
NEW PHYSICS PERSPECTIVE 
FROM THE HIGHEST ENERGY 

COLLISIONS

Kyu Jung Bae

3rd Heavy-ion meeting (HIM): Researches on the future accelerators and colliders, PKNU
Nov. 23, 2024



What is new physics?

Why do we need it (or need to see it)?



STANDARD MODEL
The most successful description of elementary particles 
Quantum Field Theory + Gauge Theory

describing Strong, Weak, and EM interactions but no Gravity

SU(3)c x SU(2)L x U(1)Y

Quantum Chromodynamics:
quarks and gluons Electroweak interaction:

all fermions, W, Z, γ

Vectorlike theory:
L & R same int. Chiral theory:

L & R diff int.

no mass terms allowed, 
but from the Higgs mechanism



HIGGS MECHANISM

A scalar field charged under SU(2) x U(1)

<latexit sha1_base64="rOCXF0ZAftuTbTZIz/4FtmFC1iQ="></latexit>

V (�) = �(|�|2 � v2)2

Spontaneous Electroweak Symmetry Breaking
(or SU(2) x U(1) is hidden)

All fermions (except neutrinos) W, Z bosons become massive  



SATISFYING?
We understand some physics phenomena with "scale"

Why is the higgs (or weak) scale much smaller than the Planck 
scale?

or why is the gravity much weaker than the other interactions?

We call this a fine-tuning problem.

<latexit sha1_base64="5xycRNJSkMFRxKNygIaMRppcyg4="></latexit>

mh ⌧ mPl



WHY SO SERIOUS?
In QFT, fermion masses

<latexit sha1_base64="PoLRZfIBKqN7GSJ95BFFQ0Iq11o="></latexit>

m  ̄ 

+ +propagator = + ...

Quantum Corrections <latexit sha1_base64="1m8i6e1Xd2EHf4ncbINb00tWBgQ="></latexit>/ m 

In limit of 
<latexit sha1_base64="a6x1ELcRmfDc4YbmOs4FdNVyKuw="></latexit>

m ! 0 QC don't induce mass contributions

Therefore, we can endure
<latexit sha1_base64="SX1xeFovgWeqdLWs0zzPxX/HkGU="></latexit>

mt ⇠ 170 GeV
<latexit sha1_base64="RiIcJ6RzaJUu8z9pAlpRnSBUXtQ="></latexit>

m⌫ < 0.1 eV
<latexit sha1_base64="1s8uyToxK0wEP2em9Ya8OWOUpTo="></latexit>⌧



WHY SO SERIOUS?
Scalar masses

<latexit sha1_base64="9ZPxEAV8yvgI6lz86KfnxzRvJlM="></latexit>
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Quantum Corrections
<latexit sha1_base64="HiEWA/qaDwfqWtJMmeF58KRxSls="></latexit>

/ ⇤2

unknown high energy scale,           ?         ?<latexit sha1_base64="b8PFZ0WILyrfl+Z6crWPEs0xGqQ="></latexit>mGUT
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and do not vanish even for 
<latexit sha1_base64="lw8BUk9r6HdjFcZsPB8ydSLcED4="></latexit>

m� ! 0

We couldn't tolerate this ...



NEW PHYSICS?
Many ideas are raised:

Supersymmetry, (Warped) Extra Dimensions, Technicolor

Higgsless solution
geometric solution

(theoretically) most reliable solution,
and most promising (before the LHC era ...)

and others ...



OUTLINE

1. Introduction

2. Supersymmetry

3. Alternatives

4. Pheno study (diverges)

5. Conclusion



Supersymmetry



BASIC IDEA
Symmetry between F B
means the same mass and interaction, only spin-1/2 difference

Quantum Corrections by F and B cancel

F B+
<latexit sha1_base64="MMLpQ0SavCcVy67xfi5TF7fiI7w="></latexit>' 0 no
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⇤2

But we do not see scalar counterparts of <latexit sha1_base64="a6rtEhxhB3Mmr3Yjm5inYyg9e64="></latexit>e, q, �, · · ·



SUSY BREAKING
SUSY is slightly broken:

counterparts are heavier but should not be so much heavier

F B+
<latexit sha1_base64="8EdaIh2n6+AlDkSLGF88qG7UEMk="></latexit>
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◆

mild log-dependence arises

So we strongly believed in new particles "near us"



MINIMAL MODEL

mass scale ~ O(100) GeV slightly heavier

Again, we believed we can get them soon.

