expand the physics
reach for Higgs physics. Current projections are based on Run 2 results and some basic assumptions that
some of the systematic uncertainties will scale with luminosity and that improved reconstruction and analysis
techniques will be able to mitigate pileup e↵ects. The studies also assume that the theory uncertainty is
reduced by a factor of 2 relative to current values. Studies based on the 3000 fb�1 HL-LHC dataset estimate
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Fig. 28: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the per-production-mode cross sections normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty due
to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncertain-
ties in S2 (with YR18 systematic uncertainties) on the per-production-mode cross sections normalised to
the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement, the
total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertainties are
indicated by a blue, green and red line respectively. In addition, the numerical values are also reported.

bined ATLAS-CMS extrapolation range from 2 � 4%, with the exception of that on Bµµ at 8% and
on BZ� at 19%. The numerical values in both S1 and S2 for ATLAS and CMS are given in Table 37
where the the breakdown of the uncertainty into four components is provided. In projections of both
experiments, the S1 uncertainties are up to a factor of 1.5 larger than those in S2, reflecting the larger
systematic component. The systematic uncertainties generally dominate in both S1 and S2. In S2 the
signal theory uncertainty is the largest, or joint-largest, component for all parameters except BRµµ and
BZ� , which remain limited by statistics due to the small branching fractions.

The correlations range up to 40%, and are largest between modes where the sensitivity is domi-
nated by gluon-fusion production. This reflects the impact of the theory uncertainties affecting the SM
prediction of the gluon-fusion production rate.

2.7 Kappa interpretation of the combined Higgs boson measurement projections23

2.7.1 Interpretations and results for HL-LHC
In this section combination results are given for a parametrisation based on the coupling modifier, or
-framework [42]. A set of coupling modifiers, ~, is introduced to parametrise potential deviations from
the SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production
process or decay mode j, a coupling modifier j is defined such that,

2
j = �j/�SM

j or 2
j = �

j/�
j
SM. (6)

23 Contacts: R. Di Nardo, A. Gilbert, H. Yang, N. Berger, D. Du, M. Dührssen, A. Gilbert, R. Gugel, L. Ma B. Murray, P.
Milenovic
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Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form

V (�) / ��
2 +

1

2
�
4
. (1)

This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for
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Electroweak Phase Transition. How does the background Higgs field move 
from zero in the early universe to its nonzero value today?
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How does Higgs evolve in the 
early universe?
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in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form
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This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for
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Unique kind of coupling. 
Important to observe it!  

Is this the best place to look 
for new physics?
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(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
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most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
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2. New physics in the alternative scenario 
often induce changes in other Higgs 
coupling, such as hZ

Z, W

Z, W



hZZ vs Higgs self-coupling
1

Λ2
(H†∂H)2 1

Λ2
(H†H)3

Modify H-Z coupling ⇒ δZh Modify Higgs self-coupling ⇒ δλ3



hZZ vs Higgs self-coupling
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No special symmetry, both will generally be there.  
All dim-6 operator ⇒ similar size of modification

H-Z coupling much better measured, should be the 
place to first discover such a modification.

Modify H-Z coupling ⇒ δZh Modify Higgs self-coupling ⇒ δλ3



hZZ vs Higgs self-coupling
1

Λ2
(H†∂H)2 1

Λ2
(H†H)3

Modify H-Z coupling ⇒ δZh Modify Higgs self-coupling ⇒ δλ3

However,  , while  is not related to    δZh ∝ gz δλ3
λ3,SM

δZh

With some tuning, one can find models in which   δλ3
> δZh



Simplest example: 
Higgs + singlet

ℒ ⊃ V(H) + V(S) + λH†HS2

          For  , integrating out singlet 

         ⇒       and    

ms > mh

1
Λ2

(H†∂H)2 1
Λ2

(H†H)3
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 Interesting progress. 

HL-LHC

Models with 1st order EWSB, need large self-interaction



Self-coupling: bottom line

Unique coupling, never seen before, good to see 
it.


Generically, H-Z coupling (better measured) more 
sensitive to new physics. 


If we are lucky (e.g. 1st order EWPT ), may see 
large deviation in self-coupling. 



Rare processes

Unlikely, but seeing one can teach us a lot.

What can (HL)-LHC do?

Large luminosity leads to big improvements.



HL-LHC as particle factories

> 1011 W and Zs

> 109 tops 

> 108 Higgses 

HL-LHC

Promising for rare decay 
with distinct final state!



Windows into dark sector: portals
Any known (SM) particle can in principle have small 
couplings to dark sector.
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Higgs to dark sector
Standard 

Model
Dark  

Sector

h

Decay back to SM

“Higgs portal”
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b) ∼ a few % if mS ∼ 10 GeV
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Reasonable to have a small but still sizable BR
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Higgs exotic decays

Simple, Great sensitivity from the LHC

With MET, less lepton

More hadronic
More challenging, but worth pursuing! 



