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Dark matter
Dark matter

- evident from cosmological observations

- cosmic microwave background (CMB)…

- one of the biggest mysteries
- astronomy, cosmology, particle physics…

5%

27%

68%
dark energydark matter

baryon

cosmic energy budget

Heavier than Planck mass

- cannot be point-like particle and thus composite/extended object

- MACHO (MAssive Compact Halo Object) 

- brown dwarfs, floating planets…

Mpl ≃ 2.4 × 1018 GeV ≃ 4.3 × 10−6 g

- actually we (human beings) are such “dark matter” 
from the point of view of dark matter

- disfavored by microlensing survey
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Q-ball dark matter
Extended object carrying large B number

- L number and mixture are also possible

- naturally realized in supersymmetric (SUSY) extension of 
standard model (SM)

- made of scalar particle that carries a B number 
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SUSY partners
R-parity odd

- anomaly 
cancelation 

- squarks (scalar) ↔ quark (fermion)

R > 𝒪(10) fm

M > 𝒪(1) g
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Direct detection experiments
Flux limit

- conventional experiments cannot search for superheavy dark matter 
because less than one dark matter arrives within a couple of years

Fdm = 5 × 10−13/cm2/s/sr ∼ 0.2 /m2/yr/sr × ( 1018 GeV
mdm ) ( vdm

200 km/s ) 11

FIG. 6. Summary of theoretically allowed regions for dark
matter candidates. For a contact interaction, A4 scaling
breaks down for heavy nuclei for ��N & 10�32 cm2, and
by ��N & 4 ⇥ 10�28 any scaling between different nuclei is
model dependent. Here we define the failure of scaling as
setting the LHS of Eq. (11) equal to 0.5. This choice approx-
imately agrees with where scaling obviously fails in Fig. 4.
The breakdown is purely on theoretical grounds. Also shown
is the maximum allowed momentum-transfer cross section
for a m� = 10�4 GeV light mediator using the constraints
shown in Fig. 5, coincidentally at a comparable scale. For
m� . 104 GeV we have applied a conservative self interaction
constraint ���/m� < 10 cm2/g [117]. For ��N & 10�25 cm2,
no viable point-like dark matter candidates exist.

C. Dark matter-proton scattering constraints

Constraints that rely only on dark matter scattering
directly with protons are not directly affected by the
breakdown of scaling relations with A. These are pri-
marily constraints from cosmology and astrophysics, al-
though at least one laboratory experiment uses proton
targets [100]. Astrophysics constraints (e.g. disk stabil-
ity, stars, cosmic ray interactions, gas clouds, etc) are
typically assumed to occur at galactic virial velocities,
as for direct detection. Cosmology constraints, such as
CMB and structure formation constraints, typically as-
sume collisions occur at smaller relative velocities.

As shown in Fig. 6, the cross sections of interest for
cosmological/astrophysical constraints are too large to be
point-like dark matter. Therefore, they should be rein-
terpreted as constraints on specific models of composite
dark matter with a specified form factor, as discussed in
Sec. V.

For cosmology constraints set at lower relative veloc-
ities, the suppression of the cross section by the form
factor of dark matter is not as severe. One consequence
is that it is possible to achieve somewhat larger cross

FIG. 7. Claimed constraints from Fig. 1, with the problematic
regions identified in Fig. 6 highlighted. All existing detector
ceiling calculations are deeply in the model-dependent regime,
or entirely excluded for point-like dark matter. To the right
of the dashed vertical line, the entire (small) direct-detection
region must be reanalyzed.

sections for point-like dark matter with a light mediator
than those shown in Fig. 5, although even for velocities
as low as v ' 0.3 km/s, existing constraints would still
require �mt

�N . 10�25 cm2. However, invoking such a
model would require additional caution, as direct detec-
tion constraints would not be scaled correctly relative to
the cosmology constraints, such that it would no longer
be appropriate to plot cosmology and direct detection
constraints on the same axes, as done in Fig. 1.