Standard Model SUSY partners



EARLY STUDY
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We consider in detail the radiative SU(2) × U(1) breaking induced by broken N = 1 supergrav- 
ity. We include in this study some parameters (b-quark Yukawas, mixed Higgs mass terms) 
neglected in a previous analysis. We show that there are essentially two types of mechanisms 
leading to radiative SU(2) × U(1) breaking. The first of them occurs for a t-quark mass m t > 60 
GeV. The second one appears for arbitrary small values of m t (without using a large A ). These two 
mechanisms correspond to two different classes of local SUSY GUTs. We present results for the 
low-energy supersymmetric particle spectrum. In some of the possible scenarios presented, 
squarks, sleptons and /o r  gauginos are accessible to present accelerator energies. In other scenarios, 
the scalar neutrinos may be the lightest R-odd particles. We finally remark that the SU(5) 
prediction for mb/m T is substantially suppressed for a very heavy t-quark. 

1. Introduction 

It has recently been shown [1,2] that one can use N = 1 local supersymmetry 
coupled to grand unified theories (GUTs)  in order to solve the gauge hierarchy 
problem. In these local SUSY GUTs,  N = 1 supergravity is broken at an inter- 
mediate mass scale ( -  10 l° GeV) so that the gravitino mass m3/2 is of  the order of 
the weak scale M w. Below the Planck mass, one is left with a globally supersymmet- 
ric lagrangian plus certain explicit soft terms [1-3] (characterized by the scale m3/2) 
which break supersymmetry. The breaking of the G U T  symmetry may or may not 
be achieved by the same superfield which breaks N = 1 supergravity [3]. 

One of the interesting features of local SUSY GUTs (also present in radiative 
global models [4, 5] is that the S U ( 2 )×  U(1) symmetry may be broken as a direct 
consequence of the breaking of supersymmetry. This is because we have dimension- 
ful terms in the lagrangian of order m3/2 with which we can play. One can try to 

* Permanent address: Universidad Autonoma de Madrid, Spain. 
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right after W discovery
(25 January 1983)

my first study on 
SUSY in 2005

Nucl.Phys.B 233 (1984) 511-544
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number of parameters. One can show, however, some typical spectra appearing for 
each of the general schemes for SU(2)x U(1) breaking considered in the previous 
sections. Some specific examples are shown in table 1 where masses at the scale M w 
are shown for squarks (q), sleptons (.g), gluino (g), wino (W) and bino ([~). In the 
case of W and [~, it is the Majorana mass which is shown. Also shown are the masses 
of the Higgs scalars. In the case of q and .g, only the "gravitino induced" and "~D 2 
induced" scalar masses are included, i.e. in the case of the third generation, one has 
to add a contribution of the order of the fermionic partner mass. 

Of the examples shown in table 1, cases (a), (b) and (c) proceed essentially through 
mechanism 2 since sin20(Mw) = 1. These cases lead to a t-quark - 30 GeV but one 
can get smaller (or higher) values easily. The spectrum (a) has relatively light £ 's and 
q's and one can get lower values by putting a slightly smaller gravitino mass (m). 
Thus, contrary to what happened in most globally supersymmetric radiative models, 
the supersymmetric particle spectrum may be accessible to present accelerators (includ- 
ing the pp cotlider). Spectra (b) and (c) show how a small t-quark mass does not 
necessarily mean a light spectrum. In case (b) one can have both relatively light 
gluinos and not too heavy ~t's and .g's. In case (c), on the contrary, both heavy 
gauginos and q's, .g's are obtained. If, as advocated in some models, M should be 
small, it turns out that for a t-quark - 30 GeV, one always gets spectra very similar 
to (b), i.e. q's and .g's lighter than - 100 GeV. 

In the case of intermediate t-quark masses ( -  60-70 GeV) we saw in the last 
section that in general large gaugino masses are required. This feeds into the q and .g 

TABLE 1 
Seven examples of low-energy spectra; the masses are in GeV 

a b c d e f g 

mt 29 29 30 63 111 111 160 
m 25 50 100 50 200 50 150 
M 17 5 71 141 108 49 6 
A 1 1 1 1 0.5 1 1 

s in20(Mx)  0.787 0.679 0.779 0.76 0.195 0.038 0.187 
s in20(Mw)  0.999 0.999 0.996 0.42 0.43 0.43 0.45 

50-52 51-52 215-220 380-396 300-363 120-150 i43-160 
67-75 

26-28 49-50 105-114 84-122 207-219 ~L -- 16 138--156 
50 15 214 423 324 147 19 

W 14 4 58 115 88 40 5 

7 2 29 57 44 20 3 
H + 86 104 170 136 230 81 163 
H a 96 112 173 118 219 89 147 
H h 5 7 23 80 83 23 81 
H c 37 69 151 112 217 24 143 

EARLY STUDY

One big prediction: 
<latexit sha1_base64="etuiy9NT5ZTbgWNVn6z/vWEhE3g="></latexit>

m2
h < m2

Z + loops



FOR 2 DECADES
Tevatron discovered top quark

<latexit sha1_base64="Fcu0ayLBFxzKY0zzWPeSYPe6oLc="></latexit>

mt ⇠ 170 GeV

LEP no Higgs boson discovery,
but precision test for W & Z bosons
putting Higgs mass bound

<latexit sha1_base64="ERGORudauNzmDgURMXTFnD/BLiU="></latexit>

mh > 114 GeV

large correction to       requires 
<latexit sha1_base64="eA58bJ1rxxmRNw8GBcqO3GYXlSc="></latexit>

m2
h
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mt̃ ⇠ 1 TeV

not as good as things we expected

We may tolerate this..., not so bad ...