Simplest example: 
Higgs + singlet

ℒ ⊃ V(H) + V(S) + λH†HS2

For  

After EWSB,  . 
Can be significant since  is very narrow.

ms < 0.5 × mh

Γ(h → ss) ∝ (λv)2

ΓSM,tot
h

If  ,  singlet mixes with Higgs, prefers to decay to 
heavy fermion 

⟨S⟩ ≠ 0

If  , missing energy⟨S⟩ = 0



The current reach of all the searches in Table 1 is limited by statistics, so updated analyses
using all available data will improve the sensitivity. More sophisticated analyses, including
new reconstruction and identification techniques, can help complete the coverage of the full
mass range. Additional searches in uncovered channels may also bring additional sensitivity
and are interesting cross checks in case an excess is observed.

4.1.2 SM+s

Searches for decays to a new light scalar, s, often focus on the heaviest particles that are
kinematically allowed in the scalar decay. Decays to muons are considered for m & 2mµ ⇡

0.22 GeV and are particularly important in the lowest mass range until decays to taus may
also become important, m & 2m⌧ ⇡ 3.6 GeV. Finally in the mass range m & 2mb ⇡ 8.4 GeV,
several searches also target decays to b-jets.
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Figure 2: Observed 95% CL upper limits on �h/�SMh Br(h ! ss) in the SM+s scenario where
s is a new Higgs-mixed scalar, from a selection of the most recent analyses in Table 1. The
branching fractions of the new scalar to SM particles are taken from [49, 50], as described in
Section 3.1.

Figure 2 shows the upper limits on Br(h ! ss) in the SM+s scenario, using the branching
ratios for the new scalar predicted by the minimal model of Sec. 3.1. The strongest constraints
appear at the lowest masses from the µµµµ mode, setting branching ratio limits down to
10�5. Between the J/ and the ⌥ thresholds, the sensitivity steadily decreases to about
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Simplest example: 
Higgs + singlet

h → ss → f f̄f f̄
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using all available data will improve the sensitivity. More sophisticated analyses, including
new reconstruction and identification techniques, can help complete the coverage of the full
mass range. Additional searches in uncovered channels may also bring additional sensitivity
and are interesting cross checks in case an excess is observed.
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0.22 GeV and are particularly important in the lowest mass range until decays to taus may
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several searches also target decays to b-jets.

1 10
 [GeV]sm

6−10

5−10

4−10

3−10

2−10

1−10

1

10

 s
s)

→
 B

r(h
 

× 
SM h
σ

h
σ

95
%

 C
L 

up
pe

r l
im

it 
on

 

-1 = 13 TeV, 36.1 fbs
ATLAS, bbbb (merged)

-1 = 13 TeV, 36.1 fbs
ATLAS, bbbb (resolved)

-1 = 13 TeV, 35.9 fbs
ττCMS, bb

-1 = 13 TeV, 35.9 fbs
ττττCMS, 

-1 = 13 TeV, 35.9 fbs
 (merged)ττµµCMS, 

-1 = 13 TeV, 35.9 fbs
 (resolved)ττµµCMS, 

-1 = 13 TeV, 139 fbs
µµATLAS, bb

-1 = 13 TeV, 35.9 fbs
µµCMS, bb

-1 = 13 TeV, 139 fbs
µµµµATLAS, 

-1 = 13 TeV, 35.9 fbs
µµµµCMS, 

SM+s

Figure 2: Observed 95% CL upper limits on �h/�SMh Br(h ! ss) in the SM+s scenario where
s is a new Higgs-mixed scalar, from a selection of the most recent analyses in Table 1. The
branching fractions of the new scalar to SM particles are taken from [49, 50], as described in
Section 3.1.

Figure 2 shows the upper limits on Br(h ! ss) in the SM+s scenario, using the branching
ratios for the new scalar predicted by the minimal model of Sec. 3.1. The strongest constraints
appear at the lowest masses from the µµµµ mode, setting branching ratio limits down to
10�5. Between the J/ and the ⌥ thresholds, the sensitivity steadily decreases to about
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Singlet extension, spontaneous Z2 breaking, with

connection to strong first-order electroweak phase

transition
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Interesting target:  
1st order EW phase transition

Extra scalar wants to be light, 
with sizable coupling to the Higgs
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FIG. 4: The current bounds on Higgs exotic decay h ! ss and the projections at the HL-LHC,

assuming the s decays to SM particles are mediated by the mixing, and the corresponding

branching ratios are taken from Ref. [17]. The upper and lower horizontal dotted lines are the

expected upper limit for Higgs exotic decay branching ratio at the HL-LHC (4% [39]) and

statistical limit of 106 Higgs at future lepton colliders, respectively. The brown and light blue

shadowed regions are the strong first-order EWPT regions from Refs. [6, 7], see text for details.