Cosmological and astrophysical constraints set at
masses m� < 1 GeV, discussed in Sec. VID, are at lower
cross sections, and may still be meaningful constraints
on point-like dark matter. However, analyses at lower
masses should either directly investigate how high their
limits can be extrapolated, or make it much clearer that
there are caveats in extrapolating their results to much
larger masses.

D. Low-mass dark matter

Because for m� ⌧ 1 GeV, µA ' m�, low-mass dark
matter constraints benefit only from a single factor of A2

from coherence. Therefore, the loss of the A2 scaling at
large cross sections will be orders of magnitude less severe
than the impact from the loss of A4 scaling at larger
masses. The momentum transfer is also smaller, so the
loss of coherence due to an assumed form factor for the
dark matter would be less severe. Contact interactions
are still limited by the geometric size of the nucleus, but

Paleo detector

Digman, Cappiello, Beacom, 
Hirata, and Peter, PRD, 2019

Baum, Drukier, Freese, Górski, 
and Stengel, PLB, 2020

PALEOCCENE collaboration, 
Phys. Dark Univ., 2023

- using ancient mineral as a detector

Figure 1: TEM-images of latent fission-tracks in apatite. Left (A): Images taken parallel

to the flight trajectory (light grey). Right (B): Image taken perpendicular to the flight

trajectory. Core of a fission-track is visible in the central part of the image. Figure taken

from Ref. [90].

fission products [84]; halite and olivine are known for forming color centers while irradiated

with accelerated ions.

2.4 Fission Track Analysis

Latent fission tracks are cylindrical volumes (O(10) nm diameter and O(20)µm length)

of damage in a crystal produced during the spontaneous fission decay of 238U, 235U, and
232Th, see Fig. 1. Due the the half lives and relative abundances of 238U, 235U, and 232Th,
238U is the most relevant radioisotope fissioning within the last 1 billion years. Each fission

event causes two fission fragments that travel in exactly opposite directions, producing

a single trail of crystal damage (defects) with the length determined by the energy loss

(typically of order keV/nm) of the fragments in condensed matter along the trajectory.

The initial kinetic energy of the fission fragments amounts in average to 170MeV with a

distribution between 160MeV and 190 MeV.

The damage caused by the fission fragments on the nanoscale depends on the material.

For example, the spontaneous fission track in apatite (Ca5(PO4)3(F, Cl, OH, REE) is a

trail of amorphous material within the normal crystal lattice (Fig. 1). Two models of

– 9 –

- fission track 
in apatite

- exposure
Texp = 𝒪(10)
−𝒪(103) Myr
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- DM-nucleon elastic scattering is typically assumed in paleo detector

Paleo detector and Q-ball dark matter

- Q-ball has a large geometrical cross section with nucleon

σQ ≳ 10−24 cm2 ≃ 1 barn

- it has not been well-understood what happens to nucleon 

- elastic
- inelastic: pion emission; conversion to anti-nucleon

- if inelastic scattering is dominant, analysis should be dedicated to Q-
ball dark matter 

Direct detection of Q-ball
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Contents

Interaction with matter
- “colorless” quark in quantum mechanical scattering theory

- Q-ball gets charged via interaction with nucleon

- Q-ball behaves as heavy charged particle

Review of Q-ball dark matter

- (old) gauge mediation type

- new (gauge mediation) type 

- stability of Q-ball
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Q-ball
Given N particles with mass m

- what is most energetically favored configuration?
- configuration 1: free particles

- configuration 2: Q-ball (condensation characterized by a field value   ) 

- does not occur in fermion (Pauli-blocking)

ω1 = E1/N = m- energy per particle

ω2 < m

- this is the case, when the scalar potential 
has some field value satisfying 

ϕ = 0

ϕ ≠ 0

ϕ

m2
eff(ϕ) = 2V(ϕ)/ϕ2 < m2 = m2

eff(ϕ = 0)

- such a specific scalar potential is naturally realized in SUSY

- flat direction like udd, which has only SUSY 
breaking mass and its radiative correction 

Coleman, NPB, 1985
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Supersymmetry
Do you remember?