PRE-LHC ERA
LHC (14 TeV) will discover SUSY (or plethora of particles).

We will see the era of model building in the zoo of new particles
like 50's - 60's 

Dark Matter physics also emerges:
weak scale new particles can be "perfect" candidates

cosmological history,
(in)direct detection,
LHC test



SUSY CONFERENCE 2008

Supersymmetry:
the final countdown

Hans Peter Nilles

Bethe Center for Theoretical Physics

Universität Bonn

SUSY08, Seoul, June 2008 – p.1/52



LHC 'SEEKS & DESTROYS' SUSY...

SUSY particle bounds

> 2 TeV



DM IN THE CORNER

15 27. Dark Matter

Backgrounds, including neutrinos: Early direct detection experiments employing low-
background Ge spectrometers featured background levels around 2 events/(kg d keV), while the
latest generation of liquid Xe experiments reduced this noise by almost five orders of magnitude, to
4◊10≠5 events/(kg d keV). In liquid xenon detectors, the measured ER spectra at low energies are
for the first time dominated by solar pp neutrino interactions, second-order weak decays, as well as
214Pb —-decays from radon mixed with the xenon. Other backgrounds are due to the radioactivity
of detector components, followed by cosmic muons and their secondaries such as fast neutrons. The
cosmic and environmental radiation are suppressed by going deep underground and surrounding the
experiments with appropriate shielding structures (mainly large water Cherenkov detectors for the
current and next-generation detectors). Activation of materials via cosmic-ray interactions produce
long-lived radio-nuclides (e.g., 39Ar, 60Co, 68Ge, 32Si, etc), while long-lived, human-made isotopes
(85Kr, 137Cs, etc) can mix with detector materials or generate surface backgrounds. For details, we
refer to Section 36.6 of this Review.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

The final backgrounds are due to the irreducible neutrino flux from the Sun, the atmosphere and
the di�use supernovae background [150]. Solar pp-neutrinos start dominating the electronic recoil
background due to elastic neutrino-electron scatters, at a level of ≥ (10 ≠ 25) events/(t y) below
energies of ≥100 keV, while coherent elastic neutrino-nucleus scatters (CE‹NS) from 8B solar neu-
trinos will induce up to ≥ 103 events/(t y) for high-A targets, at nuclear recoil energies below ≥few
keV. Nuclear recoils from atmospheric neutrinos and the di�use supernovae neutrino background
will yield event rates in the range (1 ≠ 5) events/(100 t y), depending on the detector material. In
general, 8B and atmospheric neutrinos will impact light (Æ 6 GeV) and heavy (100 GeV and above)
DM searches for cross sections on nucleons below ≥ 10≠45 cm2 and ≥ 10≠49 cm2, respectively. The
precise cross-sections where neutrinos constitute a dominant background strongly depend on the
systematic uncertainties on the neutrino flux normalisation for each source [151]. For very low
energy thresholds to nuclear recoils, e.g. 10-30 eV in Ge and Si detectors, CE‹NS due to the 7Be
neutrino flux become relevant for exposures of ≥50 kg y [152]. For DM searches with electron re-

31st May, 2024

We expected DM signal around here

from PDG review



Alternatives



NEUTRAL NATURALNESS
SUSY particles are charged (colored) under SM

What if new particles are neutral under SM?

studied a lot 2013 - 2014 (after RUN1)

Introducing mirror (or twin) world charge neutral under SM
communicating only through higgs
cancels QC from SM



COSMOLOGICAL RELAXATION
Graham, Kaplan, Rajendran 2015
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a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M
2 + g�)|h|2 + V (g�) +

1

32⇡2

�

f
G̃

µ⌫
Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃

µ⌫ = ✏
µ⌫↵�

G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M
2 + g�)|h|2 +

�
gM

2
� + g

2
�
2 + · · ·

�
+ ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M
2, and thus we take the range of validity for � in this e↵ective

field theory to be � . M
2
/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact

the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that the
e↵ective mass-squared of the Higgs, m

2
h, is positive. During inflation, � will slow-roll, thereby scanning the physical
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h, is positive. During inflation, � will slow-roll, thereby scanning the physical

fundamental scale

no EWSB

<latexit sha1_base64="cvXTUapPH6Z/oUCqJpe9iivwm4U="></latexit>

L �

EW breaks down

settle on current vacuum



Pheno study diverges



POST LHC (RUN1 OR 2) STUDY

Pushing up the SUSY scale:
loosing the motivation of SUSY
no clear signal expected at LHC