Projections of the reach of future lepton colliders are shown in dashed lines.

cccc channels can be found in Ref. [16], which we do not show here. A ILC-based simulation (250

GeV, 0.9 ab�1) for the bbbb channel is done by Ref. [37] and find similar projections. There are

room for further improvement, e.g., usings Machine Learning to deal with complex signals and

backgrounds for Higgs exotic decays [38].

The strongly first-order EWPT parameter space for the spontaneous Z2 breaking model [7] and

general singlet scalar extension of the SM with mixing angle sin ✓ = 0.01 [6] are indicated by the

brown and light blue shaded regions in the Br(h ! ss)-ms plane in Fig. 4, respectively. Combining

with the current bounds at the LHC, we see that the exotic Higgs decay searches have already

probed a visible fraction of the EWPT parameter space, especially for the low mass region ms . 10

GeV. For the high mass region ms > 10 GeV, the direct constraints from the bb-relevant channels

are slightly weaker than the indirect bound (16% [40]) from the exotic Higgs decay. At the HL-LHC,

the Br(h ! ss) reach in both the low and high mass regions are significantly improved, while the

expected reach from direct searches at high masses is still comparable with the expected indirect

bounds (4% [39]). Future Higgs factories can greatly improve the coverage of EWPT parameter

space, as shown in the dashed lines in the right panel of Fig. 4. Combining the ⌧⌧⌧⌧ and bbbb

The current reach of all the searches in Table 1 is limited by statistics, so updated analyses
using all available data will improve the sensitivity. More sophisticated analyses, including
new reconstruction and identification techniques, can help complete the coverage of the full
mass range. Additional searches in uncovered channels may also bring additional sensitivity
and are interesting cross checks in case an excess is observed.

4.1.2 SM+s

Searches for decays to a new light scalar, s, often focus on the heaviest particles that are
kinematically allowed in the scalar decay. Decays to muons are considered for m & 2mµ ⇡

0.22 GeV and are particularly important in the lowest mass range until decays to taus may
also become important, m & 2m⌧ ⇡ 3.6 GeV. Finally in the mass range m & 2mb ⇡ 8.4 GeV,
several searches also target decays to b-jets.

1 10
 [GeV]sm

6−10

5−10

4−10

3−10

2−10

1−10

1

10

 s
s)

→
 B

r(h
 

× 
SM h
σ

h
σ

95
%

 C
L 

up
pe

r l
im

it 
on

 

-1 = 13 TeV, 36.1 fbs
ATLAS, bbbb (merged)

-1 = 13 TeV, 36.1 fbs
ATLAS, bbbb (resolved)

-1 = 13 TeV, 35.9 fbs
ττCMS, bb

-1 = 13 TeV, 35.9 fbs
ττττCMS, 

-1 = 13 TeV, 35.9 fbs
 (merged)ττµµCMS, 

-1 = 13 TeV, 35.9 fbs
 (resolved)ττµµCMS, 

-1 = 13 TeV, 139 fbs
µµATLAS, bb

-1 = 13 TeV, 35.9 fbs
µµCMS, bb

-1 = 13 TeV, 139 fbs
µµµµATLAS, 

-1 = 13 TeV, 35.9 fbs
µµµµCMS, 

SM+s

Figure 2: Observed 95% CL upper limits on �h/�SMh Br(h ! ss) in the SM+s scenario where
s is a new Higgs-mixed scalar, from a selection of the most recent analyses in Table 1. The
branching fractions of the new scalar to SM particles are taken from [49, 50], as described in
Section 3.1.

Figure 2 shows the upper limits on Br(h ! ss) in the SM+s scenario, using the branching
ratios for the new scalar predicted by the minimal model of Sec. 3.1. The strongest constraints
appear at the lowest masses from the µµµµ mode, setting branching ratio limits down to
10�5. Between the J/ and the ⌥ thresholds, the sensitivity steadily decreases to about
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Projections of the reach of future lepton colliders are shown in dashed lines.
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room for further improvement, e.g., usings Machine Learning to deal with complex signals and

backgrounds for Higgs exotic decays [38].

The strongly first-order EWPT parameter space for the spontaneous Z2 breaking model [7] and

general singlet scalar extension of the SM with mixing angle sin ✓ = 0.01 [6] are indicated by the

brown and light blue shaded regions in the Br(h ! ss)-ms plane in Fig. 4, respectively. Combining

with the current bounds at the LHC, we see that the exotic Higgs decay searches have already

probed a visible fraction of the EWPT parameter space, especially for the low mass region ms . 10

GeV. For the high mass region ms > 10 GeV, the direct constraints from the bb-relevant channels

are slightly weaker than the indirect bound (16% [40]) from the exotic Higgs decay. At the HL-LHC,

the Br(h ! ss) reach in both the low and high mass regions are significantly improved, while the

expected reach from direct searches at high masses is still comparable with the expected indirect

bounds (4% [39]). Future Higgs factories can greatly improve the coverage of EWPT parameter

space, as shown in the dashed lines in the right panel of Fig. 4. Combining the ⌧⌧⌧⌧ and bbbb

The current reach of all the searches in Table 1 is limited by statistics, so updated analyses
using all available data will improve the sensitivity. More sophisticated analyses, including
new reconstruction and identification techniques, can help complete the coverage of the full
mass range. Additional searches in uncovered channels may also bring additional sensitivity
and are interesting cross checks in case an excess is observed.