- yes, not as popular as before, but still one of the most 
compelling candidates of physics beyond SM 
- possible explanation why electroweak symmetry breaking 
does not occur at Planck scale (hierarchy problem)

Mew ≃ 246 GeV

- we know all the couplings and thus cannot make an excuse 
that new particles are feebly interacting with SM particles

- only mass of SUSY partners matter (lower bound around 1 TeV)

- gauge and/or gravity (spacetime gauge) interaction 
can mediate SUSY breaking to our sector

(Hidden sector)
(Visible sector)

Supersymmetry
breaking origin

     MSSMFlavor-blind

interactions

Figure 7.2: The presumed schematic structure for supersymmetry breaking.

candidate gauge singlet whose F -term could develop a VEV. Therefore one must ask what effects are
responsible for spontaneous supersymmetry breaking, and how supersymmetry breakdown is “com-
municated” to the MSSM particles. It is very difficult to achieve the latter in a phenomenologically
viable way working only with renormalizable interactions at tree-level, even if the model is extended to
involve new supermultiplets including gauge singlets. First, on general grounds it would be problematic
to give masses to the MSSM gauginos, because the results of section 3 inform us that renormalizable
supersymmetry never has any (scalar)-(gaugino)-(gaugino) couplings that could turn into gaugino mass
terms when the scalar gets a VEV. Second, at least some of the MSSM squarks and sleptons would
have to be unacceptably light, and should have been discovered already. This can be understood from
the existence of sum rules that can be obtained in the same way as eq. (7.1.13) when the restrictions
imposed by flavor symmetries are taken into account. For example, in the limit in which lepton flavors
are conserved, the selectron mass eigenstates ẽ1 and ẽ2 could in general be mixtures of ẽL and ẽR.
But if they do not mix with other scalars, then part of the sum rule decouples from the rest, and one
obtains:

m2
ẽ1 +m2

ẽ2 = 2m2
e, (7.4.1)

which is of course ruled out by experiment. Similar sum rules follow for each of the fermions of the
Standard Model, at tree-level and in the limits in which the corresponding flavors are conserved. In
principle, the sum rules can be evaded by introducing flavor-violating mixings, but it is very difficult to
see how to make a viable model in this way. Even ignoring these problems, there is no obvious reason
why the resulting MSSM soft supersymmetry-breaking terms in this type of model should satisfy
flavor-blindness conditions like eqs. (6.4.4) or (6.4.5).

For these reasons, we expect that the MSSM soft terms arise indirectly or radiatively, rather than
from tree-level renormalizable couplings to the supersymmetry-breaking order parameters. Supersym-
metry breaking evidently occurs in a “hidden sector” of particles that have no (or only very small)
direct couplings to the “visible sector” chiral supermultiplets of the MSSM. However, the two sectors
do share some interactions that are responsible for mediating supersymmetry breaking from the hidden
sector to the visible sector, resulting in the MSSM soft terms. (See Figure 7.2.) In this scenario, the
tree-level squared mass sum rules need not hold, even approximately, for the physical masses of the
visible sector fields, so that a phenomenologically viable superpartner mass spectrum is, in principle,
achievable. As a bonus, if the mediating interactions are flavor-blind, then the soft terms appearing in
the MSSM will automatically obey conditions like eqs. (6.4.4), (6.4.5) and (6.4.6).

There have been two main competing proposals for what the mediating interactions might be.
The first (and historically the more popular) is that they are gravitational. More precisely, they are
associated with the new physics, including gravity, that enters near the Planck scale. In this “gravity-
mediated”, or Planck-scale-mediated supersymmetry breaking (PMSB) scenario, if supersymmetry is
broken in the hidden sector by a VEV 〈F 〉, then the soft terms in the visible sector should be roughly

msoft ∼ 〈F 〉/MP, (7.4.2)

by dimensional analysis. This is because we know that msoft must vanish in the limit 〈F 〉 → 0 where
supersymmetry is unbroken, and also in the limit MP → ∞ (corresponding to GNewton → 0) in which