Or finding loopholes in the SUSY search



POST LHC (RUN1 OR 2) STUDY
More challenging study:

feeble interactions
rare events
long-lived particle searches

Triggering another particle research (in experiments)

intensity frontier (low energy) cosmic frontier
flavor physics
neutrino physics
hidden particles

non-WIMP dark matter
structure formation
cosmic ray



Long-lived Particles 
and Dark Matter



mass

coupling

keV MeV GeV TeV

1
<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ="></latexit>

10�3
<latexit sha1_base64="TpVo6SJRrtu0z/JdWfO+/BzgKNs="></latexit><latexit sha1_base64="TpVo6SJRrtu0z/JdWfO+/BzgKNs="></latexit><latexit sha1_base64="TpVo6SJRrtu0z/JdWfO+/BzgKNs="></latexit><latexit sha1_base64="TpVo6SJRrtu0z/JdWfO+/BzgKNs="></latexit>

10�6
<latexit sha1_base64="xn6C3JHMYH/nhPLUPlvZsMiwmdw="></latexit><latexit sha1_base64="xn6C3JHMYH/nhPLUPlvZsMiwmdw="></latexit><latexit sha1_base64="xn6C3JHMYH/nhPLUPlvZsMiwmdw="></latexit><latexit sha1_base64="xn6C3JHMYH/nhPLUPlvZsMiwmdw="></latexit>

10�8
<latexit sha1_base64="W5OWcI2lpAkxaKwCGbB+9TjSbn8="></latexit><latexit sha1_base64="W5OWcI2lpAkxaKwCGbB+9TjSbn8="></latexit><latexit sha1_base64="W5OWcI2lpAkxaKwCGbB+9TjSbn8="></latexit><latexit sha1_base64="W5OWcI2lpAkxaKwCGbB+9TjSbn8="></latexit>

Too little to be
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Too much to be
dark matter
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LONG-LIVED PARTICLE (DM)



mass

coupling

keV MeV GeV TeV

1
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Too little to be
dark matter

Too much to be
dark matter

Weakly Interacting
Massive Particle 

28

Feebly Interacting
Massive Particle 

LONG-LIVED PARTICLE (DM)
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Weakly Interacting
Massive Particle 

28

Feebly Interacting
Massive Particle 

- traditional targets; DM detection/ 
collider searches

- cosmology (thermal history; 
freeze-out)

LONG-LIVED PARTICLE (DM)
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Weakly Interacting
Massive Particle 
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Feebly Interacting
Massive Particle 

New territory; most active now!
light dark matter detection;

future collider projects (FASER, SHiP, Mathusla, etc.)
cosmology/astrophysics (non-thermal history, freeze-in)

LONG-LIVED PARTICLE (DM)



STUDY ON DARK MATTER
Freeze-out Freeze-in

produced from equilibrium non-equilibrium
O(weak) coupling feeble coupling

(in)direct detection
mono-X: spectral
decomposition

Astrophysical observation: 
neural network

LHC search: displaced vertex

relic abundance relic abundance: non-thermal dist.

accessible at LAB long-lived particle

29



FREEZE-IN DM SEARCH
•Feeble interaction

•Non-thermal nature

- correct abundance, 
- collider search (displaced vertex) 

p

p
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F
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V
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- thermal WIMP: thermal dist.  
  (e.g. Fermi-Dirac)

- Freeze-in DM never be in thermal eq.
- preserve its dist. leaving footprints in structure formation

� . 10�8
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•Model Construction
- Do we have any motivated model?
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DISPLACED VERTEX
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small coupling with visible sector

visible particle becomes long-lived

searching for displaced vertex signal
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EVENT-BY-EVENT RECONSTRUCTION

on-shell conditions
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Figure 3. Same as Fig. 2. But here we consider smearing e↵ect, which comes from imperfect
detector performance. After smearing, resolved masses deviates from true value, and sometimes
there is even no physical solution.

we project all the resolved masses to a larger mass region. It can be seen that there is an

long-tail in the distribution which points to the high mass region. For comparison, in the

right plot of Fig. 4 we show the right-tail probability distribution of our resolved spectrum

and two normal distribution with di↵erent �. Right-tail probability P (mF > M) is defined

as the probability for our resolved mF to be larger than a certain mass M . It can be seen

from the right plot in Fig. 4 that our distribution have a significant probability to give a

very heavy but untrue mass. If the signal events we observe is limited, extracting correct

spectrum from these resolved masses will be di�cult. This is the problem we will discuss

in the next subsection.
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Figure 4. Left: Resolved mF � m� distribution of 10k events. Middle: Resolved mF � m�

distribution of 10k events projected to a larger region. Right: Right-tail probability distribution of
our measurement and two normal distributions.