4.1.2 SM+s

Searches for decays to a new light scalar, s, often focus on the heaviest particles that are
kinematically allowed in the scalar decay. Decays to muons are considered for m & 2mµ ⇡

0.22 GeV and are particularly important in the lowest mass range until decays to taus may
also become important, m & 2m⌧ ⇡ 3.6 GeV. Finally in the mass range m & 2mb ⇡ 8.4 GeV,
several searches also target decays to b-jets.
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Figure 2: Observed 95% CL upper limits on �h/�SMh Br(h ! ss) in the SM+s scenario where
s is a new Higgs-mixed scalar, from a selection of the most recent analyses in Table 1. The
branching fractions of the new scalar to SM particles are taken from [49, 50], as described in
Section 3.1.

Figure 2 shows the upper limits on Br(h ! ss) in the SM+s scenario, using the branching
ratios for the new scalar predicted by the minimal model of Sec. 3.1. The strongest constraints
appear at the lowest masses from the µµµµ mode, setting branching ratio limits down to
10�5. Between the J/ and the ⌥ thresholds, the sensitivity steadily decreases to about
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Interesting alternative
Toy model of a landscape, N scalars Si .

ℒ ⊃ H†H
N

∑
i,j

λijSiSj + . . . , N ≫ 1

Connection to the Higgs mass, Higgs couples to the scalars

If each scalar has two vacua ⇒ 2N vacua 

Can be a large landscape for N >> 1 (e.g. N～102 )
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Are we ready for this?

6

FIG. 5. The universality of the PFN tracks. The notation
“A ! B” in the figure means “trained on process A but
tested on process B”.

specific signal channel to a mixed 4b+6b+8b sample with
an equal amount of event numbers for each channel. To
be concrete, we use PFN track for this test. The result
of the signal e�ciency on the mixed sample is shown
in Fig. 5. The DNNs trained on an exclusive sample
still have a good performance on the mixed sample. For
example, with ✏S ⇠ 0.6, they have a rejection 1/✏B ⇠

500. The performance is better than that on the exclusive
`±⌫4b sample while worse than that on the `±⌫8b sample.
This result is expected due to the general improvement of
the performance with the b-multiplicity observed earlier.
We also observe here the improvement associated with b-
multiplicity for the DNNs trained on the “wrong” sample.
Moreover, DNNs trained with di↵erent exclusive samples
have similar performances on the mixed sample.

Classification accuracies SM
M0 = 30 GeV

M1 = 12 GeV

Tested on

Trained on
h ! bb̄ `±⌫4b `±⌫6b `±⌫8b

SM h ! bb̄ 67.1% 61.4% 58.1% 56.5%

M0 = 30 GeV

M1 = 12 GeV

`±⌫4b 69.3% 73.1% 69.7% 68.1%

`±⌫6b 72.3% 77.0% 76.5% 74.9%

`±⌫8b 74.4% 79.4% 79.9% 79.4%

4b + 6b + 8b � 76.4% 74.7% 73.6%

TABLE II. Testing the universality of the PFN with tracks
information.

In Table II, we show the classification accuracies of
DNNs trained on an exclusive sample and applied to
di↵erent samples, both exclusive and mixed. 4 It

4
The classification accuracy is defined as the ratio of “correct

predictions” to the length of the test dataset, where the

“prediction” for a given event is defined as the neuron with

maximal output. For instance, we count this event’s classification

as a signal if the neurons have output with r0 = 0.5, r1 = 0.1 and

r2 = 0.3. By this definition, the accuracy of a random prediction

is 33.3% for a three-neuron output DNN.

is interesting to note that the DNNs trained on lower
b-multiplicity samples perform better when they are
applied to higher multiplicity samples. For example,
the DNN trained on `±⌫4b sample (with an accuracy
of 73.1%) has an accuracy of 79.4% on the 8b sample.
Again, this observation implies the DNN trained in 4b
samples relies on the b (sub-)jet information. Note that
the DNNs also tag the SM h ! bb̄ events with 55%÷61%
e�ciency, implying that the b-jets and Higgs masses
played important roles in the signal and background
separation. When conducting a search for the exotic
decays, one can apply other well-trained and optimized
taggers for the h ! bb̄ process, and hence we do not take
this SM Higgs process as background when deriving the
limits in the next subsection.

B. Branching ratio upper limits for the exotic
decay

As an application of the techniques studied here, we
derive a projection for the sensitivity to the Higgs exotic
decays at the LHC and di↵erent future hadron colliders.