74

Martin, Adv. Ser. Direct. 
High Energy Phys., 2010
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Gauge mediation
Q-ball is stable in gauge mediation

- in gravity mediation,              and thus energetically favored 
compared to free squarks, but                 and thus decays into 
nucleons

Kusenko and 
Shaposhnikov, PLB, 1998

ωQ < mq̃
3ωQ > mN

- in gauge mediation, there are two types of Q-ball depending on 
which part of the potential is dominant; both can be stable

V = Vgauge + Vgrav

Vgauge = M4
F [ln (1 +

g |ϕ |
Mmess )]

2

- g: gauge coupling

Vgrav = m2
3/2 |ϕ |2 (1 + K ln

|ϕ |2

M2
* ) - K: coefficient of 

running mass

- M∗: running mass

de Gouvea, Moroi and 
Murayama, PRD, 1997

- dominant at  ϕ ≲ ϕeq ≃
M2

F

m3/2

- dominant at 

- gravitino mass
1 keV ≲ m3/2

gsMF ≳ mq̃ /αs ≳ 10 TeV

- SUSY breaking scale

- lower bounds are 
experimentalϕ ≳ ϕeq ≃

M2
F

m3/2



10

Gauge potential is dominant
- in the following we are crude about O(1) coefficient

Kasuya, Kawasaki and 
Yanagida, PTEP, 2015

- mass and radius are independent parameters

- total cross section and energy per baryon are given by radius

σQ ≃ 10−24 cm2 (
RQ

10 fm )
2

- relic abundance (to dm observed abundance) 
depends also on reheating temperature

ρQ

ρdm
≃ 200 × ( TRH

GeV ) (
MQ

1029 GeV ) ( 10 fm
RQ ) ≤ 1

TRH > 1 MeV

- to be a part of dark 
matter

- viable cosmology

3ωQ ≃ 60 MeV × ( 10 fm
RQ )

(Old) Gauge-mediation type

MQ ≳ 3 × 1023 GeV × (
RQ

10 fm )
3

- originating from gsMF ≳ mq̃ /αs ≳ 10 TeV

10 fm = 10−12 cm
1 g ≃ 5.6 × 1023 GeV

RQ ≳ 0.5 fm - originating from 3ωQ < mN
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(Old) Gauge-mediation type
Possible flux vs cross section Kasuya, Kawasaki and 

Yanagida, PTEP, 2015

process, the Q ball releases energy of ∼ 1 GeV per collision by emitting soft pions. Therefore,

charged particles are created along the path of the Q ball through the detector. Since the Q

balls in our dark halo have the velocity v ∼ 10−3, those experiments for the subrelativistic

monopole search can be applied to Q-ball detection.

The observable is the upper limit of the Q-ball flux at the certain cross section, since no

Q ball has been detected so far. The flux and the cross section of the dark matter Q ball

are given respectively by

F < FDM "
ρDMv

4πMQ
, σQ " πR2

Q, (33)

where ρDM ∼ 0.3 GeV/cm3 is the local dark matter density, and they are related to the

charge Q though the Q-ball properties Eqs.(14) − (16) for the gauge-mediation type and

Eqs.(18) − (20) for the new type. In Fig.3, we show the theoretically expected regions for

the gauge-mediation and new types of Q ball respectively by red and blue triangle areas.

Also shown are the upper limits of the Q-ball flux from BAKSAN [28] and IceCube [30],2

hatched in dark green and green, respectively. We see that some region for the new type of

Q ball is already excluded and there is a good possibility of direct detection of the Q ball in

the near future.

10-28
10-26
10-24
10-22
10-20
10-18
10-16
10-14
10-12

10-26 10-24 10-22 10-20 10-18 10-16 10-14

F Q
 [c

m
-2

se
c-1

sr
-1

]

!Q [cm2]

IceCube

Baksan

Gauge-med. type

New type

Fig. 3 Expected flux of the dark matter Q ball for the gauge-mediation (red) and the new

(blue) types. We also plot the flux limits from the BAKSAN (dark-green) [28] and IceCube

(green) [30] experiments.