3.2 Problem from limited events

Displaced signal searches are benefit from its low background, because most of particles

in the SM can not leave similar signals. But we haven’t seen any New Physics hint from

displaced signal search at the LHC, thus current null result put a very stringent limits on

New Physics models which can induce displace signal. Here we utilize ATLAS displaced

vertices search report [16] to roughly estimate current bounds on our model.

In report [16], Split SUSY [17, 18] is selected as benchmark model to study. The

process they consider is gluino pair production pp ! g̃g̃ followed by gluino decay g̃ ! qq�̃0
1.

– 6 –

Thus equation set 2.6 can not fully solve |~q1| and |~q2|. We require an ISR to prevent F

pair to be back-to-back. Transverse momentum of F pair should be balanced by ISR, so

we define: (
pISR cos �3 ⌘ �~p1x � ~p2x �~/pT x
pISR sin �3 ⌘ �~p1y � ~p2y �~/pT y

(2.8)

Here �3 is the transverse azimuth angle of ISR. Thus equation set 2.6 can be refined to:

(
�pISR cos �3 = |~q1| sin ✓1 cos �1 + |~q2| sin ✓2 cos �2,

�pISR sin �3 = |~q1| sin ✓1 sin �1 + |~q2| sin ✓2 sin �2
(2.9)

Then the solution of equation set 2.9 can be simply expressed as:

|~q1| = pISR
sin(�2 � �3)

sin ✓1 sin(�1 � �2)
, |~q2| = pISR

sin(�3 � �1)

sin ✓2 sin(�1 � �2)
, (2.10)

After we got |~q1| and |~q2|, following things are straight forward. 4-momentums of two

daughter particles in two branches can be expressed as:

8
>>>>>>>><

>>>>>>>>:

p1 =

⇣q
|~p1|2 + m2

Z , ~p1
⌘

,

k1 =

✓q
||~q1|~̂r1 � ~p1|2 + m2

! , |~q1|~̂r1 � ~p1

◆
,

p2 =

⇣q
|~p2|2 + m2

Z , ~p2
⌘

,

k2 =

✓q
||~q2|~̂r2 � ~p2|2 + m2

! , |~q2|~̂r2 � ~p2

◆
(2.11)

Thus the mother particle mass in two branches are:

m(1)
F (m! ) =

s✓q
|~p1|2 + m2

Z +

q
||~q1|~̂r1 � ~p1|2 + m2

!

◆2

� |~q1|2, (2.12)

m(2)
F (m! ) =

s✓q
|~p2|2 + m2

Z +

q
||~q2|~̂r2 � ~p2|2 + m2

!

◆2

� |~q2|2 (2.13)

Due to the unknown DM mass m! , we express mother particle mass mF as a function of

m! . m! can be determined by the joint point of m(1)
F (m! ) and m(2)

F (m! ).

From now on, we consider a benchmark setting:

mF = 200GeV , m! = 50GeV , c⌧F = 100mm . (2.14)

Here we sow some plots. Fig. 2 is the shape of m(1)
F (m! ) and m(2)

F (m! ) from 4 events

without smearing. Fig. 3 is the shape of m(1)
F (m! ) and m(2)

F (m! ) from 4 events with

smearing. Fig. 4 is measured mF �m! distribution from 10k events, with smearing. Fig. 5

is mean mF � m! distribution from 5k pseudo-experiments with 6, 10, and 20 events,

without using filtering. Fig. 6 is mean mF � m! distribution from 5k pseudo-experiments

with 6, 10, and 20 events, with using filtering. Fig. 7 is a schematic diagram of filtering

algorithm.
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F (m! ).
From now on, we consider a benchmark setting:
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without smearing. Fig. 3 is the shape ofm(1)
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smearing. Fig.4 is measuredmF " m! distribution from 10k events, with smearing. Fig. 5
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3

decays only to DM particle with decay width in Eq. ( 2.2).
The decay length at the collider is

1
! A

! (1.7 ns or 50 cm)"
!

10! 8

!

" 2 !
200 GeV

mA

"
. (2.5)

For the freeze-in DM with m! ! 10 keV and ! ! 10! 8,
DV length is of order 10 cm, and thus this givesnearly
the best sensitivityfor DV searches at the LHC [33] while
it gives dominant dark matter abundance.