FIG. 6. The branching ratio upper limits for the exotic decays
at di↵erent luminosities, derived by the PFN tracks trained
on the corresponding channel. For the `±⌫4b channel, the
ATLAS result [50] is also plotted as reference.

The projections are obtained as follows. Given a cut
threshold rc, we collect the event numbers of the signal

and background samples that pass the cut, i.e. N (r0>rc)
S

and N (r0>rc)
B1 + N (r0>rc)

B2 . They can be interpreted to
the cross sections �S and �B after the cut. Therefore,
given an integrated luminosity L at the LHC, the

S. Jung, Z. Liu, LTW, K. Xie 2109.03294 
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New ideas to trigger and tag on this kind of final states?



Long lived particle (LLP)
Standard 

Model
Dark  

Sector

h

Decay back to SM 
Can be long lived.  
cτ can be 1 km or more

2

LT1

LT2

X

a b

SM
`X

`a

`SM

Timing layer

FIG. 1. An event topology with an LLP X decaying into two
light SM particles a and b. A timing layer, at a transverse
distance LT2 away from the beam axis (horizontal gray dotted
line), is placed at the end of the detector volume (shaded
region). The trajectory of a reference SM background particle
is also shown (blue dashed line). The gray polygon indicates
the primary vertex.

timing layer with a time delay

�t
i
delay =

`X

�X
+

`i

�i
�

`SM

�SM
, (1)

for ith decay products from X and �i ' �SM ' 1. It
is necessary to have prompt particles from production
or decay, or ISR, which arrives at timing layer with the
speed of light, to derive the time of the hard collision at
the primary vertex (to “timestamp” the hard collision).

In Fig. 2, we show typical time delay �t distribution
for CMS MTD for benchmark signals and the back-
grounds. The two benchmark signals considered here
are the glueballs from Higgs boson decays, and the
neutralino and chargino pair production in the Gauge
Mediated SUSY Breaking (GMSB) scenario [2, 3]. Both
the glueballs and lightest neutralino proper lifetimes
are set to have c⌧ = 10 m. The 10 GeV glueballs
have larger average boost comparing to the 50 GeV
glueballs, and hence have a sizable fraction of the signals
with delays less than 1 ns. The GMSB signal is not
boosted and hence significantly delayed compared to the
backgrounds, with more than 70% of the signal having
�t > 1 ns.

Search strategy.— We consider events with at least one
ISR jet to timestamp the PV and one delayed SM object
coming from the LLP decay. We propose two searches
using the time delay information:

LT2 LT1 Trigger ✏trig ✏sig ✏
j
fake Ref.

MTD 1.17 m 0.2 m DelayJet 0.5 0.5 10�3 [12]

MS 10.6 m 4.2 m MS RoI 0.25, 0.5 0.25 5 ⇥ 10�9 [16]

The size of the detector volume is described by transverse
distance to the beam pipe from LT1 to LT2 , where LT2 is

FIG. 2. The di↵erential �t distribution for typical signals
and backgrounds at 13 TeV LHC. The plot is normalized to
the fraction of events per bin with varying bin sizes, in linear
(�t < 1 ns) and logarithmic scale (> 1 ns) respectively. Two
representative signal models are shown with di↵erent masses.
The LLP proper lifetime is set to 10 m, and the distribution
only counts events decayed within [LT1 , LT2 ] of [0.2, 1.17] m
in the transverse direction, following the geometry of CMS
MTD in the barrel region. For the background distribution
shown in gray curves, we assume bunch spacing of 25 ns. The
solid and dashed gray curves represent backgrounds from the
same hard collision vertex and hence with a precision timing
uncertainty of �PT

t = 30 ps and from the pile-up with a spread
of �t = 190 ps, respectively.

the timing layer location and LT1 is the minimal displace-
ment requirement for a analysis. For both searches, we
assume a similar timing resolution of 30 ps. For the MS
search, because of the larger time delay and much less
background due to “shielding” by inner detectors, a time
resolution of 0.2 - 2 ns could achieve a similar physics
reach. The ✏trig, ✏sig and ✏

j
fake are the e�ciencies for trig-

ger, signal selection and a QCD jet faking the delayed
jet signal with pT > 30 GeV in MTD and MS searches,
respectively.

For the MTD search, we assume a new trigger strat-
egy dubbed “DelayJet” using precision timing informa-
tion at CMS. This can be realized by putting a minimal
time delay cut when comparing the prompt timestamping
jet (with pT > 30 GeV) with the arrival time of another
jet (with pT > 30 GeV) at the timing layer. In sup-
plemental material section (d), we describe some of the
recent e↵ort by the experimental collaboration to imple-
ment this in the triggering upgrade.