2 We simply extrapolate the flux at the cross section∼ 10−22 cm−2sec−1sr−1 to larger cross sections.

8/11

decay into 
nucleons

too small MQ (SUSY breaking scale)

too low reheating temperature

FQ =
mdmFdm

MQ
×

ρQ

ρdm
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Mass and radius are independent parameters Kasuya, Kawasaki and 
Yanagida, PTEP, 2015

- total cross section and energy per baryon are given by radius

σQ ≃ 10−24 cm2 (
RQ

10 fm )
2

- relic abundance (to dm observed abundance) by Affleck-Dine 
mechanism depends also on reheating temperature TRH > 1 MeV

- to be a part of dark 
matter

- viable cosmology

New (Gauge-mediation) type

- gravity potential is dominant

MQ ≳ 6 × 1018 GeV × (
RQ

10 fm )
3

3ωQ ≃ 600 MeV × ( 10 fm
RQ )

- originating from 

and

ϕ ≳ ϕeq ≃
M2

F

m3/2

gsMF ≳ mq̃ /αs ≳ 10 TeV

ρQ

ρdm
≃ 400 × ( TRH

GeV ) (
MQ

1029 GeV ) ( 10 fm
RQ ) ≤ 1

RQ ≳ 6 fm - originating from 3ωQ < mN

Affleck and Dine, 
NPB, 1985

Dine, Randall and 
Thomas, NPB, 1996
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Possible flux vs cross section Kasuya, Kawasaki and 
Yanagida, PTEP, 2015

process, the Q ball releases energy of ∼ 1 GeV per collision by emitting soft pions. Therefore,

charged particles are created along the path of the Q ball through the detector. Since the Q

balls in our dark halo have the velocity v ∼ 10−3, those experiments for the subrelativistic

monopole search can be applied to Q-ball detection.

The observable is the upper limit of the Q-ball flux at the certain cross section, since no

Q ball has been detected so far. The flux and the cross section of the dark matter Q ball

are given respectively by

F < FDM "
ρDMv

4πMQ
, σQ " πR2

Q, (33)

where ρDM ∼ 0.3 GeV/cm3 is the local dark matter density, and they are related to the

charge Q though the Q-ball properties Eqs.(14) − (16) for the gauge-mediation type and

Eqs.(18) − (20) for the new type. In Fig.3, we show the theoretically expected regions for

the gauge-mediation and new types of Q ball respectively by red and blue triangle areas.

Also shown are the upper limits of the Q-ball flux from BAKSAN [28] and IceCube [30],2

hatched in dark green and green, respectively. We see that some region for the new type of

Q ball is already excluded and there is a good possibility of direct detection of the Q ball in

the near future.

10-28
10-26
10-24
10-22
10-20
10-18
10-16
10-14
10-12

10-26 10-24 10-22 10-20 10-18 10-16 10-14

F Q
 [c

m
-2

se
c-1

sr
-1

]

!Q [cm2]

IceCube

Baksan

Gauge-med. type

New type

Fig. 3 Expected flux of the dark matter Q ball for the gauge-mediation (red) and the new

(blue) types. We also plot the flux limits from the BAKSAN (dark-green) [28] and IceCube

(green) [30] experiments.

2 We simply extrapolate the flux at the cross section∼ 10−22 cm−2sec−1sr−1 to larger cross sections.

8/11

decay into 
nucleons

too low reheating temperature

FQ =
mdmFdm

MQ
×

ρQ

ρdm

too small MQ (SUSY breaking scale)

New (Gauge-mediation) type

- consider that Q-ball is a part (not necessarily all) of dark matter
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Interaction with matter
- “colorless” quark in quantum mechanical scattering theory

- Q-ball gets charged via interaction with nucleon

- Q-ball behaves as heavy charged particle

Review of Q-ball dark matter

- (old) gauge mediation type

- new (gauge mediation) type 

- stability of Q-ball
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Large field value of squark

Inner structure of Q-ball

- one linear combination of left-handed and right-handed quark 
and gluino obtains large mass