For the larger dark matter mass,m ! 100 GeV, smaller
coupling ! ! 10! 12 is required to obtain the correct relic
abundance in standard cosmology. If this is the case, the
decay length is too long to be covered by DV searches.
Such region, instead, may be covered by an additional
long-lived particle detector outside of the LHC detec-
tors [34]. However, even in the case of large dark matter
mass, there are viable non-standard cosmological scenar-
ios leading to the correct relic abundance. If the dark
matter mass is around 100 GeV and coupling is of order
10! 8, the freeze-in process overproduces DM particles.
In such a case, large entropy dilution of factor 107 # 108

is necessary to suppress freeze-in processes properly. In
a scenario where the DM freeze-in occurs during an early
matter dominated era (i.e., TR $ 100 GeV), relatively
large coupling ! ! 10! 8 still provides a viable DM sce-
nario with the correct relic DM abundance [35]. In a
scenario in the fast-expanding Universe [36], a similar di-
lution e" ect is possible so that viable freeze-in DM model
is possible withm! ! 100 GeV and! ! 10! 8. In another
freeze-in DM model [5, 6], DM particle can be produced
by decay of frozen-out particles rather than directly pro-
duced from thermal plasma. In such a case, DV searches
at the LHC covers the freeze-in DM in indirect way by
showing kinematic structure of particle decaying into the
DM particle.

In summary, the current and future DV searches for
decay length of order 10 cm will be good probes of freeze-
in WDM region and part of heavy freeze-in DM models.
Once we observe an excess of DV signals above the ex-
pected background in the future, analyses on mass spec-
trum by using the kinematic techniques will be essential
to reßect DM production process in the early Universe.
In next section, we show kinematic relations to recon-
struct mass of mother particle and dark matter particle.

III. KINEMATICS OF DISPLACED VERTEX

We consider a case where the LHC produces pair of
unstable particles (F1, F2). These particles will decay
into dark matter " and Z boson. As we have not seen
any hints of dark matter at the LHC by Run 2, we do
not expect to have enough statistics even for a discovery
by the end of the HL-LHC. Thus we need to consider a
method which provides (mF , m! ) in the event-by-event
basis, not through the accumulated information. To mea-
sure (mF , m! ) with a single event, we need to reconstruct
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FIG. 1. Positions of two DVs are denoted by !r 1 and !r 2 (dashed
arrows). Visible (reconstructable) particles are marked with
solid lines while invisible particles with dashed ones. Dotted
circles represents inner and outer boundary of Òinner tracking
detector(ID)Ó with cylindrical radius of O(10) ! O(103) mm.
PV stands for primary vertex.

four-momentum of dark matter particles (" i ). As the
number of unknowns from" i is eight in total, we need to
achieve the same number of constraints using kinematics.

At the LHC detector, Fi will leave a DV, denoted by#r i ,
when it decays into Zi (% $+ $! ) and " i as in Fig.1. Due
to the charge neutrality Fi , a three momentum vector#pFi

is proportional to #r i . This provides two constraints for
the direction of each #p(F i ) , resulting in four constraints
in total. If we specify a direction of DV in a spherical
coordinate (ör i : unit vector directing #r i ),

ör i = (sin %i cos&i , sin%i sin&i , cos%i ) , (3.1)

we can express three momentum#p(F i ) in terms of DV
position vector ör i ,

#p(F i ) = |#p(F i ) | ör i . (3.2)

In conventional searches for dark matter at the LHC,
we utilize a momentum conservation in the transverse
plane as we do not see the trace of dark matter directly.
With this, we have two constraints:

/#PT =
#

i

#pT (! i ) = #

$

#pT (ISR) +
#

i

#pT (Z i )

%

. (3.3)

This can be simply translated into a condition for #p(F i ) :

#

i

#pT (F i ) = # #pT (ISR) . (3.4)

The existence of ISR jets is important to identify dark
matter at the LHC. For example, ISR jets are required for
the most conventional dark matter searches [41, 42] and
for utilizing information from a timing layer [ 27, 55]. For
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• Kinematics determines "warmness" of freeze-in dark matter.
• Checking cosmology at collider
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FIG. 3. Distribution of solutions in Eq. ( 3.10) for a mass spectrum (mF , m! ) = (200 , 50) GeV. We use 2000 events for each
pT (ISR) region using standard parton-level Monte Carlo simulations with Gaussian smearing for detector e ! ects.
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FIG. 4. We show the result of 5000 pseudo-experiments (a) without (b) with the Þltering algorithm. We have only 20 events
per one pseudo-experiment. For each experiment, we take the mean values for mass measurement. The mass spectrum is the
same as in Fig3.

¥ For each!vi , we measure an Òaverage distanceÓdi ,

di =
1
N

N!

j =1

|!vi ! !vj | , (4.1)

where N is the total number of solution vectors,

¥ Remove the!vi with largest di from our vector list,

¥ Calculate all di again (only use the remaining vec-
tors), and remove the vector with largest average
distance. Repeat this process until only half of the
vectors remain.

This ÒÞlteringÓ algorithm is neatly dropping bad solu-
tions in a simple and systematic way as in FIG.4.