The MTD signal, after requiring LT1 of 0.2 m, will not
have good tracks associated with it. Hence, the major
SM background is from trackless jets. The jet fake rate
of ✏

j,MTD
fake = 10�3 is estimated using Pythia [20] by simu-

lating the jets with minimal pT of 30 GeV and study the
anti-kt jets with R = 0.4, where all charged constituent
hadrons are too soft (pT < 1 GeV). For comparison with
other studies, see supplemental material section (c).

h
X

X



Higgs portal long lived particles
ATLAS search for displaced 
vertices in the muon system 

● Dedicated trigger for this signature
● Two vertices isolated from hadronic 

and inner detector activity

H → XX (hadronic): Muon detectors

17

In the c𝜏 > 0.1 m regime, most stringent limits (mostly) driven by searches using the muon detector 
● Different strategies in ATLAS and CMS
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CMS search for hadronic 
showers in muon system

H → XX (hadronic): Muon detectors
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● ET 
miss trigger

● Larger hit multiplicity in 
Cathode Strip Chamber (CSC)

In the c𝜏 > 0.1 m regime, most stringent limits (mostly) driven by searches using the muon detector
● Different strategies in ATLAS and CMS

Despite different 
strategies, comparable 
sensitivity

5

signal can be well separated from these backgrounds. In
the future, the object reconstruction with separation not
only in spatial but also in time should help discriminate
the various backgrounds.

In addition, in specific searches, signal typically has
additional feature. For example, in our case, we actu-
ally have two visible objects with di↵erent time delays.
Taking advantage of such characteristics, we expect the
background can be further suppressed.

As a side note, triggering on delayed signals concern-
ing the primary interaction vertex could become a very
interesting and important application for the general
class of long-lived particle signals [30–32]. Triggers with
additional timing information (such as sizable delay)
would complement current trigger system that focuses on
very hard events, using HT , pT of jets, leptons, photons,
and missing ET [33, 34]. A much softer threshold could
be achieved with sizable time delays as an additional
criterion, which would be extremely beneficial for LLP,
especially for compressed signal searches.

Augmented sensitivity on LLP through precision
Timing.— Our first example is Higgs decaying to LLP
with subsequent decays into bb̄ pairs. This occurs in
model [10] where the Higgs is the portal to a dark QCD
sector whose lightest states are the glueballs. The de-
cays of the 0++ glueballs are long-lived. This benchmark
has been studied without exploiting the timing informa-
tion [35, 36]. Typical energy of the glueball is set by
the Higgs mass, and the time delay depends on glueball
mass. The signal of LLPs produced through the decay of
an intermediate resonance in other new physics scenarios
would have similar characteristics.

The second example is the decay of the lightest SUSY
electroweakino in the GMSB scenario. Its decay into
SM bosons (Z, h, or �) and gravitino is suppressed by
the SUSY breaking scale

p
F , and it can be naturally

long-lived. Amongst all the possible electroweakinos, the
bino is well-studied in a non-pointing photon search [19].
We study the case in which Higgsino is the lightest elec-
troweakino with decay �̃

0
1 ! hG̃. Our selection would be

general so that all visible Higgs decays into SM particles
will be captured. In our simulation, we generate event
samples with the Higgs bosons decaying into dijets. This
two-body decay topology corresponds to approximately
70% of Higgs decays. This benchmark represents the
timing behavior of pair produced particles at the LHC
without an intermediate resonance.

For both of our examples, timestamping the hard col-
lision is achieved by using a ISR jet:

SigA : pp ! h + j , h ! X + X, X ! SM, (7)

SigB : pp ! �̃�̃ + j, �̃
0
1 ! h + G̃ ! SM + G̃. (8)

For SigB, other electroweakinos �̃, such as charginos �̃
±

or heavier neutralino �̃
0
2, promptly decay into the lightest

neutralino state �̃
0
1 plus soft particles.

h → X X, X → j j
MS(30ps), Δt>0.4ns
MS(200ps), Δt>1ns
EC(30ps), Δt>1ns
MS2DV, noBKG
MS1DV, optimistic

BRinv
h <3.5%
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Precision Timing Enhanced Search Limit (HL-LHC)

FIG. 4. The 95% C.L. limit on BR(h ! XX) for signal
process pp ! jh with subsequent decay h ! XX and X !
jj. Di↵erent colors indicate di↵erent masses of the particle X.
The thick solid and dotted (thick long-dashed) lines indicate
MS (EC) searches with di↵erent timing cuts. The numbers
in parentheses are the assumed timing resolutions. Other 13
TeV LHC projections [36, 37] are plotted in thin lines.

To emphasize the power of timing, we rely mostly on
the timing information to suppress background and make
only minimal cuts. In this case, we need only one low
pT ISR jet, with p

j
T > 30 GeV and |⌘j | < 2.5. In

both signal benchmarks, we require at least one LLP
decays inside the detector. We generate signal events
using MadGraph5 [38] at parton level and adopt the UFO
model file from [39] for the GMSB simulation. After de-
tailed simulation of the delayed arrival time for the dif-
ferent lifetime of the LLPs and geometrical selections, we
derive the projection sensitivity to SigA and SigB using
the cross sections obtained in Ref. [40] and Refs. [41, 42],
respectively.