- the other linear combination does not 
- for simplicity let us take right-handed as massive, 
corresponding to Q-ball made of right-handed squark

- gluon obtains large mass

- gluon is no more strong but weak like weak gauge boson (Higgsed)

- hadrons may be dissolved inside Q-ball

Quantum chromodynamics (QCD)
- non-perturbative and difficult to make quantitative prediction 
even without Q-ball

- let us start with color being turned off (turned on later)
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Total reflection/transmission

“Colorless” quark

V

RQ

- right-handed quark

Kusenko, Loveridge and 
Shaposhnikov, PRD, 2015

V

RQ

- left-handed quark

- momentum

- spin

- because of angular momentum conservation, spin does not flip, 
meaning that right-handed quark is reflected as left-handed anti-quark

- remember that opposite helicity particle-anti particle are alway paired up: 
left-handed neutrino and right-handed anti-neutrino

- find scattering state in relativistic quantum mechanics (Weyl spinor)
- nearly total reflection/transmission as far as quark energy is much 
larger than chemical potential

AK, Kuwahara and　
Watanabe in progress
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Conversion: quark → anti-quark

“Colorless” quark

- conservation of baryon number? 
conservation of electromagnetic charge?

V

RQ

- right-handed quark

- momentum

- spin- this process should add two right-handed 
squarks in Q-ball (back-reaction)

- two right-handed squarks cost energy of        
and also charge mass of

2ωQ

Mem ≃ 0.2Q2
em MeV × ( 10 fm

RQ )
- if it cannot pay this energy cost, the scattering solution in 
relativistic quantum mechanics indicates conversion of annihilation 
operator to creation operator, which requires quantum field theory

AK, Kuwahara and　
Watanabe in progress
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Quarks in nucleon

Turning on QCD

- consider the case where only red quark is 
reflected as anti-quark

V

RQ

- emitting pion(s)

Decay of Q-ball*

V

RQ

- red quark feels a color potential, which is 
linear to distance

- bosonic Q-ball becomes fermionic Q-ball* 
(intermediate state)

- this is why no free quark has been observed

Kusenko, Loveridge and 
Shaposhnikov, PRD, 2015

- emitting (anti-)nucleon

Kusenko, Kuzmin, Shaposhnikov 
and Tinyakov, PRL, 1998

σQ ≃ 10−24 cm2 (
RQ

10 fm )
2
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Emitting pion(s)

Interaction with nucleon

- leaving fermionic Q-ball’ with increased baryon number by one

- inelastic scattering: it needs to pay an energy cost 

Emitting nucleon

- maximal energy of pions mN − 3ωQ

- in the subsequent absorption of nucleon, it becomes bosonic Q-ball

- elastic scattering

Emitting anti-nucleon

6ωQ

- impossible for interaction between Q-ball dark matter and nucleon at rest

TQ−N =
1
2

mNv2
dm ≃ 0.2 keV ( vdm

200 km/s )
2

- likely up to two multiplicity Wise, Blankenbecler and Abbott, PRD, 1981

AK, Kuwahara and　
Watanabe in progress
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Ends up with positive charge

Charging up Q-ball

- both obtaining positive/negative charges per interaction are possible

- all nuclei are positively charged

- further interaction of positively charged Q-ball with nucleus is 
prohibited by Coulomb barrier

Behave as heavy charged particle

- frequent interaction with nucleons 
-                            for 1 barn cross section in MW environmentLmfp = 𝒪(1) Mpc

- ionization track in detectors

AK, Kuwahara and　
Watanabe in progress

- absorbing proton and emitting neutral pion
- absorbing neutron and emitting proton
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Summary
Q-ball dark matter

- naturally realized in gauge-mediation scenario of 
supersymmetric extension of the standard model

- extended object made of bosonic quark (squark)

Interaction with matter

- good target of paleo-detector experiments

- absorbing nucleon and emitting pion(s)/nucleon

- obtaining charge through interaction and ending up with 
positive charge

- geometrical cross section like barn or larger

- macroscopic mass like gram or heavier

- not emitting anti-nucleon
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Thank you