B. Numerical studies with bechmark points

To illustrate our method with realistic situations at
the HL-LHC, we consider four benchmark points di-
vided by the scale of mF and a mass splitting of
{ mF ! (m! + mZ )} /m F as in Tab. I. For benchmark

B. P. mF [GeV] m! [GeV] c! (mm) Nevents @ HL-LHC

A 200 0 100 30

B 200 108 100 20

C 800 0 100 12

D 800 708 100 24

TABLE I. Four benchmark points are illustrated. As the
LHC detector is not sensitive to probe a mass scale less than
O(1) GeV, we Þx m! = 0 for the mass scale ofO(1! 100) keV.
Nevents is determined by recasting current LHC searches.
These numbers are after baseline selection cuts.

points B and D, the mass splittings are highly suppressed,
i.e., { mF ! (m! + mZ )} /m F " O(1)% while mass split-
tings are more than 50% in A and C. Thus if we mea-
sure mass spectrum (mF , m! ) precisely, we can identify
where the lifetime of mF comes either from suppressed
phase-space of small mass splitting or from very small
coupling of F -" -Z . Here we consider the same lifetime
of F (c# = 100 mm) to focus on kinematic di! erences
and performance of our method which relies only on the
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FIG. 3. Distribution of solutions in Eq. ( 3.10) for a mass spectrum (mF , m! ) = (200 , 50) GeV. We use 2000 events for each
pT (ISR) region using standard parton-level Monte Carlo simulations with Gaussian smearing for detector e ! ects.
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(a)Mean measured mass distribution of

5000 pseudo-experiments without Þltering
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FIG. 4. We show the result of 5000 pseudo-experiments (a) without (b) with the Þltering algorithm. We have only 20 events
per one pseudo-experiment. For each experiment, we take the mean values for mass measurement. The mass spectrum is the
same as in Fig3.

¥ For each!vi , we measure an Òaverage distanceÓdi ,

di =
1
N

N!

j =1

|!vi ! !vj | , (4.1)

where N is the total number of solution vectors,

¥ Remove the!vi with largest di from our vector list,

¥ Calculate all di again (only use the remaining vec-
tors), and remove the vector with largest average
distance. Repeat this process until only half of the
vectors remain.

This ÒÞlteringÓ algorithm is neatly dropping bad solu-
tions in a simple and systematic way as in FIG.4.

B. Numerical studies with bechmark points

To illustrate our method with realistic situations at
the HL-LHC, we consider four benchmark points di-
vided by the scale of mF and a mass splitting of
{ mF ! (m! + mZ )} /m F as in Tab. I. For benchmark

B. P. mF [GeV] m! [GeV] c! (mm) Nevents @ HL-LHC

A 200 0 100 30

B 200 108 100 20

C 800 0 100 12

D 800 708 100 24

TABLE I. Four benchmark points are illustrated. As the
LHC detector is not sensitive to probe a mass scale less than
O(1) GeV, we Þx m! = 0 for the mass scale ofO(1! 100) keV.
Nevents is determined by recasting current LHC searches.
These numbers are after baseline selection cuts.

points B and D, the mass splittings are highly suppressed,
i.e., { mF ! (m! + mZ )} /m F " O(1)% while mass split-
tings are more than 50% in A and C. Thus if we mea-
sure mass spectrum (mF , m! ) precisely, we can identify
where the lifetime of mF comes either from suppressed
phase-space of small mass splitting or from very small
coupling of F -" -Z . Here we consider the same lifetime
of F (c# = 100 mm) to focus on kinematic di! erences
and performance of our method which relies only on the
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FIG. 3. Distribution of solutions in Eq. ( 3.10) for a mass spectrum (mF , m! ) = (200 , 50) GeV. We use 2000 events for each
pT (ISR) region using standard parton-level Monte Carlo simulations with Gaussian smearing for detector e ! ects.
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(a)Mean measured mass distribution of

5000 pseudo-experiments without Þltering

    
100 150 200 250 300 350 400

  

0

20

40

60

80

100

120

140

160

180

200

0

20

40

60

80

100

120

  

mF [GeV]

m
!
[G

eV
]

50% events are Þltered out
(b)Mean measured mass distribution of

5000 pseudo-experiments with Þltering

mF [GeV]
<latexit sha1_base64="otFEbeXsRWwY7DpQIx7T0+1Z34I=">AAAB83icbVBNSwMxEJ31s9avqkcvwVbwIGW3CnosCOqxgv2A3aVk02wbmmSXJCuU0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmRSln2rjut7Oyura+sVnYKm7v7O7tlw4OWzrJFKFNkvBEdSKsKWeSNg0znHZSRbGIOG1Hw5up336iSrNEPppRSkOB+5LFjGBjpaAiureV4Ny/o62wWyq7VXcGtEy8nJQhR6Nb+gp6CckElYZwrLXvuakJx1gZRjidFINM0xSTIe5T31KJBdXheHbzBJ1apYfiRNmSBs3U3xNjLLQeich2CmwGetGbiv95fmbi63DMZJoZKsl8UZxxZBI0DQD1mKLE8JElmChmb0VkgBUmxsZUtCF4iy8vk1at6l1Uaw+1cv0yj6MAx3ACZ+DBFdThHhrQBAIpPMMrvDmZ8+K8Ox/z1hUnnzmCP3A+fwBOmpCC</latexit>

m
!