For SigA, the 95% C.L. sensitivity is shown in Fig. 4.
The decay branching ratio of X ! jj is assumed to be
100%, where j here is light flavor quark. The EC and
MS searches, with 30 ps timing resolution, are plotted in
thick dashed and solid lines. For MS, the best reach of
BR(h ! XX) is about a few 10�6 for c⌧ < 10 m. It is rel-
atively insensitive to the mass of X because both 10 GeV
and 50 GeV X are moving slowly enough to pass the time
cut. The best reach points for di↵erent mass of X occurs
at di↵erent c⌧ and approximately inversely proportional
to mX . This is because the maximal probability for X to
decay is at a fixed d = c⌧� = (LT2�LT1)/(log(LT2/LT1)).
For large c⌧ at the EC search, the lighter X has worse
BR sensitivity reach than heavier ones, since the detec-
tor is shorter than MS and �t cut e�ciency is smaller
for lighter X. Interestingly, for c⌧ . 10�2 m, the reach
of light X becomes better than heavy X. For the MS
search, a less precise timing resolution (200 ps) has also
been considered with cut �t > 1 ns to suppress back-
ground. After the cut, the backgrounds from SV and PU

5

10-4 10-3 10-2 10-1 100 101 102 103 104 105
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

cτ [m]

B
R
[h
→
X
X
]

ggF Result (X → bb)

15

20
Ge
V

40

50
Ge
V

5560

CMS-DV
ATLAS-prompt
ATLAS-MS
ATLAS-Low ET

FIG. 1. The projected sensitivity for Higgs decays to long-lived particles with VBF trigger (left

panel) and a displaced track trigger for the ggF channel (right panel) at the HL-LHC (3 ab�1) as a

function of proper lifetime of X using our proposed HGCAL LLP search. We consider two scenarios

of the displaced track trigger. The solid line on the top of the shaded region corresponds to the

reach with a trigger requirement of HT > 100 GeV, while the solid line on the bottom of the shaded

region is obtained without such additional requirement. The existing limits for BR(h ! XX) from

ATLAS Run 2 searches based on prompt VH [80] (dotted), the muon spectrometer [18] (dashed),

the calorimeter [14] (dot-dashed), with integrated luminosity of 36 fb�1, and the CMS search based

on displaced vertex in the tracker system [13] (long dashed) with integrated luminosity of 132 fb�1,

are also shown for comparison. The numbers on di↵erent colored lines indicate the mass of the

LLP in units of GeV for the corresponding searches.

XX) ⇠ O(10�4) with a lifetime of c⌧X ⇠ 0.1–1 meters, while for the ggF channel it is

about BR(h ! XX) ⇠ O(10�5–10�6) for similar lifetime. Alternatively, for an LLP with

c⌧X ⇠ 103 meters, the HGCAL based search should be able to probe BR(h ! XX) down

to a few ⇥10�4(10�2) in the ggF (VBF) channels, respectively.

The paper is organized as follows. In Sec. IIA, we discuss the signal model and the trigger

considerations for the signal. In Sec. II C, we describe signal and background generation. In

Sec. III, the distributions of kinematic variables are discussed, and the corresponding cuts

are applied. Finally, we show our results in Sec. IV and conclude in Sec. V.

Pointing with HGCAL

J. Liu, Z. Liu and LTW, 1805.05957
J. Liu, Z. Liu, X. Wang and LTW, 2005.10836

Potential to do better, BR(h→XX) < 10-5 

h → XX

X: LLP



HL-LHC as particle factories

> 1011 W and Zs

> 109 tops 

> 108 Higgses 

HL-LHC

Promising for rare decay 
with distinct final state!



Similarly: top rare decay
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Figure 1: Branching ratios (lower axis) and expected number of events at HL-LHC (up-
per axis) for the various top-quark decay channels induced by operators listed
on the left-hand side. The results for SM final states are shown in green colors
at the upper side of the plot; the results for BSM final states, in red colors
at the bottom. The numerical results have been derived setting ⇤NP = 1 TeV
and all Wilson coefficients equal to one. Moreover, all masses of BSM parti-
cles have been set to 10 GeV. The black dotted lines indicate existing collider
constraints.
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Figure 7: Lifetimes of the singlets S (blue), N (orange), and Z
0 (green) interacting

through the indicated operators over a range of singlet masses. The longest
lifetimes are achieved for mBSM = 1 GeV at the upper end (in some cases they
exceed the upper limit of the plot); the hatched regions denote masses larger
than 100 GeV. Lifetimes well below the dashed line at 1mm produce prompt
decays rather than displaced ones.