[G
eV

]
<latexit sha1_base64="akMl6/3ESBUJTn1eBY/M3O55hOs=">AAAB+HicbVDLSsNAFJ3UV62PRl26GWwFF1KSKuiy4EKXFewDkhAm00k7dGYSZiZCDf0SNy4UceunuPNvnLZZaOuBC4dz7uXee6KUUaUd59sqra1vbG6Vtys7u3v7VfvgsKuSTGLSwQlLZD9CijAqSEdTzUg/lQTxiJFeNL6Z+b1HIhVNxIOepCTgaChoTDHSRgrtap2HPh7Run/u3ZJuENo1p+HMAVeJW5AaKNAO7S9/kOCME6ExQ0p5rpPqIEdSU8zItOJniqQIj9GQeIYKxIkK8vnhU3hqlAGME2lKaDhXf0/kiCs14ZHp5EiP1LI3E//zvEzH10FORZppIvBiUZwxqBM4SwEOqCRYs4khCEtqboV4hCTC2mRVMSG4yy+vkm6z4V40mvfNWuuyiKMMjsEJOAMuuAItcAfaoAMwyMAzeAVv1pP1Yr1bH4vWklXMHIE/sD5/ADj6khs=</latexit>

(b)
<latexit sha1_base64="seDWTEWASWNFtGCtqMgLyhOi24k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT0WvHisaGuhDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8sdgfDPzH5+4NiJWDzhJuB/RoRKhYBStdF8Nzvvliltz5yCrxMtJBXI0++Wv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjtZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5J2veZd1Op39UrjMo+jCCdwClXw4AoacAtNaAGDITzDK7w50nlx3p2PRWvByWeO4Q+czx+GqI0/</latexit>

FIG. 4. We show the result of 5000 pseudo-experiments (a) without (b) with the Þltering algorithm. We have only 20 events
per one pseudo-experiment. For each experiment, we take the mean values for mass measurement. The mass spectrum is the
same as in Fig3.

¥ For each!vi , we measure an Òaverage distanceÓdi ,

di =
1
N

N!

j =1

|!vi ! !vj | , (4.1)

where N is the total number of solution vectors,

¥ Remove the!vi with largest di from our vector list,

¥ Calculate all di again (only use the remaining vec-
tors), and remove the vector with largest average
distance. Repeat this process until only half of the
vectors remain.

This ÒÞlteringÓ algorithm is neatly dropping bad solu-
tions in a simple and systematic way as in FIG.4.

B. Numerical studies with bechmark points

To illustrate our method with realistic situations at
the HL-LHC, we consider four benchmark points di-
vided by the scale of mF and a mass splitting of
{ mF ! (m! + mZ )} /m F as in Tab. I. For benchmark

B. P. mF [GeV] m! [GeV] c! (mm) Nevents @ HL-LHC

A 200 0 100 30

B 200 108 100 20

C 800 0 100 12

D 800 708 100 24

TABLE I. Four benchmark points are illustrated. As the
LHC detector is not sensitive to probe a mass scale less than
O(1) GeV, we Þx m! = 0 for the mass scale ofO(1! 100) keV.
Nevents is determined by recasting current LHC searches.
These numbers are after baseline selection cuts.

points B and D, the mass splittings are highly suppressed,
i.e., { mF ! (m! + mZ )} /m F " O(1)% while mass split-
tings are more than 50% in A and C. Thus if we mea-
sure mass spectrum (mF , m! ) precisely, we can identify
where the lifetime of mF comes either from suppressed
phase-space of small mass splitting or from very small
coupling of F -" -Z . Here we consider the same lifetime
of F (c# = 100 mm) to focus on kinematic di! erences
and performance of our method which relies only on the



Quo vadis, Domine?



FUTURE COLLIDER
Our naive wish for weak scale new physics has gone.

Nothing new? Is SM alright?

Looking at the nature of Higgs scalar, I believe that
something must reside above our territory, or
our QFT description for the particle physics is totally wrong.

To make the answer, or approach to the answer
we need the high energy collider



FUTURE COLLIDER
FCC: higher energy & larger luminosity will show us

how much tuned our world is, or
new physics above us

Muon collider : next generation lepton collider
precision higgs physics (direct production possible)
new signal from leptons
collision of unstable particles



CONCLUSIONS
•We hope for new physics once we established the SM

•(weak scale) SUSY seemed promising.

•LHC destroys almost everything, but triggers many new ideas: 
neutral naturalness, cosmological relaxation, light DM, ...

•Without high energy collisions, we cannot judge what is wrong, 
what is right.

•Future collider will be a frontier, triggering new ideas and 
paradigm.