these decays have additional CKM suppression which can make the Z
0 long-lived. In

fact in the benchmark point of Fig. 6 it transitions quickly to being so long-lived as to
be missing energy, but in detail, this shape will depend on the size of the coupling. In
the case of O

6
q3u1Z0 , the loop-induced decay is strongly suppressed due to the chirality

structure of the operator making Z
0 long-lived if mZ0 . 80 GeV. For higher masses, the

tree-level four-body decay gives a substantial contribution.
For the right-handed neutrino N , its decays are further suppressed by the three-body

phase space required with only the minimal four-fermion operators we have added. This
makes a fermion singlet a natural candidate for being long-lived. The size of the N

decay width, however, depends sensitively on the structure of the operator inducing the
top-quark decay (see right panel of Fig. 6). The O

6
qdlN and O

6
q3u1lN operators induce

tree-level three-body decays resulting in prompt decays once mN & 10 GeV. In the case
of the O

6
q1u3lN and O

6
dueN operators no tree-level three-body decays exist. Moreover, also

the loop-induced three-body decays are strongly suppressed due to the chirality structure
of the operators. This makes the five-body tree-level decays the leading decay channels
resulting in N being long-lived throughout almost the complete considered parameter
region.
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Can have LLPs

Can use the other top as trigger



HL-LHC as particle factories

> 1011 W and Zs

> 109 tops 

> 108 Higgses 

HL-LHC

Promising for rare decay 
with distinct final state!

More studies needed!



Aside: comment on Higgs 
final state

h

h h

…X X
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Useful, however:  



Aside: comment on Higgs 
final state

h

h h

…X X

Y

Useful, however:  

From Goldstone equivalence theorem, for heavy X, we expect to have 
channels with , may also have channels with   h ↔ ZL WL

Need to be careful whether the Higgs final state is the most 
sensitive channel.



Summary
Higgs boson is there. It is important, and yet 
mysterious. 

Need a better picture to understand it! 

Higgs boson is also an obvious place to look for new 
physics. 

In particular, exotic decays can benefit a lot from higher statistics.



A lot to look forward to…

H



Extra



Higgs self-coupling



Higgs+singlet



Higgs portal dark matter
34 OVERVIEW OF THE PHYSICS CASE FOR CEPC-SPPC
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Figure 1.24: The sensitivity on the spin-independent WIMP-nucleon cross-section of current and
future direct detection experiments, in comparison with the reaches of the Higgs invisible decay mea-
surements at the LHC and CEPC in the Higgs portal models. The direct detection limits are shown
in solid lines, which include the most recent limits from LUX (2017) [134], PandaX-II (2017) [156],
XENON1T [? ] and future projections for PandaX4T [? ], XENONnT [179], LZ [? ] and a 200 t ⇥ yr

xenon experiment [? ]. For the Higgs portal models, the dark matter is assumed to be either a scalar or
a Majorana fermion with a scalar coupling. The red dotted curves show the limits from CEPC which
corresponds to a invisible Higgs branching ratio of BR(h ! inv) < 0.31% at the 95% CL. The gray
dotted curves correspond to BR(h ! inv) < 24%, the current limit at the LHC [? ], and the black
dotted curves correspond to BR(h ! inv) < 3.5%, the projected reach at HL-LHC from Ref. [?
]. The cyan dashed curve corresponds to the discovery limit set by the coherent-neutrino-scattering
background, adapted from Ref. [? ].

reach in the future. Finally, the cyan dashed curve corresponds to the projected discov-
ery limit from Ref. [? ]. The region below this curve is inaccessible by direct detection
experiments due to the coherent-neutrino-scattering background.

We see in Fig. 1.24 that the sensitivity of the Higgs invisible decay measurements for the
scalar DM and the Majorana fermion DM have different dependences on the mass. This
is due to the following two reasons: first, the Higgs portal interaction of the scalar DM
is a dimension-four operator, while the fermion one is of dimension five, which results in
different mass dependences of the WIMP-nucleon cross-section; second, the Higgs decay
rates are also different for the two cases, with �(h ! SS) / (1 � 4m2

S
/m2

h
)
1/2 and

�(h ! �̄�) / (1�4m2
�
/m2

h
)
3/2 , a result of the s (p)-wave nature of the scalar (fermion).

Nevertheless, for both scenarios, it is clear that the Higgs invisible decay measurements
provides the strongest limit in the mass region below ⇠ 10 GeV. Not only that the direct
detections become less efficient in this region due to the mass threshold, the “neutrino
floor” is also higher in this region, which sets the limit for the reach of direct detections
regardless of the size and length of the experiment. For dark matter masses in the region
10 GeV . mDM < mh/2, the sensitivities of the Higgs invisible decay measurements
are somewhat comparable with the ones from direct detection experiments. In particular,

𝒪 = H†HXdmXdm h → XdmXdm

J. Gu



Windows into dark sector: portals
Any known (SM) particle can in principle have small 
couplings to dark matter/dark sector.

Higgs Z,W

Neutrino
Top


